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In memory of Boris Timofeevich Kolomiets „on the 90th anniversary of his birth …
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The thirteenth of August, 1998 would have been the 9
birthday of the distinguished scientist in the physics a
technology of semiconductors, Professor Boris Timofeev
Kolomiets. His name has entered into history in the field
physics and technology.

Boris Timofeevich was born in the Altai, where at th
age of 13 he began his work activity in the train depot
Barnaul. In 1930 he entered as a laboratory assistant in
Ioffe Physicotechnical Institute of the Russian Academy
Sciences, with which all of his subsequent scientific activ
was connected. It was his good fortune to have had as
teacher Professor A. F. Ioffe himself. With his first steps
the world of science he developed and, with the passag
time, solidified his characteristic style—a wide range of de
physical research in newly developing scientific fields w
subsequent application of the results of these efforts to
semiconductor industry. The efforts of B. T. Kolomiets
the field of photoelectric phenomena in semiconductors
to the organization~first in Russia! of the production of se-
lenium photoelements~1934! and to the creation, based o
thallium sulfide, of the first solar batteries with a huge e
ciency for that time~1938! of 1.1%. The research of Profes
sor Kolomiets on the internal photoelectric effect in chalc
genides, in particular, in cadmium sulfide and seleni
culminated in the industrial development of the technolo
of photoresistors and the organization of their mass prod
tion ~1948!. He did much to introduce photoresistors in
different branches of the national economy and is righ
considered as the founder of photoelectric automation. La
under his leadership various types of varistors, photore
tors, thermoresistors, x-ray and gamma-ray detectors, bo
eters and posistors—an entire branch of the electro
industry—were developed and brought into mass product

During his work on the development of semiconduc
materials for electronics he concluded that complex com
sitions based on three or more chemical elements provid
basis for creating new semiconductor materials with
properties necessary for electronic applications. Based
what he saw as the wide possibilities of multicompon
materials, starting in the early 1950s Professor Kolom
initiated a systematic research program on complex semi
ductor alloys of various composition. Together with oth
researchers, he was one of the first to synthesize and in
tigate solid solutions of III–V antimonide-based compoun

A fundamental result in this branch of research was
discovery by Professor Kolomiets, together with N.
Goryunova, of a new and broad class of semiconduc
materials—glassy semiconductors. From this point on,
7991063-7826/98/32(8)/2/$15.00
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search in this new field became Professor Kolomiets’s m
life work. Under his guidance an extensive program of
search was initiated. This research made it possible to el
date the various aspects of electronic phenomena due to
breakdown of long-range order in the structure of glas
semiconductors. This activity stimulated research in
physics of disordered media throughout the world.

Professor Kolomiets, his students and coworkers disc
ered a number of new and interesting effects in glassy se
conductors. They created a scientific basis for the pract
application of glassy semiconductors, which made it poss
to improve a number of familiar devices and create fun
mentally new ones. Glassy semiconductors have fo
application in instruments and devices used in television,
lography, and opto- and micro-electronics, etc. He, toget
with his students and colleagues, made a substantial co
bution to research into other types of semiconductor mat
als, such as narrow-gap and gapless semiconductors.

Professor Kolomiets devoted much of his time to adm
© 1998 American Institute of Physics
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istrative activities. He was an initiator and organizer of ma
international and local conferences, as well as schools in
physics of glassy and amorphous semiconductors. He cre
a large scientific school which included over 20 doctors
science and over a hundred candidates of science, mo
whom now work in scientific and academic institutions
Russian and in other countries. For his scientific and pu
work Professor Kolomiets received numerous awards
honorary titles, including two State Prizes of the USSR.

Professor Kolomiets’s life interests were not limited
science, technology, and advancing the cause of science
loved life in all its manifestations—he sang beautifull
almost professionally, appeared in concerts, and enjoyed
ter skiing until the end of his life. He loved fishing an
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traveling. He had many friends in various parts of the wor
All who had the good fortune to work with him an

know him will always remember his vibrant energy, his cr
ative activity, his good will and readiness to support a
interesting and promising endeavor.

Academician Zh. I. Alfe¨rov, Academician B. P. Zakharch
enya, V. I. Ivanov-Omski�, A. O. Olesk, and V. M. Lyubin

Editorial Board of the Journal ‘‘Fizika i Tekhnika
Poluprovodnikov’’

Translated by Paul F. Schippnick
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The present paper reviews the results oblained by the authors in the last three years. By applying
in-situ ~pamp and probe! EXAFS to reversible photostructural changes in chalcogenide
vitreous semiconductors we have found an increase in the average coordination number of
selenium species in the photoexcited state which comes from the formation of dynamic interchain
bonds. Subsequent bond rupture, studied by optically induced ESR, results in the formation
of over- and undercoordinated ESR-active defects, which are further transformed into charged
valence-alternation pairs. Annealing close to the glass-transition temperature results in
recovery of the initial structure. Relationship between the detected structural changes and
photodarkening is also discussed. ©1998 American Institute of Physics.
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1. INTRODUCTION

Being intrinsically nonequilibrium materials, amorpho
semiconductors undergo a number of metastable transfo
tions under the action of photoexcitaion, typical examp
are the Staebler–Wronski effect in hydrogenated amorph
silicon (a-Si : H! and reversible photostructural change
also known as reversible photodarkening, in chalcogen
glasses. For recent reviews see Refs. 1–5.

Reversible photodarkening has been known since
early 1970 s. It has manifested itself in a reversible shift
the absorption edge to lower energies under irradiation w
the bandgap light.6,7 X-ray diffraction studies have demon
strated that the photodarkening is closely related to chan
in the structure,8 after which the terms ‘‘photodarkening’
and ‘‘photostructural changes’’ have been used interchan
ably.

Phenomenological explanation of the effect was giv
within the configuration-coordinated model which assum
double-well adiabatic potential for the ground state of
system with light transferring the system to the high
energy, metastable, state.9–12Annealing returns the system t
the ground state. This approach, which is quite successfu
describing the phenomenon obviously could not yield inf
mation regarding the nanoscale mechanism of the proce

Raman scattering and EXAFS~extended X-ray absorp
tion fine structure! studies have shown that the number
so-called ‘‘wrong bonds’’~such as As–As bonds in stoichio
metric As2S3 glass which ideally should contain only As–
8011063-7826/98/32(8)/6/$15.00
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bonds! increased reversibly under irradiation.13,14. This re-
sult, together with the finding that the photodarkening
creased strongly in As-rich glasses,15 suggested that arseni
plays a special role in the process. An attempt to find s
structural changes in elemental amorphous arsenic has, h
ever, failed.16 At the same time, such an effect was clea
observed in elemental amorphous selenium (a-Se! Refs. 17–
19, which made it clear that presence of chalcogen is cru
for the photostructural changes to take place.

Most of the studies were performedex-situ when the
sample before and after irradiation was studied. It is cl
that under such conditions, at best, what happens as a r
of the photoexcitation could be detected but not how it h
pens. We have undertookin-situ EXAFS, Raman, and ESR
measurements on elementala-Se and we have been able
detect several stages of the photostructural changes, w
description is the subject of this paper.

2. EXPERIMENTAL

The samples have been prepared by thermal evapora
of bulk material onto silica-glass or aluminum-foil substrat
held at room temperature in a vacuum. The film thickne
was;1000 Å for the EXAFS and Raman studies and a f
microns for the ESR measurements.

EXAFS experiments have been performed in the fluor
cence mode at beamline 13B at the Photon Factory. Deta
description of the experimental procedure is giv
elswhere.20 Raman scattering was measured in the ba
© 1998 American Institute of Physics
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scattering geometry and is described in more detail in R
21. Experimental details of the ESR measurement can
found in Ref. 22.

3. RESULTS AND DISCUSSION

3.1. Photoexcited state

Figure 1a, shows raw EXAFS oscillations measured
30 K for an annealed film ofa-Se and for the photoexcite
a-Se as a function of wave number. One can clearly see
the amplitude of oscillations increases in the photoexc
state. Detailed data analysis based on the single scatte
theory23 and curve-fitting, as well as the so-calle
ratio-method,24 have revealed that in the photo-excited st
the average coordination number of selenium species
creases~Fig. 2! dynamically, acquiring its original value af
ter turning off the exciting light. This increase in coordin
tion is believed to be caused by the following process.

Under the photoexcitation, one of the lone-pair~LP!
electrons which form the top of the valence band is excit
while the other one is left unpaired in the former LP-orbit
If the time of the carrier localization is long enough, th
unpaired LP electron interacts with the neighboring ch
and forms an interchain bond, which increases the local
ordination of selenium atoms. Once the third bond is form

FIG. 1. Raw EXAFS oscillations measured at 30 K as a function of w
number~a! and Raman spectra at the same temperature~b! for the annealed
~solid line! and photoexcited~dotted line! a-Se film. An increase in the
amplitude of the EXAFS oscillation and appearence of new peaks in Ra
spectra in the photoexcited state are clearly seen.
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with two electrons lowering their energy from the nonbon
ing state to the bonding state, the corresponding empty st
move to the anti-binding state, leaving no empty st
behind. For this reason, recombination of the photoexc
electrons is impossible in the threefold coordinated geo
etry, and bond rupture is a necessary condition for the
combination, which means that the newly formed bonds
essentially dynamic. It should be kept in mind that, on
formed, the new bonds are identical to the ‘‘old’’ bonds su
tended at the same over-coordinated atoms, which mean
system possesses pairs of overcoordinated atoms dyn
cally incorporated into the rest of the matrix. Structure rela
ation and bond rupture in these nanovolumes results i
metastable reversible change and explains recently obse
photoinduced fluidity of chalcogenide glasses.25 Our data
demonstrate that the concentration of such pairs reaches

In order to confirm the conclusion made on the basis
the EXAFS experiment, anin-situ Raman scattering stud
of the photostructural change ina-Se has been per
formed.21 Figure 1b shows polarized Raman spec
(HV-configuration! measured at 20 K for annealed an
photoexcited films ofa-Se. Two peaks, previously not re
ported, are clearly seen in the photoexcited state at 158
280 cm21. Although unambiguous assignment of these pe
is not straightforward, they clearly demonstrate that bond
in the photoexcited state is changed, and that it can
readily explained by the formation of the interchain bond
Indeed, the formation of the third bond makes the struct
more rigid and should result in an increase in the freque
~the peak located at 280 cm21). Neutron scattering study o
liquid selenium, which is thought to possess about 15%
the threefold coordinated atoms,26,27has also shown a simila
high-frequence shift.28 The peak at 158 cm21 possibly re-
sults from a shift of the 150 cm21 peak due toE0 mode to
higer frequencies because of increased interchain interac
in the cross-linked geometry in the photoexcited state.

3.2. Bond reconstruction following the photoexcitation

Rupture of dynamic bonds following the photoexcitatio
should result in creation of unpaired electrons and hence

e

an

FIG. 2. Change in the average coordination number ofa-Se at various
stages of the film treatment. A reversible increase in the coordination
pears in the photoexcited state.
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ESR signal which is not observed in annealed chalcoge
glasses.29 Indeed, we were able to detect a strong photo
duced ESR signal in our samples~Fig. 3!. With annealing
~measurements were always done at 20 K! the lineshape of
the signal changed in the temperature range from 20 to 9
suggesting the presence of more than one center~Fig. 3a!,
while annealing at higher temperatures resulted only i
decrease of the signal intensity. After annealing at 16
ESR signal disappears. Deconvolution of the spectra into
components is shown in Fig. 3b. The more stable compon
is anisotropic and characterized byg-factors g152.22,
g252.099, andg351.983. The other one is isotropic and h
g-factor value of 2.09.

The obtainedg-factor values for the anisotropic cent
agree very well with the calculated values (g152.22,
g252.075 andg352.002330! for the neutral chain end~sin-
gly coordinated defect!. We believe that the other one com
from a threefold coordinated defect. The observed densit

FIG. 3. a — Photoinduced ESR signal and its temperature evolution;
nealing temperatrue is 20~1!, 90 ~2!, 150 ~3!°C; all spectra were measure
at 20 K. b — anisotropic~top! and isotropic~bottom! components of the
ESR signal.
de
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the photoinduced spins (;1020 cm23) agrees well with the
concentration of the three-fold coordinated pairs detecte
the EXAFS experiment.

Figure 4 shows the temperature dependence of pa
concentrations of the two types of ESR-active centers.
see that the concentration of threefold coordinated def
gradually decreases with temperature increase and disap
at about 90 K. Interestingly, the concentration of the oth
species increases in the same temperature range, demon
ing that there is a conversion of threefold coordinated defe
into singly coordinated ones. This experiment is at varian
with the simple considerations of the valence-alternation p
~VAP! model31 but is in full agreement with the results o
later calculations.32 Our EXAFS measurements during th
annealing of the irradiated sample in the range from 20
160 K ~not shown, see Ref. 33! provide further evidence for
the change in the defect coordination number upon ann
ing.

At temperatures higher than 160 K the photoinduc
ESR signal disappears but if the irradiation is perform
again at low temperature, the builtup of the signal proce
much faster than in the primary irradiation cycle. This res
is similar to that reported for binary As2S3 glass34 and im-
plies that the photoinduced defects are not annealed ou
160 K, only their charge state is changed at that temperat
Subsequent irradiation at low temperature does not req
creation of defects any more but just their excitation wh
proceeds at a much faster rate. We have argued22,23 that at
temeratures above 160 K charged valence-alternation p
(C3

1C1
2) are formed.

Annealing at temperatures close to room temperat
~the glass-transition temperature fora-Se is about 30 °C!
results in a complete recovery of the samples init
parameters.17

The complete structural change taking place ina-Se
therefore consists in the following~Fig. 5!. Under photoex-
citation, lone-pair electrons are excited and dynamic int
chain bonds are formed~step I!. Lattice relaxation and bond

n-

FIG. 4. Temperature dependences of partial concentration of the two k
of ESR-active centers. Threefold coordinated centers (C°3) are transformed
into single coordinated centers (C1

° ) in the temperature range from 20 t
90 K.
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rupture leads to the creation of neutral VAPs~step II! and
appearance of the ESR signal. Threefold coordinated def
are unstable and decay~step III! into singly coordinated de
fects~dangling bonds!. At higher temperatures, pairs of ne
tral dangling bonds form charged VAPs~step IV!, which is
accompanied by the disappearence of the ESR signal.
nealing at room temperature leads to recovery of the in
structure~step V!.

Our main result, namely, the observed formation of a
ditional ~interchain! bonds in the photoexcited state is
sharp contrast to previous models,1,18,35 which are summa-
rized in Ref. 1 as follows: ‘‘One major aspect of ligh
induced changes in short-range order is breaking of the
isting bonds and formation of new bonds’’~Ref. 1, p. 124!
and ‘‘new bonds are formed in place of those broken bond
~Ref. 35, p. 80!. Our results show that the realistic sequen
of the processes is exactly the opposite: First dynamical
terchain bonds are formed and the bond breaking follo
The crucial role in this process belongs to LP-electro
whose presence allows the formation of such dynamic bo
The obtained data make it clear why reversibly photostr
tural change take place only in amorphous chalcogenides
not in a-As or a-Si : H — the last two do not possess LP
electrons and cannot undergo the bond switching that ea

Irradiation of amorphous chalcogenides with linearly p
larized light results in the formation of dynamic bonds in t
selected direction. This finally results in the redistribution
bonding and nonbonding electrons which manifests itsel
photoinduced anisotropy.36,37

3.3. Photoinduced processes in binary chalcogenides

In order to check whether the mechanism active ina-Se
is also valid for more complex glasses we undertook stud
of reversible photostructural changes in a binary gl
As2Se3. We have found that in the binary glass the coor
nation of selenium species also increases reversibly in
photo-excited state.24 Just as ina-Se, irradiation of binary
glasses results in the appearence of the ESR signal34 which is
annealed out at about room temperature. Secondary irra
tion of the films at low temperature is characterized by fas
kinetics.34 Annealing at temperatures above room tempe
ture leads to recovery of the initial parameters.1–3

We can thus see that all sets of phenomena are es
tially the same fora-Se and complex glasses and we th
conclude that the underlying mechanism is also the sam
consists in bond switching via the formation of dynam
bonds due to photo-excitation of LP-electrons of chalcog
atoms. The process in binary chalcogenides is more com
cated since, in addition to coordination defects, also stoic

FIG. 5. Structural change taking place ina-Se under photoexcitation an
during the relaxation process. See text for details.
cts
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metric defects~‘‘wrong bonds’’! can also be induced in th
material through the formation of dynamic interchalcog
bonds.13,14,21

3.4. Relationship between the photostructural change and
reversible photodarkening

After the valence-alternation model was fir
suggested,31 it was argued that photoinduced VAPs we
responsible for the reversible photodarkening38. Observed
increase in the ESR buildup upon secondary irradiation
pre-irradiated and then annealed films34 was considered as
further argument in favor of this hypothesis.

Later, however, it was argued39 that temperature behav
iors of the photoinduced ESR and photodarkening were q
different: ESR disappeared at temperatures consider
lower than the photodarkening. This result was the grou
for a conclusion that photoinduced ESR and photodarken
are not related. This concept became a consensus.
believe, however, that this conclusion is wrong, and t
the earlier suggestion relating the photodarkening to
photoinduced creation of VAPs is correct.

One should realize that disappearence of ESR does
mean disappearence of defects. ESR is not related to
presence of defects as such but to unpaired spins which
localized at these defects. A much faster ESR buildup in
secondary irradiation cycle is a clear proof that defects h
not disappeared after the disappearence of the ESR sign

The faster component in the secondary irradiation p
cess can be a measure of the concentration of the pho
duced charged defects. Figure 6 shows the temperature
pendences of the concentration of charged VAPs calcula
in this way ~for more details see Ref. 33! and of the photo-
darkening. The data are normalized in such a way that
first point ~at 160 K! for the data for the charged VAPs con
centration coincides with the corresponding point for t
photodarkening. Remarkable agreement between the two
of data is clearly seen. Furthermore, we can estimate f
Fig. 4 the concentration of neutral~ESR-active! VAPs and
put on the same scale in the figure. One can see that
correspondence between the concentration of neutral V
and photodarkening is also quite good.

FIG. 6. Temperature dependences of the photodarkening~a! ~after19! and
concentrations of neutral~c! and charged~b! VAPs.
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Detailed studies of the recovery of initial parameters
preirradiated17 a-Si have revealed several steps of the p
cess, where the characteristic temperatures for the stage
100 and 180 K, which agrees with the characteristic temp
tures of 90 and 160 K in the temperature behavior of
photoinduced ESR. We can thus claim that reversible ph
darkening is directly related to the presence of VAPs~either
neutral or charged! in the material. Below we discuss wh
creation of VAPs results in photodarkening.

The top of the valence band ina-Se ~and also in binary
chalcogenides! is formed by LP-electrons. In the anneale
state, LP-orbitals subtended at neighboring atoms are
ented perpendicular to each other in order to minimize
energy. Any displacement from the equilibrium position w
change the mutual positions of atoms and the orientatio
LP-orbitals, which results in an increase in the energy of
system and causes broadening of the LP band, which m
fests itself as photodarkening. It is worthwhile to notice th
in all the studied chalcogenide glasses the reversible cha
in optical absorption is always photodarkening, although
irreversible component of such a change in nonequilibra
as-prepared films can be either darkening or bleaching,
pending on the sample composition and prepara
conditions.1,5

We would like to stress here that photodarkening is
caused directly by the creation of photoinduced defects,
though they obviously make a certain contribution. More i
portant, the photoinduced defects act as knots around w
a structural change involving a much larger number of ato
takes place. This change in the positions of the neighbo
atoms is responsible for the reversible photodarkening. S
lar approach was also used in Refs. 40 and 41. An elec
field, introduced by charged defects present in high conc
tration, may also play a certain role, for example, through
effect on the excitonic absorption edge, as discussed
Ref. 42.

4. CONCLUSIONS

Application of in-situ EXAFS, ESR, and Raman scatte
ing to studies of reversible photostructural changes on am
phous chalcogenides has allowed us to detect several s
of this process. The fundamental underlying process is
formation of dynamic interchain bonds in the photo-excit
state due to excitaion of LP-electrons. Subsequent bond
laxation and bond rupture results in a metastable struct
change.

Remarkable correlation between the photoinduc
valence-alternation pairs and photodarkening has b
shown and we claim that photocreation of VAPs is the ori
of the reversible photodarkening.

One of us~AVK ! has started his research work in 197
joining as a research student the laboratory headed by
fessor B. T. Kolomiets. Reversible photostructural chan
in amorphous semiconductors have remained one of
main academic interests since that time. Abiding interes
this work shown by Professor B. T. Kolomiets and h
guidence for many years are gratefully appreciated by
author~AVK !.
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The results presented in this review would have be
impossible without experimental assistance and many h
ful discussions with H. Oyanagi, M. Kondo, and A. Ro
whose participation in this work is gratefully acknowledge

This work, supported in part by NEDO, was perform
in the Joint Research Center for Atom Technology~JRCAT!
under the joint research agreement between the Nati
Institute for Advanced Interdisciplinary Research~NAIR!
and the Angstrom Technology Partnership~ATP!.
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The dark conductivity and photoconductivity along with pulsed electron spin resonance have
been measured over a wide temperature range with a high crystallinity hydrogenated
microcrystalline silicon (mc-Si : H! sample. The transport mechanism inmc-Si : H is discussed
on the basis of these measurements. Striking similarities in the temperature dependences
of the dark conductivity and photoconductivity betweenmc-Si : H and some well-studied
materials, such as hydrogenated amorphous silicon, suggest that at low temperatures
hopping of carriers between localized states dominates the transport properties ofmc-Si : H.
© 1998 American Institute of Physics.@S1063-7826~98!00308-1#
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1. INTRODUCTION

As a potentially important material for realizing high
stability and high-efficiency low-cost electronic devices su
as solar cells and thin-film transistors1,2, hydrogenated mi-
crocrystalline silicon (mc-Si : H! is attracting increasing at
tention. For an electronic material, carrier transport is
doubtedly among the most important properties.mc-Si : H is
a mixed-phase system. It consists of crystalline grains
amorphous tissue regions. Thus, the transport inmc-Si : H is
of great interest also from the pure physical point of view

In discussing transport mechanisms inmc-Si : H one
should clearly distinguish between highly doped samples
undoped or lightly doped samples. Heavily doped samp
demonstrate metallic-like dc conductivity. It has been
cently shown3 that for such samples the spread of the o
served mean carrier densities, dc conductivities, and H
mobilities can be well accounted for by the model of tw
phase inhomogenity assuming that crystalline grains
highly conducting and amorphous regions are poo
conducting.

However, little is known about the carrier transpo
mechanism in undopedmc-Si : H. At temperatures close t
room temperature, the dark conductivity and the thermoe
tric power of undoped or lightly dopedmc-Si : H greatly
resemble the transport data for hydrogenated amorphous
con (a-Si : H!. It appears possible to adequately descr
these high-temperature transport properties ofmc-Si : H in
terms of a homogeneous model similar to that developed
a-Si : H.3 In particular, an adequate description of t
8071063-7826/98/32(8)/5/$15.00
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Meyer–Neldel rule inmc-Si : H has been performed in th
homogeneous model by just taking into account the stat
cal shift of the Fermi energy.3

Much less is known about the transport properties
undoped or lightly dopedmc-Si : H at temperatures consid
erably below room temperature. It was generally found t
the dark conductivity ofmc-Si : H does not exhibit a simple
thermally activated temperature dependence at
temperatures,4 and the reason is unclear. Below we prese
experimental data from the measurements of the dark c
ductivity and photoconductivity inmc-Si : H extended to
low temperatures and the data of the pulsed electron-s
resonance ~ESR!.5 Possible transport mechanisms
mc-Si : H at low temperatures are discussed on the basi
these data.

It seems difficult, if not impossible, at the present sta
of research to search for the transport mechanism by pu
theoretical considerations. The reason is the lack of inform
tion on the basic properties of the material, among which
the band structure ofmc-Si : H. Some studies claim the ban
discontimuities between crystalline grains and amorph
tissue regions to be most pronounced in the valence ban6,7

whereas others attribute the discontinuity mainly to the c
duction band.8 It is also not clear whether the concepts
mobility edge and of band tail with localized stated, whi
were developed for homogeneous disordered semicon
tors, can be applied tomc-Si : H without substantial modifi-
cations.

Therefore, we choose for our discussion the followi
approach. We compare the observed temperature de
© 1998 American Institute of Physics
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dences of the dark conductivity and photoconductivity
mc-Si : H with those predicted by the transport mechanis
in various disordered semiconductors, and discuss whe
the transport mechanisms, which predict the observed t
perature dependences, can take place inmc-Si : H. It appears
that the transport properties of undoped or lightly dop
mc-Si : H at low temperatures can be well accounted for
an approach which treats the system as completely hom
neous, similar to the description suggested recently
transport in undopedmc-Si : H at high temperatures.3

2. EXPERIMENTAL RESULTS

The thin filmmc-Si : H sample studied in this work wa
prepared from highly H2-diluted SiH4 using the conventiona
plasma-enhanced CVD method.9 The substrate temperatur
was 250 °C. The main characteristics of the sample are
follows: thicknessd50.42mm, volume fraction of the crys-
tallites r590 %, room temperature dark conductivi
sd(RT)51.531025 V21 cm21, dark dangling bond den
sity NDB51.431016 cm23. The crystallinity was measure
by Raman scattering spectroscopy and confirmed by tr
mission electron microscope~TEM! observation. The two-
pulse electron-spin-echo envelope modulation~ESEEM!
measurement10,11was carried out using an ESR spectrome
operated at 8 GHz. The classical Hahn echo pulse sequ
was used,P(90°)-t-P(180°)-t-echo, wheret is scanned.
The conductivity of the sample was measured using a co
nar electrode configuration and the electrodes were
evaporated on top of the film. For the photoconductiv
measurements, a red laser~Ti-sapphire,l5710 nm) was
used to illuminate the sample. The photoconductivity
defined as the difference between the total conducti
measured under illumination and the dark conductivity.

The TEM measurement revealed that the film had a
lumnar structure, with the crystallites extending to almost
entire thickness of the film. No clear amorphous regio
could be seen between the grains due to the high (90°) c
tallinity. Two ESR signals were observed in the sample: o
is the dangling bond~DB! center atg52.005 and the other is
the conduction electron~CE! signal at g51.998. The
ESEEM is capable of detecting the nuclear species surro
ing the spin center,10,11 making use of hyperfine interaction
between the electron spin and its surrounding nuclear sp
and thus gives information on the spatial distribution of t
electron spins.

Figure 1 shows the frequency domain ESEEM spec
for CEs and DBs inm-Si : H obtained from the two-pulse
ESEEM measurements. We find that for the CEs, only
double frequency of29Si nucleus appears, whereas for DB
both the double frequncy of29Si nucleaus and the fundame
tal frequency of1H nucleus appear. The fact that the C
echo decay is modulated by only Si nucleus and the DB e
decay is modulated by both Si and H nuclei indicates clea
that the CEs are located in low-H-concentration regions
the DBs in high-H-concentration regions. Given the struct
of mc-Si : H, the above results are direct evidence that
CEs are located in the crystalline grains and the DBs in
grain boundary regions. The ESR results have important
f
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plications for carrier transport inmc-Si : H. The fact that the
CEs prefer to reside in the grains implies that inside a gr
the electrons are at a local energy minimum. In other wor
electrons have to overcome an energy barrier when t
move from one grain to another. Naturally, the energy ba
ers separating the grains are most likely to be the gr
boundaries.

To gain futher insight into the transport mechanism
mc-Si : H, we measured the dark conductivity (sd) and pho-
toconductivity (sp) of the sample over a wide temperatu
range. Figure 2 shows theT dependence of the dark condu
tivity sd . Below room temperature the data are well fitted

sd/exp@2~T0 /T!1/2#, ~1!

FIG. 1. Fourier transform ESEEM spectra for CE~a! and DB ~b! in
mc-Si : H.

FIG. 2. Temperature dependence of the dark conductivity.
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whereT0'2.63104 K as determined between 80 and 120
The temperature dependences ofsp are shown in Fig. 3 for
two light intensities. Two regimes can be seen: the regim
below;40 K, wheresp is essentially independent ofT and
the regime II above;40 K wheresp increases rapidly with
T. From the intensity dependencesp/Fg, where F is the
light intensity, we found that the recombination is stronglyT
dependent. The temperature dependence of the parameg
is shown in Fig. 4.

3. DISCUSSION

As already mentioned, very little information is availab
regarding the band structure ofmc-Si : H. Moreover, severa
rather contradictory reports have been published on the b
edge discontinuities between crystalline silicon (c-Si! and
a-Si : H.6–8 From the measurements of the internal pho
emission at c-Si/a-Si : H heterojunction, Mimura and
Hatanaka6 concluded that the major band edge discontinu
occurs in the valence band (DEy50.71 eV), while it is only
0.09 eV in the conduction band (DEc). Cuniot and

FIG. 3. Temperature dependences of the photoconductivity at two
intensities.

FIG. 4. Temperature dependence of the exponentg in the relationsp/Fg.
.

I

r

nd

-
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Marfaing,7 on the other hand, used a structure
c-Si /̂ sputtereda-Si : H& and found the discontinuity in the
valence band negligible, with the main discontinuity existi
in the conduction band. Xuet al.8 found the discontinuity in
the valence bandDEy'0.26 eV with a negligible disconti-
nuity in the conduction bandDEc'20.02 eV between
c-Si : H and a-Si : H. Under such circumstances it is n
possible to discuss in detail the transport mechanism. Th
fore, we just discuss below the possible mechanisms wh
in principle could account for our experimental data, a
specify the physical conditions for their realization.

We start with the dark conductivity, described by E
~1!. Such a temperature dependence is well known for t
classes of materials — granular metals and those in wh
transport is by variable-range hopping~VRH!, with the den-
sity of states~DOS! in the vicinity of the Fermi level pos-
sessing a Coulomb gap. Since no information is available
the DOS and on the localization of states in the vicinity
the Fermi level inmc-Si : H, we do not want to speculate o
the Coulomb gap and on the VRH mechanism. Moreover
systems such as doped crystalline semiconductors, w
VRH leads to theT dependence of the conductivity de
scribed by Eq.~1!, T dependence is observed in a very na
row range of low temperatures due to the small width of
Coulomb gap@usually less than 1 meV~Ref. 12!#. Therefore,
it is unlikely that VRH is responsible for the observedT
dependence of the dark conductivity.

The similarity to the dc current in granular metals
striking. In granular metals, theT dependence described b
Eq. ~1! is widely observed over a broad temperature ran
with T0'23104 K.13,14 There are some obvious structur
similarities betweenmc-Si : H and granular metals. In bot
systems, grains are separated by a less conducting ma
and, as mentioned in the previous section regarding our E
results, electrons have to overcome or to tunnel through
energy barrier when moving from one grain to another. Va
ous mechanisms have been suggested to account for tT
dependence by Eq.~1! for granular metals, among which th
percolation model of Simanek15 seems to be most plausible
However, all these mechanisms take into account just
temperature dependence of the carrier mobilitym(T), assum-
ing the concentration of charge carriersn(T) to be indepen-
dent of temperature. Such a description can be applie
mc-Si : H provided that the Fermi energy is located abo
the mobility edge of the crystalline grains. In such a case
activated dc conductivity at high temperatures would cor
spond to thermal activation over the energy barriers t
separate the crystalline grains, whereas theT dependence
described by Eq.~1! at lower T would be due to transpor
mechanisms similar to those in granular metals.

If, however, the Fermi energy inmc-Si : H is located in
the region of localized states in the mobility gap, typical
undoped or slightly doped disordered semiconductors,
conductivity arises from thermal excitation of carriers acro
the mobility gap into extended states or by hopping p
cesses via localized gap states. In general, the temper
dependence of the dc conductivity is determined by b
n(T) andm(T)

ht
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sd5em~T!n~T!, ~2!

If one assumes that conduction via extended states domin
the transport, as suggested by Overhof and Otte3 for high
temperatures,n(T) is the only temperature-dependent fac
and

sd~T!5s0 exp$2@Ec~T!2Ef~T!#/kT%, ~3!

wheres0 is a conductivity characteristic of transport in e
tended states@'200 S/cm for a-Si : H ~Ref. 16!#, and
Ec(T)2Ef(T) is the difference in energies between the co
duction level and the Fermi level. For transport in extend
states, theT dependence described by Eq.~1! can appear
only if Ec(T)2Ef(T);(kT)1/2. It is possible that such a
relation is valid, and one can even try to search for a part
lar distribution of the DOS of localized states, which c
provide such a relation, using, e. g., the model for the sta
tical shift of Ef suggested by Overhof and Beyer.16

Another possibility is that transport inmc-Si : H at low
temperatures is dominated by hopping processes via lo
ized band tail states. In that case, some particular en
level Et(T) in the band tail is responsible for the d
current.17 This temperature-dependent transport energy is
termined by the interplay between the two temperatu
dependent factors in Eq.~2!. For localized states close i
energy to the band edge, the mobility is higher but the c
centration of electrons is lower than for deeper energy sta
This transport level and hence the whole temperature de
dencesd(T) crucially depend on the form of DOS for loca
ized states in the band tail.18 For some particular form o
DOS, hopping of electrons in the vicinity of the transpo
energy can, of course, give rise to the observedT depen-
dence in Eq.~1!. To find this particular DOS one shoul
perform a series of computer simulations to those carried
in Ref. 17 with different forms of the DOS.

We now turn to discuss the temperature dependenc
the photoconductivity~PC! shown in Fig. 3. The most re
markable feature of the PC is its similarity to the PC
a-Si : H.19 At T&40 K the magnitude of the PC essentia
does not depend on temperature~regime I in Fig. 3! and at
temperatures about 100 K the PC increases exponent
with temperature~regime II in Fig. 3!. The PC ofa-Si : H in
the regime I is attributed to the energy-loss hopping of p
toexcited electrons and holes via localized band tail state20

In this regime, the charge carriers move by tunnel transiti
to progressively deeper localized states in the band tail.
rates of such transitions are not influenced by temperat
and hence the magnitude of the PC is tempera
independent.20 In a-Si : H, this energy-loss hopping is usu
ally observed atT,40 K.19 It thus seems reasonable to a
sume that the same mechanism takes place inmc-Si : H as
well. One could argue that in ourmc-Si : H sample of 90 %
crystallinity, the number of localized band tail states is pro
ably not as large as ina-Si : H for the same energy-los
hoping mechanism to work. However, the striking feature
the energy-loss hopping mechanism is that the conducti
is independent of the total density of the localized t
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states.20 Therefore, it is not surprising at all that even th
magnitude of the low-temperature photoconductivity
mc-Si : H is so close to that ofa-Si : H.

If one assumes the energy-loss hopping mechanism
the low-temperature PC ofmc-Si : H and a-Si : H, one
should assume that the dark Fermi energy inmc-Si : H is
located in the region of localized states, as is the case
a-Si : H. If so, the temperature dependence of the dark c
ductivity sd(T) cannot be determined solely by the tempe
ture dependence of the carrier mobilitym(T). Hence, it
seems unlikely that the transport mechanism responsible
the temperature dependence of the dc current in gran
metals can take place inm-Si : H as well. Therefore, an at
tempt should be made to explain theT dependence in Eq.~1!
by using either the extended-state model of Overhof a
Otte3 or the transport-energy description of Gruenewa
et al.17

It is worth noting that the same two models — that of t
transport energy21 and that of the extended-states transpo22

have been suggested to describe the PC ina-Si : H at tem-
peratures about 100 K. We do not think that it is possible
descriminate between these two approaches at the pre
stage of research, because even the band structur
mc-Si : H is not yet clear. But we think that it is reasonab
to search for the transport mechanism in undoped or slig
dopedmc-Si : H at low temperatures in the framework o
homogeneous transport models similar to those suggeste
a-Si : H.

4. CONCLUSIONS

Dark conductivity and photoconductivity along wit
pulsed electron spin resonance have been measured w
mc-Si : H sample of 90 % crystallinity over a wide temper
ture range below room temperature. At least three mec
nisms can provide the observed temperature dependenc
the dark conductivity:

~i! hopping-mechanism for transport in granular met
with temperture-dependent mobility and temperature in
pendent concentration of carriers;13

~ii ! transport via extended states with temperatu
dependent concentration of mobile carriers and temperat
independent mobility;16

~iii ! hopping transport via localized band tail state
where the interaction between the temperature-depen
mobility m(T) and the temperature-dependent concentra
of carriersn(T) determines the transport path, which corr
sponds to the maximum of the productm(T)n(T), and hence
determines the conductivity.17

However, the low-temperature photoconductivity
mc-Si : H shows such a striking similarity to that ofa-Si : H
that it seems reasonable to assume the same transport m
nism formc-Si : H anda-Si : H. This excludes possibility~i!
above, because it is known that ina-Si : H the concentration
of carriers is temperature dependent at all temperatures
matter whether the transport is via extended states or by h
ping through the localized band tail states.21,22Therefore, our
study suggests that it is reasonable to search for the trans
mechanism in undoped or lightly dopedmc-Si : H at low
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temperatures in the framework of homogeneous trans
models similar to those suggested fora-Si : H. At very low
temperatures~<40 K!, the energy-loss hopping seems to d
termine the photoconductivity inmc-Si : H. It is not possible,
however, to discriminate between possibilities~ii ! and ~iii !
for the photoconductivity at higher temperatures and for
dark conductivity, because neither the band structure
mc-Si : H or the DOS of localized states, or the value of t
free carrier mobility is known formc-Si : H.

S. D. Baranovskii wishes to thank NAIR for the hosp
tality during the time at which a part of this work was do
and also DFG for the financial support via SFB 383.
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High purity ~GeS2)802x~Sb2S3)20(NdCl3)x x50, 0.01, 0.1, 0.5, glasses were prepared and their
optical properties determined. The Ge–Sb–S system dissolves up to 0.5 mol.% of NdCl3

and still forms stable glasses. The structure of these glasses is formed by interconnected GeS4

tetrahedra and SbS3 pyramids as it follows from the Raman spectra. The glasses are
optically well transparent in the range from 15400 cm21 to 1000 cm21. Doping with Nd creates
new absorption bands which can be assigned to electron transfer from the4I 9/2 level to
2G5/2, 2G7/2, 2H11/2, 4F9/2, 4F7/2, 4S3/2, 2H9/2, 4F5/2, 4F3/2, 4I 13/2 and4I 11/2 levels. The oscillator
strengths and Judd-Ofelt parameters were evaluated. Their values are close to the values of
those for Nd31 in another chalcogenide hosts. The long-wavelength absorption edge was found
near 1000 cm21 and is due to multiphonon Ge–S and Sb–S vibrations. In doped glasses,
several broad luminescence bands near 890, 1080, 1370, and 1540 nm were found. They can be
attributed to the transitions from4F3/2 to 4I 9/2, to 4I 11/2, to 4I 13/2 and4I 15/2 electron levels.
The first luminescence band was excited also by 1064-nm line and represents probably the
upconversion of light. ©1998 American Institute of Physics.@S1063-7826~98!00408-6#
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1. INTRODUCTION

The luminescence of rare-earth~RE!-doped glasses ha
been studied frequently for potential application in lase
light amplifiers and light upconvertors~see, e.g., Refs. 1–7!.
For such applications, the quantum efficiency, which is d
ferent for the same RE ion placed in different hosts,
important.3–5 The nonradiative transitions to the lower ele
tron energy state, when several lattice vibrations are ge
ated, compete with the radiative transitions. The emiss
from the4F3/2 level of Nd31 ion to the underlying4I 15/2 level
can be quenched because of the above-mentio
multiphonon relaxation.6,7 The total quantum efficiency ca
then be reduced.3,4

The nonradiative decay rate,sp , due to multiphonon
relaxation, depends on the energy gap,DE, and phonon en-
ergy,\s, and is given by Miyakawa–Dexter equations8

vp5v0 expS 2aDE

\s D , a5 ln~p/g!21, ~1!

where p5\s, g is the electron-phonon coupling strengt
ands0 is a host-dependent constant.

For glasses with a small maximum phonon energy,
number of phonons required to bridge the energy gap
large, which lead to a smaller multiphonon relaxation rat8

Because of the larger atomic weights of their constitut
elements, the chalcogenide glasses have smaller phono
ergies than oxide glasses and the probability of multipho
8121063-7826/98/32(8)/5/$15.00
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relaxation can be lower. The energy gap between4F3/2 and
underlying 4I 15/2 level in Nd ions is relatively large
@;6500 cm21 ~Ref. 9!#. Its value, in combination with low
phonon energies, decreases the probability of multipho
relaxation.

The RE compounds or elements are soluble in oxide
halide glasses, while their solubility in chalcogenides, e.g.
Ge–S system glasses, is generally lower. The achiev
density of RE ions in these materials is often too small
many possible applications.5 A search for homogeneou
chalcogenide glasses, which can dissolve larger amoun
RE elements, is therefore useful. From this point of vie
the glasses from the system Ge–Sb–S, similarly to
Ge–Ga–S glasses studied earlier,6 are promising becaus
they can dissolve larger amounts of RE elements or th
compounds. The justification of this suggestion is given
Sec. 3 of this paper. The aim of steady work is:

a! the determination of the glass-forming ability in th
system, Ge–Sb–S–NdCl3 ; b! the preparation of homoge
neous glasses; c! the determination of basic properties
these glasses, such as optical transmissivity and lumi
cence.

2. EXPERIMENTAL

Samples were prepared from high-purity eleme
~Ge, Sb, S, all of 5N-purity! and from neodymium chloride
~NdCl3 per analysis, p.a.! in evacuated silica cells
© 1998 American Institute of Physics
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(T;960 °C, 40 h! in a rocking furnace. After the synthesi
the cells were annealed at 800 °C for 8 h and then the cells
with the melt were water quenched. The homogeneity of
samples was confirmed by optical and electron microsc
and byX-ray diffraction. The composition and its uniformit
was also checked by an energy dispersiveX-ray analyzer
~EDAX!.

The optical spectra of cut and polished plane para
plates were measured using spectrophotometer„Perkin–
Elmer Lambda 12, JASCO V-570~VIS, NIR!… and FT
spectrophotometer„BIO–RAD FTS 45~R!….

The Raman spectra were measured at room tempera
by FT Bruker IFS 55/FRA 106 spectrophotometer, t
YAG : Nd line ~1064 nm! was used for excitation of Rama
spectra. The Ar1 ion laser lines ~476.5, 488 nm! and
YAG : Nd laser line~1064 nm! were used for luminescenc
excitation.

3. RESULTS

The samples~GeS2)802x(Sb2S3)20(NdCl3)x (x50, 0.01,
0.1, 0.5! were orange in color. The glasses were optica
homogeneous to the eyes and to the methods given ab
Their x-ray diffraction patterns did not contain any pea
attributable to crystals. Several broad bands typi
of the amorphous state were observed. The densities o
samples increased slightly with increasing Nd31 content
(r53.2223.26 g/cm3).

The short-wavelength absorption edge lies between
and 600 nm in the visible region of the spectrum.

Doping of the samples with NdCl3 ~Fig. 1! creates new
absorption bands near 16 892, 16 447, 14 493, 13 3
12 315, 11 312 cm21 ~Fig. 1!, which are similar to the band
of Nd31 in fluoride glasses10,11and in GeS2– Ga2S3 glasses.6

The spectra of glasses with higher Nd conte
(;0.5 mol.%) reveal a weak absorption band ne
1950 cm21, which can be assigned to electronic transitio
between the level4I 9/2 and4I 11/2 of Nd31 ion.

The infrared ~IR! spectra revealed weak absorptio
bands near 1120 and 1310 cm21, weak bands in the region
1500–1700, 2510, 3240, and 360023800 cm21. The bands
in the region 150021700 and 360023800 cm21 can be as-
signed to the valence vibrations of OH groups of wa
sorbed on the surface of the glass. The weak band
1600 cm21 corresponds to the breathing vibration of O
groups of sorbed water~see, e.g. Refs. 5, 12, and 13!. Weak
absorption bands near 1120 and 1320 cm21 can be assigned
to the vibrations of Sb–O and Ge–O bonds, respectiv
Vibrations of S–H bonds probably cause the absorption n
2510 and 3240 cm21.

The long-wavelength absorption edge of the samp
was found near 1000 cm21 and its position can be assigne
to the multiphonon Ge–S and Sb–S vibrations. The abs
tion in the far-IR region behind this absroption edge
strong. The amplitudes and band positions in this region
identical to the undoped samples.

The reduced Raman spectrum of (GeS2)80(Sb2S3)20

glass in given in Fig. 2. The broad band with maximum n
340 cm21 can be apparently deconvoluted into four su
e
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bands with maxima near 314 cm21, 340 cm21, 367 cm21,
and at 416 cm21. They can be, in accordance with Ref. 1
assigned to the vibrations of SbS3 pyramids (A1), to the
vibrations of GeS4 tetrahedra (A1 , F2) and to vibrations of
S3Ge–S–GeS3 structural units, respectively. This means th
the structure of host glass is formed mainly by the ‘‘lattice
of GeS4 tetrahedra and SbS3 pyramids, which are intercon
nected by bridging sulfur atoms. An identical result was o
tained also from the analysis of IR reflectivity spectra. Sin
the Me–S–Mebond angle in germanium dichalcogenid
is15 ;902110°, and since similar angle can be found
antimony sulfides, the GeS4 tetrahedra and SbS3 pyraminds
are vibrating independently and can be considered as isol
oscillators.

The doping of Ge–Sb–S glass by Nd does not influe
the IR and Raman spectra, as can be expected, becaus
density of NdCl3 dissolved molecules in glassy matrix
low.

The luminescence spectra of Nd-activated glasses
given in Figs. 3a and 3b. Four broad luminescence bands
observed. These bands can be assigned to the transi
between the discrete electron levels of Nd31 ions.

4. DISCUSSION

By analogy with Refs. 6, 7, 10, and 11, the absorpti
bands introduced by Nd doping in the visible~VIS! and near-
infrared ~NIR! regions of spectrum can be assigned to
electron transitions from the ground4I 9/2 level to the2G5/2,

FIG. 1. Ground state absorption cross section of Nd31 ions in (GeS2)79.5

(Sb2S3)20(NdCl3)0.5 glass.
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2G7/2, 2H11/2, 4F9/2, 4F7/2, 4S3/2, 2H9/2, 4F5/2 and 4F3/2

higher energy levels. The transitions from the4I 9/2 level to
(4G7/2, 4G9/2, 2K13/2) are hidden in short-wavelengt
absorption edge, the transition to (2H11/2, 2G5/2, 2F7/2), to
(4F7/2, 4S3/2), and to (2H9/2, 4F5/2) levels are forming
absorption with overlapping of individual bands~Fig. 1!.

The oscillator strengthf depends on the intensity o
absorption bands and can be calculated from

f 5
mc

pe2N
E s~n! dn, ~2!

where m and e are the electron mass and charge, resp
tively, s(n) is absroption cross section andN is the density
of Nd31 ions. The absorption cross section is given
s(n)5a(n)/N, wherea is the absorption coefficient, andN
is the density of Nd31 ions (cm23). The obtained values o
the oscillator strengths are given in Table I.

A set of f exp data served as the basis for calculation
the Judd-Ofelt parameters,16,17 V t , using Eq.~3!

f exp~aJ,a8J8!> f calc~aJ,a8J8!5
8p2mv

3h~2J11!

3F ~n212!2

9n (
t52,4,6

V tuhaJkU ~ t !ka8J8iu2G ,
~3!

FIG. 2. Raman spectrum of (GeS2)80(Sb2S3)20 . Deconvoluted individual
bands are given by dotted lines.1 — the band corresponds to the vibration
of SbS3 pyramids (A1); 2,3 — the bands correspond to the vibrations
GeS4 tetrahedra (A1 ,F2); 4 — the band corresponds to the vibrations
S3Ge–S–GeS3 structural units. The Raman spectra
doped~GeS2) –~Sb2S3) –~NdCl3) glasses were identical with the spectra
undoped glasses.
c-

f

where f exp and f calc are experimental and calculated oscill
tor strengths, respectively. Theh is Planck’s constant,m is
electron mass,v is mean wave number of the absorptio
band,J is the ground-state total angular momentum of Nd31

(J59/2), n is the refractive index of the material,V t are the
Judd-Ofelt phenomenological intensity parameters and
^aJiU (t)ia8J8& are the reduced matrix elements of the ten
operator,U (t) of rank t, which have been taken from Ref
16 and 17. The obtained values of the Judd-Ofelt pa
meters areV25(3.160.07)310220 cm2, V45(3.260.1)
310220 cm2, andV65(763)310220 cm2. TheV i param-
eters obtained are similar to those for Nd31 in Ga–Ge–As–S
glasses.7

The luminescence spectrum of Nd-activated glas
~Figs. 3a and 3b! consists of several broad luminescen
bands which we assign to the transitions between disc
electron levels of Nd31 ions: 4F3/22

4I 9/2 or 4F7/22
4I 11/2

~890 nm!; 4F3/22
4I 11/2 ~1080 nm!; 4F3/22

4I 13/2 ~1370 nm!;
and 4F3/22

4I 15/2 ~1540 nm!. The different shapes of the in
dividual luminescence bands of NdCl3 doped glasses may b
caused by the difference in the coordination spheres of N31

ions.
The luminescence band with a maximum near 890

has higher energy than the exitation light~1064 nm! and it is
probably caused by an upconversion effect. The excit
light can transfer electrons of Nd31 ions from the fundamen-
tal level 4I 9/2 to the excited level4F3/2 or to the4F7/2(

4S3/2)
level in two steps. The difference in energies between4F3/2

and 4I 9/2 levels is higher~Fig. 4! than the energy of excita
tion light (1064 nm59398 cm21 and the process of excita
tion can not proceed by absorption of one photon only. T
suggestion of a two-step model for mechanisms of abso
tion is in accordance with the logarithmic dependence of
intensity of luminescence of the excitation intensity~Fig. 5!.
The slope of this line,k51.82, strongly suggests two
photons upconversion process. The value ofk is less than 2,
which can be expected, because the downward electron
sitions tend to equalize the populations of the pumped ini
and final states. Such an effect is commonly observed
two-photon upconversion processes.18 We assume that ex
cited states produced by upconversion are4F3/2 or
4F7/2(

4S3/2) ~Fig. 4!. These states are accessible by excitat
of 1064 nm (9398 cm21) photon from4I 11/2 to 4F3/2 electron
level or from the4I 13/2 to 4F7/2 level. Transitions from the
ground 4I 9/2 level to the 4I 11/2 level and to the4I 13/2

level demand lower energy than the excitation lig
(;9400 cm21), and are therefore less efficient. This fa
probably lowers the total luminescence intensity of the ‘‘u

TABLE I. Experimental (f exp) and calculated (f calc) oscillator strengths for
transitions from4I 9/2 level of Nd31 ion to the level given in the table.

Level Wavenumber, cm21 f exp, 1028 f calc, 1028

4F3/2 11 312 281 286
4F5/2 , 2H9/2 12 315 711 705
4F7/2 , 4S3/2 13 333 619 624
4F9/2 14 493 59 54
2H11/2, 2G5/2 , 2G7/2 16 447, 16 892 2548 2550
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FIG. 3. Luminescence spectrum of the glass (GeS2)79.9(Sb2S3)20(NdCl3)0.1. a — the bands with maxima near 1370 and 1540 nm~excitation line 1064 nm!;
b — the bands with maxima near 890 and 1080 nm. The band with maximum near 890 nm was excited by 1064-nm laser line and corresponds ap
the upconversion. The luminescence band near 1080 nm was excited by Ar1 laser lines~476.5 or 488 nm!. The intensity of excitation light for both bands wa
different.
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converted’’ light. Since the4F3/2 level of Nd31 is generally
relatively long lived,18 the upconversion via this level i
more probable.

It is also possible to explain the presence of a lumin
cence band with a maximum near 890 nm~when excited by
1064 nm light! as an anti-Stokes band which is excited w
the contribution from several phonons. The energy diff
ence between the excitation and luminescence light max
is ;1950 cm21, the highest energy of phonons in this typ
of glasses can be evaluated as;400 cm21.5 This means that
;5 phonons should be absorbed for such luminescence
citation, which seems to be less probable.

The relatively small intensity of the luminescence tra
sitions can be attributed to several factors: The wavelen
used for excitation~476.5, 488 nm! was not optimal for Nd
4F3/2 level excitation. This excitation is strongly absorb
due to fundamental absorption and the penetration dept
-

-
a

x-

-
th

of

FIG. 4. Energy level diagram of electron transitions in Nd31 ion in
(GeS2)79.9(Sb2S3)20(NdCl3)0.5 glass. Possible upconversion transitions a
given by the dotted lines; corresponding luminescence transitions are re
sented by the dashed lines.
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excitation light is very low. In contrast, the 1064-nm excit
tion light is not absorbed in studied glasses. The efficienc
excitation is therefore very small, too. A relatively low in
tensity of luminescence could be also be attributed to
presence of small amounts of OH groups, which were id
tified by IR spectroscopy. It is known that OH groups c
be effective quenchers of the radiation at 1070
(;930 cm21).9 The intensity of luminescence can be al
decreased by multiphonon relaxation. Since the energy
between the4F3/2 level and the next lower level (4I 15/2) of
Nd is relatively high and since the phonon energy in chal
genide glasses is low, the probability of such multiphon
relaxation is low, as we have mentioned above.

5. CONCLUSIONS

The GeS2– Sb2S3 glasses dissolve relatively larg
amounts of Nd31 and form stable and homogeneous glass

FIG. 5. Dependence of the luminescence intensity of the band near 89
on the intensity of excitation light~1064 nm!.
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Their properties are similar to Nd-doped Ge–Ga–S a
Ge–Ga–As–S glasses.6,7 Because the phonon frequencies
sulfide glasses are lower than in oxide or halide glasses,
Nd-doped chalcogenides may be good candidates for h
efficiency light amplifiers, up-converters, lasers, and ot
optoelectronic devices.
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Laser-induced anisotropic absorbtion, reflection, and scattering of light in chalcogenide
glassy semiconductors
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Anisotropy induced in thin–film and bulk samples of chalcogenide glassy semiconductors by the
linearly polarized light of different spectral ranges is studied. Three different ranges of
exciting photon energy can be distinguished. 1! Above-band-gap light excitation is studied in
film samples, two distinct processes are identified in this range: creation of photoinduced
defects and their photostimulated orientation and reorientation; a9defect-based9 model of
photoinduced anisotropy is further developed. 2! Subband-gap light excitation is studied
in bulk samples; creation of anisotropically scattered centers is assumed to be the basis of all
photoinduced vector phenomena in that spectral range. 3! Superband-gap light excitation
is studied in film and bulk samples because the application of differential reflectance spectroscopy;
it was shown that not only defects but also main covalent bonds of the glass can be oriented
and reoriented by the linearly polarized light that generates the photoinduced dichroism in this
spectral interval. ©1998 American Institute of Physics.@S1063-7826~98!00508-0#
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1. INTRODUCTION

It is an honor for us to write a paper for the special iss
of Physics and Technics of Semiconductorsin recognition of
the outstanding role of our teacher, Professor Bo
Timofeevich Kolomiets, in the field of disordered semico
ductors. We wish to stress that Professor Kolomiets was
only the pioneer in the broad study of glassy semiconduc
but also directly participated in the initial investigation
photoinduced anisotropy in these materials.

The phenomenon of photoinduced anisotropy~PA! was
discovered when we studied the polarization state of li
transmitted through the film of chalcogenide glassy semic
ductor ~ChGS! irradiated by a linearly polarized lase
beam.1,2 Both photoinduced dichroism and photoinduced
refringence of absorption, which were observed in the
periments, were explained by the interaction of light w
optically anisotropic structural elements whose optical a
are oriented randomly.2 Later, these phenomena were inve
tigated by different authors, working with ChGS films
various compositions.3–8 Different approaches to explain P
were developed. They are based on consideration of inte
tion of the inducing light with native quasiatomic defects7

with quasimolecular defects~three-center bonds!9 or with
bistable centers having a wide distribution of relaxati
times.10 Fritzsche discussed the photoinduced redistribut
of anisotropic microvolumes as a base of PA,11 and
Tikhomirov and Elliott developed recently a new model,8 in
which the PA is connected with photostimulated orientat
and reorientation of valence-alteration pairs~VAP’s!, which
are characteristic defects in chalcogenide glasses.12 All the
above-mentioned effects were obtained in the investiga
of thin ChGS films irradiated by above-band-gap light.

Phenomena of photoinduced dichroism were revea
also in bulk ChGS (As2S3 and As34S52I14 bulk glasses!13,14
8171063-7826/98/32(8)/7/$15.00
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and in As2S3 chalcogenide glassy fibers irradiated by t
subband-gap light.15 Later, investigation of PA in bulk ChGS
samples was carried out by many research groups.16,17

In this paper we consider the results of a PA study c
ducted recently in the amorphous semiconductors labora
of the Ben-Gurion University~Beer-Sheva, Israel! either
independently or in close cooperation with colleagues fr
other research centers.

It is convenient to divide all data obtained into par
concerning the photoinduced anisotropic absorbtion, refl
tion, and scattering of light. We will consider additional
the cases of polarization-dependent, laser-induced cryst
zation of some amorphous chalcogenide films and
polarization-dependent photodoping of ChGS films w
silver.

2. EXPERIMENTAL

Two groups of samples were investigated in this
search. Thin-film samples were produced by thermal eva
ration of starting glassy meterials onto silica glass substr
in vacuum under residual pressurep;1026 Torr. The film
thickness was 0.324.0mm. Bulk samples were prepared b
polishing melt-quenched chalcogenide glasses and had
cal thickness of several millimeters.

All measurements were done at room temperature us
the experimental setups shown schematically in Fig. 1. T
setup in Fig. 1a was used for investigation of thin fil
samples. Two beams of identical gas lasers~either He–Ne-
lasers, working atl5633 nm or Ar1-lasers, working at
l5515 nm) illuminated simultaneously the same area of
film. The linear polarization state of one laser~inducing
light! could be changed to the orthogonal one with a quar
wave plate. The attenuated light beam from the other la
~probing light! passed through an electrooptical modulat
© 1998 American Institute of Physics
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which modulated the polarization discontinuously betwe
two orthogonal states at a frequency of 1 kHz. The la
beam was then passed through the sample and was inc
on the Si photodiode~PD!, permitting to measure the photo
induced transmission anisotropyTII 2TI52(I II 2I I)/
(I II 1I I), where I II and I I are the intensities of the beam
with two orthogonal electric vectors. This setup permitted
to study initial periods of PA kinetics and relaxation. T
measure the difference signalI II 2I I we used the method o
synchronous detection.

In Figure 1b we show the setup that allowed us to m
sure simultaneously the laser radiation transmitted thro
the bulk ChGS sample and radiation scattered by the sam
to various angles up to 230 mrad. The collecting le
arranged behind the sample, focused the scattered ligth
photodiode, and a small mirror, fixed in the central part
the lens, reflected the transmitted light beam to a sec
photodiode. He–Ne-laser radiation (l5633 nm), which was
the subband-gap radiation for the studied bulk glass sam
(As2S3 glass!, was used in this installation as an inducing
probing light.

The experimental setup for reflectance difference m
surements is shown in Fig. 1c. It is again a two-beam se
The anisotropy in this case was induced using the ligh
either a 1000 W xenon lamp equipped with an IR cut
filter, which generated radiation in a wide energy ran
including subband-gap and superband-gap light, or
Ar1-laser (l5488 nm) generating above-band-gap light f
the test samples. The inducing light was passed throug
Glan-prism polarizer; the light intensity on the surface of t

FIG. 1. Experimental setup for investigation of photoinduced anisotrop
absorbtion~a!, scattering~b!, and reflection~c! of laser light.
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sample was about 100 mW/cm2. The intensity of the linearly
polarized measuring light, generated by small xenon lam
was much smaller~about 5 mW/cm2) and did not induce any
noticeable change in the anisotropy during the meas
ments. Application of a monochromator allowed us to inve
tigate the spectra of PA of light reflection. For a detail
acquaintance with the reflection-difference spectroscopy
Ref. 18.

3. RESULTS AND DISCUSSION

3.1. Anisotropic light absoption

In our recent research19,20 we obtained the data which
permit further development of Tikhomirov and Elliott’
model.8 We used the setup shown in Fig. 1a. Studying
AsSe films, we demonstrated that the whole process of
chroism generation in the case of above-band-gap light e
tation can be divided into two subprocesses. The first proc
is the generation of some centers that can be oriented by
polarized light and the second one is the photostimula
orientation~and reorientation! of these centers.

The process of photoinduced dichroism appearance
reorientation in the AsSe film of 1.2mm thickness at
2.75 W/cm2 light intensity is illustrated in Fig. 2. It is see
from Fig. 2a, that the initial dichroism generation is rath
prolonged (10– 20 min), while the dichroism reorientati
occurs much quicker (,1 min). Quick reorientation was ob
served not only after dichroism saturation, as shown in F
2a, but also in the initial moments of dichroism growt
Moreover, in the case of long film irradiation with the no
polarized light, the following irradiation with linearly polar
ized light results in the rapid appearance of dichroism,
shown in Fig. 2b.

When the dichroism generation and reorientation in
same AsSe film was excited by the action of linearly pol
ized light of different intensities, the dichroism reorientatio
always occured much quicker than the initial dichrois
growth, although at smaller light intensity initial dichroism
generation and its reorientation are more prolonged tha
higher light intensity. An important point is that in all thes
cases the dichroism achieves approximately the same va
Similar peculiarities in the kinetics of dichroism generati
and reorientation were observed also in amorph
As45Se55, As2S3 and Ge2PbS4 films. So, Fig. 2c demon-
strates different kinetics of dichroism generation and reo
entation in the As2S3 film. We wish to stress that a division
into slow dichroism appearance and quick dichroism reo
entation is especially dictinct in the films of certain thic
nesses and at certain values of exciting light intensity.

Figure 3 shows the room-temperature kinetics of
peated photoinduced dichroism (D) generation after heating
the film to a certain temperature, holding it at this tempe
ture, and then cooling to room temperature. The kine
of room-temperature dichroism reorientation in t
nonannealed films is also shown. We see that the gra
increase of annealing temperature brings the form of
dichroism growing curve nearer to that in the virgin film, an
we have a nearly perfect identity of the curves after anne
ing at 180 °C temperature, which is the softening tempe

f
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ture of the AsSe film. We recall that the total bleaching
photodarkened AsSe film was also observed at a tempera
close to the softening temperature, while a partial bleach
begins at lower temperatures.21

All the above–described results show that irradiat
with polarized and nonpolarized above-band-gap light c
ates some centers in the nonirradiated film which can
oriented quickly by the subsequent irradiation with linea
polarized light~in the case of initial irradiation with polar
ized light, these centers are oriented during this irradiatio!.
The constant dichroism saturation value at different light
tensities testifies to the limited number of centers that can
oriented. The results of the heating experiments allow u

FIG. 2. Kinetics of dichroism generation and reorientation in AsSe~a, b!
and As2S3 ~c! films under the action of linearly polarized laser light wi
two orthogonal directions of electrical vector (y andx), when reorientation
starts after dichroism saturation~a, c! or polarized light irradiation starts
after long illumination with nonpolarized light~b!.
f
re
g

-
e

-
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suggest that the same centers~or perhaps some part of thes
centers that can be oriented! are responsible for the photo
darkening and saturated value of PA. These centers ca
created in the form of VAP’s in the reactions:12

2 C2
01hn→C1

21C3
1 and C2

01P3
01hn→C1

21P4
1 ,

~1!

where C and P are the chalcogen and pnictide atoms.
Combining the ideas proposed in Refs. 18 and 11,

assume that the polarized light initiates the reactions

C1
21C3

11hn→C1
11C3

2

and

C1
21P4

11hn→C1
11P4

2 , ~2!

and these reactions occur much more often in the VA
where the dipole moment is oriented parallel to the elec
vector of the exciting light. Afterwards, the energetically a
vantageous reactions

C1
11C3

2→C1
21C3

1 and C1
11P4

2→C1
21P4

1 ~3!

take place, but now the C1
21C3

1 and C1
21P4

1 defects are
oriented randomly. The whole process is accompanied b
decrease in the number of VAP’s having the dipole mome
co-directed with the electrical vector of the inducing lig
and by the growth of anisotropy that we have observed.

3.2. Anisotropic light scattering

The photoinduced light scattering in bulk ChGS, excit
by the subband-gap light was revealed for the first time
Ref. 14. This effect was displayed as a change in the shap
the transmitted laser beam, as an appearance of spec
structure and as a photoinduced modification of the trace
the laser beam inside the irradiated ChGS bulk sam
Semiquantitative data confirming the light scattering we
also obtained.14

FIG. 3. Kinetics of room temperature dichroism~D! generation in virgin
AsSe film of 1.2mm thickness~1!, repeated dichroism generation after a
nealing at 75~3!, 95 ~4!, 140 ~5!, 180°C ~6! and kinetics of one cycle of
room temperature dichroism reorientation in such film~2!. Intensity of lin-
early polarized He–Ne-laser light is 2.75 W/cm2.
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In this research we carefully investigated the photo
duced light scattering in bulk As2S3 glass and primarily, the
anisotropy of light scattering. The results allowed us to p
pose some new ideas about the mechanism of the w
group of vectorial photoinduced phenomena in bulk ChGS22

We used the setup shown in Fig. 1b. The He–Ne-la
light (hn51.96 eV,W510 mW), which was a subband-ga
radiation for an As2S3 glass (Eg52.3 eV), was used in thes
experiments which were carried out at room temperatu
Study of the angular distribution of the intesity of probin
light transmitted through the sample~using a special mov-
able diaphragm! before and after its irradiation with an ex
citing light beam permitted us to consider the light at ang
up to 5 mrad as a directly transmitted light and the light
larger angles as a scattered light.

We studied the kinetics of the change in the scatte
light intensity induced by strong, linearly polarized lig
with two orthogonal directions of the electrical vect
(Ey-radiation and Ex-radiation!. It was shown that the
Ey-radiation, for example, induces an increase of scatte
of the corresponding light (I y). Simultaneously, the intensit
of I x light usually decreases. In contrast, theEx-radiation
induces a decrease ofI y-light and a growth ofI x-light.

Figure 4 shows typical kinetics of photoinduced chang
in the scattered light anisotropy 2(I sy2I sx)/(I sy1I sx) and of
the transmitted light anisotropy 2(I ty2I tx)/(I ty1I tx), which
is related to the values of scattering dichroismbs , absorp-
tion dichroism b, and sample thicknessh by the simple
relations

2~ I sy2I sx!5~ I sy1I sx!5bsh,

2~ I ty2I tx!5~ I ty1I tx!5bh.

We see from the figure that the scattering anisotropy
transmittance anosotropy always change in opposite di
tions: an increase of one of them is accompanied by a
crease of the other one and vice versa. The anisotrop
scattering and transmittance was found to remain ne

FIG. 4. Kinetics of transmittance anisotropy~1! and scattering anisotro
py ~2! changes in an As2S3 bulk glass sample induced byEy- andEx-laser
radiation.
-

-
le

r

e.

s
t

d

g

s

d
c-
e-
of
ly

invariant during at least 325 h. We conclude from the dat
of Fig. 4 that it is possible to reorientate the PA.

In some experiments the sample was first excited
nonpolarized light (Ey1Ex) and only then was irradiated b
linearly polarized radiation. Nonpolarized radiation induc
additional isotropic light scattering, while the subsequent l
early polarized radiation led to the appearance of scatte
anisotropy, and this anisotropy could be reoriented.

The quantitative data on the photoinduced light scat
ing anisotropy obtained by us were used to draw some in
esting conclusions. The oppositely directed changes in
photoinduced anisotropy of transmittance and scattering
low us to assume that the creation of anisotropically sc
tered centers is the basis of a whole group of photoindu
vector phenomena in ChGS. This hypothesis makes un
standable the fact that anisotropy is excited by the subba
gap light. The energy of corresponding light quanta is n
enough to break the interatomic covalent bond, but eno
to produce some changes in the system of weaker bonds
example, intermolecular van der Waals bonds or the
called three-center bonds.9 These changes can result in th
appearance of scattering centers in the glass. We assume
only a finite number of scattering centers can be created
the inducing radiation. Such centers will scatter the lig
either isotropically or anisotropically, depending on the p
larization state of the inducing radiation. The anisotropy
such centers can be reoriented when the polarization sta
the inducing radiation is changed. The different states
scattering centers (x-oriented,y-oriented, isotropic! suggest
the possibility for the existence of certain structur
fragments in the glass in several quasi-stable states, as
considered in the case of photodarkening in ChGS.21

3.3. Anistropic light reflection

All previous studies of PA in ChGS used the transm
tance measurements and for this reason only the effec
subband-gap and above-band-gap light was investiga
Interaction of ChGS with the photons whose energy subs
tially exceeds the optical gap of ChGS could not be stud
because of strong absorbtion. Below we report the result
the reflectance-difference spectroscopy application, which
lowed us to investigate the photoinduced anisotropy in Ch
in a broad spectral range.23 We obtained in this researc
many new results. In particular, we showed that anisotro
can be excited by photons whose energy substanti
exceeds the band-gap of the ChGS and found that PA ca
detected at energies much higher than the photon energ
the exciting radiation.

We used the setup shown in Fig. 1c and investiga
both thin films and bulk samples of As2S3 , AsSe, and
Ge20As20S60 chalcogenide glasses. The measured value
defined asDr /r 52(r II 2r I)/(r II 1r I), wherer II and r I are
the reflectance values for the polarization of the prob
beam in the direction parallel or perpendicular to the pol
ization of the inducing beam.

In all thin films and bulk glassy samples studied w
recorded PA in the whole investigated spectral ran
(1.525.0 eV), while the nonirradiated samples were eith
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completely optically isotropic or showed very slight aniso
ropy due to preparation conditions. Upon changing the ex
ing light polarization to orthogonal, the reflectance curve
dicated a change in the anisotropy sign.

Figure 5 shows the PA of light reflection in the bu
As2S3 induced by the linearly polarized light of Xe-lamp o
Ar1-laser. We see that the anisotropy appears in the wh
1.525.0 eV range. Interestingly, for the glass excited by X
lamp light the trend in the reflectance change was the s
~increase or decrease, depending on the polarizat!

FIG. 5. Photoinduced reflectance anisotropy~solid line! and its reorientation
~dotted line! in an As2S3 bulk glass sample irradiated by the light of 1000-
Xe-lamp~a! or Ar1-laser~2! and schematic representation of photostructu
changes induced by the above-band-gap light~c!.
t-
-

le
-
e

n

throughout the whole studied spectral range. At the sa
time, in the case of the Ar1-laser excitation, sign variation o
the effect is clearly seen. The increase inDr /r is observed
for larger photon energies~above 4.0 eV! similar to the pre-
vious case of polychromatic light excitation, but for small
photon energies an opposite change~decrease!is detected.
We see also that a change in the light polarization to
orthogonal polarization results in a reversal of the PA w
the same crossover energy of 4.0 eV.

We demonstrated also that the anisotropy of reflectio
induced faster and to a larger magnitude if the test samp
preirradiated for 223 h by the nonpolarized full light of the
1000 W Xe-lamp. All peculiarities of PA of reflection wer
shown to be characteristic not only for As2S3 glass but also
for all ChGS studied.

The possibility of observing PA at energies much larg
than the exciting photon energy indicates that by irradiat
of ChGS with linearly polarized light the defects or the sc
tering centers can be oriented and reoriented by light and
main covalent network of the glass becomes anisotro
This means that the main interatomic covalent bonds can
also oriented and reoriented.

The data on the anisotropy of reflection induced by
subband-gap and above-band-gap light can be understoo
close analogy with the explanation given in Secs. 3.1 a
3.2. The most interesting results which must be explained
the data on the difference of reflection spectra for the ca
of Xe-lamp and Ar1-laser light excitation~Figs. 5a and 5b!.
A possible accounting for this difference is demonstrated
Fig. 5c for the simple case of elemental amorphous seleni
In the initial state, atom3 is threefold coordinated and atom
10 is onefold coordinated. Following the photoexcitation
the light with polarization shown in the figure, lone-pair~LP!
electrons oriented parallel to this orientation will predom
nantly be excited. As a result, atom10 may form a covalent
bond with a neighboring atom8, making the latter threefold
coordinated. To keep the defect concentration and cha
balance, initial threefold coordinated atom3 decays into a
singly coordinated defect and a twofold coordinated ‘‘reg
lar’’ atom. We see here a redistribution of LP and bondi
orbitals. Before photoexcitation the bond between atom2
and3 was covalent~parallel to thex axis!, while atoms8 and
10 had LP orbitals parallel to thez axis. After the photoex-
citation, atoms8 and10 became bonded by a covalent bon
in the z direction, while the bond between atoms2 and3 is
broken, and two LP orbitals parallel to thex axis are created
As a result, the total number of bonding electrons along thz
axis decreases, while the number of nonbonding electr
along the x axis increases, which explains the oppos
change in the anisotropy probed at lower and higher en
gies. In other words, conversion between bonding and n
bonding electrons proceeds. Both natural and photoindu
defects can participate in this process, as is clearly eviden
from the comparison of the kinetics of PA of reflection in th
nonirradiated samples and in the samples preirradiated by
nonpolarized light.

In the case of broad-spectrum light~Xe-lamp!, the
above-considered process still exists but, additionally,
direct excitation of bonding electrons by the high-ener

l
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light quanta becomes possible, resulting in the decreas
the number of bonding electrons in the direction of the lig
polarization. Since the density of states is larger for bond
electrons than for LP electrons, this latter process overc
pensates the decrease in the number of covalent b
caused by the excitation with the subband-gap light, wh
leads to the same change in the sign of anisotropy for
lower and higher energies.

3.4. Polarization-dependent, laser-induced anisotropic
crystallization of some ChGS films

Laser-induced anisotropic absorbtion of light, conside
in Sec. 3.1, was observed in various ChGS films irradia
by the above-band-gap linearly polarized light, but in so
thermally treated Se–Ag–I films and in films of elemen
amorphous selenium we observed very unusual kinetic
linear dichroism generation and reorientation.24 As in the
other cases, in those films the dichroism was genera
slowly under the action of linearly polarized light, and
change in the polarization vector to the orthogonal one
sulted in the reorientation of dichroism, but unlike the pre
ously studied cases, the constant change of reorientatio
netics was observed and then the alteration of the dichro
sign was recorded~Fig. 6a!. If at the beginning of the experi
ment, the vertical polarization vector stimulated increase
positive dichroism, while the horizontal polarization vect
diminished positive dichroism and excited negative dich
ism, in the following stages the reverse processes were
served.

The photoinduced dichroism excited by the He–Ne-la
light at a constant direction of polarization vector chang
the sign very soon and grew slowly, achieving very lar
values of about 15218%, as shown in Fig. 6b. The sign o
the final dichroism always was determined by the direct
of the exciting light polarization vector. The dichroism in
duced by irradiation of the same Se–Ag–I film with a
Ar1-laser light displayed similar dependence but the sa
rated dichroism value was essentially lower and w
achieved quicker. Some relaxation of dichroism with tim
after cessation of irradiation was characteristic for the ea
periods and was not observed in the final stages of dichro
generation. Annealing of irradiated films at glass transit
temperature (55°C) and at 80290°C for several hours did
not lead to a destruction of photoinduced dichroism, in c
trast with the situation in the AsSe films.

Thus, all characteristics of PA in the treated Se–Ag
and a-Se films were different from those in films studie
previously. The results obtained~unusual kinetics, anothe
sign and large value of photoinduced dichroism, absenc
relaxation and thermal destruction! allowed us to assume tha
we are dealing with a photoinduced photocrystallizat
process.25–27

This assumption was confirmed by the direct structu
investigation, including optical microscopy, electron micro
copy, and x-ray diffraction study. Initially more or less h
mogeneous films with a uniform morphology indicate d
tinct crystallization after irradiation. X-ray analysis o
irradiated Se–Ag–I films showed the presence of Se, Ag2Se,
in
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and AgI microcrystals. Difference in the kinetics and t
saturated values of photoinduced dichroism excited
He–Ne and Ar1 laser beams is explained by different valu
of light penetration depths connected with different abso
tion coefficients of red and green light. Thus, we observ
for the first time the polarization-dependent, laser-induc
anisotropic photocrystallization of Se–Ag–I anda-Se films.
At the same time, investigating the structure of the samp
by all the above-mentioned methods, we did not observe

FIG. 6. Kinetics of dichroism generation and reorientation in a trea
Se70Ag15I15 film ~a, b! and in AsSe film photodoped with silver~c! induced
by a linearly polarized He–Ne-laser beam when generation and reorient
cycles are carried out by horizontal (x) and vertical (y) directions of the
electrical vector.
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preferential orientation of the crystallites in the photocryst
lized films.

3.5. Polarization-dependent photodoping of chalcogenide
glassy films with silver

ChGs films are known to be photodoped with silver a
other metals with the following drastic changes in the op
cal, electrical, and physico–chemical properties~see review
articles28,29!. It was shown also that the silver photodoping
As2S3 glassy films using linearly polarized light is accomp
nied by the generation of strong dichroism whose sign
opposite to that generated in Ag-free ChGS films.29 This
phenomenon is called9polarized photodoping9 of ChGS
films.

Recently, we investigated in detail the polariz
photodoping in ChGS films of different compositions —
As2S3 , As2Se3 , AsSe, and GeS2.2 and observed in all thes
cases the same peculiarities of this phenomenon as were
served previously at the polarized photodoping of As2S3

films. Our attention was attracted to the kinetics of dichroi
reorientation. We observed the constant change in the re
entation kinetics which was accompanied by a change in
dichroism sign. We realized that in the first cycles of dich
ism reorientation, the horizontal polarization vector stim
lated an increase of positive dichroism, while the verti
polarization vector decreased the dichroism value. In
following stages the reverse picture was recorded, as sh
in Fig. 6c for a AsSe film photodoped with silver. This sit
ation reminded us of the picture that we observed in the c
of above-considered photoinduced polarized crystalliza
and we decided to investigate the structure of photodo
films. Using optical microscopy, we drew the conclusion th
the prolonged laser-induced photodoping actually leads
partial polarization-dependent photocrystallization of thr
component As~Ge!–Se~S!–Ag materials obtained in the pro
cess of photodoping.

4. CONCLUSIONS

The detailed investigation of the interaction of linear
polarized light with ChGS allows us to conclude that a te
dency to photoinduced macro-anisotropy is a common pr
erty of these materials. It manifests itself in the anisotro
light absorbtion, reflection, and scattering which can be
served in different spectral ranges using various exterime
techniques. The common base for this photoinduced ma
anisotropy is the existance in ChGS of a large number
micro-anisotropic fragments. In the nonirradiated ChGS s
fragments are oriented randomly, making the samples op
macro-isotropic~we do not consider here the cases of natu
optical anisotropy investigated in Refs. 30 and 31!. Polarized
light leads to the redistribution of these fragments. Such g
eral idea was suggested in the first papers dealing w
photoinduced anisotropy in ChGS.1,2 One of the possible
cases of such redistribution was considered in detail
Fritzsche.11 Moreover, our experiments demonstrated th
not only natural fragments, but also photoinduced fragme
~defects! are micro-anisotropic, and that they can be orien
and reoriented by the linearly polarized light.
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We are convinced now that such micro-anisotropic fra
ments in ChGS can produce different defects and even in
atomic bonds that determine the anisotropy excited by
light of different spectral ranges: subband-gap, above-ba
gap, and superband-gap light.

We wish to mention especially that irradiation wit
linearly polarized light can produce many unusual and int
esting phenomena in ChGS. Examples of such p
nomena, polarization-dependent photocrystallization a
polarization–dependent Ag-photodoping were considere
this paper.
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Investigations of transient photoconductivity ina-Si : H lead to the conclusion that tunnel
recombination of localized excess carriers may predominate in the temperature range from liquid-
helium temperatures up to temperatures at which the material was synthesized. ©1998
American Institute of Physics.@S1063-7826~98!00608-5#
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INTRODUCTION

One of the characteristic properties of disordered se
conductors is the presence in the band gap of localized st
which to a large extent determine the electronic propertie
these materials and, in particular, the mechanisms for rec
bination of nonequilibrium carriers.

It is, in fact, possible to distinguish two main accessib
recombination mechanisms. The first is classical recomb
tion of the type ‘‘band–center,’’ in which the recombinatio
rate is determined by the cross sections for the captur
delocalized nonequilibrium carriers by localized states in
band gap.1,2 The second possible recombination mechan
is ‘‘tunneling recombination’’ of nonequilibrium carrier
captured by localized states, in which the recombination
determining process is tunneling under the potential barr
that separate the carriers.3,4 In a number of cases a combin
tion of these two processes is also possible, e.g., in the f
of tunneling with variable hopping length.5

The concept of tunneling recombination was introduc
to describe interimpurity radiative recombination in dop
and compensated germanium. The experiments were ca
out at liquid-helium temperatures and it was found that t
phenomenon is manifested only in a very limited tempe
ture range. However, further research on heavily doped
compensated four-coordinated semiconductors showed
tunneling recombination also plays a noticeable role in th
materials, and its contribution becomes that much m
significant, the higher is the degree of disorder of t
structure.6,7

Recombination of nonequilibrium carriers in hydrog
nated amorphous silicon (a-Si : H! has remained until now a
topic of discussion, and in the literature it is possible to e
counter both points of view~see, e.g., Refs. 8 and 9!. Using
the most general arguments, we can assert that sincea-Si : H
possesses an even more disordered structure, it is exp
that tunneling processes in this material are even more
nounced. In this review article we discuss new data as w
8241063-7826/98/32(8)/7/$15.00
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as those published previously which indicate, in our vie
that tunneling recombination of nonequilibrium carriers
a-Si : H can play the key role in the temperature interv
from liquid-helium temperatures to temperatures close
those at which the material was synthesized.

SAMPLES AND EXPERIMENTAL PROCEDURE

The investigated samples were prepared by hi
frequency~HF! decomposition of silane-containing gas mi
tures in a system with capacitance coupling. They were ch
acterized by a photosensitivity>53104 upon illumination
by a source of type AM1 and possessed, according
electron-spin-resonance and constant-photocurrent data
unpaired spin density;1015 cm23. To measure the photo
conductivity, contacts were deposited on them in a copla
configuration.

We gave primary attention to the kinetics of photoco
ductivity decay from the steady-state value after switch
off the illumination. In our study of recombination such
method seems to us to be the most informative since de
of the photoconductivity from its steady-state value c
proceed only via recombination of nonequilibrium carrier

EXPERIMENTAL RESULTS AND DISCUSSION

Let us start with a description of results in the tempe
ture range;772120 K, which we conventionally call the
‘‘low-temperature’’ region. At lower temperatures the pr
dominance of recombination seems entirely natural and
excellently reflected in Refs. 10 and 11. The experimen
results and a model of photoconductivity ina-Si : H at
‘‘low’’ temperatures are most thoroughly described in Re
12 and 13; we will restrict the discussion here to a br
enumeration of the main points of the model and note tha
this temperature range the kinetics of the photoconducti
are independent of the temperature, which directly indica
that the recombination may be of a tunneling nature.
© 1998 American Institute of Physics
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According to numerous experimental data, we assu
that the electrons in undopeda-Si : H are significantly more
mobile than the holes~which at low temperatures, to firs
order, may be assumed to be fixed and localized at ‘‘h
localization centers’’! and the photoconductivity is assoc
ated with electron transport due to thermally activated h
in the tail of the conduction band.14 Numerical estimates
show that after a typical photoresponse time the elec
manages to diffuse a distance roughly 10 times greater
the distance between the localized holes; therefore, the e
tron can be assumed to be ‘‘smeared’’ over the arrangem
of holes. The probability of tunneling recombination is pr
portional to exp(22r/a), wherea512 Å is the localization
length of the electron,15, and r is the distance between th
electron and hole. Consequently, annihilation of the giv
hole takes place with overwhelming probability at the inst
the electron, in the process of hopping along localized st
ing levels, arrives at the level closest to the given hole. T
^hole localization center&–^nearest electron trap& pair forms a
‘‘recombination channel’’ with characteristic lifetime of th
hole that has fallen into it

t~r !5v0
21 exp~2r /a!, ~1!

wherev051012 Hz is the phonon frequency.16

If Ne is the concentration of electron traps andNh is the
concentration of hole localization centers, then if they
uncorrelated in space the distribution of recombination ch
nels over distancer will have the form

g~r !5
3r 2

R3
expS 2

r 3

R3D , ~2!

whereR353/4pNe ~Ref. 17!.
The steady-state channel filling function can be found

equating the level of generation and recombination per ch
nel:

G@12 f ss~r ,G!#/Nh5 f ss~r ,G!/t~r !;

f ss~r ,G!5
1

11Nh /Gt~r !
, ~3!

where f ss(r ,G) is the steady-state channel filling functio
andG is the rate of generation of electron–hole pairs. As c
be seen from Eq.~3!, the fast channels with smallr are for
the most part empty, and the slow channels with larger are
for the most part filled. Consequently, we can introduce
critical distancer 0 which separates the ‘‘mainly empty’
channels from the ‘‘mainly filled’’ ones.

After switching on the light, a successive destruction
channels takes place in line with the lifetime of the carri
captured in them

p~ t !5Nh E
0

`

g~r ! f ss~r ,G!e2t/t~r !dr, ~4!

wherep(t) is the nonequilibrium hole concentration. Takin
the condition of electrical neutrality into account and assu
ing that the drift mobility of the electronsm is independent
of the timet, we obtain
e
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s~ t !emn~ t !5emp~ t !

5emNhE
0

`

g~r ! f ss~r ,G!e2t/t~r !dr. ~5!

Equation~5! can be used to calculate the shape of
falloff of the photoconductivity from steady state, usingNe ,
Nh , andm as fitting parameters. Results of the calculatio
are plotted in Fig. 1; experimental data obtained
T5117 K, are also plotted for comparison. Note the go
agreement between the calculated and experimental curv
a wide time interval.

A critical test of the adequacy of the model would be
calculate the photoconductivity kinetics for different leve
of photocarrier generation. In such a case, choice of
model parametersNh and Ne would be made for only one
curve, e.g., the one corresponding to maximum intens
Then the illumination intensity would be varied the sam
number of times in the experiment and in the calculation, a
coincidence of the calculated and experimental curves at
lower excitation intensities should be achieved witho
additional fitting.

The proposed model also enables one to calculate
shape of the photoinduced absorption relaxation curves
such experiments a rectangular pulse of strongly absor
light is used to create nonequilibrium carriers, and the le
of absorption of additional infrared illumination allows on
to estimate the concentration of these carriers. The resul
such a calculation are plotted in Fig. 2; experimental d
obtained in Ref. 18 are also plotted for comparison.

As the temperature is raised, the photoconductiv
kinetics are accelerated. Figure 3 shows the experime
results which reflect the rate of decay of the photoconduc
ity from its steady-state level at different temperatures fo
constant level of initial illumination. From the character

FIG. 1. Comparison of calculated curves of falloff of the photoconductiv
~solid lines! with the experimental data~points! at T5110 K for a variable
level of generation of nonequilibrium carriers. The parameters cho
for calculations were 1: Ne53.531017 cm23, Nh52.531018 cm23,
m5831027cm2/V•s. G, cm23s21: 1 — 2.031018, 2 — 4.831016, 3 —
3.431015. For curves2 and3 agreement was achieved automatically.
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the kinetics it is possible to distinguish three temperat
ranges:

1! the previously discussed ‘‘low-temperature’’ rang
T<118 K ~curves1 and 2!, in which the falloff rate of the
photoconductivity does not depend on the temperature;

2! the range 118<T<293 K ~curves3–6!, in which the
photoconductivity kinetics are accelerated with growth of
temperature, but this acceleration can be compensate
lowering the generation level; i.e., the photoconductiv
falloff curves measured at different temperatures can
identical for the corresponding choice of generation level

FIG. 2. Relaxation of photoinduced absorption (2DT/T) ~Ref. 18! ~points!
and calculated falloff of the nonequilibrium hole concentrationp(t)
~curves!. Calculation parameters:Ne56.031017 cm23 andG/Nh , s21: 1 —
1.03106, 2 — 2.03104.

FIG. 3. Comparison of calculated photoconductivity falloff curves~solid
lines! with the experimental data~points! for fixed rate of generation of
nonequilibrium carriersG5431017cm23

•s21 and variable temperature
Temperature of the experiment and calculation parameters are give
Table I. The stationary concentrationpss was calculated according to
formula ~5! for t50.
e

e
by

e
n

other words, inside this temperature range ‘‘T2G compen-
sation’’ is possible;19

3! the rangeT>293 K ~curves 7 and 8!, in which
T2G compensation becomes impossible since, despite
fact that the initial kinetics continue to accelerate as the te
perature is raised, a long-time tail appears in the photoc
ductivity decay. As a result, changes in the kinetics, wh
cannot be compensated for by varyingG, take place.

To explain these results, we modified the above mod
and in Fig. 3 the solid lines plot the results of calculatio
carried out in the framework of the improved scheme. As c
be seen from the figure, up to room temperature, the ac
eration of the photoconductivity kinetics can be described
decreasing the parameterNh which characterizes the concen
tration of hole recombination centers. The logic of such
operation can be treated as a ‘‘conversion’’ of some of
recombination centers into sticking levels. At the qualitati
level, acceleration of the kinetics can be explained by
fact that the fixed-hole model no longer works and it is ne
essary to allow for the possibility of thermal transport of t
holes from occupied~slow! recombination channels to empt
~fast! ones. This entails an acceleration of the kinetics a
result of growth of the load at the remaining recombinati
centers and, in some sense, is analogous to the process t
place upon decrease of the photon energy, which also le
to a decrease ofNh and an acceleration of the photocondu
tivity kinetics.13

The model also explains theT2G compensation effect
In fact, Eqs.~3!–~5! show that the photoconductivity fallof
rate is governed by the ratioG/Nh and, consequently, a
matched decrease ofNh ~due to the temperature increase a
thermal motion of the holes! andG ~due to the correspond
ing choice of parameters! leaves the shape of the photoco
ductivity curve invariant.

As can be seen from the same figure, the parameteNe

characterizing the concentration of electron states rem
unchanged all the way up to room temperature.

As was noted above, a good test of the adequacy of
model is a calculation of the photoconductivity kinetics
fixed temperature and different levels of photocarrier gene
tion. Figure 2 shows satisfactory results of such a tes
211 K, i.e., in theT2G compensation range.

It can be seen from Fig. 3 that atT.293 K the model, as
before, provides a good description of the photoconductiv
falloff kinetics over a wide interval of times for one level o

TABLE I. Temperatures of experiment and calculation parameters of
curves in Fig. 3.

curve T, Ne , Nh , log log
No. K 1017 cm23 cm23 (m,cm2/V•s) (pss,cm23)

1 108 3.5 2.531018 26.86 14.70
2 118 3.5 1.231018 26.93 14.70
3 158 4.0 1.931018 24.13 14.65
4 192 4.8 5.031017 22.52 14.23
5 230 5.0 5.031016 21.59 13.87
6 249 5.1 2.3•1016 21.39 13.72
7 293 2.7 1.031015 21.40 13.66
8 323 2.7 8.231014 21.45 13.62

in
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illumination; however, an effort to simultaneously descri
the family of curves corresponding to different intensiti
~by analogy with Figs. 1 and 4! requires the introduction of a
correction factora in expression~3! for the steady-state
filling function:

f ss~r ,G!5
1

11Nh /Gat~r !
. ~6!

Coincidence of the calculated and experimental cur
for a51.8 is shown in Fig. 5. The significance of introdu
ing the coefficienta and also its magnitude can be explain
in the following way. Let us calculatef ss(r ,G) for a high
temperature. By analogy with Eq.~3!, under steady-state
conditions we can write the following expression for
arbitrary localized state:

~G1u!@12 f ss~r ,E!#/Nh

5 f ss~r ,E!@1/t~r !1n0e~Ev2E!/kT#, ~7!

whereE is the energy level of the localized state,f ss(r ,E) is
the steady-state filling function,Ev is the mobility edge of
the valence band, andu is the rate of total thermal ejectio
from all the localized states.

To simplify, dividing the localized states into stickin
levels and recombination centers~of course, in reality this
division is dictated not only byE, but also byr ), we obtain
for the filling function of the recombination centers

f ss~r ,G!5
1

11Nh /~G1u!t~r !
. ~8!

FIG. 4. Comparison of calculated photoconductivity falloff curves~solid
lines! with the experimental data~points! at T5211 K for a variable level of
generation of nonequilibrium carriers. The parameters chosen for calc
tions were 1: Ne54.7531017 cm23, Nh58.031016 cm23, m59
31023cm2/V•s. For curves2–5 agreement was achieved automatical
G, cm23

•s21: 1 — 231018, 2 — 3.431017, 3 — 1.231017, 4 —
2.031016, 5 — 6.031015, 6 — 2.031015.
s

To estimateu, we assume that the tail of the valenc
band is exponential with characteristic ener
dEv545 meV, i.e.,N(E)5Nvexp@2(E2Ev)/dEv# ~Ref. 20!.
Then, introducing the Fermi quasilevelEf v , we can estimate
the steady-state hole concentration in some approximatio

pss'E
Ef v

`

N~E!dE5NvdEvexp@2~Ef v2Ev!/dEv#, ~9!

and the total thermal ejectionu as

u'pssn0 exp@2~Ef v2Ev!/kT#. ~10!

Substituting expression~9! into formula ~10!, we obtain
an estimate for the total thermal ejection

u'
n0pss

2

NvdEv
e2dEv /kT. ~11!

The exponent of the current–illuminance characteristicg de-
termines the dependence of the steady-state photocondu
ity on the generation levelsph;Gg. Since the steady-stat
nonequilibrium hole concentration is proportional to t
photoconductivity, i.e.,pss;G, we obtain

u'AGa, ~12!

wherea52g, andA is a constant that does not depend
G. Numerical estimation ofu at 293 K gives the value
u'1019 cm23

•s21@G>431017 cm23
•s21. Therefore,

substituting this value ofu in expression~8! and ignoringG
in comparison withu, and also taking into account that a
293 K the exponent of the current–illuminance characteri

la-

FIG. 5. Comparison of calculated photoconductivity falloff curves~solid
lines! with the experimental data~points! at T5293 K for variable level of
generation of nonequilibrium carriers. The parameters chosen for calc
tions were as follows: Ne52.731017 cm23, Nh51.031015 cm23,
m5431022cm2/V•s were chosen for curve1. For curves2–6 agreement
was achieved automatically upon introduction of the coefficienta51.8 in
Eq. ~6!. G, cm23

•s21: 1 — 431017, 2 — 6.431016, 3 — 3.231016, 4 —
1.031016, 5 — 3.231015, 6 — 1.631015, 7 — 6.831014.



n

e
o

h
p
e

it

lib

c-
-

on-

y at
m-
har-
ics
ium
the

om-
rom
ous

nce
be-
un-
i-

ion,
ther
in

lium
e
ove
y a
ous
uld
ve
mi-
an-
pe
bil-

ed
re

828 Semiconductors 32 (8), August 1998 Koughia et al.
g50.9 and, consequently,a51.8, we finally obtain formula
~6! for f ss(r ,G), which is found to be in complete agreeme
with the experimental data.

The proposed recombination scheme can be used to
plain the experimental data obtained in Refs. 21 and 22
the relaxation of the photoconductivity after a short lig
pulse. In the present work we are not able to judge the s
cifics introduced by the short duration of the pulse in eith
the distribution function~2! or the filling function ~3!, and
we present only the calculated results in Fig. 6 together w
the experimental data for comparison.

With further increase of the temperature, the nonequi
rium carriers become essentially delocalized. The dark~i.e.,

FIG. 6. Time dependence of falloff of the photoconductivity after puls
illumination in samples ofa-Si : H prepared for substrate temperatu
Ts5200 ~a! and 300 °C ~b!. Points—experimental data, solid curves—
calculated result.
t

x-
n

t
e-
r

h

-

equilibrium! conductivity starts to exceed the photocondu
tivity in magnitude, as shown in Fig. 7, which plots the tem
perature dependence of the dark conductivity, the photoc
ductivity, and the photoresponse time given by

t05 lim
t→0

s~ t !

ds~ t !/dt
, ~13!

and the characteristic decay rate of the photoconductivit
the initial instant of time. As could be expected, in this te
perature range the exponent of the current–illuminance c
acteristic is close to unity and the photoconductivity kinet
do not depend on the generation rate of the nonequilibr
carriers. Therefore, the fact that under such conditions
kinetics are, as before, substantially nonexponential is c
pletely unexpected. That this is indeed so can be seen f
Fig. 8, which plots the time dependence of the instantane
lifetime t(t), defined as

t~ t !5
s~ t !

ds~ t !/dt
, ~14!

for different temperatures of the experiment.
The preservation at high temperatures of the depende

of t(t) typical at lower temperatures gives us reason to
lieve that the previous recombination mechanism, i.e., t
neling recombination of nonequilibrium carriers, predom
nates. Here it should be recalled that such a combinat
namely, the presence of carriers in delocalized states toge
with tunneling recombination, was encountered earlier
studies of such classical objects as compensated gal
phosphide23,24 and plastically deformed, monocrystallin
silicon.25 Granted, in such objects at temperatures ab
room temperature tunneling recombination does not pla
central role, but there is reason to believe that in amorph
semiconductors the role of tunneling recombination sho
be weightier. This has to do with the fact that the wa
function of even a delocalized carrier in an amorphous se
conductor is strongly modulated and that it differs subst
tially from the wave function in a crystal, where the envelo
is a plane wave. Strong modulation means that the proba
ity of finding a carrier~for definiteness, say, an electron! is
n-

s

FIG. 7. Temperature dependence of the dark co
ductivity ~1!, photoconductivity~2–4!, and photore-
sponse time~5–7! in the ‘‘high’’ temperature range.
Dashed line — calculated according to formula
~15! and~16!. Photon flux intensityI 0, cm2

•s21: 2,
5 — 1016; 3, 6 — 1014; 4, 7 — 1012.
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substantially different in different regions of space and, c
sequently, there are regions which are classically inac
sible for electrons with energy at the percolation level. El
trons can penetrate into these regions only by tunneling.
precisely in such regions, which represent potential wells
the holes, that most of the holes are concentrated. There
despite delocalization of the electrons, the electrons
holes are spatially separated and their recombination ca
before, have a tunneling character.

This assumption allows us to explain the contradict
between the nonexponential nature of the photoconducti
kinetics, on the one hand, and its independence of the
eration level as well as the linearity of the curren
illuminance characteristic, on the other. Indeed, the non
ponential character of the falloff, as at lower temperatures
explained by a tunneling mechanism of recombinati
whose lifetimet i continues to depend exponentially~and
strongly so! on the distance between the recombining ca
ers r i situated on the electron and hole localization cente
The independence of the kinetics on the generation level
consequently, the linearity of the current–illuminance ch
acteristic are explained by the fact that recombination p
ceeds under conditions in which the dark conductivity p
dominates. Consequently, the set of distancesr i is
determined by the equilibrium carrier concentrations, wh
are fixed for a given temperature.

In such a model, acceleration of the kinetics with grow
of the temperature is connected with a decrease in the s
of the characteristic distances as a result of growth of
equilibrium hole (pdark) and electron (ndark) concentrations.
Moreover, proceeding from the idea that the setting
mechanisms of the thermal equilibrium concentration a
steady-state concentration are the same~i.e., under steady-
state conditions the tunneling recombination rate of the c
riers via localized states and their generation rate, be it o
cal or thermal, equalize. In other words, thermal genera
is analogous to strong illumination! it is possible to calculate

FIG. 8. Dependence of the instantaneous lifetimet on time t for various
temperatures of experiment,T, K: 1 — 115,2 — 160,3 — 211,4 — 293,
5 — 467.
-
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the dependence of the photoresponse times on the tem
ture.

In order to find this dependence, we recall that the p
toconductivity decay is attributable to the successive emp
ing of the recombination channels from slow to fast. Sin
the photoresponse time is measured from the initial falloff
the photoconductivity, it is determined by the emptying
the fastest of the filled recombination channels, and the pr
lem of calculatingt0 reduces to a calculation of the critica
distancer 0, introduced above, which separates the predo
nantly filled and predominantly empty states. In this case

t0'v0
21exp~2r 0 /a!. ~15!

The problem of findingr 0 can be solved by substitutin
the following system of equations for the concentrations
the equilibrium electrons and holes:

ndark5sdark/emD5~s0 /em0!exp@2~Es2Em!/kT#,

pdark5NhE
r 0

`

~3r 2/R3!exp~2r 3/R3!dr'Nhexp~2r 0
3/R3!,

~1a!

ndark5pdark, ~1b!

wheresdark5s0exp(2Es /kT) is the dark conductivity, and
mD5m0exp(2Em /kT) is the drift mobility of the nonequilib-
rium electrons. Solving the system of equations~16a!–~16c!,
we can calculate the temperature dependence of the cri
distancer 0 and, consequently, the photoresponse timet0.
Results of such a calculation are plotted in Fig. 8 by the so
line, together with the experimental data, for comparis
The calculation parameters were chosen both from the
in the literature,mD@cm2/V•s#510 exp(20.2/kT@eV#), and
from the condition of best fit of calculation to experimen
Ne53.531017 cm23, Nh53.031016 cm23. Note that the
obtained values are close to those that appear in the
temperature region.

The good agreement between the calculated curve
the experimental points for a reasonable choice of calc
tion parameters serves as additional validation of
proposed model.

CONCLUSIONS

With growth of the degree of disorder in a semicondu
tor, it is possible to expect a broadening of the temperat
range in which recombination is controlled by subbarr
tunneling transitions. In the case of hydrogenated amorph
silicon we have shown that recombination in a disorde
material can have a tunneling character even up to temp
tures near the temperature at which the material was syn
sized.

To explain the experimental results we can use
model of donor–acceptor recombination in doped and co
pensated crystalline semiconductors. This model was m
fied to take into account the presence ina-Si : H of a devel-
oped spectrum of localization states and the possibility
thermally activated diffusion of nonequilibrium carriers ov
these states.
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The conclusions drawn here are to a significant deg
confirmed by the results of studies of the spectral dep
dence of the photoconductivity kinetics, which, for lack
space, have not been included here and will be publis
subsequently.

One of us~K. V. K.! would like to thank I. S. Shlimak
~Bar-Ilan University, Israel! for a collaboration extending
over many years that paved the way to the present work
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Modification of the electron spectrum and vibrational properties of amorphous carbon
by copper doping

V. I. Ivanov-Omski  and É. A. Smorgonskaya
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The near-gap electron spectrum and the effective charge distribution in graphite-like carbon
nanoclusters of simple geometry ina-C : H containing a single Cu atom are calculated in the tight-
binding approximation. Only the coupling betweenp electrons of the constituent C atoms
and one valences electron of the Cu atom is taken into account. The binding energy of the Cu
atom in the clusters and the static dipole moment of the clusters are calculated. The
results are invoked to interpret the experimentally observed activation of the RamanG band in
the IR spectrum ofa-C : H : Cu as aconsequence of a lowering of the symmetry of the
graphite-like clusters due to copper intercalation. Experimental data on the time dependence of
the G band intensity during isothermal annealing ofa-C : H : Cu arepresented. The data
suggest the possibility of reversible transfer of Cu atoms between the impurity states in the copper-
carbon clusters and the impurity states in the purely copper clusters. The average activation
energies of direct and reverse transfer are estimated from the experiment. ©1998 American
Institute of Physics.@S1063-7826~98!00708-X#
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INTRODUCTION

Amorphous carbona-C : H or, as it is frequently called
diamond-like carbon is a promising material for fabricati
of hard, chemically stable and optically transparent film co
ings. At the same time,a-C : H has aroused great interest
a nanosecond material manifesting quantum-well effects.
minescence, optical absorption, infrared~IR! spectral data,
and Raman scattering data indicate that graphite-like c
ters, 5220 Å in diameter withsp2 valence bonds, built into
a diamond-like matrix withsp3 bonds, are nanosize objec
in a-C : H ~Ref. 1!. The quantum-well effects lead to th
appearance of a gap in the electron spectrum of the grap
like nanoclusters, which defines the optical absorption e
of a-C : H, thereby converting graphite from a semimetal
a semiconductor.2

Over the course of many years, B. T. Kolomiets and
workers investigated the modification of amorphous se
conductors by metals~see, e.g., Ref. 3!. They showed that a
small fraction of some impurity atoms can, as a rule, cre
electrically active centers by raising the crystallizability
the system and cause impurity conduction of the so
solution,3 as in crystalline semiconductors. However, wh
such a two-phase disordered medium asa-C : H is modified
by a non-carbide-forming impurity such as Cu, it is mo
likely that the Cu atoms will be incorporated a
sp2-nanoclusters via an intercalation mechanism characte
tic of crystalline graphite with agglomeration of the copp
into clusters, which forms a more complex heterogene
nanosystem. Fabrication of semiconductor nanostruct
based on copper-modified, diamond-like carb
(a-C : H : Cu! with a corresponding study of their physic
properties has become an important direction of resea
8311063-7826/98/32(8)/7/$15.00
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based on the efforts initiated by B. T. Kolomiets in the stu
of noncrystalline semiconductors.

In earlier studies4–6 it was shown that a copper impurity
introduced intoa-C : H by combined magnetron sputterin
of graphite and copper targets, leads to a nonmonotonic
pendence of the conductivity ofa-C : H : Cu on the Cucon-
centration: at first, the conductivity increases to eight ord
of magnitude as the Cu content is increased
14216 at. %, and then abruptly~by roughly six orders of
magnitude! falls with continued growth of the Cu concentra
tion, reaches a minimum at 20225 at. % Cu, and then
increases again. In the optical transmission spectra
a-C : H : Cu, measured in the interval 0.625.0 eV, growth
of the extinction coefficient was observed in the region of
absorption edge with growth of the Cu content, accompan
by the appearance of a peak at Cu concentrations
about 14 at. %~Ref. 7!. The intensity of the peak increase
with increasing concentration, and the spectral posit
(;1.78 eV for all of the investigated concentrations! and
shape did not depend on the temperature in the interva
2300 K. Features were also observed in the spectral de
dences of the real and imaginary parts of the dielectric c
stant constructed from ellipsometry data ona-C : H : Cu
samples with different Cu concentrations.7 Copper-induced
changes in the electrical and optical properties of diamo
like carbon have been interpreted as the result of forma
in the material of two systems of copper-containing cluste
specifically, copper–carbon clusters with Cu content bel
roughly 15% and purely copper clusters with higher C
content.8

This model was corroborated by direct studies
a-C : H : Cunanostructures~see the review article in Ref. 9!.
For example, from the position of the maximum and fro
© 1998 American Institute of Physics
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the power-law nature of the asymptotic behavior of the
tensity of small-angle x-ray scatteringI (u), as the scattering
angleu was increased, the characteristic correlation length
copper-containing clusters (R) and the variation of the frac
tal dimensionD of the surface or of the scattering nanoclu
ters were estimated as functions of the cop
concentration.10 A study of the structure of immediate env
ronment of the Cu atoms utilizing EXAFS and XANE
spectroscopy11 showed that at low Cu concentration
(,14 at. %) correlations are essentially absent in the p
tions of the Cu atoms and they interact mainly with the c
bon matrix. At the same time, at higher concentrations
mean coordination numberZ for a Cu atom surrounded b
Cu atoms is 663. This value is substantially lower than fo
bulk metallic copper, whereZ512, which gives an idea o
the nanometer dimensions of the Cu clusters and, possib
their nonspherical shape. The copper-containing nanoclus
built into thea-C : H matrix were directly visible in image
of a-C : H : Cu samples obtained with a transmission ele
tron microscope.12

In this article we consider the influence of a copper i
purity on the electron spectrum and the vibrational proper
of diamond-like carbon. The energy levels and the effect
charge distribution in graphite-like carbon nanoclusters
simple configurations containing one Cu impurity atom a
calculated in the tight-binding approximation. The bindi
energy of a Cu atom in a cluster and the static dipole m
ment of the cluster are calculated. The manifestation
dipole-active vibrations of carbon rings in the IR spectra
a-C : H : Cu as afunction of temperature is discussed. E
perimental results which indicate the possibility of a th
mally activated, reversible transition between impurity sta
in a copper–carbon and in a purely copper cluster are
sented.

1. MODEL OF STRONGLY BOUND ELECTRONS FOR
GRAPHITE-LIKE CLUSTER WITH IMPURITY

In our treatment of the interaction of a Cu impurity wi
thea-C : H host matrix we assume that the Cu concentrat
is small, Cu–Cu interimpurity correlations is absent, a
only one Cu atom is located in the region of the graphite-l
cluster. In addition to the above-mentioned EXAFS a
XANES spectroscopy data, this was also indicated by
spectroscopic data. It was found that copper activates
so-called G band ~1580 cm21) in the IR absorption of
a-C : H : Cu films, which was observed in the Raman spe
trum but hardly evident in the absorption~reflection! of
impurity-free a-C : H ~Refs. 13 and 14!. As is well known,
vibrations of the C–C bonds between carbon atoms in
plane of the six-member carbon rings in the graphite-l
nanoclusters are responsible for the 1580 cm21 Raman band
~see, e.g., Ref. 15 and the bibliography cited there!. It fol-
lows, therefore, that at least at moderately high concen
tions the Cu atoms are built into thea-C : H structure in the
region of the graphite-like nanoclusters. In addition, sin
copper does not form valence bonds with carbon, it may
assumed that the Cu atoms interact mainly with thep elec-
trons of the C atoms in the graphite-like nanoclusters and
-
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perturbation of the strong C–Cs bonds in the presence o
the Cu atoms can be ignored. The formation of ‘‘coppe
graphite’’ nanoclusters ina-C : H : Culeads to an increase in
the extinction coefficient ofa-C : H in the region of the op-
tical absorption edge when copper is added and to the
pearance of an absorption peak at sufficiently high Cu c
centrations, as was mentioned earlier. This region of
spectrum is attributed to transitions between gap-separ
binding p and antibindingp* states of the carbon atoms i
the graphite-like nanoclusters. Consequently, these state
subjected to the most noticeable modification in the prese
of the Cu atoms. This allows us, for simplicity, to limit th
calculation to thep electrons of the carbon atoms of th
cluster and take into account their interaction with thes va-
lence electrons of the Cu atom.

In the well-known tight-binding approximation~see,
e.g., Ref. 16! the wave function of thej th state in the cluster
uc j& is sought in the form of a linear combination of atom
orbitals ~LCAO! ux i&

uc j&5(
i

uj i ux i&, ~1!

where uji are the unknown coefficients, and the ind
i 51,2, . . .n numbers the atomic basis functions of all th
atoms comprising the cluster. If only one electron functi
from each atom participates in the LCAO, thenn is equal to
the number of atoms in the cluster. The energy eigenva
Ej5^c j uHuc j& and eigenfunctionsuc j& of the Hamiltonian
H in the LCAO representation can be found by a variatio
procedure, which under the assumption of orthogonality
the functionsux i& gives a system of equations in the coef
cientsui

(
i

^x j uHux i&uji 2Ejuji 50. ~2!

The energies of the electron statesEj are found by diagonal-
izing the matrixH ji [^x j uHux i&. For each energy eigenvalu
Ej the system of equations~2! yields a set of coefficientsuji .
The electron density distribution in thej th state over the
atoms of the cluster can be found from the squared modu
the coefficients,uuji u2, calculated for all atoms of the cluste
~the indexi numbers these atoms!.

The eigenenergies and eigenfunctions were calculate
the nearest-neighbor approximation; i.e., the matrix eleme
H ji are assumed to be nonzero only if the indicesi and j
correspond to nearest-neighbor atoms in a cluster. To ca
late these matrix elements we used the well-known unive
Harrison formula, which has been successfully applied
approximate band calculations for semiconductors, and
the notation used in Ref. 16 we have

Vll 8m5h l l 8m\2/md2. ~3!

HereVll 8m denotes the matrix element of the HamiltonianH,
taken over the atomic wave functions with orbital quantu
numbersl and l 8 and magnetic quantum numberm for two
neighboring atoms located a distanced apart,m is the mass
of the electron, andh l l 8m are universal dimensionless fac
tors, whose values are tabulated in Ref. 16. If the vale
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electrons in the atoms ares- and p-type states, then the co
efficientsh l l 8m can take only four values corresponding
interatomic interactions of four types:sss, sps, pps, and
ppp.

Numerical calculations were performed for several co
figurations of the graphite-like clusters, each of which co
sisted of several regular six-member rings of C atoms in
xy plane and one Cu impurity atom, located near the pl
on the hexagonal axisz'xy of one of the rings. Two ex-
amples of such clusters with several carbon atomsN510
and N516 are shown schematically in Fig. 1. By analo
with a crystal of graphite, it was assumed that the dista
between individual carbon layers in the nanocluster gre
exceeds the C–C and Cu–C interatomic distances for ne
neighbors in one layer, so that it is possible to ignore
interlayer interaction and take into account the interaction
a Cu atom with the nearest C atoms only in one grap
layer. As was demonstrated above, onlyp-state forming 2pz

orbitals of all the C atoms of the nanocluster and thes
orbital of the Cu atom were included in the LCAO~1!.

The calculations reduce to a diagonalization of a ma
of orderN11, which contains four parameters:«p and«s ,
Vppp andVsps . The diagonal matrix elements of the Ham
tonian

«p5^pzuHupz&528.97 eV

and

«s5^suHus&526.92 eV

are the energy of the 2p state of the C atom and of the 4s
state of the Cu atom relative to the vacuum, respectiv
The nonzero nondiagonal matrix elementsVppp

5^pz juHupzi& for pairs of nearest-neighbor C atoms of a ri

FIG. 1. Schematic representation of two graphite-like nanoclusters of sim
configuration, containing 10~a! and 16~b! carbon atoms and one coppe
atom. The C atoms are represented by filled circles, and the Cu atoms
the empty circle. The numbers indicate the effective charge of the given
ei* /e.
-
-
e
e

e
ly
est
e
f
e

x

y.

were calculated according to formula~3! for hppp520.81
on the assumption that the distance between th
d51.42 Å corresponds to the lengtha of a C–C covalent
bond. The nondiagonal elements^suHupz& describing the in-
teraction of a Cu atom with the nearest C atoms of the c
bon ring depend on the positionz of the Cu atom relative to
the plane of the ring:

^suHupz&5Vsps

z

~z21a2!1/2
. ~4!

The quantityVsps was calculated from Eq.~3! for hsps

51.84 andd5(z21a2)1/2.

2. ELECTRON SPECTRUM OF A CLUSTER CONTAINING A
CU IMPURITY ATOM

First of all, it is possible to see from Eqs.~3! and~4! that
for a Cu impurity atom in the considered geometry of nan
clusters there exists an optimal positionz0, which provides
maximum overlap of the wave functions of the 2pz and 4s
states of the C and Cu atoms when the energy of interac
of the Cu atom with the carbon atoms is maximum. It is ea
to show thatz05a/A2>1 Å. The results presented belo
were obtained for the equilibrium position of the Cu atom
the cluster,z0.

Figures 2 and 3 show the structure of the energy lev
which we calculated for clusters withN510 and 16@see Fig.
1~a! and 1~b!#, which arises as a result of splitting of the 2pz

states of the C atoms that do not interact~the B spectra in
Figs. 2 and 3! and interact~the C spectra in Figs. 2 and 3!
with the 4s electron of the Cu atom. These figures show t
2pz and 4s levels«p and«s of the isolated C and Cu atom
~the A spectra in Figs. 2 and 3!. The spectrum of the smal
clusters is discrete with number of statesN11; nevertheless,

le

by
n

FIG. 2. Calculated distribution and shift of the 2pz and 4s levels of the C
and Cu atoms:A — for the isolated atoms;B — allowing only for the
p-interaction of two carbon atoms~C–C! in the flat carbon layer;C —
combined account of thep-interaction of two carbon atoms~C–C! in the
flat carbon layer and of a copper atom and a carbon atom~Cu–C! in the
body of a nanocluster containing 10 carbon atoms. The braces grou
gether the antibindingp* states and bindingp states, respectively.
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a gapEg , which separates the bindingp and antibindingp*
states of the carbon atoms, is clearly revealed in it. As co
be expected, the value ofEg decreases with increasing siz
of the cluster, in complete agreement with the calculatio
reported in Ref. 2 for purely carbon clusters. In our case,
a large cluster withN516 the valueEg52.6 eV is found to
be in satisfactory agreement with the experimental data
the optical gap.9

In the absence of the Cu atom at zero tempera
T50, all the bindingp states are filled with electrons, an
the antibindingp* states are free. As can be seen from Fi
2 and 3, the 4s state of the Cu impurity atom falls in th
energy interval which corresponds to the antibindingp*
states of the carbon atoms. Therefore, when the Cu a
interacts with the C atoms, the unpaired ‘‘extra’’ electron
the Cu atom shows up in the lowest antibinding state and
localization length is bounded by the size of the cluster.
a strong enough intercluster interaction these electrons m
a substantial contribution to the conductivity ofa-C : H : Cu.
In fact, when the concentration of copper–carbon nanoc
ters is high enough, because of homogeneous broadenin
levels as a result of the intercluster interaction and becaus
inhomogeneous broadening due to differences in the ge
etry of the clusters, the discrete spectrum of the isolated c
ters is transformed into a band spectrum with quasicont
ous bands of bindingp and antibindingp* states, i.e., into a
spectrum with ap valence band and ap* conduction band.
In this limiting case the electrons of the Cu atoms, which
situated in the conduction band even atT50, account for
the metallic character of the electrical conductivity
a-C : H : Cu. At low concentrations of the copper–carbo
nanoclusters, bulk conductivity is possible as a result of t
neling or thermally activated electron hopping between a
binding states of different clusters. As was already m
tioned, an abrupt growth in the conductivity ofa-C : H : Cu
with Cu impurity concentration up to 14–16 at. %
T5300 K was observed.4–6 However, the question concern

FIG. 3. The same as in Fig. 2, but for a nanocluster containing 16 ca
atoms.
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ing the conductivity mechanism at different Cu concent
tions requires special study.

3. BINDING ENERGY OF A CU ATOM IN A CLUSTER

The interaction of a Cu atom with a carbon ring@de-
scribed by the matrix element~4!# in the two nanoclusters
considered by us leads to a noticeable deepening of the lo
bound states and, consequently, for essentially unchan
position of the upper levels, to a lowering of the mean e
ergy of the occupied binding states. In this case, the occu
antibinding states in the given cluster configurations s
only slightly. The energy that binds the Cu atom with carb
atoms of the cluster (Eb

Cu2C) is easily estimated as the ga
in the total energy of all the electrons of the cluster due to
Cu–C interaction compared with the case of an isola
impurity-free carbon cluster and an isolated Cu impur
atom:

Eb
Cu2C5~N11!21( @2~Eb

ud2Eb
d!1Enb

ud2Eab
d #. ~5!

Here the sum is taken over the occupied states; the subsc
b, ab, andnb pertain respectively to the occupied bindin
antibinding, and nonbinding states, and the superscriptsud
andd correspond to an undoped and a copper-doped clu
The 4s state of an isolated Cu atom is nonbindin
Enb

ud[«s . According to our estimates, for the two cluste
considered@Figs. 1~a! and 1~b!# Eb

Cu2C>0.67 eV (N510)
and 0.43 eV (N516). Thus, in a large cluster a Cu impurit
atom is more weakly bound with the graphite plane than i
smaller cluster. Clearly, this is explained by the greater
gree of delocalization of the electrons in a large cluster a
the smaller relative contribution of the Cu–C interaction
the total energy of the cluster.

4. EFFECTIVE CHARGE OF THE ATOMS AND DIPOLE
MOMENT OF THE CLUSTER

We calculated the effective charge distribution over t
atoms of a cluster in thej th state from the squared moduli o
the coefficientsuuji u2. Summing over all occupied statesj
gives the effective chargeei* /e on each atomi , expressed in
fractions of the absolute value of the charge of an electrone:

ei* /e5~N11!21(
j

~2uubiu21uuabiu2!. ~6!

The subscriptsb andab, as before, pertain, respectively,
the occupied binding and antibinding states~the indexj has
been dropped!. Calculated values of the effective charge
the atoms,ei* /e, for both clusters are indicated in Figs. 1~a!
and 1~b!, written alongside the corresponding atoms.

As follows from the calculations, the Cu impurity atom
in a graphite-like nanocluster enters as a donor with nega
ionization energy and is thus ionized even atT50. In both
clusters the positive charge of the Cu ion is a little larg
than10.5e. The flat carbon layer, taken as a whole, has
opposite charge20.5e. Thus, a static dipole moment in thez
direction arises in the cluste because of the Cu atom
addition, because of the asymmetric position of the Cu at
relative to the carbon layer, a static dipole moment arise

n
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the plane of the layer. The calculated componentsPx , Py ,
and andPz of the resulting dipole momentP for both nano-
clusters are given in Table I.

The quantitiesPx ,Py ,Pz are expressed in units ofea,
wherea51.42 Å is the length of the covalent C–C bon
The zero values ofPx and Py , respectively, are connecte
with the symmetry of the specific nanocluster configuratio
relative to thex or y axis.

5. INFLUENCE OF THE CU IMPURITY ON THE VIBRATIONAL
PROPERTIES OF a-C : H : Cu „CONSEQUENCES OF
THE ADOPTED MODEL …

The presence of a Cu impurity atom in the graphite-l
nanoclusters under consideration lowers their symmetry
converts them from two-dimensional~in reality, quasi-two-
dimensional! objects into three-dimensional objects poss
internal polarization. Structural changes of such type sho
be manifested in the vibrational properties ofa-C : H : Cu. In
particular, it is expected that new low-frequency ban
which are associated with dipole-active local vibrations
the Cu ion relative to the plane of the graphite-like layer, w
appear in the infrared spectra ofa-C : H upon the addition of
copper. The corresponding frequency range is yet to be
vestigated experimentally.

As can be seen from our calculations, in the presenc
the Cu atom neighboring pairs of carbon atoms in the pl
of the rings become substantially nonequivalent in th
charge state~Fig. 1!, whereas in the absence of Cu, only t
C atoms located in the interior and on the periphery o
bounded cluster are nonequivalent~the RamanD band at
1350 cm21 in a-C : H is usually linked with limits on the
size of the clusters!. Therefore, in graphite-like clusters po
larized by Cu atoms, vibrations of the C–C bonds in t
plane of the rings and out of it can alter the correspond
components of the dipole moment and should thus be ac
in infrared absorption.

It is well known that for an isolated crystalline graphi
layer, theE2g vibrational mode due to symmetric vibration
of the C–C bonds in the plane of the rings is active in
Raman spectrum and is forbidden in the absorption. In a
of neighboring layers, because of the well-known shift
one layer relative to another, the symmetry of the structur
lowered in comparison with an isolated layer, and theE2g

mode splits into anE2g mode, which is active in the Rama
spectrum, and anE1u mode, which is weakly active in infra
red absorption.17 In amorphous carbon (a-C : H,!, because of
the absence of a correlation in the arrangement of the lay
the E1u mode is usually not observed in the IR spectra. T
role of the Cu impurity that interacts with a solitary layer
C atoms is essentially similar to the role of a neighbor
carbon layer in graphite. However, the effect of lowering t

TABLE I.

N Px Py Pz

10 20.95 0 0.36
16 0 21.53 0.38
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symmetry of a layer, which is associated with copper,
much more highly pronounced, and in the experiment a
ticeable increase in the intensity of theG band with increas-
ing Cu concentration is observed ina-C : H : Cu.13,14 Since
the spectral position of theG band hardly changes, it may b
assumed that copper doping has a negligible effect on
geometry of the carbon layers, i.e., on the C–Cs bonds, as
was assumed. In other words, copper intercalates
graphite-like structures.

Calculations for single-layer graphite-like nanocluste
of other configurations show that the closer the Cu impu
atom is located to the peripheral carbon rings of the clus
the stronger will the inhomogeneity in the effective char
distribution over the C atoms be manifested and the lar
will be the static dipole moment in the plane of the carb
layer. Qualitatively, this conclusion is supported by copp
impurity activation of the RamanD band in the infrared
absorption ofa-C : H, also observed experimentally. No
that whena-C : H is doped with nitrogen, a significant in
crease in the intensity of theG andD bands is also observe
in the IR spectra. This has been interpreted as a resu
substitution by nitrogen atoms of C atoms in the periphe
carbon rings of the nanoclusters.15

6. REVERSIBLE TRANSITION BETWEEN TWO STATES OF
A CU ATOM IN a-C : H : CU

The above-found binding energy of a copper atom to
cluster Eb

Cu2C can be assumed approximately equal to
activation energy of removal of a Cu atom from its equili
rium position in this cluster to infinite separation (DEd).
Thus, as the temperature is raised, the probability of deta
ment of a Cu atom from a cluster per unit timetd

21 will
increase according to the usual Boltzmann dependence

td
215td0

21exp@2~DEd /kT!#. ~7!

Here td0 is the characteristic time of nonactivation detac
ment. These considerations point to a means for obtainin
rough estimate ofEb

Cu2C from the experimental data if we
compare the concentration of bound atoms Cu(N) with any
observable quantity. On the basis of the discussion above
assume that theG band absorption intensity in the IR spect
of a-C : H : Cu is such a quantity; i.e., we assume that t
concentrationN is proportional to the fraction of radiation
absorbed in the sample,A: N}A[(I 02I )/I 0, whereI 0 andI
are the intensity of the incident and transmitted IR radiati

Figure 4 shows a typical dependence of the fraction
IR radiationA absorbed at the maximum of theG band on
time of thermal annealingt, which we recorded on a sampl
of a-C : H : Cu of 0.4mm thickness with Cu content 9 at. %
The IR spectrum in the corresponding frequency region w
reported in Refs. 13 and 14. The samples were prepare
the technique of magnetron co-sputtering graphite and c
per targets, described in detail in Ref. 9. In the measurem
of as-grown samples it was found that annealing at 220
for one hour causes a noticeable decrease in the absorp
and that subsequent annealing for an additional hour
310 °C lowers the intensity of theG band by more than an
order of magnitude@region I of the curveA(t)]. From the
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experimental data it is difficult to establish the exact form
A(t) in region I ~see Fig. 4!, but if we assume that

A~ t !5A0exp~2t/td!, ~8!

whereA0 is the fraction of the IR radiation absorbed by t
as-grown sample at the maximum of theG band, then we
can roughly estimate the characteristic timetd for two an-
nealing temperatures and, employing expression~7!, esti-
mate the mean activation energy of detachment of the
impurity from the graphite-like clusters. According to es
mates,DEd>0.9 eV.

Note that graphite-like clusters of different sizes a
configurations are, in fact, present in the disordered sys
in question, so that expression~8! can serve as an approx
mation of the true decrease ofA(t) only over a narrow time
interval. Because of the spread in the values of the activa
energyDEd , the parametertd depends on time, and in
wide interval of timet the functionA(t) most likely has a
power-law character. If, on top of that, we have in mi
theoretical estimates of only a very approximate sort
Eb

Cu2C, then their correspondence to the experimentally
tained value ofDEd may be assumed completely reasonab

As can be seen in Fig. 4, the almost complete disapp
ance of theG band with further isothermal annealing is a
companied by its recovery; the absorption grows with tim
so that after roughly 9 h of annealing at 220 °C the abso
tion intensity at the maximum of theG band almost reache
its original value~region II in Fig. 4!. Relaxation of absorp-
tion in theG band in similar samples was detected earlier
room temperature;14 in this case the time of complete reco
ery was roughly 15 days. It can thus be concluded that re
of the Cu atoms to the graphite-like nanoclusters after th
mal destruction of the intercalation state also has an act
tion character. By analogy with the foregoing discussion,
assume that the absorption in region II varies in accorda
with

A~ t !5A0@12exp~2t/t r !#, ~9!

wheret r is a characteristic relaxation time, which depen
activationally on the temperature, with activation ener

FIG. 4. Variation of the absorption (A) at the maximum of the vibrationalG
band in the IR spectrum ofa-C : H : Cu with time t during isothermal an-
nealing of a sample of thickness 0.4mm with Cu content equal to 9%
Annealing temperatureT5220 °C with the exception of the first two hour
of annealing, whenT5310 °C. The dashed line is the dependenceA(t)
calculated with parameters giving the best fit to the experimental data.
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DEr . Comparison of our data on the recovery kineti
of A(t) at 220 °C~Fig. 4! with the data of Ref. 14 gives a
rough estimate of the activation energy of relaxatio
DEr>0.2 eV.

Thus, at a moderately high a temperature, intercala
of the graphite-like nanophase ofa-C : H with copper is a
thermally activated, reversible process. At temperatu
above 3302350 °C the process of destruction of interca
tion is irreversible.9 In this case it can be asserted that in t
reversible process of destruction–recovery of the interc
tion state two possible structural positions of the copper
oms in a-C : H : Cu are manifested: in the graphite-like
cluster and outside of it. At any given temperature therm
dynamic equilibrium is established between these two p
tions. At equilibrium the relative values of the concentratio
of the Cu atoms at a given position are determined by
difference in the mean activation energiesDEd and DEr ,
which were discussed above. According to our estima
DEd.DEr , so that at temperatures below 3302350 °C un-
der equilibrium conditions the intercalation state in
graphite-like cluster is preferable for a copper impurity
a-C : H : Cu.

CONCLUSIONS

Application of the simple model of tightly bound elec
trons to single-layer graphite-like nanoclusters ina-C : H
with regular six-member carbon rings has demonstrated
copper doping in this material leads to partial filling of th
antibinding states and, consequently, to ‘‘metallization’’
semiconductor clusters. Individual copper-modified nan
clusters become similar to a degeneraten-type semiconduc-
tor, for which the Fermi level is found in the conductio
band with the difference that due to its small size, the a
binding states of the cluster are localized and the elec
spectrum is discrete. In this case, copper-doped amorph
carbon can be represented as a system of ‘‘quasimeta
nanoclusters built into an insulating diamond-like matr
The constant-current conductivity in such a system is de
mined by the probability of electron hops between cluste
which depends on the concentration and configuration of
copper-modified clusters and the temperature. The rapid
crease in the conductivity ofa-C : H : Cu, with Cu concen-
tration observed experimentally in Refs. 4–6, is consist
with this model.

Interaction of the Cu impurity atom with the graphite
like sp2-nanoclusters leads to a redistribution of the elect
density in the cluster and to the appearance of a static di
moment with nonzero components in the plane of the car
layer fragments and normal to them. For this reason,
natural vibrations of the carbon rings in the plane of t
layers become dipole-active, and the correspondingG andD
bands, allowed in undopeda-C : H only in the Raman spec
trum, become observable in the IR spectra ofa-C : H : Cu
and intensify as the Cu content is increased.

Studies of the temperature dependence of the intensit
the G band in the IR absorption spectrum during isotherm
annealing have shown that ina-C : H : Cu atleast two types
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of states of the Cu atom coexist: an intercalation state in
graphite-like nanoclusters and a state outside of these c
ters. At temperatures below 3302350 °C a thermally acti-
vated, reversible transition is possible between these
states. This transition controls the equilibrium copper c
centration in each of these states at the given tempera
From rough estimates of the corresponding mean activa
energiesDEd andDEr it follows that at moderately Cu con
centrations in the equilibrium states a large fraction of the
atoms should be found in the intercalation state. In this c
as follows from the aforementioned EXAFS spectrosco
data,11 the Cu atoms are distributed in an uncorrelated w
virtually without any interaction with each other. Approx
mate estimates of the energy that binds a Cu atom to a c
ter in the tight-binding model are found to be in satisfacto
agreement with the value ofDEd found experimentally.

The data reported here do not allow us to draw an
ambiguous conclusion about the second structural state o
impurity in a-C : H : Cu. Judging from the electron micros
copy data9 and the EXAFS spectra,11 this second state can b
a state of purely copper, metallic nanoclusters embedde
the a-C : H matrix. At high enough Cu concentration
~greater than 14 at. %! the interaction between the Cu atom
exceeds their binding energy in the copper–carbon graph
like clusters, and the state of purely copper clusters turns
to be the only one possible. At a certain concentration,
glomeration of Cu atoms into clusters with growth of the C
content in a-C : H : Cu can cause a fall in the constan
current conductivity, as was observed experimentally.4–6 An-
nealing at temperatures above 3302350 °C also irreversibly
destroys the copper–carbon clusters. Note that structura
arrangements in the system Cu–a-C : H should manifest it-
self in the behavior of the electrical conductivity o
a-C : H : Cu as afunction of temperature.
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Phase transitions occurring in glassy chalcogenide semiconductors induced by electric
field or laser pulses
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Order-disorder phase transitions in thin films of glassy chalcogenide semiconductors of the
system Ge-As-Te, which take place during times on the order of microseconds in micron-sized
volumes, have been studied and analyzed. The relationship between the reversible structural
transitions induced by laser light pulses and the reversible semiconductor–metal transition taking
place in a strong electric field is discussed. It is shown that the film can be taken repeatedly
through a reversible phase transition in the conductivity at;5002600 K, as previously
established. It has been shown that repeated transition from the crystalline to the glassy
state is possible without destruction of the material for a wide range of power levels for durations
of the laser light pulse less than a few microseconds, and that this fact plays a decisive role
in the reversible structural transformations. It is shown that the existence of such a range of power
levels is attributable to overheating. ©1998 American Institute of Physics.
@S1063-7826~98!00808-4#
.
ss
s
ch
A

or
o

in
en

m

no
f
i

n
s

an
to

c
at

th

it
o
th
d

an
tate
the
he
, in
rge
ding
ing
ith
w-

plied
the
ant
ed,

oth
nly

fer-
ssy
y to
the
te of
one
hav-
e to
he
pa-

ow-
tate,
the
ible
fer-
ans-
e in

con-
INTRODUCTION

During the mid-1950s B. T. Kolomiets and N. A
Goryunova discovered a new class of materials—gla
chalcogenide semiconductors. This discovery served a
powerful stimulus for the creation of an entirely new bran
of physics—the physics of disordered semiconductors.
present, along with glassy chalcogenide semiconduct
such broad families of disordered semiconductors as am
phous, porous, and microcrystalline silicon, semiconduct
polymers, and amorphous carbon are the subjects of int
study.

In glassy chalcogenide semiconductors a wide range
unique phenomena has been detected. These pheno
have been described in detail by B. T. Kolomiets,1–4 and in
the recently published monographs in his memory.5 Among
these phenomena, a special place is occupied by the phe
enon of the electric instability, discovered in the course o
study of thin films of glassy chalcogenide semiconductors
strong electric fields.6–8 The discovery of this effect has, i
its time, attracted the attention of a large number of phy
cists and has played an important role in the quickening
expansion of studies of glassy chalcogenide semiconduc
~GCS!.

The phenomenon consists in an abrupt and rapid~in
films of thicknessL;1 mm during a timet;1 ms) transition
of a small volume of the GCS~on the order of several cubi
microns! from the semiconducting high-resistance st
~HS! to the metal-like low-resistance state~LS!. The transi-
tion takes place locally in fields with field streng
F;105 V/cm, at sites of enhanced current density~current
filaments!, and the decrease in the resistance at such s
reaches many orders of magnitude. Depending on the c
position of the material, the geometry of the samples, and
characteristics of the electric field pulses, as a result of
8381063-7826/98/32(8)/5/$15.00
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velopment of the electric instability different final states c
result. If the reverse transition to the high-resistance s
takes place after removal of the applied voltage, then
‘‘semiconductor–metal’’ reversible phase transition in t
conductivity takes place since in the low-resistance state
contrast to the high-resistance state, the conductivity is la
and does not depend on the temperature of the surroun
medium. This phenomenon is frequently called the switch
effect, and it is generally considered not to be connected w
the structural transformations. In the case where the lo
resistance state is remembered and exists without the ap
voltage, we call it a memory effect. The appearance of
latter usually requires that the film be stored for a signific
time under voltage in the low-resistance state. It is assum
therefore, that the initial phase in the development of b
effects is fundamentally the same, and differences arise o
at later stages. These differences are due mainly to dif
ences in composition. In studies of the memory effect, gla
chalcogenide semiconductors with an enhanced tendenc
crystallize are generally used. As was shown in Ref. 9,
memory effect is associated with the appearance at the si
a current thread of a crystallized channel. In this case,
speaks of a reversible structural phase transition since,
ing chosen definite voltage pulse parameters, it is possibl
return the crystalline channel to its original glassy state. T
appearance of a crystalline channel is frequently accom
nied by a noticeable change in the resistance of the l
resistance state. Thus, although the low-resistance s
which arises as a result of the reversible transition in
conductivity, and the low-resistance state due to a revers
structural transformation, are closely related, they are dif
ent. The low-resistance state associated with structural tr
formations may be assumed to be due to the appearanc
the channel of either a degenerate doped crystalline semi
© 1998 American Institute of Physics
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ductor or a metallic filament since it is well known that th
crystalline channel is enriched with heavy elements such
tellurium.

Repeated cycling of reversible transitions—both str
tural transitions and transitions in the conductivity—is o
served in relatively narrow-band glassy chalcogenide se
conductors with a narrow band gapEg;1 eV. In the case
of wide-band glassy chalcogenide semiconductors w
Eg;2 eV at the site where a current filament has appea
only reversible structural changes arise in the film.10 Thus, in
narrow-band glassy chalcogenide semiconductors irrev
ible and reversible transformations are possible, while
wide-band glassy chalcogenide semiconductors only i
versible transformations are possible.

Despite the large number of studies addressing the
ture of the low-resistance, metal-like state arising as a re
of a reversible transition in the conductivity~see Refs. 11–
13!, its nature is still unclear. There is no unity of opinion o
the temperature that develops in a current filament13 or on
the electronic processes underlying the low-resistance s
in a strong electric field. To shed some light on these qu
tions, a knowledge of the conditions which distinguish
versible structural phase transitions from reversible tra
tions in the conductivity plays a large role.

Glass↔ crystal phase transformations are usually inv
tigated in large bulk samples of glassy chalcogenide se
conductors with relatively low rates of temperature chan
Peculiarities of the structural phase transformations tak
place during short time intervals and in small volumes, a
the case in optical and electric writing and rewriting of i
formation in micron and submicron GCS films, have n
been studied adequately. In the present paper we are re
ing the results of an experimental study of reversible ph
transitions in small volumes which are initiated by sho
powerful laser pulses.

EXPERIMENT AND DISCUSSION OF RESULTS

We chose for study glassy chalcogenide semiconduc
with the composition Te0.81Ge0.15As0.04 andEg50.9 eV with
an enhanced tendency to crystallize. We used short l
pulses, whose characteristics, especially the temporal cha
teristics, were similar to the electric field pulses used in el
tric writing of information. Data obtained using laser puls
and a comparison with data obtained using electric pulses
of independent interest since the technology of creating
formation carriers in glassy chalcogenide semiconduc
with writing and rewriting by laser radiation or an electr
field has already reached a high level of development.11,14,15

Pulses of different durationt are typically used to trig-
ger the reversible phase transition from the glassy state to
crystalline state and its reverse. Thus, for Te0.81Ge0.15As0.04

films in the case of electric field pulses the state with a cr
tallized channel~electric writing to memory! is obtained us-
ing t5231022 s, and for the reverse transition to the glas
high-resistance state~erasing! pulses of durationt55
31027 s are used.7 A similar ratio of durations of writing
and erasing pulses also holds when using laser pulses~opti-
cal recording and erasure!.
as

-
-
i-

h
d,

s-
n
-

a-
lt

te
s-
-
i-

-
i-
.
g
is

t
rt-
e

,

rs

er
ac-
-

re
-

rs

he

-

y

Experiments were performed on films of thickness ab
0.1mm, prepared by vacuum evaporation of the starting m
terial onto glass substrates. The initial films were glas
Together with these films, we also studied films that h
been subjected to heat treatment at about 540 K. As a re
of this treatment, these films were crystallized over their
tire area, and in them it was possible to study the transit
from the crystalline to the glassy state under the action
optical or electric pulses. The crystallization of the films w
determined from a decrease in the transmittance of w
probe light by 5210-fold17 or by a decrease in their resis
tance by several orders of magnitude. The softening poinTg

of the composition under study was 410 K, the crystalliz
tion temperature~a 5210-fold decrease in the transmittanc!
was;540 K, and the melting pointTm5650 K ~Ref. 17!.

For optical recording, laser radiation with waveleng
l50.51mm was used. The laser beam, focused on the fi
created a spot several microns in diameter. The maxim
power of the laser radiation incident on the film was abo
140 mW. Single light pulses with duration 231021ms were
obtained with the help of an acousto-optical modulator. T
result of the action of the film of the recording light puls
was monitored by measuring the transmittance of the pr
light beam ~laser radiation withl50.63mm), focused on
the spot on which the recording beam was incident, and a
by subsequent inspection with a transmission microscop

The following quantities were measured: the minimu
power W1 needed to burn a hole in the film; the power i
tervals corresponding to reversible crystallization of t
glassy films and reversible amorphization of pre-crystalliz
films.

Figure 1 plots curves of the optical transmittance (Topt)
of glassy films as a function of the power (W) for different
durations of the laser pulse. A few general trends of
variation of the transparency of the films as a function
pulse duration follow from the data plotted in Fig. 1. F

FIG. 1. Variation of the transmittance (Topt) of Te0.81Ge0.15As0.04 glassy
films as a function of the power (W) for various durations of the light pulse
t, mm: 1 — 50, 2 — 20, 3 — 10, 4 — 5, 5 — 3, 6 — 2, 7 — 1.
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pulse durations above 10ms, as the light intensity is in-
creased, a gradual decrease in the transparency is obse
Such a pattern of variation of the transparency is maintai
for durations of the light pulses up to 100 ms. For pu
durations below 10ms, a minimum is observed in th
transmittance–power curves. The magnitude of the grea
change in the transmittance of the glassy films as a func
of pulse duration is shown in Fig. 2. This decrease in
transparency over the investigated interval of pulse durat
is connected mainly with structural phase transformati
similar to those that occur during thermal annealing of
films.17 The appearance of a minimum in the transmittan
curves for short light pulses is explained by a competit
between crystallization and vitrification processes. Times
the order of 1ms may be considered as limiting for pha
transformations resulting in a decrease in the optical abs
tion of the films.

The transition from the crystalline to the glassy state w
investigated on thermally pre-treated films. The nature of
variation of their transparency as a function of power
different durations of the light pulses is shown in Fig. 3. F
pulse durations less than 1ms it is possible to distinguish
two segments in the curve of the transmittance as a func
of the power~Fig. 3, curve1!. In the first segment, as th

FIG. 2. Smallest value of the transmittance (Topt) of Te0.81Ge0.15As0.04

glassy films as a function of the duration of the light pulse.

FIG. 3. Variation of the transmittance (Topt) of annealed films as a function
of the power for various durations of the light pulse. Arrows indicate
values of the limiting powerW1 . t, ms: 1 — 0.7, 2 — 1.5.
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power is increased, a relatively rapid increase in the tra
mittance is observed. It stems mainly from an increase in
area of the segment of the film which undergoes a transi
to the glassy state due to the nonuniform distribution of
power along the radius of the laser beam. At some po
level a turning point in the curve is reached. This point
associated with a transition of the entire area monitored
the probe beam to the glassy state, beyond which is the s
ration segment. In the saturation segment growth of
transparency is slowed down. A further increase in the po
leads to an abrupt increase in the transparency as the lim
power W1 is reached and local destruction of the film
achieved. The extent of the saturation segment decre
with increasing duration of the light pulses, and for pul
durations greater than 1.5ms it virtually disappears~Fig. 3,
curve2!.

For thermally crystallized films we determined the min
mum pulse powerW1 needed to burn a hole in the film as
function of pulse durationt ~Fig. 4, curve1!. This figure also
plots the dependence ont of the powerW2 needed to in-
crease the transparency~lighten the film! by a factor of 2 as
a result of partial amorphization~Fig. 4, curve2!. In films
with L<1 mm the transition in an electric field takes place
1026 s or less. Therefore, in what follows we will give ou
main attention specifically to this time interval.

We will show that the strong dependence ofW1 on t for
short pulse durations is evidence that the nonsteady-s
temperature of heatingTi significantly exceeds the meltin
temperatureTm ~the phenomenon of overheating! and thatTi

increases with decreasing pulse duration for points ly
deep into regionA in Fig. 4. Each point of this region cor
responds to power levels which lighten the crystallized fil
by more than a factor of 2,W(t).W2(t), but do not burn
holes in them,W(t),W1(t). For many points of regionA
the cycle ‘‘darkening–lightening’’ was repeatedly observe

Let us first consider how the power should depend on
time if heating takes place all the time up to the same c
stant temperature, which does not depend ont. The natural
thermal relaxation time t r of a film of thickness

FIG. 4. The limiting powerW1 ~1! and the power leading to a twofold
increase in the transmittance,W2 ~2!, plotted as functions of the duration o
the light pulse in annealed films. The horizontal bars labelled a and b
respond to a decrease in the transmittance by 30% and by a factor of 2
its value in the original glassy film.
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L'0.1mm is equal in order of magnitude to 0.03ms ~Ref.
18!, which significantly exceeds times of the order
3210ms, at which the quantityW in Fig. 4 ceases to de
pend on time. Consequently, fort.t r the heating volume
also includes part of the substrate so that the character
linear dimension of this volume,l , is equal to (Dt)1/2, where
D5¸/rc, ¸ is the thermal conductivity,r is the density, and
c is the specific heat. Assuming the thermal constants of
substrate and film to be similar, denoting the area of the s
asS, and substituting the quantityl into the equation of hea
balance

Wt5rclS~T2T0!, ~1!

we obtain the dependenceW;1/t1/2. The temperature of the
surrounding medium is denoted asT0 . Such a dependenc
corresponds approximately to curve2 in Fig. 4 for times up
to ;3 ms. With further growth oft, equilibrium is estab-
lished andW ceases to depend on time. Just such indep
dence ofW on t is observed fort.1025 s. In this case,
neitherW1 nor W2 depends ont, and the difference betwee
W1 andW2 amounts to only 10220%, so that it is difficult
to distinguish them. Therefore, the curveW2(t) in Fig. 4 is
shown schematically for these times by the dot–dashed
We estimate the steady-state heating temperatureTs in this
region as follows. As was mentioned above, crystallizat
of an initial glassy film can be achieved not only by he
treatment, but also by the action of laser radiation. T
marker a in Fig. 4 indicates the powerWa and duration of a
laser pulse bringing about the onset of structural transfor
tions ~decrease of transparency by;30%). As can be seen
from Fig. 4, the powerWa which brings about the onset o
structural transformations is about seven times less thanW1 .
Hence we obtainW1 /Wa5DTs1 /DTsa57, whereDTs1,sa

5Ts1,sa2T0 . According to Ref. 17, the onset of structur
transformations during thermal annealing occurred for he
ing equal to onlyDT550 K. Identifying this level of heating
with DTsa , we obtainDTs15350 K, i.e.,Ts15650 K. We
can obtain an upper estimate by comparingW1 and the
powerWb ~the marker b! necessary to darken a fresh film b
a factor of;2. According to Ref. 17, such a level of dark
ening was achieved by thermal annealing for heating
;210 K. SinceW1 /Wb'2, it follows that DTs15420 K,
i.e., Ts15720 K. Thus, fort.10ms Ts1 lies in the interval
6502720 K, whose lower boundary coincides with the me
ing point of the investigated glassy chalcogenide semic
ductor. This estimate is also supported by the fact that in
time interval the powerW2 bringing on lightening associ
ated with melting and subsequent amorphization is o
10220% less thanW1 .

Completely different behavior is observed f
t,10ms, where a strong increase ofW1 and a large dispar
ity betweenW1 and W2 are seen. Let us first consider th
dependence ofW2 . In the time interval;0.323 ms this de-
pendence follows closely the law;1/t1/2, which, for guid-
ance, is plotted by the line segment28. Consequently, for
t,3 ms the dependence ofW2 is determined by heating to
constant temperature. The large difference by whichW1 ex-
ceedsW2 in this time interval implies a strong growth of th
temperature corresponding to the powerW1 with decrease in
tic
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time. We estimate this temperature fort'0.4ms, assuming
that the heating corresponding toW2 is the same as for long
times, equal to justDTi2;350 K. Then equating the ratio
W1 /W2 , which for the given time value is equal to;7, to
the ratio DTi1 /DTi2 , we find that DTi1 is equal to
;2250 K. Thus we have found that while for longer tim
the temperaturesT1 andT2 are similar and roughly coincide
with the melting temperature, for shorter times the tempe
ture T1 significantly exceedsT2 , reaching at the end of the
interval a value not less than 2250 K. Consequently, over
entire rangeW1.W.W2 corresponding to regionA in Fig.
4, the films withstand repeated heating without damage u
temperatures significantly above the melting point.

CONCLUSIONS

In Refs. 18 and 19 it was assumed that the phase tra
tion in the conductivity occurs at a temperature, which, ba
on a large body of experimental data for a glassy chalcog
ide semiconductor similar to the one investigated here, w
assumed to be equal to 5002600 K, which significantly
exceeds the temperature of the surrounding med
T05300 K and is close to the softening pointTg of films of
corresponding compositions. At the same time, the temp
ture 5002600 K is much lower than the temperature of t
transition from semiconductor conductivity to metallic co
ductivity Tf t , obtained directly from measurements on bu
samples in a weak field and equal to;1000 K ~Ref. 20!. In
Refs. 13 and 18 it was therefore concluded that to realize
phase transition in the conductivity in a strong field, heat
~Joule current heating! and modification of the electronic
properties of the glassy chalcogenide semiconductor i
strong field~thereby loweringTf t from 1000 K to a value in
the range 5002600 K) are equally important.

According to another point of view, the phase transiti
in the conductivity in a field takes place without any heatin
i.e.,Tf t5T0 and it is due only to a change in the microscop
electronic properties of the medium in a strong electric fie
Numerous studies addressing this hypothesis are discuss
Refs. 11 and 12.

An important argument of the proponents of the hypo
esisTf t5T0 is the high reversibility of the phase transition
the conductivity since it is assumed that repeated cyc
from the semiconductor state to the metallic state and b
without substantially altering the properties of the mater
can take place only in the absence of any noticeable hea
At the same time, the results of the present study show
for short-duration actions some regions of the glassy cha
genide semiconductor can heat up to very high temperat
and cool down repeatedly without destroying the materia

Thus, the results obtained here indicate that the rev
ible phase transition ‘‘semiconductor–metal’’ can take pla
repeatedly at the temperatures 5002600 K, determined in
Refs. 18 and 19 since the GCS films withstand much gre
heating without damage.

The data obtained in the present study are signific
from an applied point of view since they show that the
miliar advantages of optical and electric writing and rewr
ing of information by short pulses are attributable to t
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existence at early times of a wide dynamic range of pow
levels ~region A), while at later times this range is signifi
cantly narrowed.

We wish to thank the Russian Fund for Fundamen
Research for financial support of this work~Grant No. 97-
02-18079!.
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Modeling of hypervalent configurations, valence alternation pairs, deformed structure,
and properties of a-S and a-As2S3
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Quantum-chemical modeling of the structure, stability parameters, and electronic structure of
defects~deformational, topological, bond! in a-S anda-As2S3 was performed. The
position of localized states in the band gap, which correspond to defects, including states excited
by light with energy\v <Eg , was established. It was shown that the generally accepted
concept of valence aternation pairs~VAPs! must be reexamined, at least in our case, since the
formation of pairs of separated charged point defects of the typeC3

1 andC1
2 requires

too much energy. On the other hand, it is shown by analogy witha-Se that centers connected by
a strong bond can coexist in the form of rigid VAP dipoles. It was found that nonrigid,
metastable, hypervalent configurations~HVCs! exist in the form of HVC dipoles, which are neutral
and diamagnetic in the ground state and lie belowC1

0 on the energy scale. Defects of the
hypervalent configurations type can be used to explain the increase in the coordination number in
the noncrystalline state, as compared with their crystalline analogs, and to discuss several
properties which are determined by such defects. The effect of HVC and VAP dipoles on the
properties of glassy semiconductors, including their role in photoinduced defects, is
discussed. ©1998 American Institute of Physics.@S1063-7826~98!00908-9#
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As a rule, defects determine the properties of not o
crystalline but also noncrystalline semiconductors — chal
genide glassy semiconductors~CGSs!, discovered by B. T.
Kolomi�ts and N. A. Goryunova. Before the notion o
chemical-bond defects was introduced, fluctuations of
parameters of noncrystalline structure, which Gubanov a
ciated with localized states in the band gap,1 were studied.
Ovshinsky assigned toLP electrons a special role.2 The in-
troduction of Anderson’s hypothesis of an effective negat
correlation energy atU2 centers,3 which was used to explain
the absence of an ESR signal and to pin the Fermi leve
CGSs, made it possible to introduce the notion of defe
D1, D2, andD0 ~Ref. 4! and even specific chemical-bon
defects of the valence alternation pair~VAP! type with over-
coordinated and undercoordinated atoms, for example,
statesC3

1 andC1
2 in Se, which, according to Ref. 5, are mo

stable thanC3
0 (C1

0), where C is the chalcogen atom~the
superscript denotes the charge and the subscript denote
coordination number!. It was implicitly assumed that the
large amounts of energy, comparable to the ionization po
tial, required to produceCn

1 are compensated by the intera
tion with the environment. In particular,C1

1 stabilizes, form-
ing a bond with the nearest chains (C3

1). This assumption
leads to a very large overestimation of the stability of po
tively charged defects, as first pointed out in Ref. 6. T
notion of soft atomic configurations, which explained t
existence ofU centers, was introduced.6,7

There exist other models of defects, based on hyper
ent and, in particular, three-center bonds~TCBs!.10 These
models are essentially ignored by the scientific commun
8431063-7826/98/32(8)/7/$15.00
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They were intensively developed during the last 20 years
one of the present authors,11–16 including in the form of
hypervalent configurations~HVCs! which are neutral and
diamagnetic in the ground state.17,18

A direct proof for the existence of HVCs is that, accor
ing to x-ray diffraction, the coordinationZ1 in many CGSs is
greater than the valence, for example, in plastica-S and in
a-Se Z1.2 ~2.1–2.2!,19 which formally corresponds to
;20% of the atoms withZ153. Therefore, VAPs (Z152)
cannot explain the increase inZ1.2. This was the starting
point of Ref. 11, where a connection was first made betw
Z1.2 in a-Se and TCBs. The materialsa-S anda-Se are not
the only CGSs whose value ofZ1 is greater than the valence
Such evidence also exists for As2X3 ~X5S, Se, Te! and
l-Te,19,20 which indicates the prevalence of HVCs in macr
scopic~.1%! concentrations, which greatly exceed the VA
concentration (,1017 cm23). HVC defects in the form of
TCBs were used to explain the continuous mechanism
bond switching accompanying atomic transport,10,11 photo-
structural transformations,12 paramagnetism, including
photoparamagnetism,12 and the first sharp diffraction peak,21

to explain the photoinduced anisotropy and gyrotropy14,15

since they have the symmetry of the point groupC1 and are
therefore polar and chiral,14 and to explain the exces
entropy22 DS0.0 (0,T,Tg) and the configurationa
entropy23 DSc.0 (Ts,T,Tm). HVC-type defects have
been confirmed ina-Se by calculations based on the loca
density functional24 and in a-Se17 and GeS2

18 by quantum-
chemical modeling. Quantum-chemical modeling has a
© 1998 American Institute of Physics
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844 Semiconductors 32 (8), August 1998 Dembovski  et al.
shown HVCs ing-SiO2,25 GeO2,26 and B2O3,27 and TCBs in
g-SiO2

28 anda-SiH.29

We shall give an expanded definition of a defect as a
thing that distinguishes a noncrystalline material from
corresponding crystal in short-range order~interatomic dis-
tances, valence angles! and medium-range order~MRO!,
including in the so-called near-MRO~torsional angles!,
following the classification given in Ref. 30. Then, two bas
groups can be distinguished on the basis of this definit
The first group contains:

1. Deformational defects~interatomic distances, valenc
and torsional angles!;

2. topological defects — chains and rings with a diffe
ent number of atoms or structural polyhedra —CN ;

3. irregular ~or homopolar! As–As and S–S bonds in
As2S3.

A common feature of the defects 1–3 is that the che
cal bond type — the coordinationZ1 and the valence — is
preserved.

The second group contains chemical-bond defects. M
of these defects in CGSs have not been studied previous
the quantum-chemical level or, as in the case of VAP, th
have been modeled for a long time and only for Se31,32 and
did not confirm the existence ofU2 centers.32 A search for
HVC-type defect structures has not been made. In
scientific literature arbitrariness reigns in the description
VAP-type defects and their transformations in processes
virtually any properties are attributed to them, especially
complex substances of the type As2S3. The scientific com-
munity is even less familiar with HVC-type defects. In th
present paper defects of the first and second types ina-S and
a-As2S3 will be modeled and they will be compared with th
properties of CGSs. The modeling was performed using
semiempirical MNDO method fora-S and the PM3 method
for a-As2S3 in the cluster approximation, checked in Re
17 and 18. This approach gives a satisfactory descriptio
the structural and energy characteristics ofa-S and can be
used for qualitative and semiquantitative modeling of defe
in it.

1. MODELING OF DEFECTS

1.1 Deformational defects

1.1.1. Bond stretching.In this section, defects arising a
a result of fluctuations of bond lengths and valence and
sion angles are modeled. Accordingly, the initial cluste
consisting of the ring S8 and the chain HS7H in the case of
a-S and aC6 type ring in the case ofa-As2S3, were sub-
jected to deformation by increasing the distance between
terminal atoms of the corresponding clusters. The dep
dence of the energy required for deformation on the rela
elongation is shown in Fig. 1.

1.1.2. Modeling of soft and multiwell potentials.The
change in the properties of the local atomic potential wit
substantial stretching of the bonds was investigated fora-S.
The results of such an investigation, undertaken in Ref.
for g-SiO2, demonstrate the possibility for the formation
local soft and multiwell potentials with participation o
TCBs in the presence of sufficiently strong bond stretchi
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The distancer 123 was fixed and the distancer 223 was var-
ied ~Fig. 2!. If r 123.r 123

(0) 53.13 Å ~curve 1!, the depen-
dence of the potential energy on the distancer 223 is found to
be almost the same as for an ordinary covalent bond. As
distancer 123 is increased, the minimum of the energy in th
equilibrium position increases, while the local elasticity co
stant decreases. In this kind of modeling of soft potential
is necessary to take into consideration the possibility o
transition from a singlet state to a triplet state, since fo
strongly stretched bond the latter could become more fav
able. In this case the dependence of the potential energ
the distancer 223 has several local minima~see Fig. 2 and
the caption there!.

1.1.3. Low-energy defects.Low-energy excitations in
the a-As2S3 structure, such as inversion of an As atom l
cated at the apex of the structural pyramid AsS3 and rotation
of the ‘‘bridge’’ sulfur atom around an axis formed by the A
atoms, were investigated. Inversion, for which the ene
barrier equals 0.4 eV, could be responsible for the prese
of a peak in the curve of the tangent of the dielectric lo

FIG. 1. Deformation energyEdef in a ring S8 and chain S7 in sulfur and in
the ring C6 in arsenic sulfide as a function of the relative deformati
(r 2r 0)/r 0 (r and r 0 — cluster size in the stretched and unstretch states!.

FIG. 2. Cluster formation energyE as a function of the distancer 223

between the closest sulfur atoms for different values ofr 123 ~in Å!: 1 —
3.13; 2, 3 — 4; 4 — 4.2. The decrease in the local coefficient of elastic
with increasingr 123 is demonstrated. Curves1, 2, and 4 correspond to
singlet states, curve3 corresponds to a triplet state. The crossing of curve3
and 4 illustrates the possibility of a transition from a singlet into a tripl
state as a result of a change inr 223.
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FIG. 3. Schematic representation of different defects
noncrystalline sulfur. For the configurations V~VAP-d!
the chargesZ(Cn) in units of the elementary charge, th
bond orderQ, and the bond lengthr in Å for C3

1 ,
C1

2 , and C2
0 centers are, respectively:Z(C3

1)50.36,
Z(C1

2)520.25, Z(C2
0)520.1; Q(C3

12C1
2)51.22,

Q(C3
12C2

0)50.77; r (C3
12C1

2)51.86, r (C3
12C1

2)
52.02.
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angle (tanx) at frequencies>400– 1000 kHz. The transition
frequency of an As atom from one position into another fa
in the frequency interval where a peak of tanx is observed.33

Rotation of the bridge sulfur atom occurs with a very lo
barrier on the order of several hundredths of an eV.

1.2 Homopolar bonds in a-As2S3

The concentration of ‘‘irregular’’ As–As and S–S bond
in a-As2S3, which is determined from IR-spectroscopy da
reaches 5–6%.34 The modeling of such bonds was perform
in a cluster consisting of aC6 ring. The inner sulfur atom
and the arsenic atom changed places, so that the two A
bonds changed into S–S and As–As bonds. According to
results obtained, the formation of S–S and As–As bo
requires.0.7 eV, which is close to the value 0.5 eV pr
sented in Ref. 35.

1.3 Topological defects

The structural differences ofa-S, a-As2S3 , and the cor-
responding crystals are due to the existence of differ
structural elements in CGSs. These are ringsCN with a dif-
ferent number of atoms, predominantly withN56 – 8 for
a-S, as well as chains SN of different length. According to
our modeling results, rings withN56 – 8 are energetically
favored in botha-S anda-As2S3. However, this does no
rule out the existence of rings withN,6 in a-S and
a-As2S3.

1.4 Chemical bond defects

1.4.1. VAP model. As already mentioned above, th
VAP model postulates that ina-Se the decomposition of
chain consisting of atoms in the stateC2

0 ~Fig. 3, configura-
s

,

–S
e
s

nt

tion I! into paramagnetic fragmentsC1
0 ~Fig. 3, configuration

II ! is energetically less favorable than the formation
charged defects. However, the ratio of the stability of 2C1

0

and the pairC3
1 , C1

2 was estimated mainly on a qualitativ
level, using very rough approximations.35 The modeling of
the properties of such defects in Se in the local-density fu
tional approximation32 showed that the pairC3

1 , C1
2 is still

less stable than 2C1
0. These results cast doubt on the adm

sibility of the VAP model, and in the present work we inve
tigated it with the aid of the quantum-chemical calculatio
of defects ina-S.

According to the results obtained by us, much more
ergy is required to form the charged defectsC1

1 andC1
2 than

for homolytic breaking of a bond~Table I!. The interaction
with one and two neighboring chains~Fig. 3, configurations
II, III ! greatly decreases this difference, but it still rema
too large. More than two chains do not attach to a char
defect, so that further stabilization of charged defects a
result of an interaction with the environment will no long
be important. In the configurations III and IV, substant
changes in the geometric and electronic structure occur in
first coordination sphere around a charged center — the b
lengths increase to 2.0–2.1 Å, while the bond ordersQ de-
crease by approximately a factor of 2; the excess cha
becomes delocalized — for negatively charged clust
mainly on atoms of the first coordination sphere~CS!, while
for positively charged clusters the atoms of the second
are also affected. The changes in the third and more dis
CSs are negligible. Thus, the interaction of charged defe
with the environment results in a substantial polarization
the closest fragments of the main network of the glass an
substantial lowering of the energy of the system. Nonet
less, this stabilization cannot completely compensate for
d

TABLE I. Relative energy stabilityDE of different defects in noncrystalline sulfur. The plus~1! sign indicates
that there is no chemical bond between the charged centers and the minus (2) sign indicates that such a bon
does exist. KEY: 1! Configuration 2! Model

Configuration Model DE, eV Configuration Model DE, eV Configuration Model DE, eV

I C2
0 0.0 IV C3

1
•C3

2 5.2 VIII C3
1
•C3

2 3.6
II 2C1

0 2.0 V C1
2
•C1

2 1.9 IX C3
1
•C3

2 1.2
II C1

11C1
2 9.2 VI C3

1
•C1

2 1.7 X V•I 1.5
III C3

11C3
2 5.9 VII C3

1
•C1

2 0.6 XI V•I 2.1
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energy expended on ionization, so that the correlation ene
U.0, in agreement with the results obtained in Refs. 31
32 for a-Se. When two type-II defects interact, besides
duction of the chain I, there can arise a metastable confi
ration V in which the negatively and positively charged
oms are bound together, which leads to the formation o
dipole~in what follows — VAP-d! ~Table I, configuration V;
the parameters are given in the caption to Fig. 3!. Such a
structure is a local minimum of the potential surface a
possesses a singlet ground state forU,0. A similar configu-
ration with excess energy 1.2 eV was found in Ref. 31
modelinga-Se.

1.4.2. Hypervalent configurations„HVCs…. It can be
expected that if oppositely charged defects are located
to one another and are incorporated into a single struct
then their total energy decreases substantially as a resu
the Coulomb interaction and transfer of electronic dens
between charged fragments. On this basis we estimated
structure and stability of HVCs arising when opposite
charged configurations II, III, and IV . . . join together. Th
joining of defects II and III also leads to the formation of
metastable singlet~in the ground state! configuration VI if
centersC1 andC3 interact. When they are displaced by o
link, a VII-type complex, which is stable against decay in
two chains, is formed; in the case of a larger displacem
unstable complexes consisting of two chains and a fragm
SN between them are formed. If the distance betweenC3

centers in a type-VII configuration is fixed at the same va
as in the configuration III~2.0 Å!, then its structure and
energy characteristics can be estimated. It turns out th
possesses a singlet state and is much more stable than
C1

0 defects~Table I!. All bond orders in a hypervalent frag
ment of this configuration are substantial —Q.0.3 between
C3 centers andQ.0.9 betweenC3 andC2. All this signifies
that the fragments of a chain broken by the drift of the e
vironment should interact with the nearest chain upon lo
ering the energy and upon a transition to a singlet state,
instead of rupture, the bond switches with the help of ty
VII HVCs. When two centersC3 in a type-III fragment in-
teract, a type-VIII configuration, which is stable in the si
glet state against spontaneous decay but lies on the en
scale far above 2C1

0, forms. The most stable product of th
interaction of type-III fragments is a type-IX configuratio
— a nonplanar six-member ring consisting ofC3 atoms. It
can also be obtained in the interaction of type-II and -
fragments. This configuration transforms into three isola
chains. If the configuration is prevented from decomposi
having set a limit on the distance in a ring, on the ene
scale it will lie below the pair of defectsC1

0, i.e. a dangling
bond, which is sandwiched between two chains, sho
transform into a singlet HVC which effects bond switchin

The interaction of type-V configurations with chain
could provide additional possibilities for the formation
HVCs. The five-member ring X formed in this manner
unstable with respect to decay into two chains and lies
eV higher on the energy scale, if the distancesr 122 andr 324

are fixed and equal 2.0 Å. Connection of fragments I and
into a six-member ring~Fig. 3, XI! gives the most interesting
result. Its ground-state electronic structure is a singlet, an
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lies above X on the energy scale, but its zero-barrier de
into chains is impossible. This configuration is slightly u
stable with respect to separation into fragments I and V,
the energy difference is small~0.2 eV!, and a rigid environ-
ment can keep this complex from decomposing. Type
HVCs are apparently similar to a soft atomic configuratio
since in order to form it much less energy is required fo
chain and a VAP-d defect to draw together to a distanc
corresponding to the S–S bond length than for atoms to d
together in ordinary chains. We did not consider the form
tion of larger rings, since they should be less stable. It sho
be emphasized that the charges of the atoms in the con
rations VII–XI are small, i.e., their electronic structure do
no correspond to a pair of charged centers.

2. DEFECT-ASSOCIATED PROPERTIES OF CGSS

2.1 Localized states in the band gap

The appearance of any defect in a structure is accom
nied by the appearance of a level in the band gap. The
placement ofEv andEc as a function of the relative elonga
tion accompanying stretching of the rings and cha
~deformational defects! is shown in Fig. 4; fluctuations ofEv

FIG. 4. Shift of the valence band edgeEv ~bottom curves! and conduction
band edgeEc ~top curves! as a function of the relative deformatio
(r 2r 0)/r 0 on stretching: a — S8 rings ~1, 4! and S7 chains~2, 3!; b — C6

rings in a-As2S3. The energy is measured from the position ofEv in the
undeformed structure.
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andEc due to the existence ofCN rings in a-As anda-S are
shown in Fig. 5.

The appearance of irregular bonds is also accompa
by splitting off of levels from the valence- and conductio
band edges into the band gap. HereDEv50.13 eV and
DEc520.34 eV. The values ofEv and Ec for VAP-d and
HVCs are given in Table II. A general diagram demonstr
ing the position of levels in the band gap, which are asso
ated with the defects listed above, is shown in Fig. 6.

2.2 Interaction of a defect-free network and defects in it
with \v<Eg light

2.2.1. Defect-free fragments and topological defects
The optical characteristics~the energyEss

1 of the first singlet-
singlet transition and the corresponding changeDm in the
dipole moment! of fragments of a defect-free glass netwo
were estimated for the sulfur clusters considered above.

FIG. 5. Energy levels in the top occupied and bottom vacant molec
orbitals, which model the positions of the valence-band edgeEn and
conduction-band edgeEc in different structural elements ina-S (SN rings
with N54 – 8) and ina-As2S3 (CN rings withN52 – 6, bound together by
covalent bonds!. To estimateEg correctly, the energy difference between th
vacant and occupied levels must be decreased by an amount equal
integral of the Coulomb repulsion between them~;6 eV!.

TABLE II. Displacements of levels relative to the valence bandDEv and
conduction bandDEc , energyEss

1 of the first singlet–singlet transition
changeDm in the dipole moment for this transition in hypervalent config
rations arising in noncrystalline sulfur~in units of D).

Configuration DEv , eV DEc , eV Ess
1 , eV Dm, D

C6 - - 2.5 0.0
C7 - - 2.8 6.0
C8 - - 2.4 0.0
I, HS7H - - 3.7 1.7
V 0.9 21.0 1.2 3.9
VI 1.3 20.5 1.7 3.3
VII 0.6 21.2 2.3 0.9
IX 1.1 21.1 2.2 2.0
X 1.1 21.2 2.0 6.3
XI 1.3 21.5 2.0 13.9
ed

-
i-

e

note that it is in principle incorrect to use for this purpose t
difference between the energy levels of the highest occup
and lowest vacant molecular orbital~MO! and that doing so
introduces an error equal in order of magnitude to the in
gral of the Coulomb repulsion between these MOs, which
sulfur clusters equals approximately 4–5 eV.

Despite the similarity of the stability parameter, the ele
tronic structure, and the geometric parameters of long ch
and ring structures SN in a-S,17 the values ofEss

1 for them are
substantially different~Table II!. The difference increase
with increasing chain length. The reasons for such beha
is unclear at present, and additional calculations using n
empirical approaches with more complete bases are requ
The character of the transition in rings and chains is the sa
— from a nonbonding MO into a weakly antibonding orbita
They are both formed mainly by lone pairs of sulfur. In th
excited state the electron density alternates in the rang
0.1 eV and the bond orders~BOs! decrease by 10–15%
around atoms with a negative charge. The changes affec
entire cluster; i.e., the first excited state of the fragments
the main network of the glass is delocalized.

2.2.2. Deformational defects.The effect of excitation
on deformed bonds ina-As2S3 was investigated. The trans
tion into an excited state is accompanied by an appro
mately 30% decrease in the orderQAs–Sof the bond between
the atoms. Therefore it can be concluded that if the bond
the ground state is sufficiently strongly stretched~by 20–
30%!, then excitation followed by relaxation leads to ruptu
of the bond.

2.2.3. Interaction of light with homopolar bonds. It is
believed34 that As–As bonds play an important role in ph
tostructural transformations. For this reason, we exami
the excitation of the electronic subsystem ina-As2S3 that
contain these bonds. In this case the changes in the elect
structure are localized in a region close to the As and
atoms that participate in the formation of As–As and S
bonds. The As–As bond weakens by 15%, whileQS–S

r

the

FIG. 6. Diagram illustrating the position of localized electronic levels in t
band gap which are associated with different structural defects ina-S and in
a-As2S3. The tails of the density of states~region1! are formed by defor-
mational and topological defects, as well as by homopolar bonds in the
of a-As2S3. The scale of the decrease in the density of states in this re
is formed mainly by the topological defects. The deep-lying levels in
band gap~region 2! are associated with VAP-d defects, while in region3
they are associated with HVCs. The curves bounding the regions1–3 are
arbitrary.
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remains nearly the same. We note that an unstressed As
bond does not rupture as a result of excitation.

2.2.4. Interaction of light with VAP-d and HVCs. In
the defects shown in Fig. 3, levels are split off from t
valence band and the conduction band into the band gap.
shifts in Ev and Ec are equal to approximately 160.5 eV.
As a result, the energyEss

1 decreases to 1.5–2.0 eV; i.e., su
defects can be expected to absorb optical-range radia
For type-VII and -IX defects the changes in the dipole m
ment as a result of excitation are small — of the same or
of magnitude as for an ordinary chain; for type-V, -VI, an
-X defects the changes are appreciably larger, while fo
type-XI defect the changes are very large; i.e., light abso
tion on it should be substantial. The restructuring of the el
tronic density affects mainly the region of a defect and
first coordination sphere around it; i.e., the excited state
defects are localized. As a rule, in the process the elec
density distribution changes in such a way that the electro
structure of a defect approaches a configuration with a d
gling bond. For example, in the case of the VAP-d structure
the charges at centersC1 andC3 equalize, the BOs betwee
C3 andC2 decrease by 30%, and a similar decrease occ
for type-VII defects, but in this case the BO betweenC3

centers increases; i.e., in the first case decay into 2C1
0 is

facilitated, while in the second case decay into 2C1
0 andC2

0 is
facilitated. The changes for the type-XI configuration a
more complicated: The electronic density transfers to an
latedC3 center and the nearest fragment of the chain coup
with it, the BOs around this center decrease by 10–15%,
they remain nearly the same in the rest of the cluster, i.e
this case excitation does not give rise to decay of a defe

2.3 Photoinduced effects in CGSs

For the present, type-XI HVC defects~Fig. 3! are the
best candidates for explaining the valueZ1.2 in a-S and
possibly ina-Se. However, our calculations have shown th
they can exist only in the presence of an external force
prevents them from decaying. In a solid noncrystalline st
the rigid environment could become such a force. It is qu
possible that type-XI HVCs, together with VAP-d, partici-
pate in all photoinduced phenomena. This assumption
based on a simple model which is based on the fact tha
type-XI HVCs as a result of photoexcitation with ener
\v<Eg optical transitions that lead to a large increase in
dipole moment — up to 14D ~Table II! — can occur. The
large dipole which arises can strongly polarize the envir
ment — type-I chains, in which bonds become weak
longer, and softer under the action of the light; in the proc
a small dipole moment (;1.7D, Table II! appears in a chain
as a result of photoexcitation. Therefore, an additio
dipole-dipole interaction can arise. An estimate of its mag
tude~provided that the HVC dipole is located at a distance
the order of 5 Å from the excited chain! gives;0.2 eV. This
is sufficient for activation of inversions or rotations, whic
can result in a restructuring of the environment, especially
the ‘‘near-MRO’’ scale, in which theC2

0 atoms will occupy
new metastable positions. These will be the photostruct
transformations~PSTs!. In this connection, we mention th
As
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model of a PST associated with near-MRO.36 Our simple
model explains the photoinduced anisotropy, since a H
dipole can be oriented by the vectorE of linearly polarized
light, while the environment surrounding the dipole will b
oriented following it — at least on the near-MRO scales. T
appearance of gyrotropy as a result of irradiation is be
associated with HVCs than VAP, since a HVC has the sy
metry of the point groupC1 and is therefore polar and chira
while a VAP possessesC2v symmetry and is therefore pola
but not chiral.

It is obvious that an optical transition accompanying t
excitation of HVCs can lead not only to photodarkening b
also to decomposition of the complex into VAP1 nC2

0 fol-
lowed by the decay VAP→2C1

0, i.e., to paramagnetism
which is more characteristic ofa-S andl-S than fora-Se and
CGSs. This result agrees with the weak thermal paramag
ism of plastic a-S and strong paramagnetism forl-S at
T.160 °C. Photoluminescence can also be related to
excitation of HVC dipoles and their decay intoC1

0 followed
by relaxation to the initial state with thermal insulation a
deexcitation. It is very likely that VAP-d and HVC dipoles
can be oriented in very strong electric fields and can in t
orient their environment. The participation of dipoles is pr
supposed in the electron-thermal model of the low-resista
state.8 The drift mobility in a-S anda-Se is effected by neu
tral localized states nearEc and Ev ,9 which are apparently
related to the deformational, topological, and HVC defec
Finally, the medium-range order itself, especially near-MR
~and sometimes intermediate MRO also!, could be due to
noncrystalline ordering, which is induced by HVC and VA
dipoles in the melt and by freezing of the melt as a result
vitrification.

In closing, we indicate the metastable equilibria

nC2
052C1

05VAP1nC2
05HVC,

which depend on the external conditions —T,P, \v,E etc.
— and which determine the properties of the CGSs un
study. It is also important to point out the multiplicity of th
states responsible for the HVC states, and their special p
tion, since the density of HVC defects is much higher th
that of VAP in the CGSs mentioned above, which det
mines the valueZ1.2. States of the HVC type are not
substitute or alternative but rather a very important comp
ment to VAP.
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Toward understanding the photoinduced changes in chalcogenide glasses
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The various irreversible and reversible photoinduced phenomena in chalcogenide glasses, among
them isotropic and anisotropic effects, were considered until now to have different origins.
Upon reexamination, we find that the elemental photostructural steps are the same for all these
phenomena. These are nonradiative recombinations via transient excitons yielding changes
in local bonding configurations. The anisotropic changes arise from geminate recombinations of
electron-hole pairs, which fail to diffuse out of the microvolume in which they were
excited. A unified explanation of the large variety of photoinduced changes is presented. ©1998
American Institute of Physics.@S1063-7826~98!01008-4#
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1. INTRODUCTION

Academician B.T. Kolomiets and his distinguishe
school of scientists laid the groundwork for the study of t
large and fascinating family of materials known as chal
genide glasses. Perhaps the most interesting phenomen
hibited by these glasses are the light-induced changes of
properties. Nearly 30 years ago, reversible and irrevers
photostructural changes in a variety of physico-chem
properties were discovered1 and soon thereafter, b
Kolomiets and his collaborators,2 the photoinduced optica
anisotropies. These discoveries were followed by the ob
vation of irreversible giant photocontraction3 of freshly de-
posited films of these materials, of photoinduc
crystallization4 and amorphization,5 of photodoping by
metals,6 and more recently by the astonishing findings
photoinduced fluidity7 and an anisotropic optomechanic
effect.8 These phenomena result from illumination wi
bandgap light or subgap light of the Urbach absorption
gion at both ambient and low temperatures.9

Indeed, this is a surprising variety of photoinduced ph
nomena and the time for discovery of new ones might not
be over. It would be most unsatisfactory if one had to sea
for a different origin and microscopic mechanism for ea
one of these effects. This has been the tendency recently
example, it was stated10,11 that there is a fundamental differ
ence between centers in the chalcogenide glasses that
photoinduced anisotropies, on the one hand, and photod
ening, on the other, which is one of the reversible pho
structural changes. Moreover, most of the literature make
clear distinction of the origins of reversible and irreversib
photostructural changes.12 Any model which is based on spe
cific centers6,11,13–16such as valence alternation defects17 ob-
viously cannot explain large morphological changes such
photoinduced fluidity,7 photopolymerization,18,19 the giant
photoexpansion20 and contraction3 or the new reversible an
isotropic optomechanical effect,8 because the number o
these defects never exceeds a small fraction of one perce
the constituent atoms.15,21

In this article we explore the possibility that there is
8501063-7826/98/32(8)/5/$15.00
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type of microscopic mechanism that leads to different pho
induced effects.

Since the first step shared by all these phenomena is
photoexcitation of an electron-hole pair and its recombi
tion, we discuss this event in the following section. We th
examine various photoinduced effects and see how t
might originate from the recombination events.

2. RECOMBINATION

Chalcogenide glasses have a low photoluminesce
efficiency. This suggests, as Street pointed out,22 that these
materials provide a nonradiative recombination chan
which allows the dissipation of a rather large recombinat
energy. This recombination occurs via a transient exci
which can be visualized as a transient intimate valence a
nation defect pair.17,23The local deformation associated wit
its formation and subsequent annihilation is the anharmo
energy dissipation process.

Of primary interest for our discussion of photoinduc
changes is the fact that the local bonding configuration a
recombination and before photoexcitation need not be
same.9,24 An elementary step of photostructural change c
occur. Examples of such elementary steps are illustrate
the Figure 1, where~a! shows the local structure before ph
toexcitation,~b! shows the transient exciton or transient in
mate valence alternation pair~IVAP! state, and~c! shows the
structure after recombination. We note that atoms can m
over atomic distances during such an elementary step.

The change in covalent coordination associated wit
change in the local charge or valence state, which is the b
for the valence-alternation model, subsumes that the cha
are quite localized. Indeed, such localization seems to b
general feature of amorphous and vitreous semiconduc
Even photocarriers excited into extended band states loca
quickly into band tail states before recombining. Chalcog
ide glasses, moreover, favor structural changes becaus
the steric freedom of their low coordination atoms.25

Which optical excitation can result in an elementa
photostructural step? Certainly bandgap and Urbach tail
© 1998 American Institute of Physics
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citations, but also excitations between band states
charged valence alternation defect states, as well as an
tronic excitation, i. e., an electron transfer, within an IVA
In the latter case, the transient exciton consists of two neu
valence alternation defects which can relax to an IVAP
different configuration than the original one.11,15

3. PHOTOINDUCED FLUIDITY

The illuminated chalcogenide glass flows under uniax
stress7 since local band changes and atomic motions, wh
tend to decrease the local strain energy, are favored.26 The
macroscopic nature of photoinduced fluidity proves that
sentially all atoms are involved in these recombinatio
induced local bonding changes and not only specific
relatively rare defects or structures. In view of the recen
discovered anisotropic optomechanical effect,8 one would
predict that the photoinduced fluidity is larger for lig
polarized along the uniaxial stress than for perpendicular
larization.

It is useful to visualize the illuminated state of the gla
as a dynamic state with constantly occurring changes in lo
bonding and atomic motions.24 They foster phase
separation27 and phase changes.4,5 This internal activity stops
when the light is turned off, and the frozen-in structure m
relax over time, depending on the temperature.

4. GIANT DENSIFICATION AND PHOTOPOLYMERIZATION

Films which are strongly voided or have columnar stru
ture are obtained with oblique vapor depositions onto c
substrates.3 Such films can have up to 20% lower densi
This density deficit can largely be removed by prolong
illumination.3 Moreover, vapor deposition of binary and te
nary chalcogenide films contain bond-saturated molec
units that exist in the depositing vapor, such as As4 and
As4S3 . The degree of molecularity greatly diminishes wi
exposure to light and the films polymerize and resem
more the structure of a bulk glass.18,19

FIG. 1. Examples of elementary steps of photostructural changes. W
balls are chalcogens~C! and shaded balls are pnictide atoms~P!. a — Initial
bonding configuration; b — transient self-trapped exciton after photo
excitation; c — one of several new bonding configurations after recombi
tion, where the motion of the atom is indicated by the arrow.
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Both these major topological and structural chang
induced by light require motion of atoms and bonding re
rangements. They can result from the cumulative effect o
large number of elementary steps of photostructural chan
caused by recombination events.24 In other words, the
dynamic illuminated state will bring about structural chang
until a quasi-equilibrium is reached. This so-called ligh
saturated state is still a dynamic state during illuminatio
because local changes still occur without changing the m
roscopic properties. Since thermal annealing will also d
sify and polymerize freshly deposited films, it is easy to u
derstand that this occurs during illumination in the dynam
state.24 These photostructural changes are, of cour
irreversible.

5. REVERSIBLE ISOTROPIC CHANGES

One of many examples, but a typical one, is the reve
ible shift of the optical absorption edge.1,9,12,29–32Illumina-
tion produces a redshift of the edge, which increases
absorpsion. This photodarkening can be reversed by the
annealing near the glass transition temperature. Annea
actually starts after turning off the light and progresses w
a wide spectrum of anneal energies.

During illumination, we have the dynamic state with a
the recombination-induced local bonding changes a
atomic motion. The macroscopic physico-chemical prop
ties will change until a balance is reached between ther
annealing, light-induced annealing, and light-induced c
ation of higher-energy local bonding arrangements. This b
ance is called the light-saturated state which depends on
intensity and ambient temperature.24 It is a state of higher
energy relative to the annealed state, because otherwi
would not return to the annealed state. Its structure diff
from that of the annealed state. Diffraction experiments1,28,29

and computer modeling have taught us that the lig
saturated state has less medium-range order,32 i. e., it is more
disordered than the annealed state. Photodarkening is
lieved to arise from enhanced̂lone pair&–^lone pair& inter-
actions which broaden the valence band and thus cau
redshift of the absorption edge.1,9,28,33

We see that the microscopic processes driving the
versible and irreversible photostructural changes are
same.24 The difference arises from the initial states. Only t
annealed state can be recovered by annealing, but no
voided and molecular structures of freshly deposited film
Both the reversible and the irreversible changes move tow
the light-saturated state. They might not reach it when h
dered by topological obstacles which cannot be overcome
the elementary photostructural steps.

The light-saturated state differs in a number of wa
from the annealed state. Besides the decrease in med
range order, there is a larger concentration of IVAP defe
and of wrong bonds. However, they play at most a min
role in the numerous physico-chemical changes associ
with the reversible photostructural changes. This is s
ported by observations of Tanakaet al.34 that the efficiency
of photodarkening is essentially the same for bandgap

ite
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subgap Urbach tail light, but is essentially zero for light a
sorbed in the defect band.

6. PHOTOINDUCED ANISOTROPIES

Optically isotropic materials such as chalcogen
glasses can become optically anisotropic because they
sist of and contain entities which are optical
anisotropic.35,36The original macroscopic isotropy originate
from the random orientations of the microscopic anisotro
entities. Because of their transverse nature, electromag
waves are anisotropic. Therefore, light-induced structu
changes will inevitably produce macroscopic anisotrop
not only of the optical or dielectric tensor,35-37 but also of
other physico-chemical properties. For practical purpos
experiments are carried out with linearly or circularly pola
ized light. The resultant anisotropies are reversible if
photostructural changes are reversible.

A recombination event, which leads to a structu
change of a microscopic anisotropic entity will change
orientation or nature of this anisotropy. This constantly h
pens everywhere in the material during illumination, witho
necessarily producing a macroscopic anisotropy. For
event to occur, it is necessary that the recombining elect
hole pair be excited in the same microscopic anisotropic
tity which undergoes the structural change. This means
sentially that macroscopic anisotropies result from gemin
recombinations of electron-hole pairs, which do not diffu
out of the microscopic entity in which they were created
absorbed photons.35,36 The lack of electron-hole pair diffu
sion and the geminate nature distinguishes the recombina
events which lead to anisotropies from all the other eve
which yield isotropic~or scalar! photoinduced changes. Th
important difference accounts for the fact that the dep
dences on temperature, light intensity, and photon ene
among other parameters are different for the anisotro
~vectoral! and isotropic~scalar! photoinduced effects.

What are these microscopic, optically anisotropic en
ties in chalcogenide glasses? Intimate valence alterna
pair defects~IVAPs! have a dipole moment and form on
kind of entities of this sort. After a photostructural bondin
change, its dipole moment will change. However, IVAPs a
not the only anisotropic entities. Optical excitations from t
valence band to the conduction band are transitions f
lone-pair electron states to antibonding states.33 These tran-
sitions are polarization dependent because of the low co
lent coordination of chalcogens. Hence, any tiny microv
ume of the material is optically anisotropic and is alter
with a photostructural change. Hence, all optical transitio
i. e., interband, Urbach tail, and defect transitions, are po
ization dependent. Each elemental step of photosruct
charge alters the local anisotropy. However, a macrosc
anisotropy can result only from nonradiative recombinatio
of electron-hole pairs that have not diffused away. Which
the various optical excitations satisfies this requirement
be determined by measuring the quantum efficiency fo
given anisotropic effect as a function of photon energy.

These arguments can clearly be extended to anisotro
involving circularly polarized light, because the small coo
-
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dination number of chalcogenide glasses provides a lo
structure with sizable helicity.35,36

7. ANISOTROPIC OPTOMECHANICAL EFFECT

Krecmeret al.8 discovered a reversible anisotropic vo
ume change induced by polarized light in a thin film
As50Se50. Contraction occurs along the direction of the ele
tric field vector and dilatation occurs perpendicular to th
direction. Light from a He–Ne-laser, whose ener
hn;2 eV falls into the Urbach absorption region, was us
This experiment shows that these anisotropies extend
other material properties besides the optical tensor. The m
nitude of the effect suggests that the anisotropic microv
umes of the whole material are involved and not only IVA
defects. This is also the interpretation of Krecmeret al.8.
These new results imply that the elastic properties, so
propagation, and probably many other material parameter
chalcogenide glasses become anisotropic, as a result o
posure to light.

8. PHOTOINDUCED DICHROISM AND BIREFRINGENCE

These phemomena were discovered by B.T. Kolom
and his group2 in 1979. The sign of the anisotropies of th
absorption coefficient and refractive index agrees with
prediction of the model which attributes the change to a p
tostructural change in the anisotropic entities or microv
umes, which results in a decrease of the oscillator strengt
the chosen light polarization and an increase for the ot
polarization directions.35,36

There is no agreement on whether the anisotropic e
ties are microvolumes of the inherently anisotropic loc
bonding structures of the chalcogenide material9,35,36 or
whether they are IVAP defects.11,13-15,38,39Both of course
contribute with their relative contributions, depending on t
exciting photon energy, as explained in Sec. 6. If the light
the defect absorption band is below the Urbach absorp
region, only IVAPs can be excited. Larger photon energ
can produce changes in the whole material. In the opto
echanical experiment discussed in the previous section,
authors detected photoinduced dichroism which originate
the anisotropic local bonding structures that are pres
throughout the material.

In earlier experiments on dichroism, Lyubinet al.10 em-
phasized that the effect observed was the same at the b
ning and at the end of photostructural changes that lea
photodarkening. This suggests that IVAP centers, wh
concentration increases with light exposure,21 contribute
negligibly in those experiments. More recently, it was fou
that the kinetics of the photoinduced anisotropies cha
with light exposure.15,36 The observed change in kinetics
no proof that IVAPs are involved. In contrast, one wou
expect a much larger change in the magnitude of
anisotropies than those observed when the IVAP concen
tion increases by several orders of magnitude. As discus
in Sec. 5, essentially all local bonding structures change
the material goes from the annealed to the light-satura
state. This is accompanied by a change in the density, ela
constants, hardness, and other properties. Therefore
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change in kinetics of the photoinduced anisotropies is
surprising. Moreover, more light is absorbed as the mate
photodarkens with time, which affects the kinetics.

The anisotropic matrix elements governing optical ex
tations within a microvolume or an IVAP defect region d
pends on the photon energy. Therefore, if the photon ene
of the probe light differs greatly from that of the excitin
light, it is possible that the photoinduced anisotropy will d
appear at a certain energy of the probe light or that it w
reverse its sign. While dichroism depends on the anisotro
absorption coefficient at the photon energy of the probe,
refractive index which governs birefringence is a Kramer
Kronig weighted average of excitations over all energ
larger than the probe energy. The reflectivity near the ba
gap energy is governed solely by the refractive energy.
reflectivity near the bandgap energy is governed solely
the refractive index, while the extinction coefficient shou
be considered only at relatively high photon energies.
more complete picture of the physical processes would
quire measuring the induced anisotropy of the complex
electric tensor as a function of photon energy.

Even in the light-saturated state, the optical axis of
induced anisotropy can be reoriented at will by changing
polarization direction of the exciting light. This illustrates th
dynamic nature of the light-saturated state discussed in
5. This state is a dynamic equilibrium between constan
occurring local bonding changes during illumination and
cal thermal relaxation processes.36

9. PHOTOINDUCED ANISOTROPIES IN LIGHT SCATTERING

Many experiments studying photoinduced anisotrop
are conducted by sending a laser beam of inducing polar
light through the sample and measuring with a polariz
probe beam of greatly reduced intensity the transmitted l
intensity and its polarization. Inhomogeneities and den
fluctuations will cause scattering, which, in addition to a
sorption, decrease the transmitted light intensity.40 Scattering
can be measured separately in directions away from
beam axis.41

Inhomogeneities are self-enhancing as localities, wh
photodarken, absorb more photons from the inducing be
and darken further. The increase in refractive index ass
ated with photodarkening produces light-scattering inhom
geneities. With polarized inducing light, all these phenome
carry isotropic and anisotropic components. The scatte
light, in turn, produces photoinduced changes and inho
geneities while passing through the material. Concurren
the inducing light beam experiences self-focusing due to
increased refractive index caused by photodarkening in
laser beam channel. It is clear, therefore, that the rate
recombination events change with time and location e
when the intensity of the inducing light remains constant

These complex and interrelated processes may exp
why one observes such a variety of interesting and o
puzzling phenomena in these experiments.
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10. DISCUSSION

While trying to find a unifying explanation of the photo
induced changes in chalcogenide glasses, we should ad
particular observations which stand in the way of such
unifying picture. The overemphasis on defects, in particu
IVAPs, as the origin of reversible photoinduced isotropic a
anisotropic effects isolated major structural changes suc
photoinduced fluidity, the optomechanical anisotropy, a
the irreversible photostructural changes into a separate
egory. Defects which number much less than one percen
the atomic sites obviously cannot account for the ma
changes. We now understand that any atomic site of
coordination can participate in photoinduced changes, wh
makes the distinction between major and minor effects
necessary.

In terms of defects, it was pointed out that the cent
responsible for the optical anisotropies must be essent
different in origin from those responsible for isotropic e
fects, in particular, for photodarkening.11 The reasons for this
conclusion are~i! the different kinetics,~ii ! different spectral
excitation dependence,~iii ! different annealing temperature
and ~iv! the observation that photoinduced anisotropies
seen even in glass compositions that show no or hardly
photodarkening.

As was discussed earlier, the main difference betw
scalar and vectoral effects is that the latter result only fr
geminate recombinations of electron-hole pairs, which fai
diffuse out of the absorption microvolume. It is conceivab
that certain defects favor this subset of recombination eve
This, however, is not generally the case since the vect
optical effect is coupled with the optomechanical effect
Sec. 7, which essentially involves the majority of atom
sites and not specific defects. The different spectral exc
tion dependence is explained by the special conditions
posed on the subset of recombinations which can remem
the polarization of the absorbed photon, as discussed
Sec. 6.

The kinetics of the two groups of effects is natura
different. When photodarkening has saturated~zero kinetics!
in the light-saturated state, the optical axis of the photo
duced anisotropy can still be reoriented, because photos
tural changes continually occur in the dynamic balance of
light-saturated state. The local bonding orientations and t
the oscillator strengths are changed preferentially in acc
dance with the inducing light polarization. This process
turn saturates when it becomes energetically unfavorabl
continue.

The elemental photostructural step is the same for b
the isotropic and anisotropic effects. The manifestations
different, however. Photodarkening results from the cumu
tive effect of many photostructural steps, which decrease
medium-range order and increase the lone-pair interact
and therefore the width of the valence band. It seems
such major photostructural change requires a higher an
temperature than the local bonding configuration changes
quired for optical anisotropies.

Some chalcogenide glass compositions might not exh
photodarkening, because they might not develop a p
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nounced medium-range order in their relaxed annealed s
and, hence, might not experience an appreciable increa
the lone-pair interactions in the light-saturated state. Th
same glasses will nevertheless show photoinduced op
anisotropies due to changes in the local bonding structu

11. SUMMARY AND CONCLUSIONS

Great strides have been made in the understanding o
photoinduced changes in chalcogenide glasses. Most, if
all, of them are caused by elemental steps of photostruct
change resulting from nonradiative recombination events
transient excitons. These elemental steps occur essen
everywhere in the material where there is freedom fr
steric hindrance.

Different manifestations of photoinduced changes oc
when the initial structural states or conditions of the mate
are different. Reversible changes occur from the anne
state, while irreversibility necessarily results when the init
structural state of the material is of higher energy than
annealed state, as is the case for voided and molecular
which are vapor deposited. Both the reversible and irrev
ible changes move toward the structure of a light-satura
state, which has less medium-range order and is of hig
energy than the annealed state.

During illumination, the material is in a dynamic stat
which leads at high intensities to photoinduced fluidi
diffusion, and phase changes.

Among the many recombination events, there are so
that remember the polarization of the absorbed light. Th
are geminate recombinations that occur in the microvolu
of the absorption process. This subset of nonradiative rec
bination processes yields photoinduced anisotropies
physico-chemical properties. They occur even for unpo
ized light because of the transverse nature of electromagn
waves, but are more easily observed with polarized lig
Since the probability for the recombinations falling into th
special subset depends on the light intensity, tempera
photon energy, and material properties, one finds that
behavioral differences between isotropic and anisotro
photoinduced changes depend on these parameters.

Among the photoinduced anisotropies are those of
optical properties such as dichroism, birefringence, li
scattering, and others. They are sometimes difficult to de
mine quantitatively, because the changing optical proper
change locally the intensity and direction of the induci
light. This complex set of problems, in which the ligh
producing changes at one location depend on changes in
optical properties which occurred previously at other lo
tions, is peculiar to studies of the change in the optical pr
erties caused by light. At present, there is no reason to
lieve that the observed phenomena result from anyth
different than the changes in the transition matrix eleme
which result from the local bonding changes that occur in
the elemental steps of photostructural changes.

I am most grateful to Stan Ovshinsky for many enligh
ening discussions and to B.T. Kolomiets for his warm h
pitality during my three visits to his laboratory in 196
1975, and 1988.
te
in

se
al
.

he
ot

ral
ia
lly

r
l

ed
l
e
s

s-
d
er

,

e
e
e
-

of
r-
tic
t.

re,
e

ic

e
t
r-
s

the
-
-
e-
g
ts
ll

-

1S. R. Ovshinsky, inProceedings of the 5th Annual National Conferenc
Industrial Research~Chicago, IL, Industrial Research, Inc., 1969!, p. 86;
S. R. Ovshinsky and H. Fritzsche, Metallurgical Trans.2, 641 ~1971!;
J. P. deNeufville, S. C. Moss, and S. R. Ovshinsky, J. Non-Cryst. So
13, 191 ~1974!.

2V. G. Zhadanov, B. T. Kolomiets, V. M. Lyubin, and V. K. Malinovskii
Phys. Status Solidi A52, 621 ~1979!.

3S. Rajagopalan, K. S. Harshavardhan, L. K. Malhotra, and K. L. Cho
J. Non-Cryst. Solids50, 29 ~1982!.

4J. Feinleib, J. P. deNeufville, S. C. Moss, and S. R. Ovshinsky, Ap
Phys. Lett.18, 254 ~1971!; J. E. Griffiths, G. P. Espinosa, J. P. Remeik
and J. C. Phillips, Phys. Rev. B25, 1272~1982!.

5S. R. Elliott and A. V. Kolobov, J. Non-Cryst. Solids128, 216 ~1991!.
6A. V. Kolobov and S. R. Elliott, Adv. Phys.40, 625 ~1991!, and the
bibliography cited there.

7H. Hisakuri and Ke. Tanaka, Science270, 974 ~1995!.
8P. Krecmer, A. M. Moulin, R. J. Stephenson, T. Rayment, M. E. Wella
and S. R. Elliott, Science277, 1799~1997!.

9Ke. Tanaka, J. Non-Cryst. Solids50 & 60, 925~1983!; Jpn. J. Appl. Phys.
25, 779 ~1986!; Rev. Solid State Sci.2–3, 641 ~1990!.

10V. Lyubin and V. K. Tikhomirov, J. Non-Cryst. Solids114, 133 ~1989!.
11S. R. Elliott and V. K. Tikhomirov, J. Non-Cryst. Solids198–200, 669

~1996!.
12G. Pfeiffer, M. A. Paesler, and S. C. Agarwal, J. Non-Cryst. Solids130,

111 ~1991!.
13V. K. Tikhomirov and S. R. Elliott, Phys. Rev. B51, 5538~1995!.
14V. K. Tikhomirov, G. J. Adriaenssens, and S. R. Elliott, Phys. Rev. B55,

R660 ~1997!.
15V. Lyubin and M. Klebanov, Phys. Rev. B53, R11924~1996!.
16K. Shimakawa, A. V. Kolobov, and S. R. Elliott, Adv. Phys.44, 475

~1995!.
17M. Kastner, D. Adler, and H. Fritzsche, Phys. Rev. Lett.37, 1504~1976!.
18S. A. Solin and G. N. Papatheodorou, Phys. Rev. B15, 2084~1977!.
19D. J. Treacy, U. Strom, P. B. Klein, P. C. Taylor, and T. P. Mart

J. Non-Cryst. Solids35–36, 1035~1980!.
20H. Hisakuni and Ke. Tanaka, Appl. Phys. Lett.65, 2925~1994!.
21D. G. Biegelsen and R. A. Street, Phys. Rev. Lett.44, 803 ~1980!.
22R. A. Street, Solid State Commun.24, 363 ~1977!.
23M. Kastner and H. Fritzsche, Philos. Mag.37, 199 ~1978!.
24H. Fritzsche, Philos. Mag. B68, 561 ~1993!.
25S. R. Ovshinsky and K. Sapru, inAmorphous and Liquid Semiconductor,

edited by J. Stuke and W. Brenig~Taylor & Francis, London, 1974!,
p. 447.

26H. Fritzsche, Solid State Commun.99, 153 ~1996!.
27J. S. Berkes, S. W. Ing, and W. J. Hillegas, J. Appl. Phys.42, 4908~1971!.
28J. P. deNeufville, inOptical Properties of Solids. New Developmen,

edited by B. O. Seraphin~North-Holland, Amsterdam, 1976!, Chap. 9.
29K. Tanaka,Structure and Excitations of Amorphous Solids, edited by

G. Lycovsky and G. L. Galeener@A.I.P. Conf. Proc.31, 148 ~1976!#.
30V. L. Averianov, A. V. Kolobov, B. T. Kolomiets, and V. M. Lyubin,

Phys. Status Solidi A57, 81 ~1980!; J. Non-Cryst. Solids45, 343 ~1981!.
31A. E. Owen, A. P. Firth, and P. J. S. Ewen, Philos. Mag. B52, 347~1985!.
32S. R. Elliott, Phys. Rev. Lett.67, 711 ~1991!; M. Paesler and G. Pfeiffer,

J. Non-Cryst. Solids137–138, 967 ~1991!.
33M. Kastner, Phys. Rev. Lett.28, 355 ~1972!.
34Ke. Tanaka and H. Hisakuni, J. Non-Cryst. Solids198–200, 714 ~1996!.
35H. Fritzsche, J. Non-Cryst. Solids164–166, 1169~1993!.
36H. Fritzsche, Phys. Rev. B52, 15854~1995!.
37V. K. Tikhomirov and S. R. Elliott, Phys. Rev. B49, 17476~1994!.
38V. Lyubin, M. Klebanov, V. Tikhomirov, and G. Adriaenssens, J. No

Cryst. Solids198–200, 719 ~1996!.
39A. V. Kolobov, V. Lyubin, T. Yasuda, M. Klebanov, and K. Tanaka

Phys. Rev. B55, 8788~1997!.
40V. Lyubin, M. Klebanov, S. Rosenwaks, and V. Volterra, J. Non-Cry

Solids164–166, 1165~1993!.
41V. K. Tikhomirov and S. R. Elliott, J. Phys.: Condens. Matter7, 1737

~1995!.

Published in English in the original Russian journal. Reproduced here
stylistic changes by the Translation Editor.



SEMICONDUCTORS VOLUME 32, NUMBER 8 AUGUST 1998
Plasma-enhanced chemical vapor deposition and structural characterization
of amorphous chalcogenide films

P. Nagels

RUCA-University of Antwerp, B-2020 Antwerpen, Belgium
~Submitted February 16, 1998; accepted for publication February 23, 1998!
Fiz. Tekh. Poluprovodn.32, 958–963~August 1998!

We describe the preparation of layers of amorphous Se, AsxS12x , AsxSe12x , GexS12x , and
GexSe12x by plasma-enhanced chemical vapor deposition using the hydrides of the elements as
precursor gases. We discuss the influence of the gas ratios and the deposition conditions
~pressure, rf power input! on the chemical composition and the homogeneity of the binary systems.
Information concerning the structure of the films was obtained from infrared and Raman
spectroscopy. ©1998 American Institute of Physics.@S1063-7826~98!01108-9#
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1. INTRODUCTION

Intensive research on amorphous chalcogenides sta
about 30 years ago, mainly under the impulse of B
Kolomiets in the Joffe Institute, Russia. A first milestone
the study of these materials was the discovery in 1968
Ovshinsky of nondestructive switching in thin films of amo
phous multicomponent chalcogenides. Reliable switch
and memory devices were produced, but their penetratio
the market was not succesful. A second milestone was
observation that illumination with bandgap light of thin cha
cogenide films resulted in a blue shift~photobleaching! of
red shift ~photodarkening! of the absorption edge. Thi
change in optical properties is accompanied by a chang
some other properties, e.g., density, elastic constants,
tronic properties, photo-dissolution of metals, etc. In t
studies related to the above-mentioned fields the films w
usually prepared by thermal evaporation or by sputteri
i.e., the solid state is realized by rapid condensation of
vapors. The as-deposited films have a more or l
disordered network.

In our study we have prepared films of amorpho
chalcogenides, including elemental Se and the binary
and Ge chalcogenides AsxS12x , AsxSe12x , GexS12x , and
GexSe12x , by plasma-enhanced chemical vapor deposit
~PECVD!, a technique widely used for the preparation
amorphous silicon. In amorphous silicon the incorporation
hydrogen during the plasma-deposition process plays a
important role in saturating the dangling bonds respons
for high densities of electrically active gap states. The eff
of hydrogen incorporation in amorphous chalcogenides
the basic physical properties is probably not that dras
Indeed, the defect chemistry of chalcogenide glasses dif
greatly from that of the tetrahedrally coordinated amorph
semiconductors. It is generally accepted that neutral dang
bonds are transformed into positively and negatively char
dangling bonds which pin the Fermi level close to the mid
of the gap.

The purpose of our study is to make a comparis
between the structure and the photoinduced effects of am
phous chalcogenide films prepared either by plasma dec
8551063-7826/98/32(8)/6/$15.00
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position or by vacuum evaporation. In this way we hope
gain futher insight into the origin of the structure-relat
phenomena. Furthermore, we believe that PECVD is
promising technique for growing layers of amorpho
chalcogenides, in particular, with respect to their possi
technological application.

2. MATERIAL PREPARATION BY PECVD

We have deposited thin films of amorphous S
AsxS12x , AsxSe12x , GexS12x , and GexSe12x ~1–2 mm
thick! in a plasma discharge stainless-steel reactor. The
cursor gases were high purity hydrides, H2Se, H2S, AsH3,
and GeH4, pure or diluted in hydrogen~15 vol% of the
hydrides!. A low-pressure plasma, varying between 0.1
1 mbar, was created by an rf discharge~13.56 MHz! between
two parallel-plate electrodes, 8 cm in diameter. The reac
gases were mixed before entering the reactor and were
mitted through an inlet in the reactor wall at the height of t
electrodes. The gases were pumped away through an o
at the opposite side, so that the gas flow was parallel to
electrodes. The rf power coupled into the reactor varied fr
10 to 80 W. Crystalline silicon and glass substrates w
fixed on both electrodes. Depositions were made without
ditional heating of the substrates by a furnace, but due
plasma heating the temperature was approximately 50 °C

For determination of the chemical composition of t
layers, a silicon wafer was positioned from the middle to t
gas inlet side of the grounded and the powered electro
The atomic ratios of the elements were measured in
middle of the wafer at regular distances by means of elec
microprobe analysis. Infrared transmission spectra were
corded in the wave–number range from 4000– 150 cm21 on
films deposited onto polished crystalline Si wafers using
Beckman 4240 and a Bruker IFV 113 spectrometers. Ram
measurements were made with the help of a Bruker 6
spectrometer in a reflection mode using a 1.06-mm
YAG:Nd13 laser source.
© 1998 American Institute of Physics
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3. COMPOSITION ANALYSIS AND STRUCTURAL
PROPERTIES

A. Amorphous selenium „a-Se…

Films of a-Se were deposited using pure H2Se. The
deposition conditions were: flow rate 6 sccm; press
0.1 mbar; rf power 30 W; deposition time 10 min; film thick
ness;1 mm. Films growth only occurred on the grounde
electrode. X-ray diffraction showed that the film wa
completely amorphous.

From the knowledge that the short-range order in cr
talline and amorphous materials is generally the same,
reasonable to assume that the two existing crystalline a
ropes of Se can be present in amorphous Se. The stable
of crystalline Se is trigonal. Its lattice consists of spiral-li
chains parallel to thec-axis. The helices contain three atom
per turn and are in an hexagonal array~close packing for
rods!. The interchain bonding is covalent, while the intra
hain bonding is due to weaker van der Waals attractio
Two similar metastable monoclinic forms of crystalline S
exist, a-monoclinic Se andb-monoclinic Se. The structura
unit in both structures is a finite molecule in the form of
Se8 ring. The difference between thea- and b-monoclinic
allotropes is a different stacking pattern within the respec
unit cells. Thus monoclinic Se is molecular, whereas trigo
Se is polymeric. In all three crystalline forms, selenium
twofold coordinated and the covalent bond lengh is ess
tially the same~2.32 Å!. In the past, the structure of amo
phous Se has been studied by several authors using diffe
techniques. By ordinary analysis of the x-ray radial distrub
tion functions it is difficult to differentiate rings from chain
and these results have been interpreted in very different m
ners. A clearer picture of the structure of amorphous
emerges from Raman spectroscopy. These experiments
evidence that the amorphous state can consist of the
allotropic forms which are mixed together: one is the S8

ring and the other form is the helical chain. The Ram
spectrum of an as-deposited Se film is shown in Fig. 1a
shows a strong peak at 250 cm21 and two small bands at 8
and 112-cm21. Moreover, a small shoulder appears
235 cm21 on the 250 cm21 band. We also recorded th
Raman spectra of an amorphous Se film prepared by vac
evaporation and of a bulk glass quenched from 250 °C. B
spectra were similar to that of the plasma CVD film. T
Raman peaks of amorphous Se have been identified
Lucovskyet al.1 They observed a much closer resemblan
of the Raman spectrum of melt-quenched selenium to tha
Se8 in monoclinic Se than to that of trigonal Se. In that pap
they assigned the dominant peak at 250 cm21 and the
smaller bands at 80 and 112 cm21 to vibrations in the Se8
ring. In trigonal Se the predominant Raman band lies
235 cm21. In a later paper Lucovsky2 formulated some ob-
jections against a structural model, which presumes a sig
cant ring fraction in amorphous Se. He presented an alte
tive interpretation of the vibrational spectra that does
require discrete molecules. He proposed a structural m
based on chains which include both helical chain-like a
ring-like segments of the Se atoms~a 9meandering9 chain!.
Lucovsky assumed that a band at about 250 cm21 can origi-
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nate from bond stretching vibrations in Se8 fragments, as
well as in chain fragments. If we adopt these ideas, then
Raman spectrum of our plasma CVD film indicates that
structure contains predominantly Se8 rings and Se8 molecu-
lar ring fragments containing 5 and 6 Se atoms. The ban
250 cm21 can be assigned to bond stretching vibrations a
the band at 112 cm21 to bond bending vibrations in the me
andering chain. The shoulder that appears at 235 cm21 can
be associated with a small fraction of ‘‘pure’’ helical chain
There is another piece of experimental evidence that spe
against a structural model which assumes a dominant f
tion of Se8 rings in amorphous Se. In the evaporated Se fi
we observed an identical Raman spectrum. In the past
composition of selenium vapour has been studied by a v
ety of experimental techniques. It is generally accepted
the vapor contains types of species with predominance
Se5 , Se2 , Se4 , and Se7 fragments. The Se8 ring is not a
favored species in the vapor phase and it seems unlikely

FIG. 1. Raman spectra o as-deposited amorphous Se film~a! and a film
annealed at 150 °C for 1 h~b!.
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a rearrangement of the shorter molecular species to f
eight-membered rings will occur on the substrate as
amorphous state is deposited.

Upon heating at 150 °C for 1 h the film was crystallized
The Raman spectrum~see Fig. 1b! showed a sharp peak a
235 cm21 and a small shoulder at 250 cm21. Upon crystal-
lization the meander-like chains and the Se8 rings undergo
transformation to the orderly array of chains of trigonal S

B. Amorphous As xS12x

Details of this work have already been reported in p
vious publications.3 In order to obtain layers in a broa
chemical composition range the AsH3 /H2S ratio was varied
from 1/3 to 1/99. The decomposition of AsH3 is exothermic
(DH°51715 kJ•mol21), whereas the decomposition o
H2S is endothermic (DH°52259 kJ•mol21); thus we ex-
pect more rapid and complete dissociation of AsH3. In Fig. 2
the As content of the layers expressed in at. % is given
the various AsH3 /H2S ratios. The composition of each lay
was measured from the middle of the powered electrodez
50) to its outer circumference at regular distances. T
deposition conditions were: pressure 0.25 mbar; rf pow
15 W.

In agreement with previous work by Fritzscheet al.,4 we
observed that the composition of the film deposited a
given AsH3 /H2S ratio changed with the positionz on the
substrate along the gas flow direction. The chemical hom
geneity was better in the samples with the highest As c
tent. In Fig. 3 are shown IR spectra recorded in the ra
500– 200 cm21 on layers of different chemical composition
The IR spectrum of the nearly stoichiometric lay
(x50.42) clearly manifests a strong absorption mode
311 cm21, which corresponds to an asymmetric stretch
vibration in a AsS3 pyramid, the structural unit in crystallin
As2S3 . In layers richer in As (x.0.42) two strong absorp
tion bands at 341 and 374 cm21 become dominant. The IR
spectra of the crystalline modifications of As4S4 and As4S3

show absorption bands close to those observed in our s
tra: 346 and 374 cm21 in an As4S4 crystal; 341 and

FIG. 2. As content of AsxS12x layers vs. sample positionz on the powered
electrode for various AsH3/H2S ratios (z50: middle of the electrode!.
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370 cm21 in an As4S3 crystal. Because of the small differ
ences in wave number for the crystals, the 341 and 374 cm21

bands in our spectra may be due to vibrations of As4S4 units
or As4S3 units, or a mixture of both. From the IR study w
may conclude that increasing overstoichiometry of As cau
the breaking of As–S bonds with the formation of structu
units of the As4S4 and As4S3 type, containing As–As bonds
Raman spectra gave futher evidence for the presenc
As4S4 and As4S3 molecular units in layers with an As over
stoichiometry. Figure 4 represents Raman spectra of
films with composition As0.46S0.54 ~a! and As0.78S0.22 ~b!.
Spectrum~a! shows a strong peak at 340 cm21, which is
attributed to vibrational modes of pyramidal AsS3 units. Two
meaker bands, clearly visible in spectrum~a!, located at
235 cm21 and 188 cm21, indicate the presence of As4S4

units. In an As-rich sample withx50.78 a narrow peak ap
pears at 273 cm21 ~see Fig. 4b!, which is the most intense
band in the Raman spectrum of crystalline As4S3 . The
strong band at 219 cm21 in spectrum~b! can be assigned to
pure As clusters. In a layer with very high As conte
(As0.90S0.10) the peak at 340 cm21 associated with AsS3
units is drastically reduced and the band at about 210 cm21

typical of amorphous As, becomes the dominant feature
the Raman spectrum.

C. Amorphous As xSe12x

The chemical composition of the AsxSe12x films ob-
tained for the various gas ratios is listed in Table I. All com
positions were in the Se-rich side compared to the stoich
metric composition As0.40Se0.60. An increase of the
AsH3/H2Se ratio from 1/2 to 2/1 did not yield the expecte
increase in As content. A decrease of the rf power from 60
30 W had a minor effect on the chemical composition.

Information concerning the structure of the films w
obtained from Raman spectroscopy. Based on the work

FIG. 3. IR spectra of AsxS12x layers deposited on the powered electro
with x50.90 ~a!; 0.86 ~b!; 0.78 ~c!; 0.60 ~d!; 0.48 ~e!; 0.46 ~f!; 0.43 ~g!.
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Lucovsky,2 it is generally accepted that the structure
amorphous Se consists of chains which include both he
chain-like and ring-like segments of Se atoms. A stoich
metric As0.40Se0.60 glass is considered to be built up by p
ramidal AsSe3 units with the threefold coordinated As ato
at the apex. The pyramids are interconnected by the two
coordinated Se atoms. When extra Se atoms are added t
stoichiometric composition, the atoms can be incorporate
the chains linking the pyramidal molecules. This yields
replacement of the As–Se–As links with As–Se–Se–

FIG. 4. Raman spectra of AsxS12x layers withx50.46 ~a! and 0.78~b!.

TABLE I. Chemical composition and optical bandgapEg at room tempera-
ture of amorphous AsxSe12x films deposited by PECVD.

AsH3/H2Se volume ratio Chemical composition Eg , eV

0/100 Se 1.95
1/25 As0.08Se0.92 1.95
1/7 As0.20Se0.80 1.93
1/2 As0.31Se0.69 1.89
2/1 As0.36Se0.64 1.83
f
al
-

ld
the
in

s

chains. Thus, for concentrations in the chalcogen-rich reg
(x,0.40) Se–As and Se–Se bonds occur but As–As bo
are excluded. With increasing Se content, the number
Se–Se units grows, leading to large atomic clusters of
The analysis of the Raman spectra of the arsenic selenid
complicated by the fact that the observed frequencies for
chain of pure selenium and those for the pyramid and A
Se–Se–As chains are close to one another.

Figure 5 shows the Raman spectra of amorph
AsxSe12x films. The main features can be summarized
follows. In pure Se an intense band occurs at 250 cm21 with
a small shoulder at 235 cm21. The band at 250 cm21 has
been attributed by Lucovsky2 to stretching vibrations in a
meandering Se chain. The shoulder that appears at 235 c21

~typical of crystalline trigonal Se! can be associated with
small fraction of helical chains. At 8 at. % As the peak
250 cm21 is still the dominant spectral feature with a sma
shoulder at 227 cm21. A broad band at 227 cm21 was attrib-
uted to an antisymmetric As–Se–As stretching vibration
stoichiometric As0.40Se0.60. As the As content is increase
~20 at. %!, the band at 227 cm21 grows steadily. The Raman
spectrum of 31 at. % As shows a broad band extending fr
;200 to 290 cm21, which consists of a band at 227 cm21

with increased intensity and a side band at 250 cm21. At
36 at. % the broad band at 227 cm21, the signature of the
AsSe3 network, dominates the spectrum.

D. Amorphous Ge xS12x

The preparation of amorphous GexS12x and GexSe12x

films by PECVD was discussed in previous publication5

For the preparation of the Ge–S system, the GeH4/H2S was
varied from 1/6 to 1/96. The total gas pressure was h
constant at 0.1 mbar and the rf power input at 20 W. Fig

FIG. 5. Raman spectra of amorphous AsxSe12x films: a — pure Se; b —
As0.20Se0.80; c — As0.31Se0.69, d — As0.36Se0.64.
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6a shows the Ge content in at.% of layers deposited on
grounded electrode as a function of the position of the
croprobe beam. Although the germanium chalcogenides h
been studied extensively during the last fifteen years,
knowledge of their structure is still ambiguous. Both am
phous GeS2 and GeSe2 have a tetrahedralXY4-type local
structure. The ordering of these tetrahedral molecules
explained by different models. Figure 7 shows IR spectra
a Ge0.30S0.70 layer ~a! and a Ge0.50S0.50 layer ~c!. The strong
absorption at about 370 cm21 is the most characteristic fea
ture of the Ge–S system. It is usually assigned to the stre
ing vibration of the GeS4 tetrahedral unit (v3 mode!. The IR
spectra of both samples recorded after exposure to air
several weeks are also shown in Fig. 7b and 7e. The Ge
film (Ge0.50S0.50) ~spectrum e! showed strong absorption in
broad range originating from Ge–O vibrations. In the sa
figure the IR absorption spectrum of crystalline GeO2 is rep-
resented~spectrum d!. The GeO2 units show three typica
vibrations at about 860, 550 and 330 cm21. By comparing
the spectra of the oxidized Ge–S films and the one of Ge2 ,
it is clear that the absorption bands observed in the Ge-
film after air exposure are a consequence of the formatio
GeO2 units.

E. Amorphous Ge xSe12x

Figure 6b shows the Ge content of GexSe12x layers pre-
pared with a GeH4/H2Se ratio which varies from 1/2 to 1/2

FIG. 6. Ge content of amorphous GexS12x layers~a! and of GexSe12x layers
~b! (z510 mm: middle of the electrode! for various GeH4/H2Se~H2Se) gas
ratios.
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at a pressure of 0.1 mbar and an rf power of 80 W. A bro
composition range can be achieved, which is of interest fo
study of photostructural changes in this system.

The IR spectra measured in a Ge0.34Se0.66 and a
Ge0.64Se0.36 layer ~see Fig. 8! show a strong absorption ban
at 260 cm21, which is due to thev3 mode of the GeSe4
tetrahedra. The Ge-rich films were also unstable in air a
showed in their IR spectra strong absorption bands of Ge
vibrations, increasing in intensity when keeping them in
for a long time.

FIG. 7. IR spectra of Ge–S layers: a — Ge0.30S0.70 as-deposited; b —
Ge0.30S0.70 after air exposure; c — Ge0.50S0.50 as-deposited; d — crystalline
GeO2 ; e — Ge0.50S050 after air-exposure.

FIG. 8. IR spectra of Ge0.34Se0.66 ~a! and Ge0.64Se0.36 ~b!.
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In Fig. 9 the Raman spectrum of an as-deposi
Ge0.34Se0.66 film is shown ~curve a!. We observed five sig-
nificant bands: a strong band at 200 cm21 (A1 peak!, a side
band at about 210– 220 cm21 ~called the companion line
A1

c), a peak at 188 cm21, a broad band at 280 cm21 and a
peak at 175 cm21. TheA1 peak at 200 cm21 can be assigned
to the symmetric-stretch breathing mode of the GeSe4/2 cor-
ner sharing tetrahedra.6 The companion lineA1

c at 220 cm21

has been assigned to vibrations of the Se atoms in f
membered rings comprised of two edge-shared tetrahe7

The bands at 280 and 175 cm21 were assigned to the vibra
tional modes of a structural unit which contain Ge–Ge bo

FIG. 9. Raman spectra of Ge0.34Se0.66 as-deposited~a!; after annealing at
300 °C ~b!; Ge0.26Se0.74 as-deposited~c!.
d

r-
a.

s

such as Se3–Ge–Ge–Se3 .8 The peak at 188 cm21 can be
associated with the vibration of selenium atoms in a tetra
dral molecule in which a Se atom is replaces by a Ge ato9

All these features indicate that homopolar Ge–Ge~and prob-
ably Se–Se! bonds are present in the sample with slig
overstoichiometry of Ge.

The Ge0.34Se0.68 film was annealed at 300 °C for 1 h in
nitrogen atmosphere. The Raman spectrum recorded
heating~curve b in Fig. 9! suggests that structural chang
have occurred: the intensity of all the bands associated w
Ge–Ge bonds has decreased. The new spectrum resem
that of Ge0.26Se0.74 ~curve c!, which is less Ge rich.

4. CONCLUSION

We have been able to prepare layers of amorphous
and of the As and Ge chalcogenides~S and Se! by using
plasma-enhanced chemical vapor deposition. The comp
tion range of the binary systems which can be achieved
this technique is very broad.
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Photoinduced structural changes in amorphous semiconductors
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A variety of photostructural changes observed in tetrahedral and chalcogenide amorphous
semiconductors are reviewed from physical and chemical points of view. In particular,
observations of the photodarkening and related phenomena in chalcogenide glasses are
summarized, and structural models which have been proposed so far are criticized. ©1998
American Institute of Physics.@S1063-7826~98!01208-3#
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1. INTRODUCTION

It is known that many substances exhibit structu
changes when exposed to visible light. A well-known e
ample in physical science may be the photographic react
in which migration of Ag1 ions is induced in Ag-halide
crystals by photoelectronic excitation.1

Recently, it was found that amorphous semiconduct
exhibit a variety of photoinduced phenomena.2–8 The follow-
ing three features peculiar to amorphous semiconduc
appear to be responsible for the observations: 1! valence
electrons in semiconductors tend to be optically excited!
electron-lattice interaction appears to be strong in flexi
networks; and 3! amorphous materials can possess a num
of metastable structures.

The phenomena observed in amorphous semiconduc
can be classified into two groups. One is bulk effects
photoinduced phenomena in single amorphous phase3–8

The other is a kind of photochemical reaction such as
photodoping, the photoinduced oxidation, etc., for which
reader may refer to some publications.2,4,6,9

In the present paper we describe the bulk photoindu
phenomena. First, unified views common to tetrahedral
chalcogenide systems are pointed out and then characte
differences are discussed. Second, the reversible photod
ening and related phenomena induced in chalcoge
glasses with illumination and annealing are considered.

2. PROMISING OUTLOOK FOR BULK PHOTOINDUCED
PHENOMENA

2.1. Observations

As shown in Table I, the bulk photoinduced phenome
observed in tetrahedral and chalcogenide systems ca
classified into some groups, depending on the densitie
atomic sites involved.10

Photoinduced crystallization is the most dramatic p
nomenon observed in both tetrahedral11 and chalcogenide
amorphous semiconductors.12,13The phenomena appear to b
induced electronically13,14and thermally,11,12and the thermal
process has been utilized as phase-change era
memories.12 Clearly, the photocrystallization is irreversibl
in the sense that the initial amorphous state cannot be re
8611063-7826/98/32(8)/6/$15.00
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ered with annealing,1! since the illuminated state is thermo
dynamically more stable~see, the inset in Table I!.

The number of covalent bonds interchanged in
photo-crystallization processes seem to depend on the m
rial of interest. For instance, in amorphous Se, which c
sists of distorted chain molecules,16,17 interchange of a few
atomic bonds (;1%! seems to be sufficient to align the di
torted chains into hexagonal crystals.2! In contrast, in a ter-
nary compound such as Ge–Sb–Te~Ref. 12!, bond breakage
and reconstruction of a greater number (;10%! may be
needed to produce polycrystals, since compositional diso
is inherent in compound materials. In Table I, therefore,
atomic density contributing to the photocrystallization is re
resented roughly as 1022 cm23. This phenomenon is under
stood to accompany structural changes in the long-ra
order, since crystals are produced.

Also observed in tetrahedral and chalcogenide syste
are reversible phenomena involving sturctural changes
atomic sites of 1017– 1018 cm23, approximately ppm order.5

The density is comparable to that of point defects in cryst
e.g., color centers in alkali halides,1 and it is far below a
detection limit of experimental techniques such as x-ray d
fraction, which can provide direct structural information. A
cordingly, mechanisms of these photoinduced phenom
are largely speculative, specifically, when related sites
ESR-inactive. The Staebler–Wronski effect, which refers
a degradation of photoconductive properties in amorph
hydrogenated Si, is a reversible phenomenon which has b
studied extensively.5 In chalcogenide glasses held at lo
temperatures (<Tg/2), illumination generates unpaired ele
tron spins ~photoinduced ESR!, which accompany an
increase in optical absorption~photoinduced mid-gap ab
sorption! and decrease in the photoluminescence inten
~photoinduced photoluminescence fatigue!.5 Common to all
these phenomena is that dangling bonds are assumed
photocreated.5

Between the high- and low-density photoinduc
phenomena described above, there exist several phenom
involving atomic sites of;1%.5 Interestingly, these kind
of phenomena the demonstrated only in chalcogen
glasses. In tetrahedral materials, such photostruct
changes seem to be still speculative.19,20 In these photoin-
duced phenomena in chalcogenide glasses, some are irre
© 1998 American Institute of Physics
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TABLE I. A classification of bulk photoinduced phenomena observed in tetrahedral~a-Si:H! and chalcogenide amorphous semiconductors.
The atomic densities are representative. SRO, MRO, and LRO stand for short-, medium-, and long-range orders.
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ible and others are reversible, and, in general, irrevers
phenomena exhibit greater structural changes. A well-kno
irreversible change is the photopolymerization phenome
observed in as-evaporated As2S3 films.7,8 On the other hand
at least, two reversible changes, i.e. the photodarkening
the photoinduced anisotropy, are known to exist.3,5,6,8 The
details will be discussed in Sec. 3.

2.2. Discussion

It is interesting to note in Table I that all the photoi
duced phenomena involving atomic sites less or more t
;1020 cm23, ;1% of the total atom density, are reversib
and irreversible. It can be understood that the irrevers
phenomena can involve greater atom numbers, since
changes occur toward more stable atomic structures~see
Table I!. Why, then, should the atomic sites be less than
in the reversible changes?

This fact can be accounted as follows: The density of
reads one photoinduced atomic site per cube with a
length of 526 atoms, which is 123 nm, depending on the
atomic bonds involved, i.e., covalent and/or van der Wa
bonds. This length implies that, in a reversible change
photoinduced atomic configuration can be metastable,
vided that produced strain is confined in this cube. It c
then be relaxed into a stable structure with thermal relaxa
induced by annealing. Alternatively, if more defective sit
were generated in the cube, interaction between the defe
sites would be stronger, and hence cooperative relaxa
~annihilation! might occur toward stable atomic configur
tions. We can thus assume that the defective atomic den
of 1% is the limit arising from the structures which can l
calize photoinduced strains.3! It is interesting to note that the
critical length of 123 nm is comparable to the medium
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he

e
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range structural length in chalcogenide glasses.16,17 We can
envisage one photoinduced defect in a crystalline struc
with a scale of 123 nm.

Why, then, should the site density of the photoinduc
dangling bonds be less than 1018 cm23? The density may be
related to the nature of nonequilibrium disorder
structures.10

It may also be worthwhile to consider the photoinduc
phenomena from a chemical point of view. We note in Ta
I that chalcogenide glasses exhibit a variety of photoindu
phenomena, while the tetrahedral material possesses a fe
How can we understand these contrasting features?

The origin can be sought in the chemical bonding str
tures. As illustrated in Fig. 1, chalcogenide glasses
assumed to consist of covalent clusters held together w
weak intermolecular forces of the van der Waals type.16 In
other words, the glass possesses a dualistic bonding na
and 2<Z<3, whereZ is the covalent coordination numbe
averaged over the constituent atoms.16 This flexible structure
with the low coordination number seems to cause ma
kinds of photoinduced phenomena. For instance, the ph
polymerization mentioned in 2.1 can occur because there
ist intra- and inter-molecular bonds.7,8 We will also see in the
next section that the photodarkening can be attributed to
existence of strong and weak bonds. In contrast, the ato
bond involved in the tetrahedral material is of one kind, i.
only covalent, and, accordingly, photoinduced changes
restricted in variety. Actually, Shimizu argues that t
Staebler–Wronski effect could not occur if all Si atoms we
tetrahedrally bonded with each other (Z54) ~Ref. 5!.

Here, it is tempting to consider whether photoinduc
phenomena appear in amorphous rare-gas solids. The m
rial contains only van der Waals bonds (Z50), and it may
be very soft.16,21 Unfortunately, as we know, photoinduce
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phenomena in such materials, have not been studied so
However, it is plausible that only photoinduced crystalliz
tion can occur, since the van der Waals bond is nondir
tional and flexible. Phenomena similar to the Staeble
Wronski effect cannot appear, since there exist no cova
bonds and local bistable configurations cannot be sustai

Summarizing these considerations, we conclude that
existence of two kinds of bonds in chalcogenide glasse
responsible for a variety of photoinduced phenomena.
other words, the lowZ is essential.4!

3. PHOTODARKENING AND RELATED STRUCTURAL
CHANGES

The photodarkening phenomenon observed in cha
genide glasses has so far attracted considerable interes
the structural changes have been studied extensively. Be
we give a brief review of the photodarkening and rela
phenomena, and then consider some structural mo
proposed so far.

3.1. Observations

When a chalcogenide glass such as As2S3 , which has
been annealed atTg in advance, is illuminated at room tem
perature, or at temperatures substantially lower thanTg , the
sample exhibits reversible changes in volume, optical, e
trical, photoelectrical, mechanical, chemical, and therm
properties.4–6,8 Here, the optical change includes the pho
darkening, which refers to the feature that illuminated ma

FIG. 1. A schematic illustration of a chalcogenide glass consisting of fo
fold ~Ge!, threefold~As, Sb!, and twofold~S, Se, Te! coordianted atoms.
ar.
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rials appear to be darkened. As shown in Fig. 2, this dark
ing is caused by a reduction of the optical bandgap ene
An increase in the refractive index (Dn/n.0.03/2.6 in
As2S3) accompanies this absorption change. The electr
change appears as an increase in the ac conductivity,5 while
dc conductivity change cannot be examined, since the m
rial is nearly insulating.17 As for the photoelectrical change
photoconductive degradation was found to occur as a re
of the spectral change.5,22 It is not conclusive whether the
hole mobility undergoes some modifications as a result
illumination.6,7 The mechanical, chemical, and therm
changes imply that the material becomes softer and unst
upon illumination.5 Also consistent with these rigidity
changes is the volume expansion (DV/V.0.5% in As2S3)
upon illumination. More surprisingly, Tanakaet al. have
demonstrated giant volume expansion with sub-bandgap
lumination, which can be utilized to produce microlense6

However, the expansion does not occur if a sample is i
minated under hydrostatic compression, despite the app
ance of photodarkening.5 We assume therefore, that phot
expansion and photodarkening are not directly related.23

To obtain insight into microscopic structural changes
companying the photodarkening, diffraction, extended x-
absorption fine structure~EXAFS! and vibrational spectro-
scopic studies have been performed.3–8 However, it seems
difficult to extract a unified model for the structural chan
from these studies, since the structure itself
controversial.16,17 In addition, as implied above, it is plau
sible that different kinds of structural changes are induced
illumination.

Diffraction studies using x-rays and neutrons have be
reported by some groups.3,5 Figure 3 shows an x-ray resu
reported by the present author using bulk As2S3 glass.23

Illumination and diffraction measurements have been p
formed at room temperaturein situ, in order to exclude ther-
mal expansion effects and to detect minute changes. We
that the x-ray intensity difference~annealed–illuminated! is
positive at about the first sharp diffraction peak~FSDP!,

r-

FIG. 2. Photodarkening in deposited and bulk As2S3 at room temperature.
Solid and dashed lines show annealed and iluminated states. The film
acteristics are measured using the photothermal spectroscopy@K. Tanaka,
Y. Ichimura, and K. Sindoh, J. Appl. Phys.63, 1815~1988!#.
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which indicates photoinduced disordering in the mediu
range order. This experimental result has been confirme
some researchers,3,5 while the interpretation of the FSDP re
mains controversial.16,17 The author prefers the so-calle
distorted-layer model,16 while others use three-dimension
models, etc.17

Some EXAFS studies have been reported.3,5,24However,
the results reported for binary glasses are not necess
consistent.3,5 Creation of homopolar bonds and fluctuatio
enhancement of As–S–Asbond angles have been pointe
out. Kolobovet al. reportin situ investigation for amorphous
Se.24

Vibrational spectra have been obtained through Ram
and infrared~IR! studies.4–8 In Raman scattering spectra o
illuminated As2S3 films, a trace of As–As bonds has bee
detected at 231 cm21, and the intensity of the low-frequenc
Raman peak located at;25 cm21, the so-called boson peak
is substantially reduced.5,7,8 No marked changes in the As–
vibrational band centered at 340 cm21 are reported. In con-
trast, in the IR spectroscopy, which may be more amena
to quantitative evaluation, slight broadening of the As–S
brational band has been detected.4

3.2. Discussion

How can we understand these macroscopic and mi
scopic changes? Taking the reversible features into acco
we can assume a configuration-coordinate diagram suc
shown in Table I~Ref. 5!, in which an illuminated state is
shown as quasi-stable. Then, the problem turns to the s
tural element involved.

Here, as illustrated in Fig. 4, the structural models p
posed so far can be classified into two groups. In all mod
relatively ordered structures are assumed to be the anne
state. For the illuminated state, the defect models~a! and~b!

FIG. 3. X-ray diffraction patterns of an As2S3 bulk glass before and afte
illumination. a — shows the annealed state, and b — shows the difference
obtained by subtracting the x-ray intensity of the illuminated pattern fr
that of the annealed pattern.
-
by

ily

n

le
-

o-
nt,
as

c-

-
s,
led

presume creation of some kind of defects and, in contr
the distortion models~c! postulate that randomness increas
in normal bonding configurations.

3.2.1. Defective structure models.

Owen and others have emphasized through their Ra
scattering measurements that As–As bonds are forme
illuminated states~Fig. 4a!.5,7,8 It is theoretically predicted
that As–As bonds provide electronic states in t
bandgap,3,17 and hence the photodarkening may appear if
homopolar bonds are created. Nonetheless, the model ca
be a universal explanation of the photoinduced change, s
the photodarkening appears in elemental materials, S
Se.5 In addition, no evidence of photoinduced Ge–Ge bon
is obtained throught Raman studies.23

Street and others have developed defective models u
the charged-defect concept which was originally proposed
Mott.5 The charged defects are assumed to produce e
tronic states in the band-tail regions,17 and hence the band
gap is reduced upon illumination. These defects with
density of;1% would manifest specific vibrational peak
which were investigated by Kolobovet al.25

3.2.2. Distorted structure models.

In the last model illustrated in Fig. 4, some kind
photoinduced distortions in normal bonding configuratio
are assumed. Since modifications of covalent bond leng
requires substantial energy, and since the strained struc
may not be quasi-stable, such distortions cannot be en
aged in the reversible photodarkening.

Plausible structural changes can then be sought in
distortions in bond angles, dihedral angles, and van
Waals distances. For instance, Utsugi and Mizushima
phasize the angular distortion in the short-range order, on
basis of their IR studies.4 Angular fluctuation will increase
the width of the conduction band, since the conduction ba
in chalcogenide glasses consists of the antibonding stat

FIG. 4. Schematic illustration of structural models proposed for the pho
darkening and related phenomena. a and b show defect models, and
resents distortion models.
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covalent bonds.16,17 As a result, the photodarkening can a
pear.

On the other hand, distortions in the dihedral angle a
the van der Waals distance enhance the randomness i
medium-range structural order. Pfeifferet al., assume distor-
tion of dihedral angles on the basis of their EXAFS studie3

In contrast, the present author has proposed the intermol
lar distortion through bond-twisting motion of chalcoge
atom.5 These two kinds of structural changes appear to
consistent with the FSDP weakening and broadening, sh
in Fig. 3. The structural changes will modify the width of th
valence band, since the width of the valence band is stron
influenced by the interaction between lone-pairp-orbital
electrons of chalcogen atoms.16,17

At present, it difficult to determine which structura
change is the most responsible. We expect that further
sight can be provided if it is disclosed that photodarkening
caused by the changes in the bottom of the conduction b
and/or in the top of the valence band. However, the accur
of the photoelectron spectroscopy, which is capable to de
mine the position of the band edges, is not sufficient to
solve a shift of;50 meV. Alternatively, we can assume th
the three structural changes are interrelated, since the s
tural relaxation is characteristic of chalcogenide glasses
possess lowZ. In other words, if an intermolecular bond
distorted upon illumination, structural relaxation will nece
sarily occur, which would lead to appreciable angular dist
tions.

3.2.3. Miscellaneous.

When dealing with the photodarkening in As2S3 and
similar materials, we should note characteristic differen
and similarities between the bulk and the annealed films
general, structures of the bulk and the annealed films
assumed to be similar, while it has been demonstrated
the annealed film still contains an appreciable num
(;1%! of As–As bonds.7,8 In fact, Fig. 2 shows that the
absorption edges of an annealed film and the correspon
bulk are clearly different. Wrong bonds~homopolar bonds in
stoichiometric compounds! seem to cause the differenc
Surprisingly, however, the photoinduced red-shifts are ne
the same,;50 meV, in both materials.

We should also note that when As2S3 is exposed to lin-
early polarized light, the photodarkening and the photo
duced anisotropy appear simultaneously. The mechanism
these phenomena were found to be different.5,26,27 Accord-
ingly, it is clear that at least two kinds of structural chang
are induced upon illumination. Further studies are neede
order to obtain one-to-one correspondences between ma
scopic changes and microscopic structural changes, in w
the latter is largely speculative.

4. SUMMARY

Overall features of the photoinduced phenomena
served in amorphous semiconductors are considered
two aspects. From the atomic density, it appears that
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reversible phenomena cannot accompany structural cha
at atomic sites more than;1% of the total atom density
From a chemical point of view, the reason why chalcogen
glasses exhibit a variety of phenomena can be sought in
dualistic bonding nature which involves covalent and van
Waals bonds.

The photodarkening and related phenomena are critic
reviewed. Many macroscopic features have been revea
while the mechanism remains speculative. This is beca
the structural changes appear to extend to medium-ra
scales, for which no convincing experimental tools are
available. In contrast, the phenomena appear to be promi
for fabrication of functional devices.5,6

This article is dedicated to Professor Kolomiets, who
undoubtedly the founder of amorphous semiconductor ph
ics. He also brought up many able scientists such as Pro
sor Lyubin and Dr. Kolobov. I cannot forget his strength a
warmth at the Ioffe Institute in 1987.

1!The phase-change process can be reversible with thermal annealing
quenching, which are induced with pulsed illumination at different lig
intensities and different pulse widths. In the reversible photoamorphiza
of crystalline As50Se50 films, substrates are responsible for the pecul
phenomenon.

2!Breaking of covalent bonds and reptile motion of chain fragments
probably needed, like the crystallization process in chain polymers~see
Ref. 18!.

3!In order to confirm this speculation, however, lattice dynamical calculat
in large amorphous networks is needed.

4!In this sense, photoinduced phenomema can appear also in oxide gla
as they do.5 Nonetheless, the atomic bond is more ionic, and the duali
bonding nature is not prominent. Accordingly, they exhibit fewer kinds
photoinduced phenomena, likea-Si : H.
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1. INTRODUCTION

Professor B. T. Kolomiets was one of the discoverers
electronical semiconductor properties of chalcogen
glasses. He developed a complex investigation of the st
ture and physical properties of a large group of chalcogen
glasses. He often stressed the importance of this clas
materials for the understanding of noncrystalline solid ph
ics. This can be found, for example, in one of the last of
summary papers entitled ‘‘Chalcogenide glasses,’’ written
him in 1981 on the occasion of the jubilee of St. Petersb
Physical-Technical Institute. In that paper the main attent
was given to describing the unique features of the gla
semiconductors, the the new phenomena, first theoretica
tions and potentialities for practical applications were m
tioned. Professor Kolomiets was reminiscent and noted
that article the contribution of Professor A.F. Ioffe an
Professor N.A. Goriunova in the discovery of the new gro
of semiconductors — glassy semiconductors.

I am happy that my scientific activity began in the f
mous laboratory of Prof. B.T. Kolomiets in 1959 where t
first research of the chalcogenide glasses was developed
pecially research concerning optical, electrical, photoelec
cal phenomena. I remain grateful to Prof. B.T. Kolomiets
giving me the opportunity to work in his laboratory and
deal with the new class of noncrystalline semiconduct
which became then materials of great interest in many la
ratories of the world.

This is why it is a particular pleasure for me to contri
ute this article in honor of Professor B.T. Kolomiets’s nin
tieth birthday. First of all, it is worth to noting the reason f
mentioning that class of materials. The main reason for
interest in the scientific community in this class of materi
is the fact that this class of glassy semiconductors succ
fully complements the properties of well known groups
crystalline semiconductors.

If an insignificant change in the composition or the co
tent of the crystals is sufficient for achieving a mark
change of physical parameters, then chalcogenide gla
have a smooth change of the properties even in the case
considerable change in the composition or the strong all

If many electronic processes in the crystals are c
trolled by the redistribution of charge carriers on the se
rate, discrete local levels, then in the chalcogenide semic
ductors a quasicontinous distribution of localized states
be seen.This which generates a great peculiarity of electr
8671063-7826/98/32(8)/6/$15.00
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processes, in particular, in the transport phenomenon an
the optical and photoelectric processes.

For example, in the chalcogenide glass semiconduc
the mobility of the charge carriers may differ from the m
bility of crystals by a million or more orders of magnitude

If the crystals with hard crystal structures do not perm
removing the atoms from their fixed position in the netwo
the chalcogenide glasses, and other disordered materials
a more labile structure make it possible to change the p
tion of the neighbor atoms already on the insignificant en
getic influence by means of optical andx-ray radiation or
electron beam.

Comparing the properties of crystals and glasses,
enumeration of these peculiarities of the chalcogen
glasses may be continued, but probably, even those m
tioned above are quite sufficient for stressing the origina
of the properties of chalcogenide glasses, allowing us
propose the above-mentioned class of materials for w
application.

We will restrict the discussion confine ourselves to p
senting only a short information concerning the peculiarit
of the energetic spectrum and its contribution to the pho
induced phenomena. Some results of application of
group of materials in optoelectronics will be also present

2. PECULIARITIES OF THE DISTRIBUTION OF LOCALIZED
ELECTRON STATES

A few models for the distribution of localized states
noncrystalline solids were formulated in Refs, 1–7. The k
point of these models is the quasicontinuous distribution
localized states in the band gap, which arise as a result o
structural disorder in noncrystalline solids.

According to Gubanov,2 the absence of further order i
the distribution of atoms leads to the blurring of allowe
band edges and to the appearance of fluctuation lev
Cohen, Frizsche, and Ovshinsky3 have proposed a model o
tail density of electron states which are spread in the ba
gap. In the dependence of the degree of order of the se
conductor the tail density of states are distributed near
edges of allowed bands or are spread deeply in the band
up to their mutual overlap. In the models by Mott and Dav1

besides tails of allowed bands near the middle of band
the existence of rather narrow band (;0.1 eV! of the local-
ized state is assumed. According to Ref. 4, in vitreous se
conductors against the background monotone levels distr
© 1998 American Institute of Physics



ve
n-
he

n
re
n

ca
e
th
icl
n
e
e

ta
he
la
iv

n
te
si

t

o

y
e
e

im

ed
nc

ve
t
ve
-
rg
on
ls

13

tic
to

a
rg

c
e
a

ed
As

bout
-

in

ol-
ates
ght
g
ed
the

ris-
nge

ted
the
sci-
a-
om-
gy,
ange

ical

lk
n the
ht
he

of

868 Semiconductors 32 (8), August 1998 A. M. Andriesh
tion zones with heightened state density can be obser
Marshall and Owen5 localize the zones with heightened de
sity of localized state both in the upper and lower half of t
bandgap. It was demonstrated by Bonch-Bruevich6 that in
the bandgap of an unregulated semiconductor there ca
peaks of density of localized states, conditioned by the p
ence on impurities of other defects, which with assumptio
can be called discrete localized levels. The nature of lo
ized states in vitreous semiconductors have not yet b
studied sufficiently. In some studies it is connected with
presence of defects. The first study of this kind is the art
by Street and Mott7 where the localized states, by broke
bonds, are analyzed. These states, depending on the lev
engaged condition of electron bonds, correspond to the n
tral, positive, or negative charged centers.

We have applied many experimental methods to ob
the adequate distribution of localized states in the gap: t
mostimulated currents, thermostimulated electrical depo
ization, spectral distribution and kinetics of photoconduct
ity, transport phenomena, photoinduced absorption, etc.8

On the basis of these experiments, we have not o
confirmed the quasicontinous distribution of localized sta
in the gap with some portions of states with greater den
but we even were able to calculate in some energy range
precise parameters of the energy distribution.

For example, the parameters of energy distribution
localized statesN(E) in As2S3 and As2Se3 thin films were
studied by the method of electrophotography spectroscop
deep levels. For a long period of time, there was a discr
ancy between data of the energy distribution of localiz
states obtained from different experiments. The transit t
method9 and the photoinduced absorption method10 there-
fore, indicate the exponential type of distribution of localiz
states. The other methods such as temperature depende
photocurrent,11 photoluminescence,12 thermostimulated
depolarization13 indicate the presence of groups of relati
discrete levels. The indicated discrepancy can be elimina
in the case of electrophotography spectroscopy deep le
proposed dy Abkowitz.14 This method allows us to deter
mine the concentration of deep filled traps and their ene
distribution. As was found in Ref. 15, the energy distributi
of traps in As2Se3 and As2S3 has the region of discrete leve
in the range 0.5520.6 eV for As2Se3 and 0.7520.80 eV for
As2S3 . This confirms the data obtained in Refs 11 and
The total concentration of traps was in the range (125)
31016 cm23

•eV21.
Using the charging and discharging characteris

of metal–ChG–semiconductor–dielectric–semiconduc
structure Me–As2S3~As2Se3) –SiO2– Si the authors16 deter-
mined that the energy distribution of the filled traps is qu
sicontinous with the asymmetrical maximum in the ene
range 0.7020.90 eV for As2Se3 and 0.8520.15 eV for
As2S3 ~Fig. 1!.

Studying the change with time of the transient capa
tance of the space charge region at a Shottky barrier du
thermal relaxation of localized centers preliminary filled by
pulse of zero bias, the authors17 determined the density–of–
states distribution in the upper half of the gap of As2Se3 in
the interval of 0.35 eV above the Fermi level.
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The data concerning the spectral distribution of localiz
states obtained by different authors are shown in Fig. 1.
was shown the density of states has a broad maximum a
631019 cm23

•eV21 at 1.15 eV, after which it rapidly de
cays toward the middle of the gap to 1016 cm23

•eV21 ~Ref.
17!. The concentration mentioned last was confirmed
many previous papers.

3. OPTICAL PROPERTIES

3.1. Photoinduced absorption on the basis of electron
processes

As was mentioned above, disorder in noncrystalline s
ids causes a quasicontinuous distribution of localized st
in the band gap. While the ChG samples are excited by li
with energy ofhn.Eg , nonequilibrium carriers appearin
in the free bands are very quickly captured by the localiz
states and participate in the photoinduced absorption at
energiesE,Eg ~Fig. 2!.

As was approved by many experiments, the characte
tic time of the photoinduced processes can be in a wide ra
of values from;10212 to 103 s.

The long-lived photoinduced processes are connec
with the change of the physicochemical properties of
ChG and are called as photostructural transformations in
entific literature. As a rule, the photostructural transform
tions are observed in these glass films and they are acc
panied by a shift of the absorption edge to the lower ener
by a decrease in the steepness of the edge and, by a ch
of the observed dynamic reversible change of the opt
parameters.8

The use of fiber samples rather than thin film or bu
samples enabled us to better observe the small changes i
mid-gap optical absorption at low intensity of exciting lig
because of the longer optical path of probing light in t
fiber.

FIG. 1. Sketch of the localized density-of-states distribution in the gap
a-As2Se3 , according to the data of Ref. 9~1!, @D. Momroe and M.A.
Kastner, Phys. Rev. B33, 8881 ~1986!# ~2!, @R.P. Barclay, J.M. Marshall,
and C. Main, J. Non-Cryst. Sol.77 & 78, 1269~1985!# ~3! and 10~circles!.
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The probing light with photon energyhn,Eg from the
mid-gap energy range was launched into the input face of
fiber. At the output of the fiber we measured the intensity
probing light transmitted through the fiber. When illumina
ing the fiber lateral surface with continous bandgap light,
intensity of probing light at the output of the fiber decreas
from its initial value ~in the dark! I 0 to a new oneI . The
photoinduced absorption coefficientDa is determined as fol-
lows: Da5L21 ln(I0 /I), whereL is the length of the illumi-
nated segment of the fiber. In should be noted that the in
sity of the probing light in the PA measurements was cho
to be so weak that it did not cause any significant chang
the PA coefficient.

The main feature of the PA in our experiments is a f
restoration of the minimal optical transmittance after the c
sation of illumination. The restoration rate depends on
illumination conditions and the glass composition. The sp
tral distribution of the PA coefficient measured in the ene
range of probing light 0.621.9 eV is presented in Fig. 3.

FIG. 2. The steady-state excess carrier distribution in the exponential ta
the localized states.

FIG. 3. Spectral distribution of PA steady–state coefficientDa in As2S3 ~a!
and As–S–Se~b! fibers after irradiation with Ar-laser light (lexc50.46
2052mm!. The intensity of exciting lightPexc510 mW/cm2, 1 — 300 K,
2 — 77 K.
e
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We note that the character of theDa(hn) dependence is
exponential for a rather large energy range. Illumination
the fiber at a lower temperature~77 K! leads to a significant
increase of PA with respect to room-temperatu
illumination.18

The intensity dependence of the PA coefficient exhibit
power-law behavior,Da;Pexc

n , when the intensity of the
exciting light (Pexc) is varied by about four orders of mag
nitude (102621022 W/cm2) ~Fig. 4!. The value of
n changes with probing light photon energy in the ran
0.320.5.

Experimental results can be interpreted in terms of
model with carrier multiple trapping in localized states~Fig.
2!, distributed continuously in the gap.18 Illumination of the
fiber with bandgap light leads to excitation of non-bondi
electron states and injection of excess carriers into the c
duction band. Shortly after excitation the electrons are c
tured by the tail states proportionally to their density, sin
the capture coefficient is assumed to be the same for diffe
values of the trap energyE. The appearance of excess car
ers in the localized states in the gap leads to an additio
absorption of probing light in a wide energy rang
hn,Eg .

The fact that the dependence of photoinduced absorp
has a power law character following the square-root funct
confirms that carriers excited in the process of photoabs
tion, as well as carriers participating in photoconductivi
recombine according to the bimolecular mechanism. As w
shown in Ref. 19, this can be used for determining the m
nitude of the bimolecular coefficient from photoinduce
absorption data and to calculate on this basis the magni
of the drift mobility. This is very important in the case o
highly resistive semiconductors such as As2S3 and As2Se3

glasses.

3.2. Photoinduced absorption on the basis of phase change

Some challogenides have two or more distinct atom
structural states characterized by different amounts
disorder.20 An energy barrier, as suggested in Ref. 20 se
rates the structural states, thereby providing the temp
stability required by a memory device. The change in
atomic configuration can be realized by exposure to a la
beam, electron beam or electrical field. Incidentally, a la

of

FIG. 4. Intensity dependence of the PA steady–state coefficient in As2S3 ~a!
and As–S–Se~b! fibers at room temperature for various probing light ph
ton energies eV:1 — 0.7,2 — 0.8,3 — 0.95,4 — 0.98,5 — 1.08,6 — 1.2,
7 — 1.3. The wavelength of exciting lightlexc50.3520.75mm.
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beam can be used not only for recording but also for eras
and rewriting processes, each of which occurring at differ
levels of intensity of the beam. Selecting the compositions
the ChG, it is possible to produce transformation betwe
amorphous and crystalline structural states. An example
such materials are materials from the pseudobinary syste20

GeTe and Sb2Te3 . The phase-change materials were s
cessfully used for optical memory disks with 650-Mby
capacity and the next product to be introduced will
2.6-Gbyte DVD–RAM disk.20

Studying the process of Ag-migration i
Ag–As~Ge!–S~Se! glasses, Yoshida and Tanaka21 proposed
the mechanism of photo- and electron-induced chem
modifications. As was shown, light illumination and electr
beams accelerated at low voltages can induce Ag-gathe
effects. The mechanism is assumed to be caused by inte
electric fields built up by photoexcited carriers and
electrons.22

Studying the physico-mechanical and structural mod
cations induced by UV — light in GexAs402xS60 amorphous
films, Popescuet al.23 observed that irradiation is accomp
nied by a significant release of sulfur, which leads to a gi
film contraction.

3.3. Electrically controlled photoinduced absorption

The change in the surface relief by means of mechan
residual deformations under the simultaneous action of i
mination and applied electric field was established Re
24–26 by using the thin-film structure Me–ChG–Me. T
nature of the electrostimulated and photoinduced surface
crodeformations can be explained by a rapid increase in
density of the photocurrent in the illuminated portions of t
sample and by a strong heating of the GhG up to aTg tem-
perature. As a result, the viscous forces in the illumina
portions are relaxed under the action of the electrost
forces of the conductor, causing the optical properties of
structure to change. We therefore obtain the effect of opt
image recording, which is manifested through changing
transmittance and reflectance. It is important to note t
when an interference picture is projected on the surface
sample, the deformation grains lie strongly along the illum
nated bands, making it possible to record holographic in
mation. When the illumination of the structure rapidly dev
ops deformations, it is necessary to apply an electric fi
with less intensity. In this case, the value of the record
light intensity is a photographic characteristic of the reco
ing structure. It was shown that the recording proc
strongly correlates with the photoconductivity, its kinetic
and the dependence of spectrum or light intensity. This
lowed the authors26 to utilize the heterostructure
Me–In2S3~In2Se3)/As2Se3–Al as a recording medium which
had better photoconductivity parameters and conseque
better photographic characteristics. On the basis of the p
nomenon and heterostructures mentioned above, the
photographic process and new meterials were proposed
its realization. The diffraction efficiency growth of the e
g
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ementary holograms recorded on the Me–In2S3/As2Se3–Al
when negative and positive voltage impulses are applie
shown in Fig. 5.

3.4. Optical hysteresis and nonlinear absorption laser
pulses in ChG

The interest in the study of nonlinear propagation pe
liarities of the laser radiation in noncrystalline semicondu
tors is determined not only by the new fundamental phys
mechanisms in these materials, which can appear in
strong laser pumping fields, but also by a wide spectrum
possible applications in the optoelectronic devices and p
tonic switching. The promising effects are the optical bis
bility and optical hysteresis, on the basis of which it is po
sible to build fast-acting, all-optical switching and logic
elements~see, for example, Ref. 8 and the bibliography cit
there!.

Thin-film samples of chalcogenide glass semiconduct
As–S, As–Se, Ge–Se, As–S–Ge, andothers~0.2 to 5.0mm
thickness! have been obtained by the vacuum thermal sp
tering method. It was shown that when the input light pu
~with hn>Eg) intensity is relatively low, the transmission o
the thin ChG films decreases according to the usual expo
tial law with the corresponding linear light absorption coe
ficient for the given wavelength. However, on increasing
incident light intensity in the ragne of some threshold valu
(I 0) leads to a nonlinear character of the light transmiss
by the ChG films.11 The characteristic value of the thresho
light intensity depends on the ChG film composition, exci
tion wavelength, temperature, and laser pulse duration.

As a result of nonlinear light absorption, a change in t
time profile of the laser pulses is observed. This leads t
hysteresis-line dependence of the output light intensity of
corresponding value of the input intensity.

Nonlinear absorption in chalcogenide glasses was
served even in the femtosecond range, which is due to ei
intraband or interband transitions.27

FIG. 5. The kinetics of diffraction efficiency of the microholograms r
corded in the Al–In2S3/As2Se3–Al heterostructure when a series of negati
and positive~‘‘ 2 ’’ and ‘‘ 1 ’’ in the figure! voltage pulses is applied.
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4. DEVICES BASED ON ChG

The function of many devices is based on ChG, wh
can change their electrical and optical parameters by ap
ing an electrical field, by exposing them to light, to an ele
tron beam, x-irradiation, etc. At the same they manifest
sistance to nuclear radiation. In addition, that, ChG could
obtained using very simple technologies and in many ca
~but not in all cases! they do not need very high purity. I
makes it possible to produce industrial electrical switch
xerographic and thermoplastic media, photoresistant and
lographic media, optical filters, optical fibers, optical senso
thin-film waveguides, nonlinear elements, and other devic

In the 1960s, considerable attention was given to thre
old switching elements, which were able under volta
pulsed to pass from a state with a very high resistivity in
state with low resistivity.20

The industrial technology was developed by R
Ovshinschy, who called the optimized element ovo
threshold switching.20

The switching process is very short, less than 10 na
seconds.

The ChG thin films were very successfully utilized
the target for vidicon image tube~for TV cameras!.

Another successful application was the use of ChG t
films in photocopying electrophotography machines. T
films of Se, As2Se3 , and other materials store the char
distribution produced by the image projected onto it. T
image presented by the charge distribution is transferre
the paper using electrostatic method.8

Observed photoinduced phenomena in ChG allowed
to use these materials as recording media for registratio

FIG. 6. The schematic energy-band diagram of Me–ChDS structure du
the positive charge writing process and the scheme of writing and reado
image.1 — He–Ne-laser (0.6328mm!; 2 — modulator,3 — condensers;
4, 5 — galvanometer mirrors;6 — mask~object!; 7 — illumination source;
8 — Me–ChDS structure:a — semitransparent Al electrode,b —As2S3

layer,c — SiO2 layer,d — Si.
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the optical information using ChG thin-film heterostructure
phototermoplastic structures, thin waveguides, and fibers

The Me-chalcogenide glassy semiconductor–dielectr
semiconductor ChDS (Me–As2S3–SiO2–Si) structure al-
lows writing and readout processes of the optical ima
with high resolution.8 The structure makes the positive an
negative images possible. The device works in regimes
small-signal accumulation and real time. The space fu
tional separation of the recording and readout allows ca
ing out undestroyed repetition readout of the image and o
operations~Fig. 6!.

Photoinduced phenomena in chalcogenide glass fib
were utilized in order to propose a novel type of variab
fiber-optic attenuator.8 It can be used in visible and nea
infrared range of the spectrum for continuous change of li
intensity in fiber-optic circuits. If the lateral surface of cha
cogenide glass fiber is illuminated by light with photoener
near the glass bandgap, a strong decrease of the fi
attenuating light at the output and of the fiber occurs. T
process changes the optical signal from its initial valueI 0

~in the dark! to a new one:

I 5I 0 exp~DaL !,

whereL is the length of the illuminated segment of the fibe
andDa is the photoabsorption. The proposed fiber-optic
tenuator provides the attenuation in the range 0220 dB in
the 0.8 to 1.8-mm wavelength range.

Chalcogenide glass thin films are promising materi
for the integrated optic devices such as lenses, gratings,
tical filters, multiplexor and demultiplexor optical scanne
printer heads, multiple-output logical elements, and ot
devices.8
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Copper-induced changes in the properties of arsenic chalcogenides
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The influence of the presence of Cu in the amount between 1% and 6% in arsenic chalcogenide
glasses is examined through a study of the electronic energy levels by means of x-ray
photoelectron and x-ray emission spectroscopy, through an investigation of the low-energy
tunneling systems by means of phonon echoes at 0.37 K, and through an examination of the
photodarkening and the photoinduced dichroism caused by polarized Ar1 laser irradiation.
Possible links between the various effects are examined. The Cu atoms become an integral part
of the amorphous lattice structure and strongly influence the photodarkening, but they do
not have a significant effect on the tunneling systems or the dichroism. It is concluded that the
tunneling levels and the dichroism involve only local configurations, while the
photodarkening involves larger-scale areas of the lattice. ©1998 American Institute of Physics.
@S1063-7826~98!01408-2#
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1. INTRODUCTION

Almost from the beginning of experimental studies
vitreous chalcogenide semiconductors in the laboratory
Professor Kolomiets, the effects of adding nonmetallic a
metallic elements to the glasses were investigated. This e
interest was undoubtedly generated by the desire to find
propriate dopants for the amorphous semiconductors, an
explains why most attention was given to the changes
electrical properties of the samples. A review of these res
can be found in Ref. 1. Subsequently, the interest in
chalcogenides shifted to their optical properties, especi
their ability to sustain reversible photoinduced changes
these properties.2 Much attention was given to the photoin
duced shifts of the optical absorption edge of the glass3

the so-called photodarkening and photobleaching, and l
to the optical anisotropies that are induced by polarized li
beams.4 These two types of effects became known as
scalar and vector phenomena. These photoinduced cha
in the optical parameters were found to be the result of st
tural changes in the amorphous lattice5 which can even resul
in macroscopic deformations of the chalcogenide materia6

A wide range of models has already been proposed to
count for the effects, but most deal with part of the obser
tions only. Although some models attempt to link scalar a
vectoral effects, not a single one of those models has so
been able to show wide-spread agreement. Recent re
articles of experimental observations and of the propo
models were published by Shimakawa, Kolobov, and Elli7

and by Tanaka.8 Examination of those reviews clearly show
that more experimental data will be required to make so
progress in resolving the physical mechanisms underly
the photoinduced structural changes.
8731063-7826/98/32(8)/6/$15.00
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In this paper we explore the influence on the electro
structure and the photoinduced effects of introducing sm
concentrations of Cu into the arsenic chalcogenide glasse
is known that the presence of 1% Cu in bulk As2S3 or 5% Cu
in bulk As2Se3 eliminates the photodarkening that is no
mally observed in those materials.9 Such Cu-modified com-
pounds should therefore be good candidates for studying
structure of the glasses, as revealed by x-ray-induced ph
electron spectroscopy~XPS! and x-ray emission spectros
copy ~XES!, in relation to the appearance or disappeara
of the photodarkening. The same samples can also be us
test the links that have been suggested10 between, on the one
hand, the centers which are responsible for the photodar
ing and, on the other hand, the soft potential sites of
lattice which give rise to the low-temperature anomalies
the phonon spectrum of amorphous materials. The latter
be identified through the low-energy tunneling states~TS!,
which can be detected in a backward-wave phonon e
~BWE! experiment at 0.4 K. Such BWEs from Cu-free a
Cu-containing samples will be compared. Finally, we w
also examine the relationship between the scalar and the
toral photoinduced effects in the light of the influence of C
on the photodarkening.

2. EXPERIMENTAL PROCEDURE

Bulk samples of Cu-modified As2S3 or As2Se3 were pre-
pared by the standard procedure of melt quenching afte
loying of the pure compounds with copper at 900 °C for 20
in a rocking furnace. A few samples prepared in the group
Prof. P.C. Taylor at the University of Utah were used f
© 1998 American Institute of Physics
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874 Semiconductors 32 (8), August 1998 Bollé et al.
comparison; no differences were observed. Films for opt
measurements were prepared for some compositions by
mal evaporation of the ground compound.

2.1. X-ray photoelectron and x-ray emission spectroscopies

XPS and XES are complementary techniques for obta
ing information on the electronic structure of the amorpho
compounds.11 From XPS we determine the energy levels
the core electrons and the global energy distribution of
valence band states, while XES provides information c
cerning the bonding arrangements of valence electrons ne
particular atomic site.

For this study we have analyzed the XPS specta of
S 2p and As 3p,3d core levels, and we obtained the tot
valence band states~VB! modulated by the photoionizatio
cross sections. The spectra were excited by means of a
dard Mg Ka x-ray source withhn51253.6 eV. In our ex-
periment, the total instrumental broadening is estimated to
0.6 eV for core levels and 1.0 eV for VB. The core lev
spectra are scanned in 0.1-eV steps and the XPS VB da
0.2-eV steps. In the case of nonconductive samples, suc
the arsenic chalcogenides, a charging effect of the sam
can be observed in the data. In order to take this effect
account, we calibrated the binding energy scale by refe
to the C 1s line observed from hydrocarbonate
species,which are always present at the surface of
sample. The C 1s line is set at 285.0 eV. The interpretatio
of the core level lines is based on a reconstruction of e
spectral distribution into Voigt functions. In the case of t
valence band, the spectra are superimposed against the
ground due to the inelastic electron scattering; since no
rection for this effect was made, the spectra contain a n
constant background. We should mention that the sam
thickness which contributes to the XPS spectra is limited
the mean free path of the electrons and is estimated to
123 nm in our cases.

The XES measurements concern SKb band, which cor-
responds to the electronic transition 3p⇒1s. They are ana-
lyzed by means of a cylindrical bent-crystal vacuum sp
trometer ~radius 250 mm!. The monochromator is a 1011̄
quartz crystal (2d50.66855 nm) used in first order reflec
tion. The spectra are excited with a 5-kV, 5-mA electr
beam, and the detector is a proportional Ar/CH4 counter. The
energy resulution of the instrument is estimated to b12

1.0 eV. The x-ray spectra are measured as a function of
photon energy corresponding to the transitionE(S 1s)
2E(S 3p). On this energy scale, the Fermi level positi
corresponds to the binding energyE(S 1s); it is obtained by
combining the XPS data for the S 2p3/2 binding energy and
the XES determination of the SKa1,2

(2p1/2,3/221s) x-ray
transition energy. ThenEF(S 1s)5E(S Ka1

)1E(S 2p3/2).
Consequently, the XPS and XES spectra can be obtaine
a common energy scale with the Fermi level as the refere
point.

2.2. Backward-wave echoes

In a backward-wave echo experiment two microwa
pulses, separated by a timet, are applied to the sample in
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re-entrant cavity. Via the surface-excitation method
forward-propagating hypersonic wave is generated by
first pulse.~A coating of ZnO powder suspended in glypt
varnish is used in our experiments as a piezoelectric tra
ducer.! A reversal of the wave vector (k→2k) is induced
through the interaction between the hypersonic wave and
microwave electric field of the second pulse at some n
linear entities. At the time 2t, this backward propagating
wave reaches the transducer again and gives rise to an e

In chalcogenides the nonlinear coupling between
electric field and the acoustic wave is due to the tunnel
systems present in these materials. Indeed, later studies
indicated that TS act as such nonlinearities.13 Experimen-
tally, the intensity of the echo will increase with increasin
intensity,I a , of the acoustic wave until the TS become sa
rated; i.e., the populations of the tunneling levels have b
equalized at the critical asoustic intensity,I ca . Theoretical
considerations14 then allow us to distinguish two region
in the behavior of the echo intensityI E as a function of
the incident power Pin , depending on the value o
Ya5I a /I ca :

1. If Ya!1 ~TS are unsaturated!, thenI E;Pin
3 .

2. If Ya@1 ~TS are saturated!, thenI E is independent of
the incident power;I E shows a plateau, where the saturati
value Pex is a measure of the number of tunneling states
the sample.

We have measured the input power dependence of
backward-wave echo power in pure and Cu-modified As2S3

and As2Se3 compounds. The bulk samples were prepa
from melt-quenched glasses, out of which cylindric
samples of 3-mm diameter by 10-mm length were drilled
fit the cylindrical microwave cavity. Our measurements we
carried out at a frequency of 9.3 GHz and at a constant t
perature of 0.37 K. Since the tunneling systems envisio
here are indeed those of the soft-potential model~SPM!,
which has been deduced from the low-temperature anoma
that are characteristic of all glasses,15 we have to study them
below 1 K to obtain sufficient sensitivity.

2.3. Photodarkening and photoinduced dichroism

The 514.5-nm beam of a polarized Ar1-laser was used
for measuring the photoinduced optical effects. Relat
changes in optical transmission caused by the illuminat
were recorded to compare the degree of photodarkenin
both unmodified and Cu-containing samples. The values
the linear photoinduced dichroism—this is the difference
optical absorption coefficientsa'2a i , wherea',i are the
absorption coefficients in the direction perpendicular to a
parallel to the direction of the polarization of the inducin
beam—were obtained by measuring transmitted light int
sities I' and I i by standard lock-in detection technique
when the polarization of a probe beam is modulated betw
the parallel and orthogonal directions at a frequency
1 kHz by means of an electrooptic modulator and then m
ing use of the relation that was derived in Ref. 16:
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a'2a i5
I i2I'

h~ I i1I'!/2
, ~1!

whereh is the thickness of the sample.

3. RESULTS

The addition of Cu to the arsenic chalcogenides modifi
some characteristics while leaving others unchanged.
will first summarize the results, technique by techniq
before attempting an encompassing interpretation.

3.1. Electronic energy levels

The core levels S 2p, As 3p and As 3d were examined
by XPS for a pure As2S3 sample and for one which con
tained 6% of Cu. We observed virtually no shift for the A
lines, with 3p1/2 at 146.2 eV, 3p3/2 at 141.2 eV, and 3d5/2 at
41.7 eV. For S 2p1/2 ~163.6 eV! and S 2p3/2 ~162.5 eV!, a
broadening of the line is observed when Cu is added. T
broadening is asymmetric and occurs toward the lower b
ing energies~BE!. It reveals a shift of;0.2 eV toward low
BE in the presence of Cu. Figure 1 shows the S 2p spectra
and their decomposition into the spin-orbit splitted 2p1/2 and
2p3/2 lines.

The XPS valence band spectra observed for As2S3 and
As2S3~Cu! are shown in Fig. 2. Both spectra exhibit a wid
peak betweenEF and about 8 eV, followed by a broad ban
from ;8 to ;17 eV. It is known17 that the structure which is
seen in the first peak of As2S3 consists of a leading feature a
about 3 eV, which is associated with the lone pairp electrons
of the chalcogen atoms, and a second contribution cent
around 6 eV, which is related to the bondingp states. A
strong minimum separates thep states of the first peak from
the deeper-lying broad band, which consists ofs states and
also shows some structure. In As2S3~Cu!, the width of thep
band is approximately the same as in As2S3 but strong modi-
fications occur at the top of the valence band, with the 3-
peak becoming more prominent. Differences in thes bands
of As2S3 and As2S3~Cu! are less pronounced.

The S 3p valence band states were also examin
through the XES sulfurKb spectrum. As explained in th
previous section, these x-ray spectra were obtained in the
scale withEF as the origin. The results for the two types
samples are shown in Fig. 3. The SKb spectrum exhibits an
asymmetric distribution with the steep edge toward the l
BE. The most prominent feature is again due to the lone
electrons, while the adjoining shoulder on the high BE s
marks the position of the bonding sulfurp states. These SKb

spectra correspond to earlier ones reported in Ref. 18
As2S3. For our two compositions the low BE edge is o
served in the same energy position and the slope of the e
is the same. However, a significant broadening is observe
about 5 eV fromEF in the As2S3~Cu! sample as compared t
As2S3.

B. Tunneling states

We have studied the BWEs from As2Se3 and
Cu5~As2Se3)95 glasses, as well as for As2S3, Cu1~As2S3)99,
and Cu1.5~As2S3)98.5 glasses. Figure 4 and Fig. 5 show t
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results of the measurements of the backward-wave e
power as a function of input power for the selenide and s
fide glasses, respectively, The lowest echo powers give
both figures represent the minimum power that could be
tected, and the other values are given relative to that on

While the data sets are obviously not identical, no s
nificant difference in the behavior of the echo power as
function of input power can be seen between the C
modified and the unmodified chalcogenides. Specifically,
saturation, which is a signature of the presence of TS~and
hence soft potentials!, is equally prominent in all cases
However, the magnitude of the backward-wave echo
pends on experimental factors such as the bonding of
transducer and the quality factor of the cavity. Since th
are different for the different samples, the saturation value
the echo powerPex , and the number of TS, unfortunate
cannot be compared for the different samples. In fact,
creasing Cu content increases the conductivity of
samples, thereby decreasing theQ value of the cavity to the

FIG. 1. XPS binding energy spectrum of S 2p core electrons in~a! As2S3

and ~b! Cu6~As2S3)94 , together with a decomposition into their 2p1/2 and
2p3/2 components.
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extent that measurements become impossible. This hap
sooner for the sulfur chalcogenides than for the selen
chalcogenides.

C. Photoinduced changes

Thermally evaporated films were used for these m
surements. The results reported here originate with a 2-mm-
thick film evaporated from pure As2S3 and with a 3.8-mm-
thick one prepared on the basis of Cu4~As2S3)96 glass. Pro-
gressive photodarkening under continuous illumination w
measured for both films, in contrast with the observations
bulk glasses9 where the 4% Cu would have prevented t
photodarkening. It has already been reported, however,
in the corresponding evaporated films the photodarkenin
not eliminated.19 We, nevertheless, observed a clear diff
ence between the two materials: while in the As : S films
measured transmission drops below 10% of its initial val
the drop is only to;30% in the As : S : Cufilms. These
numbers slightly decrease with increasing light intens
The photodarkening kinetics speed up in similar fashion
both types of films with more intense illumination.

FIG. 2. XPS valence band spectra from~a! As2S3 ~b! Cu6~As2S3)94 .
ns
m
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n

at
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e
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The photoinduced dichroism was also measured for
above films, and here no significant differences could be
served. We found that the total reversible variation in t
dichroism, when the polarization direction of the inducin
beam is changed between orthogonal directions, does

FIG. 3. XES SKb spectra of the valence bnd S 3p electrons in~a! As2S3 ~b!
Cu6~As2S3)94 .

FIG. 4. The BWE power as a function of the microwave power for t
selenide glasses at 0.37 K: As2Se3 ~1! and Cu5~As2Se3)95 ~2!. 0 dB corre-
sponds to a peak power of 1.2 W.
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change by more than 10% among the various As : S
As : S : Cufilms, in contrast with the photodarkening, whe
the changes are stronger by a factor of 3 in films without
with respect to films which contain Cu.

4. DISCUSSION

Some of the questions that were raised in the introd
tion were answered directly by the results in the previo
section. It is clear, for example, that photodarkening a
photoinduced anisotropy do not have a common origin;
former is strongly influenced by the presence of Cu, the la
is not influenced in a significant way. Also the proposed li
between centers, which are responsible for the photost
tural changes in the chalcogenide glasses, and the soft at
potentials, which are implicated in the low-temperatu
anomalies, can be ruled out. Indeed, the results for the b
ward wave echo measurements confirm the presence o
essentially unchanged number of tunneling systems in a
gion where the photodarkening has disappeared from
bulk glasses. In other words, while the presence of Cu inh
its the photodarkening, it leaves other characteristic prop
ties of the chalcogenide glasses such as the photoind
anisotropy or the soft-potential sites unimpaired.

Our results from XPS, XES, and BWE show that the
atoms become an integral part of the amorphous lattice
form a real alloy. Indeed comparing the SKb XES spectra of
Fig. 3 with a corresponding one from CuS~Ref. 20!, we see
that the added intensity near 6 eV in the As : S : Cusample
agrees with the position of the main S 3p density in the CuS
bond. The changes in the distribution ofp states in the va-
lence band XPS spectra primarily result in a sharper de
tion of the lone-pair component, as is normally seen
chalcogen-rich compounds. This need not be interprete
evidence for a somewhat increased density of S–S bond~as
would occur when the Cu mostly bonds to As!, but probably
just reflects the change in the average bonding angle at t
when a Cu atom substitutes for As. From early EXAF
studies21 we know that Cu is fourfold coordinated in th
arsenic chalcogenide glasses, while a normal As site i
course only threefold coordinated.

FIG. 5. The BWE power as a function of the microwave power for
sulfide glasses at 0.37 K: As2S3 ~1!, Cu1~As2S3)99 ~2! and Cu1.5~As2S3)98.5

~3!. 0 dB corresponds to a peak power of 1.2 W.
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When we take a closer look now at the BWE results,
notice that there is a decrease of the slope at low input p
ers for the Cu containing samples with respect to the s
dard chalcogenides. In a previous study22 we found a corre-
lation between these different slopes and the m
coordination number of the lattice. The third power (Pin

3 )
predicted by the theory holds for the compositions with me
coordination ^r &<2.4. According to Thorpe,23 these net-
works are all floppy. The rigid samples, those with a high
value of^r &, are found to have a lower slope. As a result, t
input power dependence of the echo power deviates from
theory. In addition, Thorpe predicts that the number of
should be smaller in a rigid glass that in a floppy glass.

The BWE results presented here and the lower slope
the Cu-containing samples thus agree with a forfold coo
nation of the Cu atoms, which results in a higher avera
lattice coordination. The effect on the average coordinat
of group I metals such as Cu is described by a general m
proposed by Liu and Taylor24 for a wide range of semicon
ductor glasses, including the As : Se and As : S syste
Their model for the bonding in glasses is based on analo
with bonding in minerals of the Cu : As : S system. In the
minerals Cu is fourfold coordinated, As threefold coord
nated for low enough Cu concentration (x,31.6%!, and S is
either twofold or fourfold coordinated. Further on, on
Cu–S and As–S bonds are present. Liu and Taylor ass
that the same rules hold for the Cu : As : S and Cu : As :
glasses. They calculated the coordination number for gla
in the systems Cux„As0.4Se~S!0.6…12x and the following rela-
tion was found:̂ r &52.414.6x. The excellent agreement o
the predictions for the average coordination number w
x-ray radial distribution date25 confirms that the local bond
ing configurations are very well understood. Using th
prediciton, the average coordination of our Cu-modifi
samples will be larger than 2.4, which means that
samples are rigid. This confirms our interpretation for t
reduced slope of the echo power as a function of the in
power found in these materials. Notice that the decreas
the slope appears at a smaller concentration of Cu atoms
the sulfide than for the selenide glasses. This is not surpri
because the same effect is seen for other phenomena su
the photodarkening and the conductivity of these system

It is widely assumed that the arsenic chalcogen
glasses still exhibit much of the layered structure of th
crystalline phase in the amorphous one. However, fourf
coordinated Cu atoms could easily link adjacent layers
thus modify the characteristics of the glass. Exactly su
effect has recently been proposed by Shimakawaet al.26 to
explain the role of Cu in the inhibiting of photodarkenin
which in their model is related to a relative sliding motion
adjoining lattice planes. Other phenomena, which do not
pend on that motion, should then not be affected by the p
ence of the Cu cross-links. That would be the case for
photoinduced anisotropy, where the intrinsic charged defe
of the chalcogenide glasses have been proposed as the a
elements,27 and for the soft potential sites that generate
tunneling systems seen through the low-temperature BW
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5. CONCLUSIONS

Our XPS and XES measurements have confirmed
Cu atoms, which are added to the arsenic chalcoge
glasses, become an integral part of the amorphous lat
and our low-temperature phonon studies show a concom
increase in the average lattice coordination, in agreem
with fourfold Cu coordination. From the fact that Cu leve
which eliminate photodarkening in As2S3 or As2Se3, leave
the vectoral photoinduced anisotropy or the density of lo
energy tunneling states intact, we conclude that the ph
darkening must be related to the chalcogenide network
whole, rather than to the specific defect configurations or
potentials, which are implicated in the anisotropy pheno
ena or in the low-temperature anomalies.

However, the most obvious conclusion of all the abo
considerations must undoubtedly be that more than 35 y
after the beginning of chalcogenide semiconductor rese
by Kolomiets and his co-workers, we are still far remov
from a comprehensive understanding of these fascina
materials.
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Chalcogenide glasses that contain sufficient concentrations of metal atoms can bep-type doped.
This doping results in part because the local structural order is tetrahedral at the metal and
the chalcogen sites in these glasses. At concentrations exceeding 1019 cm23, oxygen promotes
doping by increasing the densities of dangling-bond defects at threefold-coordinated
chalcogens, which are the doping sites in these glasses. For oxygen concentrations below
1019 cm23, the conductivity is independent of oxygen, and therefore is controlled by other
mechanisms. The compositions Cu6As4S9 and Cu6As4Se9 are studied, because at these
compositions the S~or Se! and Cu atoms are all tetrahedrally coordinated and there exist only
Cu–S and As–S~or Cu–Se and As–Se! bonds. © 1998 American Institute of Physics.
@S1063-7826~98!01508-7#
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INTRODUCTION

There is strong experimental evidence1–3 that many
metal atoms, such as copper, are incorporated in chalco
ide glasses at tetrahedral sites. Based on the covalent n
of the local bonding, models of these glass structures4–7 sug-
gest that the chalcogen atoms also exist at tetrahedral
when the metal concentrations are large enough. In tern
metal chalcogenide systems, such as Cu–As–S and Cu–
Se, chemical ordering~Cu–S and As–S bonds only, for ex
ample! is preserved along a specific tie line in the terna
phase diagram. For the Cu–As–S and Cu–As–Se sys
these tie lines are (Cu2/3S1/3)x(As2/5S3/5)12x and
(Cu2/3S1/3)x(As2/5Se3/5)12x provided that x<9/19. At
x59/19 the stoichiometry is particularly simple: copper a
chalcogen atoms are fourfold coordinated, arsenic atoms
threefold coordinated, and there exist only Cu-chalcogen
As-chalcogen bonds. This composition, which can be
pressed as Cu6As4S9 or Cu6As4Se9 , corresponds to a well
known crystalline structure, a natural mineral called sinn
ite, where the numbers of nearest neighbors~local coordina-
tion numbers! are also 4, 3, and 4 for the copper, arsenic, a
sulfur atoms, respectively.8 At even higher copper concen
trations, there are two well-studied crystalline structures
the sulfur system that also occur as natural miner
enargite8 and luzonite.8 Enargite exhibits the wurtzite struc
ture and luzonite the zincblend structure. For all of the
reasons, one may be reasonably confident that the nea
neighbor order in the glasses Cu6As4S9 and Cu6As4Se9 is
well understood.

Although the local structural order in the glasse
Cu6As4S9 and Cu6As4Se9 , is reasonably well understood
much less is known about the electronic defects, espec
those that contribute to large changes inp-type conductivity
that have been observed.9–12 In the prototypical chalcogenid
glasses, such as As2S3 and As2Se3 , the chalcogens are tw
fold coordinated and the defects are dramatically influen
by strong electron-lattice interactions. In fact, these inter
8791063-7826/98/32(8)/5/$15.00
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tions are so strong that the characteristic defects pos
negative effective electron-electron correlation energ
~negativeUeff) that make the glasses impossible to dope. T
twofold coordination of the chalcogens results in nonbond
p-orbitals that form the highest-lying states in the valen
band.

As far as the electronic states are concerned, the m
difference between As2S3 or As2Se3 and Cu6As4S9 or
Cu6As4Se9 is that the highest-lying states in the valen
band in the latter compositions are made fromsp3 hybrids
on the tetrahedrally coordinated Cu and chalcogen atom
second importrant distinction is that, because of the la
increase in average, local coordination number, the flexibi
of the lattice is drastically reduced for the composition
Cu6As4S9 or Cu6As4Se9 . In Cu6As4S9 or Cu6As4Se9 the
average local coordination number isn53.8, which is simi-
lar to that of the hydrogenated amorphous silicon (a-Si:H!
alloys used in thin-film transistors and solar cells. As a
sult, as ina-Si:H lattice relaxation plays little role for the
characteristic defects in Cu6As4S9 or Cu6As4Se9 where the
important defect identified with the doping site possesse
positive value forUeff ~Refs. 9 and 13!. This defect has been
attributed to an electron trapped at a dangling sulfur or s
nium bond at a tetrahedral chalcogen site.9,10,13 Presumably
the wave function for this paramagnetic defect is predo
nantly sp3, as is the case for the silicon dangling bond a
tetrahedral silicon site ina-Si:H.

Oxygen is a pervasive impurity in most chalcogeni
glasses, and the glasses Cu6As4S9 and Cu6As4Se9 are no
exception. As will be shown below, addition of oxygen
these glasses increases the conductivities by more than
orders of magnitude.10,11 The conductivity appears to b
through extended stated and not simply a hopping cond
tivity in a defect band introduced by the oxygen.10 The dop-
ing sites have been attributed9 to the analog of cation vacan
cies that are known to producep-type conductivity in AIIBVI

crystals. One must be careful with this analogy since
concert of ‘‘missing Cu atoms at Cu sites’’ does not have
© 1998 American Institute of Physics
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FIG. 1. Electrical conductivity plotted as a function of inverse temperature in a series of~a! Cu6As4S9 glasses and~b! Cu6As4Se9 glasses with varying oxygen
concentrations@O#. Electrical activation energies can be determined from the higher temperature portions of the curves. The three lower curves~solid line,
dashed line, dot-dashed line! in ~b! represent conductivities for (Cu2/3Se1/3)0.14(As2/5Se3/5)0.86 glasses with 0.2, 10 and 30 at. % oxygen, respectively.
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precise meaning that it does in crystalline solids. Since
sentially all that is preserved in the amorphous solid
nearest-neighbor order, the signature of a ‘‘missing Cu a
Cu site’’ is the presence in the nominally stoichiomet
glass of chalcogen–chalcogen bonds and chalcogen dan
bonds. These bonding configurations represent analogs i
glass to the reconstructed~Se–Se bonds! and unrecon-
structed ~Se dangling bonds! nearest-neighbors of a C
vacancy in the crystalline phase.

This kind of reasoning leads to the attribution of t
doping site in Cu6As4S9 or Cu6As4Se9 glasses to chalcoge
dangling bonds at tetrahedral chalcogen sites. Electron
resonamce~ESR! measurements9,10,13on both Cu6As4S9 and
Cu6As4Se9 are consistent with this interpretation. The ES
spectra are attributed to paramagnetic spins located on c
cogen atoms, and the lineshapes are different from thos
tributed to spins on chalcogen atoms at sites that are
mally twofold coordinated, such as those that occur in As2S3

and As2Se3 .
The energy levels in the gap for the chalcogen, dangli

bond defects that generate the doping are not well kno
but optical absorption measurements9,12 show an absorption
below the optical gap that scales with the electrical cond
tivity. This absorption rises at about 0.4 eV in Cu6As4S9

~Ref. 12! and at about 0.2 eV in Cu6As4Se9 ~Ref. 9!.
It this paper we review the measurements of electr

conductivity, optical absorption, and ESR in oxygen-dop
s-
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ing
the
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and nominally undoped Cu6As4S9 and Cu6As4Se9 glasses.
We discuss the evidence for thep-type conduction process
and we present a microscopic picture for the defects
produce the doping effect.

EXPERIMENTAL DETAILS

Because the glass-forming regions in the Cu–As–S
Cu–As–Se systems do not include the Cu6As4S9 and
Cu6As4Se9 compositions, all samples studied were prepa
by sputtering. Normally, the films were deposited on glass
ESR-grade quartz substrates. Sputtering targets were m
from ceramic samples of the appropriate composition. B
samples were powdered and pressed at 6000 psi and 20
Ultrahigh purity argon was used as the sputtering gas,
oxygen was introduced to produce intentionally dop
samples. Details of the sputtering procedures are avail
elsewhere.11,14 Typical sample thicknesses were 1 to 5mm.
Glass compositions were measured using electron mi
probe analysis, and impurity concentrations using second
ion mass spectroscopy~SIMS!. Electrical measurement
were performed using evaporated gold contacts. Varia
temperatures were obtained using standard He-fl
cryostats. Optical absorption experiments employed stand
infrared and visible spectrometers. ESR measurements w
made using a 9-GHz spectrometer~Bruker ER200D-SRC!
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and standard techniques to obtain variable temperatures
tails of the measurement apparatus and techniques are a
able elsewhere.14

RESULTS

The variations of the electrical conductivities
Cu6As4S9 and Cu6As4Se9 glasses with oxygen concentratio
are shown in Figs. 1a and 1b, respectively. From this figur
is clear that oxygen dramatically changes the tempera
dependence of the electrical conductivity and hence the
tivation energies extracted from the data. The trends are
vious. The conductivity at a given temperature increases
matically with oxygen concentration and the activati
energy decraeses correspondingly.~The rapid rise in conduc
tivity at high temperatures for the sample of glas
Cu6As4Se9 with 30 at. % oxygen is due to crystallization o
the sample.! Although the breaks in the slopes at low tem
peratures may be evidence for hopping conductivity, the v
ues of the prefactors for the thermally activated conduct
ties at higher temperatures are consistent with conduc
involving extended states.

Figure 1b also shows data for a sample of Cu–As–
where the copper concentration is 21 at. %, which is low
than in Cu6As4Se9 ~where the Cu concentration is nominal
31.5 at. %!. For this lower copper concentration, shown
the lines without data points in Fig. 1b, simple bonding mo
els, such as the formal valence shell or FVS model,5,7 sug-
gest that the copper and arsenic remain four- and three
coordinated, respectively, but that the chalcogen is es
tially threefold coordinated.~The average local coordinatio
number for selenium at this composition is calculated to
3.2!. It is clear from Fig. 1b that for the glass where t
chalcogen is mostly threefold coordinated, there is little
any doping generated by the presence of oxygen. One th
fore requires tetrahedral coordination of the chalcogen
the p-type doping process to occur.

For oxygen concentrations above about 331019 cm23,
the dark conductivity at a given temperature scales line

FIG. 2. Electrical conductivity at 300 K (sRT) as a function of oxygen
concentration~@O#! in Cu6As4S9 glasses. Closed and open circles repres
intentionally oxygen-doped and nominally undoped films, respectively.
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with the oxygen content. This behavior is shown f
Cu6As4S9 glasses in Fig. 2. For oxygen concentrations bel
331019 cm23, the conductivity becomes insensitive to ox
gen content. Therefore, below this critical value of oxyg
concentration another mechanism determines the numbe
defects that control the doping in the glass. It is probable t
at these low oxygen levels the defect formation is determi
by kinetics during growth, as is often the case for the den
ties of vacancies and intersitials during the growth of AIIBVI

crystals.
A second example of the lack of correlation betwe

oxygen concentration and electrical conductivity for lo
oxygen concentrations is shown in Fig. 3. In this figure t
conductivities are plotted as a function of the measured
tivation energies. The data in Fig. 3 follow the usual tre
that the activation energy scales inversely with the log of
electrical conductivity at a given temparature. A comparis
with Fig. 2 shows that the oxygen concentrations differ by
order of magnitude for the two glasses with activation en
gies between 0.38 and 0.40 eV.

There exists an optical absorption band that scales w
the electrical conductivity and with the oxygen concentrat
for high oxygen content (.331019 cm23). This absorption
is shown for Cu6As4S9 glass in Fig. 4. A similar plot exists
for Cu6As4Se9 glass,9,12 except that the absorption for th
selenium glasses rises near 0.2 eV while for the su
glasses shown in Fig. 4 the absorption rises near 0.4 eV.
oxygen concentrations below 331019 cm23, the absorption
cannot be distinguished from the exponential band-gap
sorption that is always present. The fact that this absorp
scales with the electrical conductivity suggests that the
sets~0.2 and 0.4 eV in the selenium and sulfur glasses,
spectively! can be associated with the energies of the acc
tor levels with respect to the valence band mobility edge

The microscopic nature of these doping sites can be
cidated by measuring the ESR spectra of Cu6As4S9 and
Cu6As4Se9 glasses with varying electrical conductivities. A
mentioned above, the lineshapes of the ESR spectra ind
that the electronic states are closely associated with the c
cogen atoms. In particular, these lineshapes have b

t

FIG. 3. Electrical conductivity at 300 K (sRT) as a function of activation
energy for conduction (Ea) for various films of glassy Cu6As4S9. Closed
and open circles represent intentionally oxygen-doped and nomin
undoped films, respectively.
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attributed9,10,13 to holes trapped at sulfur or selenium ‘‘da
gling bonds’’ where the site symmetries remain essenti
tetrahedral. If this is the case, then the unpaired spin res
predominantly in ansp3 hybrid orbital on the chalcogen
atom much as is the case for the silicon dangling bond
a-Si anda-Si:H. Figure 5 shows the intensity of this ES
signal in Cu6As4S9 glass as a function of the electrical co
ductivity. For technical reasons, the ESR is measured at
temperatures~20 K! while the conductivity is measured a
room temperature (;300 K), but this detail should not af
fect the proportionality between the two measurements, p
vided that the electronic levels contributing to thep-type
conductivity are the paramagnetic centers measured by E
From the data of Fig. 5~filled circles! it appears that this

FIG. 4. Optical absorption coefficient as a function of energy for gla
Cu6As4S9 films. Oxygen concentrations@O#, 1019 cm23: 1 — 3.0, 2 — 4.4,
3 — 8.5, 4 — 9.8, 5 — 18, 6 — 45.

FIG. 5. ESR spin densities at 20 K as a function of electrical conductivit
300 K sRT) in various films of glassy Cu6As4S9. Filled and open circles
represent dark and metastable, photo-induced spin densities, respectiv
y
es

n

w

o-

R.

assumption is correct. It is interesting to note that althou
the conductivity does not scale with oxygen concentration
low oxygen concentrations, the conductivity does scale w
the ESR for all oxygen levels. This result means that
though oxygen does not determine the densities of def
when the oxygen concentrations are low, the defects that
formed and measured by ESR control the conductivity. B
cause the ESR lineshape does not change, the same de
~holes trapped at threefold coordinated chalcogen si!
determine the conductivities in all samples.

Also plotted in Fig. 5 are metastable, photoinduced
creases in the ESR spin densities; similarly the photoindu
ESR is observed in glassy As2S3 and As2Se3 at low tempera-
tures. However, in this case the photo-induced ESR resul
a concomitant increase in the dark conductivity~so-called
persistent photoconductivity! at low temperatures,13 as
would be expected since these sites contribute to the ele
cal conductivity in the Cu6As4S9 and Cu6As4Se9 glasses.
The mechanism for optically activating these addition
acceptor sites is not known at present.

DISCUSSION

From the data presented in the previous section, a c
sistent model emerges to explain the electrical conducti
in the tetrahedrally coordinated chalcogenide glasses. W
metals, such as the group I metal—copper, are added to c
cogenide glasses, the average local coordination numbe
the chalcogen increases to 4 from its usual value of 2. C
comitant with this increase in average local coordinat
number is a change in the characteristic defects that
formed. In place of the ‘‘soft’’ lattice in As2S3 or As2Se3 is
a ‘‘hard’’ lattice in Cu6As4S9 or Cu6As4Se9 . This change
means that the characteristic defects possess a positive
fective, electron-electron correlation energy, and if the def
energies are close enough to the valence or conduction b
edges, then doping can occur.

In glassy Cu6As4S9 or Cu6As4Se9 the characteristic de
fect is found to be a hole trapped at a tetrahedral chalco
site, because one of the four nearest-neighbor bonds is m
ing. The production of these defects can be enhanced by
incorporation of oxygen in the glasses, but there appear
be a basic, lower level for these defects that is controlled
the kinetics during growth.

An analogy between the doping in AIIBVI crystals by
vacancies and interstitials and the doping in Cu6As4S9 and
Cu6As4Se9 glasses is useful. This analogy makes some se
because in both the crystals and the glasses the structu
strongly influenced by the covalent nature of the bonds,
the defects are dominated by ionic considerations. In AIIBVI

crystals one type of vacancy or vacancy-interstitial pair te
to dominate in a specific crystal. Therefore, a AIIBVI crystal
tends to be eitherp-type orn-type, and it is very difficult to
change the carrier type. This trend occurs because one
of vacancy~cation or anion! dominates in any given crysta
and because cation vacancies generatep-type conduction
while anion vacancies generaten-type conduction.

To the extent that this analogy holds, one would exp
thatn-type conductivity would be very difficult to achieve i

y

t

y.
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glassy Cu6As4S9 or Cu6As4Se9 . To date, this expectation
has been fulfilled since attempts to co-dope with other e
ments or to compensate for the chalcogen-based acce
have all failed. Assuming that substitutional doping is
difficult to achieve in the tetrahedrally coordinated chalc
genide glasses as it is in the AIIBVI crystals, one might expec
that the only hope to producen-type conductivity is to
change the host lattice. Again by analogy with the AIIBVI

crystals, the production of anion vacancies is promoted
decreasing the size of the anion with respect to the cation
date, attempts to do the same in the tetrahedrally coordin
chalcogenide glasses have also failed perhaps becaus
larger cations~metals! tend to form fewer than four bonds i
the glasses.

SUMMARY

As metals are added to the chalcogenide glasses,
average, local coordination number of the chalcogen ato
increases from 2 to 4. When the chalcogens are tetrahed
coordinated, the glasses can be dopedp-type. The addition
of oxygen to the glass generates an increase in
p-type conductivity, but at low oxygen concentrations
(,1019 cm23) residual doping sites exist. These sites a
probably determined by the kinetics during growth. Fro
optical absorption measurements the doping levels for
acceptors are determined to be approximately 0.4 and 0.2
from the valence band mobility edge in glassy Cu6As4S9 and
Cu6As4Se9 , respectively. From ESR measurements the d
ing site is determined to be a hole trapped at a three
coordinated chalcogen site which retains its tetrahefral s
metry. In other words, the hole exists predominantly in
sp3-hybridizedorbital on the chalcogen atom, in contra
with the p orbital for the hole generated in the prototypic
chalcogenide glasses, such as As2S3 and As2Se3 . As ex-
-
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pected, the doping sites in glassy Cu6As4S9 and Cu6As4Se9

possess positive, effective, electron-electron correla
energies.
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Luminescence of erbium in amorphous hydrogenated silicon obtained
by the glow-discharge method
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We report the first observation of efficient room-temperature photoluminescence of erbium in
amorphous hydrogenated silicon prepared by the plasma chemical-deposition method.
© 1998 American Institute of Physics.@S1063-7826~98!01608-1#
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The considerable current interest in the investigation
the luminescence of erbium in different semiconductor m
trices is attributable to the possibility of electronic pumpi
of the luminescence of rare-earth metal~REM! ions.1,2

Erbium-doped silicon attracts greatest interest because o
promising future in the development of light-emitting diod
and lasers operating at the wavelength1.54 mm, which falls
at the absorption minimum of optical fibers. The ma
method of introducing erbium into crystalline silicon is im
plantation. The intensity of the photoluminescence of erbi
in this matrix falls off by more than an order of magnitud
when the temperature is increased from liquid-nitrogen te
perature to room temperature.3,4 This behavior is due to the
deactivation of excitons bound on relatively shallow don
levels.

The 1.54-mm photoluminescence of erbium was r
cently observed in amorphous hydrogenated silicon5–7

Amorphous silicon films were obtained by cosputtering s
con and metallic erbium from a mosaic target using
magnetron7 or the MASD method.6 It is known that the tem-
perature quenching of the luminescence of erbium in a c
talline matrix differs considerably from that in an amorpho
matrix because of the difference in the mechanisms for
excitation of erbium.3,8 The intensity of the erbium lumines
cence in amorphous silicon is essentially temperatu
independent right up to room temperature. For this reas
the search for new methods of producing amorphous sili
that contains erbium is an important task in the technology
producing optoelectronic devices.

In the present paper we report the first observation
efficient room-temperature photoluminescence of erbium
amorphous hydrogenated silicon obtained by plasm
chemical deposition. As we know, this is the main meth
used for obtaining device-quality amorphous silicon for so
cells and structures based on it.

The films of erbium-doped amorphous hydrogena
silicon (a-Si:H^Er&) were grown on quartz or crystal silico
substrates by decomposition of silane in an argon at
sphere. The substrates were placed on an rf electrode at
temperature. The erbium source consisted of Er~TMHD!3
8841063-7826/98/32(8)/2/$15.00
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powder heated to a temperature above 160 °C. The gro
rate of thea-Si:H^Er& film was equal to0.02 mm/min. The
films studied by us were on the order of 1mm thick. The
composition of these films, i.e., the erbium, oxygen, and c
bon concentrations, was investigated by Rutherford ba
scattering~RBS! with the films irradiated by accelerate
3.17-MeVa particles. The Er and O densities were equal
2.131020 and 1.431021 cm23, respectively.

The structure of thea-Si:H^Er& films was investigated
by Raman and infrared spectroscopy methods. The Ra
spectra were obtained on an U-1000 spectrometer in the
flection geometry. The wavelength of the incident radiati
was l 5514.5 nm and the power level wasP5100 W.
Lines corresponding to TA(150 cm21), LA (310 cm21),
LO (380 cm21), and TO (475 cm21) phonons were ob-
served in the Raman spectra of the films. The line positi
are typical positions for films of amorphous hydrogena
silicon. The difference from the Raman spectrum of undop
a-Si:H obtained by the same method is a small increase
the half-width of the TO peak. The latter can be explained
the increase in the compositional and structural disorder

FIG. 1. Photoluminescence~PL! spectra of erbium in Er~TMHD!3 powder
~1! and in ana-Si:H^Er& film before annealing~2!.
© 1998 American Institute of Physics
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FIG. 2. Infrared spectra ofa-Si:H ~1! anda-Si:H^Er& samples before~2! and after~3! annealing.
m
th

e

w

re
a
n

ce
on

s
itu

ge
a

a

g
r

m
ar
e

n

for
on

en-
i–

act

ing;

–C
rved

es-
in

od.
uce

1.

E.
and

N.
h,
result of the incorporation of the impurities~Er, O, C! into
the amorphous hydrogenated silicon matrix.

The infrared~IR! spectra were measured at room te
perature on an UR-20 two-beam spectrophotometer in
spectral range from 400 to 5000 cm21.

The photoluminescence spectra were measured with
citation by a 30-mW argon laser atl5488 nm using a
liquid-nitrogen-cooled germanium detector. Figure 1 sho
the photoluminescence spectra of Er~TMHD!3 powder
~spectrum 1! and an a-Si:H^Er& film before annealing
~spectrum 2!.

Worth noting is that the photoluminescence~PL! spec-
trum of the powder differs markedly from that of thea-Si:H
film. The characteristic lines of erbium in the powder a
strongly broadened, and their position is different from th
in amorphous silicon films. This indicates that the local e
vironment surrounding the erbium ions in these matri
is different, i.e., it reflects the result of the incorporati
of the Er atoms into thea-Si:H matrix by the technology
used by us.

We note that the intensity of the erbium photolumine
cence of the synthesized samples is comparable in magn
to that of a-Si:H^Er& samples obtained by the MASD
method and optimized with respect to the erbium and oxy
concentrations.6 Vacuum annealing of the samples under
residual pressure of less than 1026 Torr at 300 °C for 1 h
increased the intensity of the erbium PL by more than
order of magnitude.

Figure 2 shows the IR spectra of thea-Si:H^Er& films
before annealing~spectrum 2! and after vacuum annealin
at 300 °C for 1 h~spectrum 3!. The figure also shows fo
comparison the IR spectrum of an undopeda-Si:H film
~spectrum 1!.

We call attention to the following features:
— the presence of the modes of CH2, CH3, and

~Si–H2)n , which indicates the existence of a polymer co
ponent in the film structure; this corresponds to the prep
tion conditions ~low temperature and placement of th
substrates on the rf electrode!;

— presence of C–C bonds, which is due to the prese
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of a large quantity of carbon in the powder employed
introducing erbium; according to the RBS data, the carb
content in the film is 10–15 at. %.

It should be noted that, despite the high oxygen conc
tration, lines corresponding to vibrations of the bonds S
O–Si (980 cm21) and C–O (1710 cm21) were not observed
in the experimental films; this can be explained by the f
that oxygen is bound mainly with erbium ions.

A change is observed in the IR spectra after anneal
specifically, the intensity of the CH2 and CH3 modes de-
creases and the bands corresponding to vibrations of C
bonds vanish. Structural rearrangement leads to the obse
increase in the photoluminescence intensity.

In summary, intense room-temperature photolumin
cence of erbium has been observed for the first time
a-Si:H^Er& samples obtained by the glow-discharge meth
There is the hope that this technology can be used to prod
light-emitting diodes at the wavelength 1.54mm.
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96-02-16931-a!, the Volkswagen Foundation~Project I/
71 646!, and INCO-COPERNICUS~Grant 977048-SIER!
for financial support.

1G. S. Pomrenke, P. B. Klein, and D. W. Langer@Eds.#, Rare-Earth Doped
Semiconductors I, Mater. Res. Soc. Proc., Vol. 301, Pittsburgh, PA, 199

2S. Coffa, A. Polman, and R. N. Schwartz@Eds.#, Rare-Earth Doped Semi-
conductors II, Mater. Res. Soc. Proc., Vol. 422, Pittsburgh, PA, 1996.

3I. N. Yassievich and L. C. Kimerling, Semicond. Sci. Technol.8, 718
~1993!.

4S. Coffa, G. Franzo, F. Priolo, A. Polman, and R. Serna, Phys. Rev. B49,
16 313~1994!.

5T. Oesterreich, G. Swiatkowski, and I. Broser, Appl. Phys. Lett.56, 446
~1990!.

6M. S. Bresler, O. B. Gusev, V. Kh. Kudoyarova, A. N. Kuznetsov, P.
Pak, E. I. Terukov, I. N. Yassievich, B. P. Zakharchenya, W. Fuhs,
A. Sturm, Appl. Phys. Lett.67, 3599~1995!.

7A. R. Zanatta, L. A. O. Nunes, and L. R. Tessler, Appl. Phys. Lett.70, 511
~1997!.

8W. Fuhs, I. Ulber, G. Weiser, M. S. Bresler, O. B. Gusev, A.
Kuznetsov, V. Kh. Kudoyarova, E. I. Terukov, and I. N. Yassievic
Phys. Rev. B56, 9545~1997!.

Translated by M. E. Alferieff



SEMICONDUCTORS VOLUME 32, NUMBER 8 AUGUST 1998
Ion implantation of porous gallium phosphide
V. V. Ushakov,a) V. A. Dravin, N. N. Mel’nik, T. V. Zavaritskaya, and N. N. Lo ko

P. N. Lebedev Physics Institute, Russian Academy of Sciences, 117924 Moscow, Russian

V. A. Karavanski 

Institute of General Physics, Russian Academy of Sciences, 117924 Moscow, Russia

E. A. Konstantinova and V. Yu. Timoshenko

M. V. Lomonosov Moscow State University, 119899 Moscow, Russia
~Submitted December 30, 1997; accepted for publication January 22, 1998!
Fiz. Tekh. Poluprovodn.32, 990–994~August 1998!

The effect of irradiation by Ar ions and thermal annealing on the properties of porous gallium
phosphide~por-GaP! obtained by electrolytic methods is investigated. It is shown on the
basis of Raman scattering and photoluminescence data that, in contrast with porous silicon,
por-GaP does not have high radiation hardness, and that thermal annealing of defects in layers
amorphized by ion implantation is impeded by the absence of a good crystal base for solid-
state epitaxial recrystallization processes. Data on radiation-induced defect formation and from
probing of the material with a rare-earth ‘‘luminescence probe’’ are consistent with a
mesoporous structure of the material. ©1998 American Institute of Physics.
@S1063-7826~98!01708-6#
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1. INTRODUCTION

The unabating interest in porous semiconductors st
from the attractiveness of the relatively simple electroche
cal methods of obtaining nanosize objects and from the p
pects for producing combined optomicroelectronic devic
The impressive progress made recently in the study of
properties of porous silicon~see the review articles in Refs.
and 2! has stimulated similar investigations for III–V sem
conductor compounds. The as yet few studies in this fi
have mostly involved GaP, and actually their goal was to
the technological regimes for preparation of porous lay
and to obtain the first data on their structure and pr
erties.3–8 Just as for porous~por-! Si, here a controversy is
beginning to appear concerning the role of quantum-w
effects and surface effects in the observed phenomena

In this paper we report the results of an experimen
study of the effect of ion implantation on the properties
por-GaP, including questions concerning radiation-induc
defect formation, thermal annealing of defects, and doping
porous layers. Conclusions about the structure ofpor-GaP
are drawn on the basis of the experimental data.

2. EXPERIMENTAL PROCEDURE

The starting material consisted of Czochralski-gro
single-crystaln-GaP. Two types of porous layers were inve
tigated: 1! layers obtained by anodization of the~100! n-type
GaP:Te (n5331017 cm23) wafers in a water solution o
NH4F ~0.2 moles/liter, pH 5 3.2!, anodization current
density j 5120220 mA/cm2, and anodization time
t510220 min and 2! layers obtained by anodization o
~111! n-GaP wafers (n5331017 cm23) in the electrolyte
HF~49%! : C2H5OH51:1, j 580 mA/cm2, and t57 min.
We note that, besides the standard HF-based electrolyte3,4 a
8861063-7826/98/32(8)/5/$15.00
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solution of ammonium fluoride NH4F with a controllable pH
was used. Such an electrolyte is used to obtain por
gallium phosphide layers with high optical uniformity of th
surface.8 The porous layers were~1! 25– 30mm and ~2!
10– 15mm thick and the porosity was on the order of 60%

Ion irradiation of samples containing porous sectio
and single-crystal control sections was performed in a H
Voltage Engineering Europa accelerator at room tempe
ture. Argon ions with an energy of 700 keV andion f lux
5310142531015 cm22 were used to study radiation
induced defect formation in porous layers, while Yb io
~350–680 keV, 2310132131014 cm22) were used to in-
vestigate the characteristic features of ion doping. In
latter case the intent was also to study the structure
impurity-defect composition of porous layers using a ra
earth ‘‘luminescence probe’’~see below!. Thermal annealing
in hydrogen with additional illumination by radiation from
DKsSH3000 lamp, emitting in the ultraviolet, visible, an
near-IR regions of the spectrum, was used to restore the c
tal structure and to activate the implanted impurity. T
properties of the samples were investigated by Raman s
tering and photoluminescence. Most spectra were obtaine
room temperature on an U-1000 spectrometer at norma
cidence of 488 nm exciting radiation from an ILA-120 argo
laser. The Yb impurity radiation was monitored with
DFS-12 spectrometer excitation by a DKsSH-1000 xen
lamp atT577 K in the spectral region 400–600 nm.

3. EXPERIMENTAL RESULTS

Amorphization and annealing of implanted layers.Fig-
ure 1 shows the Raman and luminescence spectra of
starting samples. The lines ofTO (365 cm21) and LO
(402 cm21) phonons were observed in the Raman spec
© 1998 American Institute of Physics
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obtained under normal incidence, of the crystal~c-! andpor-
GaP. For the porous material, the 397-cm21 surface mode
was also observed.9 The edge~550 nm! and ‘‘red’’ ~740 nm!
bands are presented in the luminescence spectra. Becau
their strong broadening at 300 K, it is difficult to make a
accurate identification of the corresponding radiative tran
tions, but there is no doubt that donors~S, O! and acceptors
~C, Zn, Si, Cd! participate in them.10 The following charac-
teristic changes were observed on switching from the cry
to the porous material:3 an increase in the relative intensi
of the RamanTO phonons, appearance of a surface mo
and an overall increase in the intensities of the Raman l
and the luminescence. In what follows questions concern
the generation and annealing of radiation-induced defect
por-GaP will be examined for these samples, which are ty
cal in their class. Data on the ion implantation ofc-GaP will
serve as the reference point.11

Monte Carlo simulation was used to estimate ion ran

FIG. 1. Raman scattering~a! and photoluminescence~b! spectra forc-GaP
~100! and type-1por-GaP.
e of

i-

al
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in c- andpor-GaP. Forpor-GaP the material density, whic
decreased to 40%~in accordance with the indicated porosit!
of the value forc-GaP, was used in the calculations. Accor
ing to the results of these calculations the implanted
atoms penetrated to 0.9mm in c-GaP and 2.2mm in por-
GaP. Clearly, these values can be viewed as an estima
the depth of radiation-induced defect formation in this ca

In the case of Ar ion implantation, the threshold f
amorphization of GaP is;231014 cm22. In a previous
study12 we observed that the amorphization ofpor-Si first
appears at much higher~by 1.5–2 orders of magnitude! ion
fluxes than inc-Si, which is attributable to the efficient flow
of radiation-induced defects to the extremely extended in
surface of the porous layers. In contrast, in our study, Ram
and luminescence spectral lines forpor-GaP, just as for the
control c-GaP, were not observed even at the lowest fl
531014 cm22, which apparently indicates that the skin lay
of the test material becomes disordered. In contrast w
por-Si, the por-GaP investigated by us therefore does n
exhibit high radiation hardness as compared with bulk sin
crystals.

Different forms of thermal annealing are used to rest
the crystal lattice and to anneal the radiation-induced defe
The density of thermal defects, whose source is the ann
ing procedure itself, must be minimal. Our procedure~an-
nealing in hydrogen with additional illumination! does
not require protective insulating coatings and has b
used successfully before to anneal ion-implanted III–
semiconductors.13,14 In our case the effectiveness of the pr
cedure was indicated by the fact that as the annealing t
peratureTa was raised to 720 °C, the intensities of th
Raman lines and the edge luminescence band of thec-GaP
and por-GaP control ~not subjected to ion implantation!
samples surprisingly did not decrease, but instead increa
This behavior occurs when the correct procedure is used
heat treatment of the samples, because the nonradiativ
combination centers decrease in the skin layer as a resu
the action of surface getters.

To investigate the characteristic features of the recrys
lization of porous layers, isochronous annealing~15 min! of
implanted samples was performed at temperatures 350,
and 720 °C. These values correspond to certain stages o
restoration of the crystal structure of the amorphized ma
rial. In GaP restoration of the crystal structure as a wh
occurs atTa5350 °C, but the samples contain many e
tended and point defects. The temperatureTa5550 °C is
sufficient for annealing extended defects. AtTa.700 °C the
defect density is reduced to a minimum, the implanted i
purities are activated, and the intensities of the optical ba
reach their maximum values, which are determined by
residual radiation-induced and thermal defects. As the
nealing temperature was raised, the intensities of the Ra
lines and luminescence bands of the implantedc-GaP and
por-GaP gradually increased~without a change in the spec
trum! in accordance with the gradual annealing of t
radiation-induced defects contained in them. The data for
c-GaP control correspond to the known order of annealing
this implanted material. The intensities of the Raman lin
and luminescence bands of allc-GaP samples implanted a
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888 Semiconductors 32 (8), August 1998 Ushakov et al.
Ta5720 °C were equal to 40–50% of the correspond
values for the nonimplanted control sample~except for the
edge luminescence band!. They therefore indicate a rela
tively low level of unannealed radiation-induced defects~see
Figs. 2a and 3a!. At each stage of annealing the poro
samples ‘‘lagged behind’’ the corresponding control bu
samples. As one can see in Fig. 2b, even atTa5720 °C the
intensities of the Raman bands forpor-GaP remain at a much
lower level, thereby indicating a much higher density of
sidual defects. Since the material has a porous structure,
can probably be attributed to the absence of a good cry
base~substrate! for solid-phase epitaxial processes which
store the structure as a result of annealing of the amorph
layers. Nonetheless, as the data in Fig. 3b show, apprec
recovery of the luminescence properties of the irradia
samples is still possible under favorable annealing con
tions.

Ion doping. c-GaP of both initial types was used in the
investigations. Two methods were used to dopepor-GaP
samples with YB. The first method employed ion implan

FIG. 2. Raman scattering spectra ofc-GaP ~a! and type-1por-GaP ~b!
irradiated with different Ar ion doses and annealed at 720 °C. Irradia
doses, cm22: 2 — 531014, 3 — 131015, 4 — 531015. 1 — Spectra of the
initial samples.
g

-
his
tal
-
ed
ble
d
i-

-

tion of a previously synthesized type-2por-GaP sample fol-
lowed by annealing at 720 °C for 15 min. The seco
method consisted of two stages. First,c-GaP:Yb was synthe-
sized by the standard procedure of ion implantation of
followed by annealing. Next, type-1 porous layers were p
pared from this material. Ytterbium ion doping ofpor-GaP
was performed, on the one hand, to determine the chara
istics of ion implantation of porous III–V semiconducto
and, on the other hand, to use Yb centers as ‘‘luminesce
probes’’ to investigate the structure and composition of
porous layers. Knowing the characteristic form of the sp
tra, the narrowness of the lines, and the effective interac

n

FIG. 3. Photoluminescence spectra ofc-GaP ~a! and type-1por-GaP ~b!
irradiated with different Ar ion doses and annealed at 720 °C. Irradia
doses, cm22: 2 — 531014, 3 — 131015, 4 — 531015. 1 — Spectra of the
initial samples.
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of the rare-earth ions with defects and background imp
ties, this method has been used succeefully to characte
ion-implanted semiconductors.15,16 Figure 4 shows the Yb
radiation~intracenterf–f electronic transitions! for different
c-GaP andpor-GaP samples synthesized by us. In addition
Yb atoms, the emitting centers can also contain impuri
and defects, which are often present in excess quantitie
GaP. In particular, the data from ‘‘spectral analysis’’17,18 in-
dicated that associations of Yb with group IV, V, and V
elements, including the dopants S~1014 nm! and Te~998
nm! and also the background Se~1008 nm!, were present in
the experimental samples. The obvious conclusion, whic
crucial for us and which follows from the data in Fig. 4,
that the spectra of Yb inc-GaP andpor-GaP are identical.
Consequently, the overwhelming majority of the Yb atoms

FIG. 4. Luminescence spectra (T577 K) of Yb centers inc-GaP andpor-
GaP for samples obtained by a — implantation of Yb in a porous layer~type
2! and b — formation of a porous layer~type 1! from c-GaP:Yb.
i-
ize

o
s
in

is

the experimental bulk crystal layers and porous layers
tained by different methods are subject to identical con
tions. Since, as was investigated in detail earlier, the
introduced into GaP by ion implantation does not beco
segregated on the surface but rather fills the volume of
crystals, according to the statistics of implanted ranges
the conditions of postimplantation annealing,19 it can be con-
cluded that even in thepor-GaP studied by us most of th
implanted Yb does not ‘‘feel’’ the surface. This conditio
evidently must be satisfied when the structural elements
the porous layers are relatively large. This is already in
cated by the fact that the rare-earth ‘‘probe’’ Yb showed
evidence of quantum-well restrictions, whose influence
the properties of strongly localizedd and f electronic sys-
tems ~as a result of the intensification of hybridization
local and itinerant states! was investigated theoretically b
Kikoin and Manakova.20

According to data obtained from optical measureme
and scanning electron microscopy,4,8 on the whole, the struc-
ture ofpor-GaP can terefore be characterized as intermed
between nanoporous~sizes of the voids and nonetched se
tions are typically on the order of several nanometers! and
microporous~size scale on the order of a micron!. Such a
structure can be called mesoporous. The inner surface
mesoporouspor-GaP, which is less extended than that
nonoporouspor-Si, does not give equally efficient drainin
of defects as a result of exposure to radiation.

4. CONCLUSIONS

1. Data on radiation-induced defect formation and fro
a study of the properties ofpor-GaP using a rare-earth Y
luminescence probe indicate that the test material has a
soporous rather than nanoporous structure. The Raman
luminescence spectra presented in this paper correspon
this conclusion.

2. In contrast with nanoporouspor-Si, mesoporous
por-GaP does not exhibit higher radiation hardness.

3. Thermal annealing of radiation-induced defects
por-GaP is much more complicated than in the case of b
crystalline material because of the absence inpor-GaP of a
good single crystal base~substrate! for solid-phase, structure
restoring epitaxial processes. Despite this circumstance,
luminescence properties of the irradiated samples can sti
recovered appreciably under favorable annealing conditio

We thank V. M. Konnov and T. V. Larikova for assis
ing in the measurements of the Yb luminescence.
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A model of photoinduced optical anisotropy in amorphous semiconductors is studied
theoretically. The change in the optical characteristics of a sample is associated with the
photogeneration of geminate electron-hole pairs. If the pairs are generated by linearly polarized
light, then the dipole moments of the geminate pairs lie mainly in the polarization plane,
making the sample optically anisotropic. The model associates the optical anisotropy of the sample
with the mean-square projection^Pz

2& of the dipole moment per unit volume on the
polarization axis of the radiation. The evolution of^Pz

2& is determined by the kinetics of the drift
and recombination of carriers in geminate pairs. The kinetics of the photoinduced anisotropy
under continuous irradiation of the sample and its relaxation as a result of irradiation with pulsed
polarized light is calculated. ©1998 American Institute of Physics.@S1063-7826~98!01808-0#
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Photostimulated processes in glassy semiconduc
~photoinduced anisotropy, photodarkening, photodichrois!
have recently been attracting increasing attention of inve
gators in view of the prospects of using these phenomena
writing and processing optical information in fiber-opt
communication systems.1–4 Photoinduced changes of the o
tical characteristics of glasses are often associated with
tain changes in the structure of these materials, gene
with the appearance of new light-induced point defects o
change in the state of existing point defects. In particu
many investigators explain photoinduced anisotropy
light-induced restructuring of the intrinsic defects.5 In this
model it is assumed that exposure to polarized light result
the appearance of an anisotropic state of the glass du
rotations of the intrinsic dipole moments of the defects. F
the effect to appear the photon energy must not be less
the activation energy of rotation of the dipoles. The expe
mental results show that the red edge of the photostimul
anisotropy is close to the red edge of the photoc
ductivity.2,5 This suggests that an electronic mechanism
anisotropy is possible. Nonequilibrium carriers must be g
erated for the anisotropy to appear. Photogeneration of n
equilibrium electron-hole pairs is considered to be an in
mediate stage of the formation of photoinduced structu
defects. In view of this circumstance, we note that a sh
thermalization length of hot photoionized carriers is char
teristic of disordered semiconductors, so that photogen
tion of nonequilibrium carriers involves the formation
geminate pairs.

A geminate pair consists of an electron and a hole wh
are produced in the same photoionization event and
bound by their intrinsic Coulomb field. The subsequent f
of the carriers that form a geminate pair is determined by
competition between diffusion and drift processes in the
trinsic field. The carriers can either come together under
action of the field and recombine or separate from one
other in the process of diffusion and become completely
dependent. Geminate pairs evidently possess an intrinsi
8911063-7826/98/32(8)/5/$15.00
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pole moment, which also varies during the evolution of
pair. When a sample is illuminated by unpolarized light,
directions of initial separation of the hot carriers in a pla
perpendicular to the wave vector are equally likely and
dipole moments of the pairs are oriented in this plane ab
lutely randomly. However, if the pairs are generated by l
early polarized light, then the above-mentioned symmetry
separation of the carriers is destroyed, a predominant di
tion of initial orientation of the dipole moments of the gem
nate pairs arises, and a macroscopic photostimulated p
ization arises in the sample and in turn can give rise
optical anisotropy. Thus, the model under consideration
sociates the kinetics of photostimulated anisotropy with
evolution of dipole moments of geminate pairs.

Let us consider a glassy semiconductor sample wh
starting at timet50, is exposed to linearly polarized ligh
~anisotropizing radiation!. The radiation generates gemina
electron-hole~Onsager! pairs in the sample. Let us assum
that under the action of the polarized light the carrie
emerge mainly along one axis~thez axis!, whose direction is
determined by the polarization of the light wave. It is cle
from symmetry considerations that the carriers are equ
likely to emerge in both the positive and negative directio
along thez axis. For this reason, the average dipole mom
^P& per unit volume, just as the average projection of t
dipole moment onto any axis, remain equal to zero even a
photoexcitation of the sample. Therefore, the photostim
lated anisotropyA must be determined by the maximum di
ference in the mean-square projections of the dipole mom
onto two mutually perpendicular axes. In the case at ha
such axes clearly are thez axis and any axis perpendicular t
it: A;^Pz

2&2^P'
2 & (Pz and P' are the corresponding pro

jections of the dipole moment!. As already mentioned above
the evolution of this quantity is determined by the kinetics
drift, diffusion, and recombination of carriers in gemina
pairs. In the present paper we shall study this kinetics at
temperatures, where the effects of photoinduced anisotr
are most pronounced. Under these conditions carrier di
© 1998 American Institute of Physics
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892 Semiconductors 32 (8), August 1998 E. V. Emel’yanova and V. I. Arkhipov
sion can be ignored and it can be assumed that the relax
of the dipole moments of geminate pairs is entirely due
drift of the carriers in the Coulomb field which binds them

As is well known, the kinetics of nonequilibrium carrie
in disordered materials is controlled by capture of the ca
ers in localized states with a distribution of energies.6,7 In
this case, at each momentt the carriers form two groups
Most carriers are captured in localized states and are im
bile. Charge transport is effectuated by a smaller fraction
mobile carriers, which at this moment are in delocaliz
~conducting! states. We note that under real conditions
contribution of mobile carriers to their total density is neg
gible, and the distribution functionf for the total density is
virtually identical to the distribution functionf t of localized
carriers. Accordingly, the kinetics of carriers in gemina
pairs is described in the absence of diffusion by
Smoluchowski equation for the distribution functions of t
total density and the densityf c of mobile carriers:

] f ~r ,t !

]t
2mcdivF e

4p««0

r

r 3
f c~r ,t !G5G~r ,t !, ~1!

where r are the coordinates relative to the position of t
immobile carrier~for example, the electron!, G(r ,t) is the
generation rate of geminate pairs,mc is the mobility of car-
riers in delocalized states,e is the carrier charge,«0 is the
permittivity of free space, and« is the dielectric constant.

Equation~1! describes the drift of charge carriers towa
their partners. The presence of a singularity in the Coulo
field at r50 has the effect that the carrier fluxF,

F52 R
S
dSmc

er

4p««0r 3
f c~r ,t !, ~2!

through a sphereS of arbitrarily small radius centered a
r50 is nonvanishing:

F52
mce

««0
f c~0,t !. ~3!

Carriers that approach their partners recombine with th
and therefore Eq.~3! gives the time dependence of the r
combination rate.

The wide energy spectrumg(E) of localized states in
amorphous semiconductors accounts for the fact that ch
transport continues for some time under the conditions o
nonstationary equilibrium energy distribution of localize
carriers. Under these conditions most carriers are capture
deep states, thermal escape from which at the timet is un-
likely. Recall thatt50 corresponds to the time at which th
carriers are generated. Clearly, the densitygd(E,t) of ‘‘deep
traps’’ determined in this manner depends on the time. Si
the density of carriers captured in deep traps changes on
a result of capture, the energy distribution function of the
carriers satisfies the equation

]

]tFwd~E,r ,t !

gd~E,t ! G5
1

t0Nt
f c~r ,t !, ~4!

wheret0 is the lifetime of carriers in conducting states b
fore capture, andNt is the total density of localized state
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Integrating Eq.~4! with respect to time and then with respe
to energy, and allowing for the fact that before thermal eq
librium is established virtually all carriers are located in de
traps, we obtain

f ~r ,t !5
Nd

t0Nt
E

0

t

dt8 f c~r ,t8!, ~5!

where Nd(t)5*0
`dEgd(E,t) is the total density of deep

traps. Introducing the notationt(t)5t0@Nt /Nd(t)# and dif-
ferentiating expression~5! with respect to time, we establis
the relationship between the distribution functions of the
tal carrier density and the density of carriers in conduct
states:

f c~r ,t !5
]

]t
@t~ t ! f ~r ,t !#. ~6!

Equation~6! is the basic equation describing nonequilibriu
~dispersive! transport. Let us now turn to the calculation
the functiont(t), i.e., the time dependence of the total de
sity of deep traps.

A localized state with energyE remains, by definition, a
deep trap up to the timet if a carrier does not escape from
this state before that time. The probabilityw(E,t) that a
carrier remains localized in a state with energyE up to the
time t is described by the Poisson distribution

w~E,t !5expF2n0texpS 2
E

kTD G , ~7!

wheren0 is the frequency of escape attempts,T is the tem-
perature, andk is Boltzmann’s constant. Multiplying the
probability w by the energy distribution of the total densi
of localized statesg(E) and integrating over the energy, w
obtain the time dependence of the total density of deep tr
and therefore the functiont(t)

t~ t !5t0NtH E
0

`

dEg~E!expF2n0texpS 2
E

kTD G J 21

.

~8!

We use the equation for dispersive transport to describe
evolution of the dipole moment of geminate pairs. Substit
ing Eq. ~6! into Eq. ~1! and integrating over time, we obtai
the dispersive form of the Smoluchowski equation

f ~r ,t !2mct~ t !divF e

4p««0

r

r 3
f ~r ,t !G

5 f ~r ,0!1E
0

t

dt8G~r ,t8!, ~9!

where the functionf (r ,0) describes the initial carrier densit
distribution in a geminate pair generated by anisotropiz
radiation. Using the relations~6! and~3!, we find an expres-
sion for the recombination rate of geminate partners in te
of the total density distribution function:

F~ t !52
emc

««0

d

dt
@t~ t ! f ~0,t !#52R

d

dt
@t~ t ! f ~0,t !#,

~10!

whereR is the Langevin recombination constant.
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The initial carrier density distribution in a geminate pa
is formed in the process of thermalization of hot photoe
cited carriers.~To avoid confusion, we note that in our ca
we are dealing with the thermalization of carriers in a ba
of conducting states before capture in a trap.! The thermali-
zation length depends on the excess energy of a hot ca
while the latter is determined by the wavelength of the g
erating radiation. If pairs are generated by a pulse of mo
chromatic, linearly polarized light@G(r ,t);d(t)#, then the
thermalization lengthr 0 and the direction of separation o
the carriers can be assumed to be the same for all p
Using these approximations, we can write the initial dis
bution in spherical coordinates with polar axisz as follows:

f ~r ,0!5~1/4pr 0
2!d~r 2r 0!@d~cosq21!1d~cosq11!#,

~11!

whereq is the polar angle. The boundary conditions are t
the distribution function is bounded atr 50 and there are no
geminate partners at infinite separation:

f ~0,t !,`, f ~`,t !50. ~12!

Solving Eq.~9! with the initial and boundary conditions~11!
and ~12!, we obtain

f ~r ,q,t !5
«0«

mcet~ t !
expF4p«0«~r 32r 0

3!

3mcet~ t ! G
3@12Q~r 2r 0!#@d~cosq21!1d~cosq11!#,

~13!

whereQ is the unit step function,

Q~r 2r 0!5H 1, r .r 0 ,

0, r ,r 0 .
~14!

Integrating the distribution function~13! over the coor-
dinates, we obtain the time dependence of the densityn(t) of
pairs which have escaped recombination up to the timet:

n~ t !5n0@12exp~2z0!#,

where n0 is the initial density of geminate pairs, an
z05@4p«0«/3mcet(t)#r 0

3.
Since in our case the projection of the dipole mom

onto any axis perpendicular to thez axis equals zero, the
anisotropy is simply proportional tôPz

2&:

^Pz
2&~ t !5n0e22pE

0

`

drr 2r 2E
0

p

dqsinq~cosq!2f ~r ,q,t !

5n0e2F3mcet~ t !

4p«0« G2/3

expF 4p«0«r 0
3

3mcet~ t !G E0

z0
dzz2/3exp~z!.

~15!

The function ^Pz
2&(t) described by Eq.~15! has simple

asymptotic behavior for short and long relaxation times:

^Pz
2&~ t !.n0e2r 0

2 , t~ t !!
4p«0«

3mce
r 0

3 ;

^Pz
2&~ t !.n0e2r 0

2
4p«0«r 0

3

5mcet~ t !
, t~ t !@

4p«0«

3mce
r 0

3 . ~16!
-

d

er,
-

o-

rs.
-

t

t

We shall illustrate the time dependence of the funct
^Pz

2&(t) for the example of an exponential energy distrib
tion of localized states which is typical for many glas
semiconductors:

g~E!5
Nt

E0
expS 2

E

E0
D , ~17!

where E0 is the characteristic energy of the spectrum.
this case the functiont(t) is a power-law function,
t(t)5t0(n0t)a, a5kT/E0 , and correspondingly the relax
ation of the photoinduced anisotropy at long times also f
lows a power law:̂ Pz

2&(t)}t2a. For materials with an ex-
ponential spectrum of localized states~17! the behavior of
the functionsn(t) and^Pz

2&(t) after the action of a pulse o
polarizing light is illustrated by the curves in Figs. 1 and

We have already mentioned above that the appearanc
photoinduced anisotropy is often associated with intrinsic
fects in the glass. In what follows we shall analyze the tim
dependence of the anisotropy in a prolonged irradiat

FIG. 1. Time dependence of the geminate pair density under pulsed a
of polarizing light for different values of the dispersion parametera
5kT/E0 : 1 — 0.2; 2 — 0.4; 3 — 0.6; 4 — 0.8. sI 05102 s21, r 055
31029 M, t0510211 s21.

FIG. 2. Time dependence of photostimulated anisotropy under pulsed a
of polarizing light for different values of the dispersion parametera
5kT/E0 : 1 — 0.2; 2 — 0.4; 3 — 0.6; 4 — 0.8. sI 05102 s21, r 055
31029 M, t0510211 s21.
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regime, assuming that geminate pairs are generated only
defects. Under these conditions we can write Eq.~9! in the
form

f ~r ,t !2mct~ t !divF e

4p««0

r

r 3
f ~r ,t !G5E

0

t

dt8G~r ,t8!,

~18!

where the functionG(r ,t) must be written in the form

G~r ,t !5~1/4pr 0
2!d~r 2r 0!@d~cosq21!

1d~cosq11!#sI 0@Ndef2n~ t !#. ~19!

Here s is the cross section for the photogeneration o
geminate pair near a defect,I 0 is the intensity of the anisotro
pizing radiation, andNdef is the density of defects. The solu
tion of Eq. ~18! for the distribution function has the form

f ~r ,q,t !5
«0«sI 0

mcet~ t ! H E
0

t

dl8@Ndef2n~ t8!#J
3expF4p«0«~r 32r 0

3!

3mcet~ t ! G @12Q~r 2r 0!#

3@d~cosq21!1d~cosq11!#. ~20!

Integrating Eq.~20! over r andq, we obtain an equation fo
the total density of geminate pairs

n~ t !5sI 0H E
0

t

dt8@Ndef2n~ t8!#J @12exp~2z0!#. ~21!

The solution of this equation is

n~ t !5sI 0Ndef$12exp@2z0~ t !#%E
0

t

dt8

3expH 2sI 0E
t8

t

dt9$12exp@2z0~ t9!#%J . ~22!

Substituting Eq.~22! into Eq. ~20!, multiplying the distribu-
tion function bye2r 2cos2q, and integrating over the angl
and the coordinate, we obtain an expression for the me
square projection of the dipole moment onto thez axis

^Pz
2~ t !&5e2r 0

2sI 0Ndef@z0~ t !#22/3exp@2z0~ t !#

3H E
0

z0~ t !
z2/3exp~z!dzJ E

0

t

dt8

3expH 2sI 0E
t8

t

dt9$12exp@2z0~ t9!#%J .

~23!

The time dependence described by Eq.~23! has the follow-
ing characteristic sections. At short times the drawing
gether of the carriers in pairs and the geminate recomb
tion have not yet commenced, and the time dependenc
the squared projection of the dipole moment is determi
by the pair generation rate:
ear

a

n-

-
a-
of
d

^Pz
2~ t !&5Ndefe

2r 0
2@12exp~2sI 0t !#,

t~ t !!
4p«0«r 0

3

3mce
. ~24!

The subsequent behavior of the function^Pz
2(t)& de-

pends on the ratio of the characteristic geminate recomb
tion time and the total-ionization time of defects, while th
latter in turn is determined by the illumination intensity.
geminate recombination starts before a significant fraction
defects is ionized, the time dependence^Pz

2(t)& is deter-
mined by the competition between generation and recom
nation of geminate pairs. As a result,^Pz

2(t)& increases as a
sublinear function of time

^Pz
2~ t !&5sI 0Ndefe

2r 0
2

4p«0«r 0
3

5mce

t

t~ t !
,

4p«0«r 0
3

3mcet~ t !
!1,

4p«0«r 0
3

3mcet~ t !
sI 0t!1. ~25!

If the illumination is sufficiently intense so that essentia
all defects are ionized before the carriers have time to
semble in pairs and before geminate recombination co
mences, we see a quasistationary section^Pz

2(t)&
5NdefE

2r 0
2 on the curve^Pz

2(t)& at times that satisfy the
conditionst(t)!4p«0«r 0

3/3mce, t@1/sI 0 . In the limit of
long times, the mean-square projection of the dipole mom
onto the z axis reaches a steady-state value^Pz

2(t→`)&
5^Pz

2&st5(3/5)Ndefe
2r 0

2 , which does not depend on the ge
eration intensity, the temperature, or the specific form of
spectrum of localized states.

The time dependences of the function^Pz
2(t)& are shown

in Figs. 3 and 4 for different values of the illumination in
tensity and dispersion parameter. At low intensity of t
anisotropizing radiation and high temperature~i.e., relatively
large dispersion parameters! the quantity^Pz

2(t)& increases
monotonically, reaching a steady-state value. If the radia
is sufficiently intense, and the dispersion parameter is sm
which corresponds to low temperatures, a quasistation
section almost two times greater than the stationary valu
observed on the curvêPz

2(t)&. It should be noted that the

FIG. 3. Time dependence of the photostimulated anisotropy under con
ous action of polarizing light with different intensities.sI 0 , s21: 1 — 104;
2 — 103; 3 — 102; 4 — 10; 5 — 1; 6 — 1021; 7 — 1022. a50.3.



ll

re
at
th
o
nc
tio
o
e

.

fo

,

co
ion

ous

895Semiconductors 32 (8), August 1998 E. V. Emel’yanova and V. I. Arkhipov
total density of geminate pairs is always a monotonica
increasing function of time~see Fig. 5!. The explosive char-
acter of the kinetics of photostimulated anisotropy is the
fore explained not by the fact that the density of gemin
pairs exceeds its steady-state value but rather by the fact
the dipole moment of each generated pair decreases
when the total density of pairs no longer increases, si
essentially all defects are ionized. Experimental observa
of the nonmonotonic kinetics of the photostimulated anis
ropy under the conditions indicated above could be view
as confirmation of the model formulated by us.

We wish to thank E. Andriaensens and V. K
Tikhomirov for many helpful discussions.
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FIG. 4. Time dependence of the photostimulated anisotropy under the
tinuous action of polarizing radiation for different values of the dispers
parametera5kT/E0 : 1 — 0.1; 2 — 0.2; 3 — 0.3; 4 — 0.4; 5 — 0.5.
sI 05102 s21.
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The results of an experimental study of Raman scattering, photoluminescence, and light
absorption and reflection in porous silicon layers obtained by electrochemical etching of single-
crystal wafers are presented. It is concluded on the basis of an analysis of the experimental
data that the centers responsible for radiative and nonradiative recombination in this material are
of a multiple character. The experimental data show that the centers whose maximum of
optical excitation lies in the blue-green region of the spectrum have a uniform distribution, in
contrast with the centers whose region of efficient excitation lies in the red region of the
spectrum. The radiative recombination efficiency of the latter increases in a thin, near-surface
layer of a porous-silicon film. ©1998 American Institute of Physics.
@S1063-7826~98!01908-5#
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1. INTRODUCTION

Different nanostructural materials have recently be
attracting close attention because of the their unusual p
erties. A characteristic example of such materials are lay
of porous silicon~PS!, which are ordinarily obtained by elec
trochemical etching of crystal wafers and which consist
silicon particles, several nanometers in size, separated
voids.1,2 A distinguishing feature of PS is a large shift of th
fundamental absorption edge into the short-wavelen
direction with respect to crystal Si and the presence of
tense luminescence in the visible region of the spectrum2,3

Several mutually exclusive models have been used to exp
the optical properties of PS~see, for example, the review
articles in Refs. 2–5!. However, despite extensive studie
the nature of these features of PS has yet to be conclus
determined. This stems, in particular, from the fact that
properties of the PS obtained with even slightly differe
parameters of the electrochemical process1–5 or storage
conditions6,7 differ considerably.

The high sensitivity of PS to different external perturb
tions makes the selection of experimental methods for
study very important. It has been shown that the method
photoacoustic~PA! spectroscopy is effective for investiga
ing optical absorption in layers of porous silicon.8 In our
study we used this method to investigate a specially prep
series of PS samples and at the same time to analyze the
reflection and photoluminescence spectra.

2. SAMPLE PREPARATION AND MEASUREMENT METHODS

The PS samples which we have studied were synthes
as KDB-10 silicon wafers@boron-doped silicon with~100!
8961063-7826/98/32(8)/5/$15.00
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orientation and resistivityr510 V•cm]. A Teflon-type
polymer, two-chamber electrochemical cell~the area of the
working region was equal to about 1 cm2) with platinum
electrodes was used for anodization. The electrolyte com
sition was HF~49%!:C2H5OH in a 1:1 ratio. The anodization
process was conducted in the dark at room temperat
Porous silicon layers differing by the anodization curre
density~from 5 to 80 mA! and anodization time~from 1 to
12 min! were prepared. After anodization the samples w
washed in an ethanol stream and dried in flowing air. Bef
the measurements were performed, all samples were he
air for one month under normal conditions.

The photoacoustic measurements were performed w
an updated PA spectrometer~Model 6001! manufactured by
the Princeton Applied Research Corporation. The spec
dependences for the amplitude and phase of the PA si
were recorded in the range from 200 to 1500 nm with a s
of 4 nm. The spectral width of the light beam separated
the grating monochromator was 8 nm for UV and visib
light and 32 nm in the infrared~IR! range. To take into
account the spectral characteristics of the light source
ployed ~1-kW ultrahigh-pressure xenon lamp! all amplitude
spectra were normalized to the PA spectrum obtained
carbon black, for which the spectral dependence of the
sorption can be assumed equivalent to the spectrum o
absolute blackbody.9 The light was modulated by means of
mechanical interrupter with a frequency in the ran
20;5000 Hz. The experimental samples were placed int
hermetically sealed, stainless-steel cell filled with air at
mospheric pressure.

The reflectance of the samples under normal incide
© 1998 American Institute of Physics
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897Semiconductors 32 (8), August 1998 Obraztsov et al.
of light was also measured using the xenon lamp and gra
monochromator, which were part of a PA spectrometer. T
wavelength dependence, measured with a pyroelectric de
tor, of the intensity of the light passing through the mon
chromator was used as the normalization spectrum.

The photoluminescence~PL! and Raman scattering~RS!
spectra were obtained with an U1000 spectrometer~Jobin
Yvon! combined with an argon laser~488 nm! and Renishaw
spectrometer combined with a helium-neon laser~633-nm
line!. Both spectrometers were equipped with micropho
metric attachments, which enabled micropositioning of
samples as well as measurements with an approxima
1.5-mm probe-laser spot on the surface of the sample.
RS and PL observations were conducted in the stand
geometry, where the laser beam and the scattered light o
luminescence radiation were directed normal to the surf
of the silicon substrate, and also on a transverse cleav
surface of the samples.

3. EXPERIMENTAL RESULTS AND DISCUSSION

The PS samples possessed a uniform, optically smo
surface. The thickness of the PS layer measured with
optical microscope on a transverse cleavage surface of
samples depended on the anodization current density
duration and varied from 5 to 15mm. In all experimental
samples an intense RS line~see Fig. 1! was present near th
fundamental optical vibration of silicon ~frequency
n5520.5 cm21). The asymmetric shape of this line and
shift in the low-frequency direction as compared with the
spectra of the initial Si are ordinarily attributed to the spa
confinement of phonons, which is observed for silicon cr
tallites several nanometers in size. The spectral profile of
line, calculated in accordance with the indicated model5 for
2, 3.5, and 9-nm silicon crystallites, is shown in Fig. 1~solid
curves!, together with the experimentally obtained RS sp
tra ~dots! for PS layers grown with 60-mA~curve 1! and
30-mA ~curve2! currents with 100-s anodization and for th
initial silicon wafer~curve3!. Curve1 in Fig. 1 corresponds
to a PS film with thicknessd512 mm. In the entire series o
experimental samples, the RS spectrum of this film diffe
the most from that of the initial silicon wafer. This circum
stance enabled us to conclude that the size of the sil
particles in the experimental PS films lies in the range fr
9 to 2 nm.

The described features of the RS spectra were obse
using an argon laser~488- nm line! and helium-neon lase
~633- nm line!. However, in the second case the spec
position of the RS line fell into the region of intense phot
luminescence of PS, as one can see from Fig. 2, where
PL spectraI PL (l) obtained for several of the experiment
samples are presented as examples~the RS line of silicon is
marked by an asterisk!.

It follows from Fig. 2 that pronounced features in th
form of periodic modulation of the bell-shaped profile
I PL(l) with a different period for samples prepared und
different conditions are observed in the spectral contou
the PL band. The PL spectra of samples, whose thicknes
the porous layers was similar, were approximately the sa
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The PS thickness in turn was determined by the current
anodization length — compare the spectra in Figs. 2d and

The obvious correlation between the spectral shape
the PL band and the thickness of the porous layer was c
firmed by measurements of the light reflection spectraR(l),
which are shown in Fig. 2~dotted lines!. The oscillatory
character of these curves indicates that light interference
curs in the thin PS film. Using the known values of the P
film thickness (d) and the spectral position of the neighbo
ing interference maxima and minima (l1 andl2), we deter-
mined the refractive index of PS from the formula 2n
5l1l2 /(l22l1). The values obtained forn ~in the interval
1.65 to 1.75 for the range 700–800 nm! agree with the re-
sults of other investigations.2,5 Comparing the spectra pre
sented in Fig. 2 shows that there is good agreement betw
the positions of the maxima in the reflectance and PL sp
tra.

Direct measurements of the PL for the samples obtai
by cleaving a silicon wafer with a PS layer showed that
luminescence properties of the PS varied strongly for
regions of the film that are located at different distances fr
the outer surface of the film. A detailed discussion of t
results of these measurements is presented in Ref. 10.
we note only that the PL intensity decreased by two order
magnitude from the region of the PS film near the surface

FIG. 1. Characteristic examples of RS spectraI RS(n) for porous silicon
samples obtained by electrochemical etching for 100 sec with 60-mA~1!
and 30-mA~2! currents. Examples of the RS spectrum of the starting silic
wafer ~3! are also shown. The solid line shows the contour of the RS
calculated in the model of spatial confinement of phonons5 for 2, 3.5, and
9-nm silicon particles, respectively.
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898 Semiconductors 32 (8), August 1998 Obraztsov et al.
regions at the interface with crystal silicon. Just as in
experiments described in Ref. 10, using instead of
633-nm line of the helium-neon laser light with high
energy~488-nm line of the argon laser! for excitation of PL
resulted in virtually complete vanishing of the dependence
the PL intensity on the localization of the probe-laser spot
the transverse cleavage surface of the samples. Addition
for the 488-nm line the relative amplitude of th
interference-induced oscillations in the PL spectrum w
much smaller than for the He–Ne laser with compara
laser-beam intensities. The amplitude of these oscillati
decreased rapidly with increasing laser intensity, and the
ferences in the shape of the PL spectra for samples obta
with different anodization currents and durations beca
negligible.

Unfortunately, we did not have the technical capabil
of measuring the PL excitation spectra. It was noted t
when the 488-nm line was used, the PL intensity recorde
the standard manner in a direction normal to the basal p
of the sample was much higher than for the 633-nm line w
the same laser-beam power. This indicates that the PL e
tation efficiency decreases for light with lower energy a
agrees with existing data on the PL excitation spectrum~see,
for example, Ref. 5!. Moreover, the experimental data su
gest that the PL centers located on the outer surface an
the interior of the PS film have different excitation spec
and different radiative recombination efficiencies. A result
such differences is that when a helium-neon laser is u
luminescence is observed only from a thin portion of the fi
near the surface. The interference oscillation arising in
case in the PL spectrum has a high enough contrast. As
energy or intensity of the exciting light is raised, the P
increases as a result of an increase in the number of ph

FIG. 2. Characteristic examples of light reflectionR(l) ~dotted lines! and
I PL(l) ~solid lines! spectra measured with excitation by a He–Ne la
~633 nm! for PS layers obtained by anodization. Anodization regime
current, mA/time, s: a — 15/100, b — 30/100, c — 60/60, d — 15/240, e —
80/60, f — 60/100. The thickness of the PS layer was 5~a!; 7 ~b!; 9 ~c!; 12
~d, e!; and 15~f! mm.
e
e

f
n
ly,

s
e
s

if-
ed
e

t
in
ne
h
ci-

in

f
d,

is
he

to-

excited centers and, possibly, as a result of an increas
their quantum recombination efficiency.11 The contrast of the
interference oscillations decreases at the same time, sinc
light source~PL! is distributed over the entire thickness
the film.

Let us now consider the results of a study of the opti
absorption in PS carried out using photoacoustic spect
copy. Figure 3 shows several characteristic spectral dep
dences of the PA signal amplitudeAPL(l), which is propor-
tional to the amount of heat released in the test material
result of light absorption. Thus, the curvesAPL(l) character-
ize the spectral behavior of the absorption which accou
only for the nonradiative recombination of photoexcit
carriers.8,9 The behavior of the absorption corresponding
the spectra in Fig. 3 is typical of PS films obtained under
anodization conditions indicated above.2,5,8 These spectra
dependences were obtained with a light modulation f
quency of 90 Hz. For all experimental samples the PA sig
amplitude at a wavelength greater than 600 nm did not
ceed the noise level. Light absorption is much stronger in
blue-green region of the spectrum. This was manifested a
increase in the PA signal amplitude. A comparison of t
data from PA measurements with the parameters of the
odization process and the thickness of the PS films sho
that the spectral dependence of the PA signal was determ
mainly by the thickness of the PS layer and was appro
mately the same for films which had the same thickness
which were synthesized at different current densities.

As the modulation frequency increased to 1350 Hz
higher, the spectral shape of the amplitude dependence o

r

FIG. 3. Characteristic spectral dependences of the photoacoustic signa
plitudeAPA(l) measured with a light modulation frequency of 90 Hz for P
layers obtained by anodization. Anodization regime — current, mA/time
1 — 15/100;2 — 15/240;3 — 5/720;4 — 30/100.
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PA signal remained nearly the same, as can be seen in F
~curves1 and3!. As is well known, the dominant contribu
tion to the PA signal is the light absorbed over a distan
equal to the length of thermal diffusion,9 m5(a/pñ)1/2

~wherea5k/rC, k is the thermal conductivity,r is the den-
sity, C is the specific heat, andñ is the light modulation
frequency! whose whose magnitude decreases rapidly w
increasing modulation frequency. Preservation of the spec
shape of the dependenceAPA(l) as a function of the light
modulation frequency therefore signifies that the PS films
uniform from the standpoint of optical absorption.

The phase of the PA signal, which is defined as
phase difference between the modulated light beam and
acoustic signal, measured in our case with a micropho
depends on the propagation time of the thermal disturba
in the test sample. This temporal delay is minimal at h
light modulation frequencies, since the thermal diffusi
length, which determines the extent of the region where
sentially all of the heat producing the acoustic signal is
leased, is minimal. Additionally, because of the extrem
low thermal conductivity this length for PS is evident
shorter than the effective light penetration depth.8 Accord-
ingly, for a high modulation frequency the form of the spe
tral dependence of the phase signalFPA(l) is similar to the

FIG. 4. AmplitudeAPA(l) and phaseFPA(l) spectra of a PS sample ob
tained by anodization for 100 sec with a 60-mA current.1, 3 — APA(l); 2,
4 — FPA(l). Modulation frequency, Hz:1, 2 — 90; 3, 4 — 1350.
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amplitude spectral dependence~Fig. 4, curves3 and4!.
For low frequencies the thermal diffusion length a

hence the propagation time of a thermal disturbance in
PS film increase. This increase is all the larger, the gre
the light penetration depth in the experimental sample,
the lower the light absorption. As a result, the amplitude a
phase spectral dependences at a modulation frequenc
90 Hz differ appreciably, and this difference increases w
increasing wavelength of the light~compare curves1 and2
in Fig. 4!. At the same time, such behavior of the spect
dependenceFPA(l) confirms our assumption that light ab
sorption occurs in the long-wavelength region of the sp
trum, right up to 800 nm, even though the absorption in t
range is relatively low, as follows from the amplitude spec
APA(l).

4. CONCLUSIONS

The photoacoustic spectroscopy data thus show that
light absorption efficiency in PS films in the blue-gree
region of the spectrum is approximately the same over
thickness, while in the long-wavelength region the light a
sorption tends to increase in regions of PS located in
interior layers of the film. At the same time, the lumine
cence properties of the PS have an appreciably diffe
character and, if relatively long-wavelength radiatio
~633 nm! is used for excitation, the highest PL efficiency
observed on the outer surface of the porous layer. Keepin
mind the fact that the photoacoustic effect is due only to
portion of the absorbed light that is converted into heat
can be assumed that the system of centers that determine
PL ~or channels for transferring excitation to them! has dif-
ferent excitation spectra. The recombination properties of
centers whose highest excitation efficiency corresponds
the blue-green region of the spectrum are distributed r
tively uniformly over the entire film thickness, while the ce
ters that absorb light in the red spectral region have a hig
radiative recombination efficiency~or lower nonradiative re-
combination efficiency! in a thin region near the surface
This conclusion agrees with the notions that the PL cen
in PS are of a multiple character, as is confirmed by ma
experimental results.
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Multimode nature and magnetophonon resonance of quaternary solid solutions of zinc,
cadmium, and mercury tellurides
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The magnetophonon resonance in a multimode crystal of the solid solution ZnxCdyHg12x2yTe
(x50.08,y50.11) was investigated in the temperature interval from 77 to 200 K. To
interpret the obtained structure of the magnetophonon resonance spectrum, the phonon modes of
three compositions of this solid solution were studied by the Raman scattering method.
The results presented confirm the three-mode behavior~excluding cluster modes! of the phonon
spectrum of the solid solutions of this class. The complicated structure of the
magnetophonon resonance bands is interpreted on the basis of the values obtained for the phonon
frequencies. The characteristic features of electron transport in such a lattice are shown.
© 1998 American Institute of Physics.@S1063-7826~98!02008-0#
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1. INTRODUCTION

In addition to the solid solutions Ge–Si, quaternary su
stitution solid solutions have recently been attracting
creased attention from investigators. These are solid s
tions of three compounds with a common anion~for
example, aluminum–gallium–indium arsenides1! or two ions
and cations in pairs~for example, gallium–aluminum ars
enides and phosphides2!. Another example are solid solu
tions of zinc–cadmium–mercury tellurides, i.e
ZnxCdyHg12x2yTe ~ZCHT in what follows!. Attention was
first drawn to this material, which could be an alternative
CdxHg12xTe ~CHT! — the main material of infrared tech
nology, by Rogalski and Piotrowski3 ~see also Ref. 4!. The
phase diagram and mechanical properties of ZCHT h
been investigated by R. Triboulet.5 A series of studies of
these solid solutions has been performed at the A. F. I
Physicotechnical Institute.6–8 Using the material obtained b
the authors of Refs. 6–8, we have observed magnetopho
resonance~MPR!,9 investigated with its help the temperatu
dependences of the band parameters,10 and observed magne
tophonon resonance from the difference in the phon
frequencies,11 first observed in CHT.12 The uniqueness of the
physical properties of ZCHT is shown in Ref. 13.

It seems to us that the multimode behavior of the phon
spectrum of solid substituion solutions, where to each vib
tional branch there corresponds more than one phonon
quency associated with the vibrational spectrum of the ini
crystals, is an extremely important problem. For examp
bimodality in CHT was observed in the well-known study
Baars and Sorger,14 who were first to show that there exi
longitudinal optical~LO phonons! and transverse optical~TO
9011063-7826/98/32(8)/9/$15.00
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phonons! vibrations belonging to the HgTe- and CdTe-lik
sublattices of the crystal. In addition, as it turned out, t
LO- and TO-phonon frequencies of one sublattice co
closer to together as the content of the other increases.
bimodality of CHT was later confirmed repeatedly in bo
Raman scattering15 and optical measurements,16 as well as
by the splitting of the MPR peaks.17,18

In ZCHT there exist three sublattices, and one wou
expect a trimode behavior of the phonon spectrum. Howe
this is not obvious. The multimodality is closely related
the internal structure of the crystal and is a reflection of
stochastically uniform distribution of substitutions of the ca
ion atoms in the matrix by atoms of another metal. Otherw
one sees clusters of the initial binary compounds, whose
flection are the composition-independent cluster mod
Other possibilities also exist~see, for example, the review i
Ref. 19!.

In this article we report the results of a study of the MP
and Raman scattering from the standpoint of the multimo
nature of ZCHT. A model is proposed for interpreting th
structure of the MPR peaks, and the band parameters
their temperature dependences are determined. The ch
teristic features of electron transport in such a lattice
examined.

2. DESCRIPTION OF THE SAMPLES

The solid solutions ZCHT were obtained by liquid-pha
epitaxy on substrates consisting of high-quality cadmi
telluride with ~111! orientation.

The parameters of the experimental samples are
sented in Table I. We see that for the compositions IV and
© 1998 American Institute of Physics
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it was possible to obtainn-type samples with comparativel
high carrier mobility. The temperature dependences of
conductivity and Hall coefficient of these samples manif
an obvious activational character.

Figure 1 shows the concentration profiles~dependences
of the component concentrationsC on the depthh) of one of
the experimental ZCHT films~Table I, composition IV!. The
profiles were obtained by means of x-ray microprobe ana
sis ~COMEBAX!. We see that the uniform layer with depth
independent component concentrations is about 4mm thick.
A transition layer~about 0.5mm thick!, where the cadmium
concentration increases sharply and the zinc and mer
concentrations drop to zero, i.e., a transition to the subst
is observed, is located at a greater depth.

TABLE I. Parameters of the experimental samples.

Electron Electron
Sample density, mobility,
No. x y 1015 cm23 104 cm2/(V •s )

I 0.02 0.20 – –
II 0.07 0.21 – –
III 0.12 0.17 – –
IV 0.08 0.11 3.5 9.0
V 0.12 0.10 5.0 5.0
VI 0.17 0.08 2.0 2.5

FIG. 1. Concentration profile of sample IV. The concentration distributio
of three cations — mercury~Hg!, cadmium~Cd!, and zinc~Zn! — were
obtained using an x-ray microprobe by scanning over a natural clea
surface.
e
t

-

ry
te

3. EXPERIMENTAL DATA ON THE MAGNETOPHONON
RESONANCE

A magnetophonon resonance was observed on th
ZCHT samples~samples IV, V, and VI!. The measurement
were performed in pulsed magnetic fields up toB510 T in
the temperature rangeT5772200 K. The most detailed in-
vestigations were performed for the composition IV. Figu
2 shows the resonance curves obtained for this sampl
different temperatures. The distinguishing feature of
curves are the wide bands, which consist of several pe
observed in the regions 2.0–3.5 and 1.0–1.8 T. From gen
considerations it can be concluded on the basis of the am
tudes of the peaks and their positions in a magnetic field
the wide peak in the region 2.0–3.5 T is due to transitio
between Landau levels 0 and 1, while the peak in the fi
1.0–1.8 T is due to the transitions 0→2, etc. In the first
group of peaks, the peaka11 in the temperature interva
115–146 K stands out. As the temperature is raised,
nearby peaka12 intensifies and at 165 K it becomes dom
nant. The peaka2 in the magnetic field range, where th
transitions 0→2 occur, corresponds to these two resonanc
since it occurs in a magnetic field approximately two tim
weaker thana11 or a12 ~the peaksa3 anda4 are observed
in magnetic fields which are three and four times, resp
tively, weaker than in the casesa11 anda12). The series of
peaksb, c, andk can be established in a similar manner.

s

ed

FIG. 2. Experimental dependencesd2rxx(B)/dB2 for sample IV at tempera-
turesT, K: 1 — 115; 2 — 124; 3 — 146; 4 — 158; 5 — 165; 6 — 172.
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The structures of the wide peaks, which are clearly s
on the resonance curves in Fig. 2, correspond at first gla
to four series of resonances, each of which is due to abs
tion of phonons of its own kind. Since the seriesa has the
highest amplitude and since the peaks in this series, c
pared to the corresponding peaks of other series, are sh
in the direction of weaker magnetic fields, it is conceivab
that these resonances are due to transitions between La
levels with absorption of LO(G) phonons of the HgTe-like
sublattice, which has the lowest LO(G) phonon frequency,
of the solid solution. However, the correct interpretation
the MPR cannot be made without an independent stud
the phonon spectrum of the crystal.

4. RAMAN SCATTERING DATA

Raman scattering~RS! was excited by 200-mW argo
laser light~wavelengthl5514.5 nm). The RS spectra we
recorded with a Dilor XY spectrometer. The measureme
were performed at room temperature with a spectral res
tion of about 4 cm21. All spectra were obtained in back
scattering geometry in unpolarized light. The latter was d
to the weak RS signal.

Figure 3 shows the RS spectra for three samples w
increasing zinc content~samples I–III!. We see that two
strong lines are observed on all three curves in the reg
100–150 cm21. Comparing them with data from previou
studies of RS in the solid solutions CHT15 and ZCT
~zinc–cadmium–tellurium!,20 we can assume that the lin
pairs 121 and 142 cm22 ~curve3! belong to the TO modes o
the HgTe- and CdTe-like sublattices, respectively.

At the same time, on the curve3 the 163-cm21 line ~a
very weak line can also be distinguished at 174 cm21),
which does not appear at very low zinc content~2% ZnTe —

FIG. 3. Room-temperature Raman scattering spectra. Curves1–3 corre-
spond to samples I–III~Table I!.
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curve1! or is very weak~7% ZnTe — curve2!, is undoubt-
edly associated with the ZnTe-like sublattice. The wea
lines at 180 and 197 cm21 on curve III nearly coincide with
the frequencies of the LO and TO phonons of the bin
compound ZnTe.

A very sharp line is observed at 118-cm21 on curves1
and3 ~it is virtually absent on curve2!. This frequency cor-
responds to the TO mode of the binary compound HgTe.14–16

A characteristic feature of the RS spectra is that in th
the LO modes of the HgTe- and CdTe-like sublattices
suppressed and essentially only the TO phonons are
served. This could be explained by assuming that the po
ization oscillations are screened by electrons, but the C
lines corresponding to LO phonons appear in RS very cle
in some geometries.15 Moreover, Sochinskiet al.21, while in-
vestigating RS in CdTe, also observed, in unpolarized li
in backscattering from the~111! plane, TO-phonon peak
which were several times stronger than the LO-phon
peaks.1!

The positions and interpretation of the above-discus
lines in the RS spectra for the three compositions inve
gated are presented in Table II. It is important that the
experiment confirm directly the trimodal character of the l
tice of the solid solution ZnxCdyHg12x2yTe. At the same
time, the existence of zinc telluride and mercury telluri
clusters was confirmed in these measurements.

5. DETERMINATION OF THE LONGITUDINAL OPTICAL
PHONON FREQUENCIES

Since it is impossible to determine the LO-phonon fr
quencies for the HgTe- and CdTe-like sublattices from
RS spectra presented here, it is necessary to make use
well-known property of the dielectric function: The LO
phonon frequencies can be extracted as the roots of the e
tion Re«̃50.22 In the multimode case this method was us
in Ref. 23. Following Ref. 23, we construct the dielectr
function «̃ as a sum of three oscillators, which correspond
the three sublattices of the crystal of the solid solution. Us
a Lorentzian for each oscillator, we obtain

«`1
S1~vTO1

2 2v2!

~vTO1
2 2v2!21v2g1

2
1

S2~vTO2
2 2v2!

~vTO2
2 2v2!21v2g2

2

1
S3~vTO3

2 2v2!

~vTO3
2 2v2!21v2g3

2
50. ~1!

TABLE II. Interpretation of RS lines.

Line positions, cm21 Interpretation

Sample I Sample II Sample III
118 118 118 TO HgTe-cluster
121 122 123 TO HgTe-like lattice
142 143 143 TO CdTe-like lattice

– 165– 172 163 TO ZnTe-like lattice
– 165– 172 174 LO ZnTe-like lattice
– – 180 TO ZnTe-cluster
– – 198 LO ZnTe-cluster
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The parametersSi andg i are the oscillator strength and th
damping factor of each mode, respectively, and«` is the rf
permittivity of the film. The quantitySi was determined on
the basis of the oscillator strengths of the initial binary co
pounds by means of the simple formulasS15SHgTe•(12x
2y), S25SCdTe•y, and S35SZnTe•x. The oscillator
strengthsSHgTe, SCdTe, andSZnTe for the binary lattices were
taken from Refs. 14, 24, and 25. The value of«` can be
determined from its composition dependence for the s
solution CHT in Ref. 14, substitutingx1y for x ~the cad-
mium telluride content!; i.e., the total content of cadmium
and zinc tellurides in ZCHT, bearing in mind that the
permittivities of ZnTe and CdTe are virtually identical.

Figure 4 shows the function Re«̃(v), which we com-
puted for the composition II~curve1!. The oscillator param-
eters used in the calculations are presented in the captio
the figure. The roots of Eq.~1! are also presented here;v1

and v2 are the frequencies of the longitudinal optic
phonons of the HgTe-like sublattice,v3 andv4 are for the
CdTe-like sublattice, andv5 and v6 are for the ZnTe-like
sublattice.

FIG. 4. Computed frequency dependences of the real part of the diele
function for the compositions II~1! and IV ~2!. Computational parameter
1 — HgTe-like lattice: vTO15122 cm21, S155.63104 cm22,
g156.6 cm21; CdTe-like lattice: vTO25143 cm21, S251.33104 cm22,
g255.5 cm21; ZnTe-like lattice: vTO35165 cm21, S356720 cm22,
g355.5 cm21; «`510.0. Solutions of Eq. ~1! — zero points:
v15122.8 cm21, v25136.2 cm21, v35148.7 cm21, v45156.9 cm21,
v55167.1 cm21, v65171.8 cm21. Computational parameters2 — HgTe-
like lattice: vTO15121 cm21, S156.383104 cm22, g156.6 cm21; CdTe-
like lattice: vTO25144 cm21, S257790 cm22, g255.5 cm21; ZnTe-like
lattice: vTO35165 cm21, S357680 cm22, g355.5 cm21; «`510.5. Solu-
tions of Eq. ~1! — zero points: v15121.6 cm21, v25137.1 cm21,
v35150.2 cm21, v45155.8 cm21, v55167.2 cm21, v65171.4 cm21.
-

d

of

Curve2 in Fig. 4 represents the function Re«̃(v), for
which the oscillator parameters were corrected to the co
position IV with a somewhat lower cadmium content th
the composition II. The oscillator strengths and the rf perm
tivity for the composition IV were determined in the sam
way as for the composition II, using the corresponding v
ues ofx and y. The values of the frequenciesvTO for the
three modes were changed according to the typical com
sition dependences of the optical phonon frequencies~see
Refs. 14 and 20!. It thus follows that a decrease in the mol
content of the binary compound in the solid solution dra
the frequencies of the longitudinal and transverse opt
phonons of its sublattice closer together and vice ve
Therefore, decreasing the CdTe content~correspondingly, in-
creasing HgTe with constant ZnTe! should slightly decrease
vTO for the HgTe-like sublattice and increase it for th
CdTe-like sublattice, leaving the frequency of the Zn
transverse optical phonons the same or changing it v
little. These changes invTO on switching from the compo-
sition II to the composition IV can be estimated on the ba
of the composition dependences of the phonon frequencie
CHT,14 from which it follows that a 1% decrease of th
cadmium content should decrease the HgTe-like TO-pho
frequency by approximately 0.1 cm21 and increase it by the
same amount for the CdTe-like sublattice. On this basis,
frequenciesvTO for the HgTe-, CdTe-, and ZnTe-like lat
tices with the composition IV were assumed to be 121, 1
and 165 cm21, respectively, and after substituting them in
Eq. ~1! the corresponding values of the LO-phonon freque
cies were determined. The oscillator parameters used to
culate the curve Re«̃(v) for the composition IV are pre-
sented, together with the solutions of Eq.~1!, in the caption
of Fig. 4. The frequencies and energies of the LO phon
for composition IV ~the MPR measurements are presen
for this composition! which were determined in this manne
are shown in Table III. For comparison, the values ofvLO

and\vLO for the composition II are also presented here.

6. INTERPRETATION OF THE MAGNETOPHONON
RESONANCE DATA

As noted above, the peaksa11 and a12 in the reso-
nance curves in Fig. 2 can be interpreted, on the basi
general considerations, as resonances due to the elect
transitions 01→11 and 02→12, respectively, with absorp
tion of a HgTe-like LO phonon. The phonon frequency d
termined above and the position of the MPR peaksa11 and
a12 in a magnetic field make it possible to find, to

ric

TABLE III. LO( G)-phonon frequencies and energies for compositions
and VI.

HgTe- CdTe- ZnTe-
like like like ZnTe-

Sample Parameter lattice lattice lattice cluste

II vLO , cm21 136.0 157.0 172.0 198.0
\vLO , meV 16.8 19.4 21.4 24.5

IV vLO , cm21 137.0 156.0 171.5 198.0
\vLO , meV 17.0 19.3 21.3 24.5
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first approximation, the parameters of the band struct
of a given composition of the solid solutio
(Zn0.08Cd0.11Hg0.81Te).

The calculations were performed by the method used
previous studies,10,26–28 i.e., it can be assumed, to an a
equate degree of accuracy, that the matrix element of
momentum with its energy equivalentEp and the spin-orbit
splitting D do not depend on the composition and tempe
ture. The latter two quantities were assumed to be 18 an
eV, respectively~just as in CHT29,30!. This approximation
~temperature- and composition-independence! also extends
to the curvature of the heavy-hole band and to the param
F, which determines the effect of the higher bands on
curvature of the conduction band. The Luttinger parame
were calculated using the formulas

g1
L5

Ep

3Eg
12.5, g2

L5g3
L5

Ep

6Eg
,

KL5g3
L2

1

3
g1

L1
2

3
g22

2

3
2

5

4
dexch. ~2!

TABLE IV. Band-structure parameters of Zn0.07Cd0.12Hg0.81Te ~sample II!
for two temperatures.

Parameter T5146 K T5165 K

Eg , meV 192 205
Ep , eV 18 18
g1

L 33.7 31.8
g2

L5g3
L 15.6 14.6

KL 13.6 12.6
F 20.5 20.5
D, eV 1 1
re

in

e

-
1

ter
e
rs

HereEg is the band gap, anddexch50.4 is the correction for
the nonlocality of the potential, determined for CHT in Re
30.

Fitting the theoretical position in a magnetic field of th
resonances due to the transitions 01→11 and 02→12 with
absorption of a 137-cm21 phonon (\v517.0 meV! to the
positions of the peaksa11 and a12, respectively, in the
curve in Fig. 2, for example, for a temperature of 146
gave the valueEg5190 meV. The next step is to calcula
the theoretical position of the MPR for the transitio
01→21, 02→22, 01→31, and 02→32 and to match the
computed positions with the peaks in thea series, i.e.,a2
anda3. The refined~by minimizing the rms deviation of the
experimental positions of the series-a resonances from the
theoretical positions! values ofEg and other parameters o
the band structure, which are shown in Table IV, make
possible at the next stage to interpret theb, c, andk series.
Since the magnetic field values of the peaksb1, c1, andk1
increase gradually, it must be assumed that these resona
are due to transitions of electrons from the zeroth to the fi
Landau level with absorption of LO(G) phonons with an
increasing sequence of frequencies, specifically, of Cd
and ZnTe-like sublattices and a ZnTe cluster, respectiv
The amplitude of the lines corresponding to the phonons
these sublattices in the spectral Raman scattering curves~see
Fig. 3! corresponds to the amplitudes of the resonances
terpreted in this manner~see Fig. 2!. The LO(G)-phonon
frequencies and energies used to interpret the MPR
sample VI are shown in Table III.

The positions of the MPR peaks of different series we
calculated on the basis of the phonon energies~Table III! and
band structure parameters~they are presented in Table IV fo
two temperatures!. The general interpretation of the observ
tion
TABLE V. General interpretation of the MPR peaks.

Resonance field, T

T5146 K T5165 K

Designation Interpretation experiment calculation experiment calcula

a11 01→11, LO(G) HgTe-like lattice 2.24 2.30 2.41 2.42
a12 02→12, LO(G) HgTe-like lattice 2.44 2.44 2.51 2.56
a2 01→21, LO(G) HgTe-like lattice 1.17 1.14 1.23 1.20

02→22, LO(G) HgTe-like lattice 1.16 1.22
a3 01→31, LO(G) HgTe-like lattice 0.74 0.74 0.77 0.78

02→32, LO(G) HgTe-like lattice 0.76 0.80
a4 01→41, LO(G) HgTe-like lattice 0.54 0.55 0.56 0.58

02→42, LO(G) HgTe-like lattice 0.56 0.59
b11 01→11, LO(G) CdTe-like lattice 2.64 2.68 2.80 2.82
b12 02→12, LO(G) CdTe-like lattice 2.87 2.90 3.08 3.04
b2 01→21, LO(G) CdTe-like lattice 1.32 1.30 1.40 1.38

02→22, LO(G) CdTe-like lattice 1.36 1.44
c11 01→11, LO(G) ZnTe-like lattice 3.00 3.00 3.10 3.16
c12 02→12, LO(G) ZnTe-like lattice 3.26 3.42
c2 01→21, LO(G) ZnTe-like lattice 1.46 1.58 1.54

02→22, LO(G) ZnTe-like lattice 1.52 1.60
k11 01→11, LO(G) ZnTe-cluster 3.62 3.60 3.76 3.78
k12 02→12, LO(G) ZnTe-cluster 3.95 3.96 4.08 4.14
k21 01→21, LO(G) ZnTe-cluster 1.74 1.74 1.89 1.82
k22 02→22, LO(G) ZnTe-cluster 1.83 1.82 1.89 1.90
d11 MPR at phonon frequency difference11 1.02 1.04 1.11 1.10
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FIG. 5. Spectrum and electronic transitions at MP
Sample IV, T5146 K. The theoretical resonanc
transitions between Landau levels are shown (E).
The magnetic fields corresponding to the resonan
peaks are presented in Table V.
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MPR peaks is shown in Table V, where the theoretical a
experimental resonance fields are given for two temperat
— 146 and 165 K. The rms deviation between the exp
mental and theoretical positions of the peaks equals 1.5%
T5146 K and 2% forT5165 K ~the experimental accurac
in determining the resonance fields is about 3%!. Figures 5
and 6 illustrate the interpretation of the MPR peaks for th
two temperatures: The experimental resonance curves
presented and the electron transitions between the Lan
levels are shown in accordance with the data in Table V~the
theoretical positions of the resonances!.

It is interesting that the peaks due to MPR with parti
pation of the CdTe LO(G) phonons~the series of peaksb) at
high temperatures~see the resonance curves forT5165 and
172 K! become comparable to the peaks in the main se
@MPR due to HgTe LO(G) phonons — seriesa#. The expla-
nation could lie hidden in the fact that simultaneously w
the conventional one-phonon MPRs, in weak magnetic fie
this crystal exhibits MPRs, studied in Ref. 11, at the diffe
ences of the phonon frequencies. At high temperatu
d
es
i-
or

e
re
au

s

s
-
s

‘‘downward’’ transitions, in which a HgTe phonon is ab
sorbed and a CdTe phonon is emitted, can predominate
other words, energy is transferred from one sublattice to
other and a larger number of phonons of the CdTe-like s
lattice can compensate for the lower molar percentage
cadmium telluride~there may not be enough time for th
difference in the sublattice temperatures to relax in the ti
during which a magnetic field corresponding to sing
phonon MPR — about 2 ms — is reached!. Longer pulses or
stationary magnetic fields must be used to verify this hypo
esis.

7. TEMPERATURE DEPENDENCES OF THE BAND
PARAMETERS

The parameters of the band structure of sample IV t
were determined above according to the position of the M
peaks refer to conduction electrons, i.e., to the part of
volume of the experimental epitaxial film where electron
conduction occurred.
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FIG. 6. Spectrum and electronic transitions at MP
Sample IV, T5165 K. The theoretical resonanc
transitions between Landau levels are shown (E).
The magnetic fields corresponding to the resonan
peaks are presented in Table V.
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The composition profiles of the film, which are pr
sented in Fig. 1 on the basis of data from x-ray microana
sis, show that the film has a uniform thickness of ab
4 mm. The oscillation spectra~RS! investigated by us con
firm that the dominant part of the lattice has a trimodal ph
non spectrum, which attests to the stochastically uniform
tribution of three atoms — cations~Hg, Cd, Zn! in the
environment of the anion~Te!.2! However, it follows from
the same phonon spectra that spatially bounded region
which an anion is surrounded predominantly by Zn atom3!

~ZnTe clusters! or Hg atoms~HgTe clusters!, occupy a cer-
tain fraction of the volume.

It is conceivable that electronic transport occurs in
much larger portion of the volume where a stochastica
uniform distribution of cations is present. Here, undoubted
large fluctuations of the potential can also occur. Such fl
tuations are mainly nullified by a sufficiently high electro
density, and one can talk about an essentially spatially
-
t

-
s-

in

y
,
-

i-

form band structure. The band parameters determined f
MPR refer to such a structure.

High peaks of the potential, around which electro
flow, are present near ZnTe clusters. These regions do
participate in conduction. However, the long-waveleng
longitudinal optical oscillations of the long-range polariz
tion fields which are excited here, of course, influence el
tronic transport, penetrating into the portion of the latti
where it occurs, and electrons can be scattered by these
cillations, both elastically and inelastically~the latter is
manifested in the MPR!.

Deep electron-filled valleys of the potential~electronic
lakes!, on the other hand, are present near HgTe clust
They are not coupled clusters, for otherwise conduct
would occur along them and would be of a nonactivatio
character. The macrofields excited in them by LO phono
are screened here because of the locally high electron de
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and do not influence electron transport in the lattice~they are
not manifested in MPR!.

The model proposed therefore correlates well with
MPR data and with the RS spectra. The temperature de
dence of the band gap also fits logically into the model.

The temperature shift of the MPR peaks makes it p
sible to establish the temperature dependence of the band
Eg in the temperature range investigated. The procedure,
sented above, for determining the band parameters accor
to the position of the MPR peaks was applied to all re
nance curves shown in Fig. 2. MPRs from the differences
the phonon frequencies are more clearly evident at temp
tures below 115 K~see Ref. 11!. Because of this circum
stance, the band parameters were determined at tempera
77, 99, and 105 K. The dark squares in Fig. 7 show
values of the band gapEg , which were determined from
MPR.

It is interesting to compare the temperature depende
Eg(T) which we observed with that computed using emp
cal formulas which are usually used for ternary solid so
tions, for the composition and temperature dependence
the band gap. For our case of the quaternary~with a common
anion! solid solution ZnxCdyHg12x2yTe (x50.08,
y50.11) we shall employ the method proposed in Ref. 7
calculateEg(x, y, T). In this method three empirical depen
dencesEg(c,T) ~c — concentration of one of the binar
compounds! are used: for CHT,32 for ZHT
~zinc–mercury–tellurium!,33 and for ZCT,7 which are aver-
aged with allowance for the statistical weight of each,
determined by the composition. The dependenceEg(T) cal-
culated in this manner for composition IV is shown in Fig.
~curve 1!. We see that the curve lies appreciably below

FIG. 7. Temperature dependences of the band gap. Dark squares — e
mental values obtained from MPR for region IV. Solid lines — calculati
using the empirical functionEg(x,y,T): 1 — Composition IV, x50.08,
y50.11;2 — composition in which the ZnTe content is decreased by 1.
and HgTe is decreased by 2.5%, i.e.,x50.0775 andy50.13.
e
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values of the band gap determined from MPR~dots in Fig.
7!. This discrepancy is probably due to the deviation of t
compositions in the regions of the crystal of the solid so
tion where electronic transport occurs~at MPR, in particular!
from the average composition measured by x-ray m
croanalysis~the spatial resolution of such measurements
greater than 1mm!. Unconnected HgTe and ZnTe cluste
were formed by the departure of mercury and zinc from th
regions. The molar percentages of the HgTe and ZnTe wh
form these clusters can be determined by fitting the dep
denceEg(x,y,T) to the band gap values obtained from t
temperature shift of the MPR peaks. Figure 7 shows the
pendenceEg(T) ~curve 2! calculated for the composition
with x50.0775 andy50.13. We obtain this composition o
the solid solution ZnxCdyHg12x2yTe from the composition
IV ( x50.08 andy50.11) by decreasing the ZnTe content b
1.5% and the HgTe content by 2.5%. Thus, agreement
tween the temperature dependences obtained for the
gap from the temperature shift of the MPR and on the ba
of the empirical dependenceEg(x,y,T) is obtained if the
composition in which the zinc telluride content is decreas
by 1.5% and that of mercury telluride by 2.5% is substitut
in the emiprical dependence. ZnTe and HgTe clusters,
spectively, should be expected to form from this amount
material.

8. CONCLUSIONS

Our investigations of the phonon subsystem~RS! of
complex quaternary solid solutions ZCHT and of its intera
tion with the electronic subsystem~MPR! lead to the follow-
ing conclusions.

This lattice, which consists of three cations~Hg, Cd, Zn!
with one common anion~Te! undoubtedly manifests trimo
dal behavior of the phonon spectrum. This corresponds
stochastically uniform distribution of cations.

In a real crystal the stochastic uniformity can be d
stroyed and clusters in which the anion is surrounded ma
by Zn atoms~ZnTe clusters! or Hg atoms~HgTe clusters!
can appear.

Electronic transport in such a lattice evidently occu
along high-mobility channels~bypassing, for example, ZnT
clusters!. This does not interfere with the interaction of ele
trons with long-range polarization fields of the entire spe
trum of long-wavelength longitudinal oscillations~including
those in ZnTe clusters!. At least four kinds of LO phonons
participate in the electron-phonon interaction in the solid
lutions ZCHT.

The band-structure parameters obtained from MPR c
respond to the part of the crystal lattice of the solid solut
in which the electronic transport occurs, and its composit
can differ somewhat from the average composition of
sample.

Part of this work was supported by the Committee
Scientific Investigations~KBN! of the Polish Republic
~Grant 2R03V12412!.
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1!The selection rules can be applied only for RS in polarized light.
2!An examination of the atomic configurations occurring in this case f

outside the scope of this paper.
3!The probability of such configurations is studied in Ref. 31.

1R. J. Nicholas, S. Brunel, S. Huant, K. Karrai, J. C. Portal, M.
Brummell, Z. Razeghi, K. Y. Cheng, and A. Y. Cho, Phys. Rev. Lett.55,
883 ~1985!.

2S. T. Davey, E. G. Scott, B. Wakefield, and G. J. Davies, Semicond.
Technol.2, 683~1987!; A. Yu. Egorov, A. R. Kovsh, A. E. Zhukov, V. M.
Ustinov, and P. S. Kop’ev, Fiz. Tekh. Poluprovodn.31, 1153 ~1997!
@Semiconductors31, 989 ~1997!#.

3A. Rogalski and J. Piotrowski, Prog. Quantum Electron.12, 87 ~1988!.
4A. Rogalski,New Ternary Alloy System for Infared Detectors, SPIE, Bell-
ingham, 1994.

5R. Triboulet, J. Cryst. Growth86, 79 ~1988!.
6A. M. Andrukhiv, O. A. Gadaev, V. I. Ivanov-Omski�, K. E. Mironov,
V. A. Smirnov, S. U. Yuldashev, and E. I. Tsidil’kovski�, Fiz. Tekh.
Poluprovodn.26, 1288~1992! @Sov. Phys. Semicond.26, 719 ~1992!#.

7N. L. Bazhenov, A. M. Andruchiv, and V. I. Ivanov-Omskii, Infrare
Phys.34, 357 ~1993!.

8L. M. Gutsulyak, V. I. Ivanov-Omski�, D. I. Tsypishka, and A. M.
Andrukhiv, Fiz. Tekh. Poluprovodn.30, 2042~1996! @Semiconductors30,
1064 ~1996!#.

9J. Polit, E. Sheregii, A. Andruchiv, and P. Sydorchuk, inDie Kunst of
Phonons, edited by T. Paszkiewicz~Plenum Press, N. Y., 1994! p. 415.

10A. M. Andrukhiv, V. I. Ivanov-Omskii, J. Polit, and E. M. Sheregii, Act
Phys. Pol. A87, 513 ~1995!.

11E. M. Sheregii, J. Polit, J. Cebulski, and A. M. Andrukhiv, Phys. Sta
Solidi B 192, 121 ~1995!.

12E. M. Sheregi�, Yu. O. Ugrin, D. F. Shuptar, and O. M. Leshko, JET
Lett. 47, 711 ~1988!.

13E. M. Sheregi�, Neorg. Mater.33, 208 ~1997!.
14J. Baars and F. Sorger, Solid State Commun.10, 875 ~1972!.
s

i.

15K. K. Tiong, P. M. Amirtharaj, P. Parayanthal, and Fred H. Pollak, So
State Commun.50, 891 ~1984!.

16S. P. Kozyrev, L. K. Vodopyanov, and R. Triboulet, Solid State Comm
45, 383 ~1983!.

17E. A. Mozhaev, V. I. Ivanov-Omski�, V. A. Mal’tseva, and D. V.
Mashovets, Fiz. Tverd. Tela~Leningrad! 11, 2147 ~1977! @Sov. Phys.
Solid State11, 1260~1977!#.

18E. M. Sheregii and Yu. O. Ugrin, Solid State Commun.83, 1043~1992!.
19D. W. Taylor, in Optical Properties of Mixed Crystals, edited by R. J.

Elliott and I. P. Ipatova, Modern Problems in Condensed Matter Scien
Vol. 23 ~North-Holland Publ., Amsterdam, 1988! p. 31.

20S. Perkowitz, L. S. Kim, and Z. C. Feng, Phys. Rev. B42, 1455~1990!.
21N. V. Sochinski, M. D. Serrano, and E. Di’egues, J. Appl. Phys.77, 2806

~1995!.
22C. F. Klingshirn,Semiconductor Optics~Springer, Berlin, 1995!.
23V. M. da Costa and L. B. Coleman, Phys. Rev. B43, 1903~1991!.
24N. Vegalatos, D. Wahne, and J. S. King, J. Chem. Phys.60, 3613~1974!.
25J. M. Rowe, R. M. Niclow, D. L. Price, and K. Zanino, Phys. Rev. B10,

621 ~1974!.
26E. M. Sheregi� and Yu. O. Ugrin, Fiz. Tekh. Poluprovodn.24, 1047

~1990! @Sov. Phys. Semicond.24, 660 ~1990!#.
27Yu. O. Ugrin, E. M. Sheregi�, I. M. Gorbatyuk, and I. M. Rarenko, Fiz

Tverd. Tela~Leningrad! 32, 43 ~1990! @Sov. Phys. Solid State32, 23
~1990!#.

28M. H. Weiler, R. L. Aggarwal, and B. Lax, Phys. Rev. B16, 3603~1977!.
29Y. Guldner, C. Rigaux, M. Grynberg, and A. Mycielski, Phys. Stat

Solidi B 81, 627 ~1977!.
30B. L. Gel’mont, R. P. Se�syan, and A. L. E´ fros, Fiz. Tekh. Poluprovodn.

16, 776 ~1982! @Sov. Phys. Semicond.16, 499 ~1982!#.
31J. Konior, J. Lazewski, and A. Kisiel, Acta Phys. Pol. A91, 815 ~1997!.
32M. H. Weiler, in Semiconductor and Semimetals, Vol. 16, edited by R. K.

Willardson and A. C. Beer~1981! p. 119.
33B. Toulous, R. Granger, S. Rolland, and R. Triboulet, J. Phys. C48, 247

~1987!.

Translated by M. E. Alferieff



SEMICONDUCTORS VOLUME 32, NUMBER 8 AUGUST 1998
Characteristic features of the interaction of porous silicon with heavy water
D. N. Goryacheva) and O. M. Sreseli

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia

G. Polisski 

Technical University, Munich, D-85747 Garching, Germany
~Submitted March 23, 1998; accepted for publication March 24, 1998!
Fiz. Tekh. Poluprovodn.32, 1016–1018~August 1998!

The interaction of porous silicon~por-Si! with heavy water (D2O) was investigated by means of
time-resolved photoluminescence and infrared Fourier spectroscopy. It is shown that
contact ofpor-Si with D2O leads to anomalously rapid oxidation of its surface — at a rate at
least an order of magnitude higher than the oxidation rate ofpor-Si in ordinary~protium!
water. The oxidation process transforms the chemical composition of thepor-Si surface and is
accompanied by abrupt changes in the spectral and temporal characteristics of the
photoluminescence. Assumptions are made concerning the nature of the interaction of porous
silicon with heavy water. ©1998 American Institute of Physics.@S1063-7826~98!02108-5#
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The study of the the effect of the surrounding mediu
on the character of the photoluminescence~PL! of por-Si
stands out among the many studies of the optical prope
of porous silicon~por-Si!. These investigations are of gre
theoretical interest. Moreover, they are directly related to
problems of stability of apor-Si surface and with the use o
por-Si as gas sensors.

It is well known that because of its strongly extend
surface, por-Si is very susceptible to different chemic
actions.1 The optical properties ofpor-Si, specifically, the
character of the PL, change substantially. Studies of the
teraction ofpor-Si with water have made a large contributio
to understanding the processes occurring here.2–5

The work done in Refs. 6 and 7 , where the PL ofpor-Si
prepared by the conventional electrolytic method but with
components of the electrolyte~HF, C2H5OH, H2O) replaced
by the corresponding deuterium-containing compounds
studied, can be put into the same group. In those studie
appreciable~by ;70 nm! ‘‘blue’’ shift of the maximum of
the PL spectrum and a substantial slowing down of the d
radation of the PL were observed. The authors conclu
that the character of the PL is influenced mainly by t
changes in the surface structure ofpor-Si, which are associ-
ated with the adsorption of deuterium and with the influen
of the adsorbate on quantum-well effects inpor-Si.

The formation ofpor-Si in a deuterium-containing me
dium can influence not only the surface properties of
silicon, but also change, to a certain extent, the morphol
of the entire volume ofpor-Si. For example, in Ref. 7 it was
shown that the statistical-average diameters of the nanoc
tallites are different. To rule out completely the possibility
such changes, we investigated the interaction ofpor-Si, pre-
pared in a standard electrolyte, with heavy water (D2O).

Thepor-Si samples were prepared by anodizing comp
silicon in ‘‘protium’’ electrolyte. Single-crystalp- and
n-type ~100! silicon with resistivity r5225 V•cm was
used as the initial material. The electrolyte consisted o
9101063-7826/98/32(8)/3/$15.00
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1:1 mixture of HF and ethanol. The current density w
10–30 mA/cm2. The duration of the electrolysis was 5–1
min. The samples were dried in air at temperature 40–50
Thepor-Si was about 4–5mm thick. To stabilize the optica
properties the samples were allowed to stand in air for
least one day and then submerged in heavy water for a
tain period of time. Next, the samples were again dried
10–15 min and transmission spectra in the infrared reg
~FTIR spectra! and PL spectra were obtained. In parall
similar samples were allowed to stand in ordinary wat
from which the dissolved oxygen was carefully remov
beforehand. The FTIR spectra were recorded on
BOMEMDA3.02 infrared Fourier spectrometer in the ran
400–4000 cm21 with 1 cm21 resolution. The PL spectra
were obtained on a computerized setup based on a MD
monochromator and a FE´ U-79 photomultiplier with pulsed
excitation of the PL~radiation wavelengthl5337.1 nm,
pulse timet510 ns) in two regimes: at the maximum of th
laser pulse~so-called fast PL! and with a;1 mm delay.
In the second case the PL spectra can be assumed t
quasistationary.

The residence ofpor-Si samples in D2O rapidly changes
the character of their emission, from red to bluish white. It
evident from Fig. 1 that as the residence time ofpor-Si in
D2O increases, the long-wavelength part of the quasistat
ary spectrum decreases in amplitude~b, curves1–3!, but the
intensity of the fast short-wavelength component increase
the same time~a, curves1–3!. Such changes in the PL spe
tra are characteristic of thermal8 and liquid2 oxidation of the
surface. It follows from Fig. 1 that these processes are m
faster in heavy water than in ordinary water. Two-hour re
dence in D2O changes the PL spectrum more strongly th
18-hour residence in H2O ~curves2 and4!.

Figure 2 shows the FTIR spectra of the sample bef
~curve 1! and after~curve 2! residence in heavy water fo
18 h. For comparison, a portion of the same sample was
for the same amount of time in ordinary water~curve 3!.
© 1998 American Institute of Physics
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911Semiconductors 32 (8), August 1998 Goryachev et al.
Curve 1 shows absorption on different vibrations of th
Si–H, Si–H2, and Si–H3 bonds~triplets near 2100, 910, an
650 cm21), which is characteristic of hydrogen passivati
of the silicon surface, whereas after residence in heavy w
the lines due to absorption on Si–O–Sibonds~450, 800, and
1100 cm21) are brightest. Such a transformation of the sp
tra indicates oxidation of thepor-Si surface.

Control experiments in which samples were held in
dinary water presaturated with oxygen were also perform
No appreciable difference in the oxidation rate ofpor-Si as
compared with water without free oxygen was observ
This rules out the possibility of rapid oxidation ofpor-Si by
oxygen dissolved in D2O.

FIG. 1. Spectra of fast~a! and quasistationary~b! photoluminescence of
por-Si. Holding time in D2O, h: 1 — 0, 2 — 2, 3 — 18. 4 — Holding in
H2O for 18 h.

FIG. 2. FTIR spectra ofpor-Si: Samples:1 — Initial; 2–4 — after 18 h
residence in D2O, H2O, and deuterated ethanol, respectively.
er

-

-
d.

.

We have observed a large~more than an order of mag
nitude! difference in the oxidation rates ofpor-Si in heavy
and ordinary water. A much more energetic release of hyd
gen gas~visible to the naked eye! than in H2O indicates that
the oxidation ofpor-Si in D2O occurs rapidly. It thus follows
that the oxidizing agents are hydrogen ions~deuterium!
rather than some other oxidizers.

An unexpected result of the experiments was that lin
due to silicon–deuterium bonds were absent in FTIR spec
It was logical to expect that deuterium-protium exchan
whose rate under our conditions should be quite high,9 will
replace surface structures of the type SiHx by the corre-
sponding deuterium structures. In particular, a SiDx triplet
was expected to appear in the region 1530–1540 cm21.7

Instead, on curve2 in Fig. 2 we see new lines — 1638 an
2254 cm21. The latter line was observed previously10 and
attributed to O–Si–H or O3–Si–H bonds. The 1638 cm21

line could be a ‘‘deuterium’’ analog of the 2254 cm21 line. It
is known that the spectral positions of the Si–OH a
Si–OD lines are in the ratio;1.38.11 In our case the ratio is
2254/163851.376, which confirms the assumption ma
above.

One is forced to acknowledge that the oxidation rate
por-Si in heavy water is much higher than the rate of isoto
exchange between heavy water and the surface hydro
atoms.

These conclusions are supported by experiments on
interaction ofpor-Si with deuterated ethanol C2H5OD ~Fig.
2, curve4!. Ethanol is a weaker oxidizer than water. For th
reason, the results of isotopic exchange between hydro
and deuterium atoms — the lines 1534 and 1634 cm21 —
can be clearly seen against the background of the slo
oxidation of por-Si. The first line is attributed to Si–Dx
bonds, while the second line, as mentioned above, is at
uted to O–Si–D. The peaks in the regions 2900–3000
1360–1400 cm21 are due to the interaction with carbon.

At present, only certain assumptions can be made ab
the reasons for such energetic oxidation ofpor-Si in heavy
water. It is known that the greatly extended surface of silic
is capable of reacting intensely with water as a reult of o
dation of the surface by hydrogen ions~more accurately,
H3O1 or D3O1 ions!. However, as-grownpor-Si layers are
protected from oxidation by a so-called passive hydrog
film, which consists of hydrogen atoms directly bound
silicon atoms (Si–Hx bonds!, and a monolayer of water mol
ecules which are held at thepor-Si surface by electrostatic
attraction forces.12 It is logical to assume that the isotop
exchange affects primarily this hydrate shell and not
hydrogen atoms that are directly bound to silicon.

Apparently, because of the differences in the effect
radii of the protium and deuterium ions or in the vibration
properties of their bonds with other atoms, this exchan
leads to crumbling of the protective passive film and to ra
oxidation ofpor-Si. In the process, the deuterium ions, ha
ing undergone reduction, do not form new bonds with s
con, but rather unite with molecules of hydrogen gas wh
is released at thepor-Si surface. In the corresponding FTI
spectra~Fig. 1, curve2! there are therefore virtually no line
that are responsible for bonds of the type Si–Dx .
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In summary, we have observed an anomalously ra
oxidation ofpor-Si in heavy water. We showed that conta
of por-Si with heavy water leads to oxidation of thepor-Si
surface at a rate at least an order of magnitude higher
the oxidation rate ofpor-Si in ordinary~protium! water. The
process transforms the chemical composition of thepor-Si
surface and is accompanied by rapid changes in the spe
and temporal characteristics of PL.

Assumptions were made concerning the nature of
anomalous interaction ofpor-Si with heavy water. This in-
teraction is not associated with deuterium-protium excha
of heavy water with hydrogen atoms that are chemisorbed
the por-Si surface.

This work was supported in part by the Russian Fund
Fundamental Research~Grant 96-02-17903!, INTAS
~93-3325-ext!, and the program ‘‘Physics of solid-state nan
structures’’ of the Ministry of Science~Projects 96-1012 and
97-1035!.
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In accordance with an agreement between the publis
of the journal and the American Institute of Physics, t
latter translates the journal ‘‘Fizika i Tekhnika Poluprovo
nikov’’ into English and distributes the English version ou
side Russia under the title SEMICONDUCTORS. The R
sian and English versions of the journal are publish
simultaneously.

In submitting a manuscript to the journal ‘‘Fizika
Tekhnika Poluprovodnikov,’’ authors grant the publishe
and editorial board of the journal the right to publish t
article in Russian and to give it to the American Institute
Physics for translation and publication in English. Autho
retain all remaining rights to the manuscript, such as perm
sion to reproduce their original figures in publications
other authors.

All responsibility for satisfying the copyrights of othe
persons or organizations rests exclusively with the author
the submitted article.

1. RULES FOR PREPARING ARTICLES FOR THE JOURNAL
‘‘FIZIKA I TEKHNIKA POLUPROVODNIKOV’’

1. Articles containing the results of works performed
institutions should have, without fail, the the approval of t
institution. In the event that some authors are employee
different institutions, the place of employment of each aut
should be given~name of institution and postal address!.

2. Two copies of the article should be submitted. T
text should be printed double-spaced with 3-cm margins
the left side and at the top and bottom of the page. T
letters, indices, and line spacings should conform to the s
dard typewriter type~in the event that the article is compose
on a computer — not less than 12 pt!. The print should be
dark; if printed on a printer, the ‘‘draft’’ mode is not permis
sible.

3. The total length of an article, as a rule, should n
exceed 20 pages, including the title page, the text of
article, and separate pages containing the list of referen
captions, tables, and abstracts in Russian and English.
number of figures should not exceed six, including figu
with letter designations~for example, Fig. 1a and Fig. 1b ar
counted as two figures!.

4. The total length of a brief communication should n
exceed nine pages, including the title page, the text of
communication, and separate pages containing the list of
erences, captions, tables, and abstracts in Russian and
glish. The number of figures should not exceed three, inc
ing figures with letter designations~for example, Fig.1a and
Fig.1b are counted as two figures!. Brief communications
containing urgent scientific information have absolute pri
ity in the schedule for publication in the journal~not more
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than five months from the moment the communication
accepted for publication!.

5. The following must be included on separate pag
when submitting an article and a brief communication: a! list
of references, b! list of captions, c! tables~each table on a
separate sheet!, d! abstract in Russian~not more than 100
words for an article and not more than 50 words for a br
communication!, e! abstract in English. The title page of th
manuscript must contain only the title of the article, the la
names of the authors, and the names and addresses of
nizations where the work was performed.

6. The English abstract must contain the title of the
ticle or brief communication, the last names of the autho
the names and addresses of organizations, and the co
name. The English abstract must be a translation of the R
sian abstract. Authors are free to include a fax number an
e-mail address for communication. An example of a corr
format of the English abstract is given below.

Recombination of nonequilibrium carriers in the
tracks of heavy ions in silicon

V. K. Eremin, I. M. Il’yashenko, N. B. Strokan, an
B. Shmidt*

A. F. Ioffe Physicotechnical Institute, Russian Academ
of Sciences, 194201 St. Petersburg, Russia

* Institute for the Physics of Ion Beams and Materia
Research, Rossendorf Research Center, D-01314 Dres
Germany

The interaction of various types of nuclear radiation w
semiconductors has usually been studied in two aspe
separately. First, manifestations of resulting structural
fects and of a degradation of electrical properties are stud
Second, the behavior of the nonequilibrium-carrier charg
studied. The interaction of defects and carriers determi
both the recombination of carriers and the recombination
the primary Frenkel pairs. For carriers which have reco
bined, the result is a new dependence of the electric field
the detector. It is logarithmic, in contrast with the hyperbo
law which holds for the case ofa particles~‘‘light’’ ions !.

7. For rapid and most objective refereeing, the auth
can provide a list of possible referees together with th
places of employment. The presence of such a list does
deprive the editorial board of the right to make the fin
choice of referee.

8. In preparating a manuscript, keep in mind that t
editorial board requests the referee to draw conclusions c
cerning the following points: a! Does the article conform to
the subject matter of the journal? b! Does the article contain
clearly formulated, new scientific results? c! Are the conclu-
sions of the article sufficiently reliably substantiated? d! Is
the exposition clear? e! For whom is the article of interest?
© 1998 American Institute of Physics
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9. Proofs are not returned to the authors, since, as a
they are returned to the editorial office after the issue
already been sent to the printer and it is impossible to m
any changes. Prepare your manuscripts carefully. Minor m
prints and stylistic errors in the manuscript and proofs w
be corrected by scientific and literary editors. If you discov
inaccuracies in a manuscript after it has been submitte
the journal, contact the editorial office immediately by te
phone at~812!-218-36-12 or editorial board at~812!-247-
91-06 or by e-mail at~semicond@pop.ioffe.rssi.ru!.

2. STYLE

1. Pay careful attention to the style of your article. Avo
long constructions which often consist of a complicat
combination of dependent clauses, introductory words, p
ticipial and verbal adverbial constructions.

Express scientific thoughts succinctly. Clearly formula
the purpose of the article at the beginning of the artic
Single out the basic results and indicate the changes
additions which your work has made in the current state
the problem.

Avoid coining new terminology, do not use jargon, a
do not use English words if a firmly established Russian te
exists~for example, do not write ‘‘gate’’ instead of the stan
dard ‘‘zatvor,’’ etc.!.

For narrowly specialized terms, whose literal translat
into English can lead to errors or inaccuracies, it is desira
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of the article after the term is first mentioned or to write
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tor.’’ For example, ‘‘x-ray spectral microanalysis~electron
probe microanalysis!.’’

Do not use unexpanded abbreviations in the main tex
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2. Footnotes should be continuously numbered and e
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~number in the list of references! enclosed in brackets,@1, 2#
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numeral and marked with two underbars, while the lette
~‘‘ell,’’ lower-case! should be circled with a blue pencil.

Gothic letters should be circled with a blue pencil, a
script Latin letters~for example,],L,R,H) should be circled
with a green pencil.

All letters of the Greek alphabet should be underlin
with a red pencil.

Do not use arrows to designate vectors; underline le
symbols with a blue pencil.

The use of the Cyrillic alphabet for letter symbols, i
cluding in super- and subscripts, is not permitted.

2. All notation and formulas must be written out sharp
and clearly. Superscripts and subscripts must not be wri
on the same line as the main text. Superscripts should
marked with an underarc in pencil and subscripts should
marked with an overarc. Primes must be distinguished fr
one, and one should be distinguished from a comma.

Use a period, not a comma, in numbers with decim
fractions.

Endeavor to write equations in a manner so that th
would not be ‘‘multistage.’’ Use expx instead ofex, and also
write fractions with a solidus, remembering to insert pare
theses clearly so that the numerator can be easily dis
guished from the denominator.

Number equations in the text in order.

4. REFERENCE LISTS

The references should be listed in the order in wh
they are mentioned. References are cited in the text b
number enclosed in square brackets:@1, 2# or @3–6#. The last
names of all authors are enumerated in the list of referen
The list is formatted as follows.

For journal articles: I. O. Last Name of authors, name
the journal, volume, page~year!. For journals where page
are not numbered continuously throughout the year~for ex-
ample, ‘‘Zhurnal tekhnichesko� fiziki’’ and ‘‘Pis’ma v Zhur-
nal tekhnichesko� fiziki after 1989! the volume number
should be followed by the issue number — No. 3.

For books: I. O. Last Name of authors. Title~city, pub-
lisher, year!. At the discretion of the author~authors! of the
paper, the volume — t. 2 or v. 2, part — ch. 2 or pt.
chapter — gl. 2, section — § 2, page — s. 32 o rp. 32 are
indicated at the end of each citation.

For articles in a collection: I. O. Last Name of author
Title of the collection@edited by I. O. Last Name can b
included# ~city, publisher, year! page — s. 32 or p. 32.~In
this case the starting page of the article must be indicate!

A citation can also contain other information enablin
the reader to obtain more complete information and facilit
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— In a citation to the proceedings of a conference,
gether with publishing information, the location and date
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— if the edition is a translation, additional citations
the original can be given; etc.
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dashed and dotted lines!; — all symbols and letters must b
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glish, including the units of the physical quantities. T
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9. The numbers on curves~1, 2, 3, . . .; 18, 28, 38 and so on!
and on parts of figures~a, b, c . . .! should be written in
italics without parentheses. 10. Physical quantities or part
formulas on the axes of plots and within the body of a figu
should be italicized, except for numbers, symbols of che
cal elements, and units of measurement, which are alw
written using an upright font. Examples: in the body of
figuren-GaAs;ECdTe

LO 50.1 meV;TK
2V510 mK; on the axes
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3/2, cm23/2; MH

1/3, arb. units; Intensity, arb. units
Length,mm. Note that arbitrary units of measurement~arbi-
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mitted in the figures, if the figures are prepared using hi
resolution plots. Labels in figures are of this type~except for
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10 above, lower-case letters of an upright font are reco
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formatting of figures which do not satisfy the requiremen
indicated above. In this event, all information except th
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tion in order to simplify and reduce the production costs
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