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PERSONALIA

In memory of Boris Timofeevich Kolomiets (on the 90th anniversary of his birth )

[S1063-782828)00108-2

The thirteenth of August, 1998 would have been the 90th
birthday of the distinguished scientist in the physics and
technology of semiconductors, Professor Boris Timofeevich
Kolomiets. His name has entered into history in the field of
physics and technology.

Boris Timofeevich was born in the Altai, where at the
age of 13 he began his work activity in the train depot of
Barnaul. In 1930 he entered as a laboratory assistant in the
loffe Physicotechnical Institute of the Russian Academy of
Sciences, with which all of his subsequent scientific activity
was connected. It was his good fortune to have had as his
teacher Professor A. F. loffe himself. With his first steps in
the world of science he developed and, with the passage of
time, solidified his characteristic style—a wide range of deep
physical research in newly developing scientific fields with
subsequent application of the results of these efforts to the
semiconductor industry. The efforts of B. T. Kolomiets in
the field of photoelectric phenomena in semiconductors led
to the organizatiortfirst in Russia of the production of se-
lenium photoelement§1934) and to the creation, based on
thallium sulfide, of the first solar batteries with a huge effi-
ciency for that timg1938 of 1.1%. The research of Profes-
sor Kolomiets on the internal photoelectric effect in chalco-
genides, in particular, in cadmium sulfide and selenide,
culminated in the industrial development of the technology
of photoresistors and the organization of their mass produc-
tion (1948. He did much to introduce photoresistors into
different branches of the national economy and is rightly
considered as the founder of photoelectric automation. Later,

under his leadership various types of varistors, photoresissearch in this new field became Professor Kolomiets's main
tors, thermoresistors, x-ray and gamma-ray detectors, bolongte work. Under his guidance an extensive program of re-
eters and posistors—an entire branch of the electronicgearch was initiated. This research made it possible to eluci-
industry—were developed and brought into mass productiongate the various aspects of electronic phenomena due to the
During his work on the development of semiconductorpreakdown of long-range order in the structure of glassy
materials for electronics he concluded that complex composemiconductors. This activity stimulated research in the
sitions based on three or more chemical elements provide ghysics of disordered media throughout the world.
basis for creating new semiconductor materials with the  Professor Kolomiets, his students and coworkers discov-
properties necessary for electronic applications. Based ogred a number of new and interesting effects in glassy semi-
what he saw as the wide possibilities of multicomponeniconductors. They created a scientific basis for the practical
materials, starting in the early 1950s Professor Kolomietsipplication of glassy semiconductors, which made it possible
initiated a systematic research program on complex semicone improve a number of familiar devices and create funda-
ductor alloys of various composition. Together with othermentally new ones. Glassy semiconductors have found
researchers, he was one of the first to synthesize and invespplication in instruments and devices used in television, ho-
tigate solid solutions of 11I-V antimonide-based compoundslography, and opto- and micro-electronics, etc. He, together
A fundamental result in this branch of research was thawith his students and colleagues, made a substantial contri-
discovery by Professor Kolomiets, together with N. A. bution to research into other types of semiconductor materi-
Goryunova, of a new and broad class of semiconductoals, such as narrow-gap and gapless semiconductors.
materials—glassy semiconductors. From this point on, re- Professor Kolomiets devoted much of his time to admin-
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istrative activities. He was an initiator and organizer of manytraveling. He had many friends in various parts of the world.

international and local conferences, as well as schools in the All who had the good fortune to work with him and

physics of glassy and amorphous semiconductors. He creat&@ow him will always remember his vibrant energy, his cre-

a Iarge scientific school which included over 20 doctors Ofa'[ive activity' his good will and readiness to Support any

science and over a hundred candidates of science, most pfieresting and promising endeavor.

whom now work in scientific and academic institutions in

Russian and in other countries. For his scientific and public

work Professor Kolomiets received numerous awards and o , .

honorary titles, including two State Prizes of the USSR,  Academician Zh. . Alfev, Academician B.P. Zakharch-
Professor Kolomiets’s life interests were not limited to €nya, V. I. lvanov-OmsiiA. O. Olesk, and V. M. Lyubin

science, technology, and advancing the cause of science. H®jitorial Board of the Journal “Fizika i Tekhnika

loved life in all its manifestations—he sang beautifully, pojyprovodnikov”

almost professionally, appeared in concerts, and enjoyed wa-

ter skiing until the end of his life. He loved fishing and Translated by Paul F. Schippnick



SEMICONDUCTORS VOLUME 32, NUMBER 8 AUGUST 1998

AMORPHOUS, GLASSY AND POROUS SEMICONDUCTORS

Nanoscale mechanism of photoinduced metastability and reversible photodarkening
in chalcogenide vitreous semiconductors

A. V. Kolobov

Joint Research Center of Atom Technology, National Institute for Advanced Interdisciplinary Research,
1-1-4 Higashi, Tsukaba, Ibaraki 305, Japan
A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194201 St. Petersburg, Russia

K. Tanaka

Joint Research Center for Atom Technology—National Institute for Advanced Interdisciplinary Research,
1-1-4 Higashi, Tsukaba, Ibaraki 305, Japan

(Submitted January 28, 1998; accepted for publication February 23) 1998

Fiz. Tekh. Poluprovodr32, 899—904(August 1998

The present paper reviews the results oblained by the authors in the last three years. By applying
in-situ (pamp and probeEXAFS 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. 1®98 American Institute of Physics.
[S1063-782628)00208-1

1. INTRODUCTION bond$ increased reversibly under irradiatibit® This re-
sult, together with the finding that the photodarkening in-

Being intrinsically nonequilibrium materials, amorphous creased strongly in As-rich glasséssuggested that arsenic

semiconductors undergo a number of metastable transform lays a special role in the process. An attempt to find such
tions under the action of photoexcitaion, typical example )

, X tructural changes in elemental amorphous arsenic has, how-
are the Staebler—Wronski effect in hydrogenated amorphougver failed'® At the same time, such an effect was clearly
silicon (a-Si:H) and reversible photostructural changes, ’ ' ’

Iso k ible photodarkeni in chal _dobserved in elemental amorphous seleniaBg Refs. 17—
a)s0 KNOWN as reversiv’e pholocarkening, in- chaicogent ‘i9, which made it clear that presence of chalcogen is crucial
glasses. For recent reviews see Refs. 1-5.

R ible photodarkening has b K . thfor the photostructural changes to take place.
eversible photodarkening has been known SINCe e \n of the studies were performesk-situ when the

early 1970 s. It has manifested itself in a reversible shift Ofsample before and after irradiation was studied. It is clear

the absorption_ ed%e to Iowgr engrgies ur_1der irradiation Witrfhat under such conditions, at best, what happens as a result
the bandgap light” X-ray diffraction studies have demon- of the photoexcitation could be detected but not how it hap-

strated that the photodarkening is closely related to changeb';enS We have undertodk-situ EXAFS. Raman. and ESR
in the structuré, after which the terms “photodarkening” measurements on elementaSe and wé have b'een able to

and “photostructural changes™ have been used mterchangqjetect several stages of the photostructural changes, whose

ably. S . -
description is the subject of this paper.
Phenomenological explanation of the effect was given pron o) 'S pap

within the configuration-coordinated model which assumed2 EXPERIMENTAL
double-well adiabatic potential for the ground state of the™
system with light transferring the system to the higher-  The samples have been prepared by thermal evaporation
energy, metastable, state2 Annealing returns the system to of bulk material onto silica-glass or aluminum-foil substrates
the ground state. This approach, which is quite successful iheld at room temperature in a vacuum. The film thickness
describing the phenomenon obviously could not yield infor-was~1000 A for the EXAFS and Raman studies and a few
mation regarding the nanoscale mechanism of the processmicrons for the ESR measurements.

Raman scattering and EXAR@xtended X-ray absorp- EXAFS experiments have been performed in the fluores-
tion fine structurg studies have shown that the number of cence mode at beamline 13B at the Photon Factory. Detailed
so-called “wrong bonds’{such as As—As bonds in stoichio- description of the experimental procedure is given
metric AsS; glass which ideally should contain only As—S elswheré® Raman scattering was measured in the back-
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FIG. 2. Change in the average coordination numbela<3e at various
stages of the film treatment. A reversible increase in the coordination ap-
pears in the photoexcited state.

with two electrons lowering their energy from the nonbond-
ing state to the bonding state, the corresponding empty states
move to the anti-binding state, leaving no empty state
behind. For this reason, recombination of the photoexcited
electrons is impossible in the threefold coordinated geom-
etry, and bond rupture is a necessary condition for the re-
! i ! L combination, which means that the newly formed bonds are
150 200 250 300 essentially dynamic. It should be kept in mind that, once
Raman shift,cm™ formed, the new bonds are identical to the “old” bonds sub-
FIG. 1. Raw EXAFS oscillations measured at 30 K as a function of Wavetended at the same ovgr-coordlnated at'oms, which means th,e
number(a) and Raman spectra at the same temperdhjréor the annealed ~ SYStem possesses pairs of overcoordinated atoms dynami-
(solid ling) and photoexciteddotted ling a-Se film. An increase in the cally incorporated into the rest of the matrix. Structure relax-
amplitud_e of the EXAFS oscillation and appearence of new peaks in Ramagtion and bond rupture in these nanovolumes results in a
spectra in the photoexcited state are clearly seen. metastable reversible change and explains recently observed
photoinduced fluidity of chalcogenide glas$@Our data

scattering geometry and is described in more detail in Refdemonstrate that the concentration of such pairs reaches 7%.

21. Experimental details of the ESR measurement can be In order to confirm the conclusion made on the basis of
found in Ref. 22. the EXAFS experiment, am-situ Raman scattering study

of the photostructural change im-Se has been per-
formed?! Figure 1b shows polarized Raman spectra
(HV-configuration measured at 20K for annealed and
3.1. Photoexcited state photoexcited films ofa-Se. Two peaks, previously not re-

Figure 1a, shows raw EXAFS oscillations measured aported, are clearly seen in the photoexcited state at 158 and
30K for an annealed film o&-Se and for the photoexcited 280 M *. Although unambiguous assignment of these peaks
a-Se as a function of wave number. One can clearly see that Not straightforward, they clearly demonstrate that bonding
the amplitude of oscillations increases in the photoexcited’ the photoexcited state is changed, and that it can be

state. Detailed data analysis based on the single scatterifi§2dily explained by the formation of the interchain bonds.
theory® and curve-fitting, as well as the so-called Indeed, the formation of the third bond makes the structure

ratio-method?* have revealed that in the photo-excited state™re rigid and should result in an increase in the frequency
the average coordination number of selenium species inlhe peak located at 280 crh). Neutron scattering study of
creasegFig. 2) dynamically, acquiring its original value af- liquid selenium, which is thought to possess about 15% of
ter turning off the exciting light. This increase in coordina- the threefold coordinated atorff;" has also shown a similar

tion is believed to be caused by the following process.  high-frequence shift’ The peak at 158 cirt possibly re-
Under the photoexcitation, one of the lone-péiP) sults from a shift of the 150 ciit peak due ta=° mode to

electrons which form the top of the valence band is excited,higer frequen.cies because of.increased interphain interaction
while the other one is left unpaired in the former LP-orbital. In the cross-linked geometry in the photoexcited state.

If the time of the carrier localization is long enough, the ) ) L

unpaired LP electron interacts with the neighboring chair®? Bond reconstruction following the photoexcitation
and forms an interchain bond, which increases the local co- Rupture of dynamic bonds following the photoexcitation
ordination of selenium atoms. Once the third bond is formedshould result in creation of unpaired electrons and hence an

Intensity,arb. units

3. RESULTS AND DISCUSSION
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of ESR-active centers. Threefold coordinated centers) @fe transformed
into single coordinated centers Zﬁin the temperature range from 20 to
90 K.

the photoinduced spins~(10?° cm™3) agrees well with the
concentration of the three-fold coordinated pairs detected in
the EXAFS experiment.

Figure 4 shows the temperature dependence of partial
concentrations of the two types of ESR-active centers. We
see that the concentration of threefold coordinated defects
gradually decreases with temperature increase and disappears
at about 90 K. Interestingly, the concentration of the other
species increases in the same temperature range, demonstrat-
ing that there is a conversion of threefold coordinated defects
into singly coordinated ones. This experiment is at variance
with the simple considerations of the valence-alternation pair
(VAP) modef? but is in full agreement with the results of

Maynetw Field, G later calculations? Our EXAFS measurements during the
FIG. 3. a — Photoinduced ESR signal and its temperature evolution; an—annea"ng of the irradiated sample in the range from 20 to
nealing temperatrue is 2@), 90 (2), 150(3)°C; all spectra were measured 160 K (not shown, see Ref. 3provide further evidence for
at 20K. b — anisotropidtop) and isotropic(bottom) components of the  the change in the defect coordination number upon anneal-
ESR signal. ing.
At temperatures higher than 160 K the photoinduced

ESR signal disappears but if the irradiation is performed
ESR signal which is not observed in annealed chalcogenidagain at low temperature, the builtup of the signal proceeds
glasse$?® Indeed, we were able to detect a strong photoin-much faster than in the primary irradiation cycle. This result
duced ESR signal in our sampléSig. 3). With annealing is similar to that reported for binary AS; glas$* and im-
(measurements were always done at 2ahe lineshape of plies that the photoinduced defects are not annealed out of
the signal changed in the temperature range from 20 to 90 K60 K, only their charge state is changed at that temperature.
suggesting the presence of more than one ceffigr 3@,  Subsequent irradiation at low temperature does not require
while annealing at higher temperatures resulted only in &reation of defects any more but just their excitation which
decrease of the signal intensity. After annealing at 160 Kproceeds at a much faster rate. We have argftfédhat at
ESR signal disappears. Deconvolution of the spectra into twtemeratures above 160 K charged valence-alternation pairs
components is shown in Fig. 3b. The more stable componer{iC; C;) are formed.
is anisotropic and characterized hy-factors g,=2.22, Annealing at temperatures close to room temperature
g,=2.099, andy;=1.983. The other one is isotropic and has (the glass-transition temperature farSe is about 30 °C
g-factor value of 2.09. results in a complete recovery of the samples initial

The obtainedg-factor values for the anisotropic center parameters’
agree very well with the calculated valueg,E2.22, The complete structural change taking placeaitbe
g,=2.075 andg;=2.0023% for the neutral chain en¢sin-  therefore consists in the followingFig. 5. Under photoex-
gly coordinated defettWe believe that the other one comes citation, lone-pair electrons are excited and dynamic inter-
from a threefold coordinated defect. The observed density ofhain bonds are forme@tep ). Lattice relaxation and bond

ESR signal, arb.units
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FIG. 4. Temperature dependences of partial concentration of the two kinds
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rupture leads to the creation of neutral VARsep 1) and §

appearance of the ESR signal. Threefold coordinated defect: 0 | ; , L N 40 §

are unstable and decdstep Il)) into singly coordinated de- 0 50 100 150 200 250 300 30 °
fects(dangling bonds At higher temperatures, pairs of neu- Temperature, K

tral danglir_lg bonds form charged VARstep IV), Whif:h is FIG. 6. Temperature dependences of the photodarkef@in¢after'®) and
accompanied by the disappearence of the ESR signal. Arroncentrations of neutrdt) and chargedb) VAPs.

nealing at room temperature leads to recovery of the initial
structure(step V.

Our main result, namely, the observed formation of ad-metric defects*“wrong bonds”) can also be induced in the

ditional (interchain bonds in the photoexcited state is in material through the formation of dynamic interchalcogen
sharp contrast to previous modéf$=° which are summa- bonds!314.21

rized in Ref. 1 as follows: “One major aspect of light-

induced changes in short-range order is breaking of the ex-

isting bonds and formation of new bondgRef. 1, p. 124 3.4, Relationship between the photostructural change and

and “new bonds are formed in place of those broken bonds’teversible photodarkening

(Ref. 35, p. 80, OL.” results show that t.he. rgahsnc SEAUENCE  Atter  the valence-alternation model was  first
of the processes is exactly the opposite: First dynamical in- 1 .

. : suggested! it was argued that photoinduced VAPs were
terchain bonds are formed and the bond breaking follows, ible for th ible ohotodarkeRcOb d
The crucial role in this process belongs to LP-electrons, PO o€ TOf the reversible photodarke gp serve

. . increase in the ESR buildup upon secondary irradiation of
whose presence allows the formation of such dynamic bonds

. ) . pre-irradiated and then annealed fifthwas considered as a
The obtained data make it clear why reversibly photostrucf her argument in favor of this hypothesis.

. . rt
tural change take place only in amorphous chalcogenides anH Later, however, it was argudtthat temperature behav-

not in a-As or a-Si: H — the last two do not possess LP- . . . :
o .. iors of the photoinduced ESR and photodarkening were quite
electrons and cannot undergo the bond switching that easily,. . . .
rradiation of amorohous chalcogenides with linearly bo- ifferent: ESR disappeared at temperatures considerably
P 9 Y PO 5wer than the photodarkening. This result was the grounds

larized I'gh.t re;ults n .the. formation of_dynamlc ponds n thefor a conclusion that photoinduced ESR and photodarkening
selected direction. This finally results in the redistribution of .
are not related. This concept became a consensus. We

bonding and nonbonding electrons which manifests itself 3 alieve. however. that this conclusion is wrong, and that

; ; 37
photoinduced anisotropy: the earlier suggestion relating the photodarkening to the
photoinduced creation of VAPs is correct.

One should realize that disappearence of ESR does not
mean disappearence of defects. ESR is not related to the

In order to check whether the mechanism activaiBe  presence of defects as such but to unpaired spins which are
is also valid for more complex glasses we undertook studiefcalized at these defects. A much faster ESR buildup in the
of reversible photostructural changes in a binary glassecondary irradiation cycle is a clear proof that defects have
As,Seg. We have found that in the binary glass the coordi-not disappeared after the disappearence of the ESR signal.
nation of selenium species also increases reversibly in the The faster component in the secondary irradiation pro-
photo-excited stat&* Just as ina-Se, irradiation of binary cess can be a measure of the concentration of the photoin-
glasses results in the appearence of the ESR stymhich is  duced charged defects. Figure 6 shows the temperature de-
annealed out at about room temperature. Secondary irradigendences of the concentration of charged VAPs calculated
tion of the films at low temperature is characterized by fastein this way (for more details see Ref. 3&nd of the photo-
kinetics®* Annealing at temperatures above room temperadarkening. The data are normalized in such a way that the
ture leads to recovery of the initial paramet&rs. first point (at 160 K) for the data for the charged VAPs con-

We can thus see that all sets of phenomena are essecentration coincides with the corresponding point for the
tially the same fora-Se and complex glasses and we thusphotodarkening. Remarkable agreement between the two sets
conclude that the underlying mechanism is also the same. @f data is clearly seen. Furthermore, we can estimate from
consists in bond switching via the formation of dynamic Fig. 4 the concentration of neutrdESR-active VAPs and
bonds due to photo-excitation of LP-electrons of chalcogemut on the same scale in the figure. One can see that the
atoms. The process in binary chalcogenides is more compleorrespondence between the concentration of neutral VAPs
cated since, in addition to coordination defects, also stoichioand photodarkening is also quite good.

3.3. Photoinduced processes in binary chalcogenides
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Detailed studies of the recovery of initial parameters in ~ The results presented in this review would have been
preirradiated’ a-Si have revealed several steps of the pro-impossible without experimental assistance and many help-
cess, where the characteristic temperatures for the stages doé discussions with H. Oyanagi, M. Kondo, and A. Roy,
100 and 180 K, which agrees with the characteristic temperaxhose participation in this work is gratefully acknowledged.
tures of 90 and 160 K in the temperature behavior of the  This work, supported in part by NEDO, was performed
photoinduced ESR. We can thus claim that reversible photoin the Joint Research Center for Atom Technold¢gRCAT)
darkening is directly related to the presence of VABisher  under the joint research agreement between the National
neutral or chargedin the material. Below we discuss why [nstitute for Advanced Interdisciplinary Resear@NAIR)
creation of VAPSs results in photodarkening. and the Angstrom Technology PartnerstiP).

The top of the valence band axSe(and also in binary
chalcogenidesis formed by LP-electrons. In the annealed
state, LP-orbitals subtended at neighboring atoms are ori-
ented perpendicular to each other in order to minimize the
energy. Any displacement from the equilibrium position will 1G. preifer, M. A. Paesler, and S. C. Agarwal, J. Non-Cryst. Soliti4
change the mutual positions of atoms and the orientation of 130(1989 and the bibliography cited there.

LP-orbitals, which results in an increase in the energy of theziegsgsgivaF:]ZVésg"dEﬁigtte /iii/- G;hl (;%92-25 (1991

SyStem and causes broade_znlng (_)f the LP b_and' WhI_Ch manl2"A.m0rphous Silicor.\ Téchnol(;gy-légﬁlsf\l’s, ,\/ol. 420, edited by M. Hack,
fests itself as photodarkening. It is worthwhile to notice that g schiff, 5. wagner, R. Schropp, and A. MatsuBittsburg, Pennsylva-
in all the studied chalcogenide glasses the reversible changenia, 1996.

in optical absorption is always photodarkening, although the’K. Shimakawa, A. V. Kolobov, and S. R. Elliott, Adv. Phys4, 475
irreversible cqmponent of sgch a changle in nonequililbratedeg%gsé%erkesy S.W. Ing, and W. J. Hillegas, J. Appl. PHgs4908(1971.
as-prepared films can be either darkening or bleaching, de?s A keneman, Appl. Phys. Lett9, 205 (1971.

pending on the sample composition and preparationgk. Tanaka, Appl. Phys. Let26, 243(1975.

conditionst® 9K. Tanaka, H. Hamanaka, and S. liima, Proceedings of the 7th

We would like to stress here that photodarkening is not International Conference on Amorphous and Liquid Semicondyctors
. . . edited by W. E. SpeaCICL, University of Edinburgh, 197%7p. 787.

caused directly by the creation of photoinduced defects, akoye Tanaka, 3. Non-Cryst. Soli®5-36, 1073(1980.

though they obviously make a certain contribution. More im-22a. v. Kolobov, B. T. Kolomiets, O. V. Konstantinov, and V. M. Lyubin,

portant, the photoinduced defects act as knots around whichJ. Non-Cryst. Solids5, 335(1981.
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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 fc-Si: H) sample. The transport mechanismgig-Si : H is discussed

on the basis of these measurements. Striking similarities in the temperature dependences
of the dark conductivity and photoconductivity betwege-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 propetiesSof H.

© 1998 American Institute of PhysidsS1063-782808)00308-1

1. INTRODUCTION Meyer—Neldel rule inuc-Si: H has been performed in the
homogeneous model by just taking into account the statisti-

As a potentially important material for realizing high- cal shift of the Fermi energy.
stability and high-efficiency low-cost electronic devices such ~ Much less is known about the transport properties of
as solar cells and thin-film transistdfs hydrogenated mi- undoped or lightly dopegkc-Si: H at temperatures consid-
crocrystalline silicon f.c-Si: H) is attracting increasing at- erably below room temperature. It was generally found that
tention. For an electronic material, carrier transport is unthe dark conductivity ofuc-Si: H does not exhibit a simple
doubtedly among the most important propertjgs:-Si: His  thermally activated temperature dependence at low
a mixed-phase system. It consists of crystalline grains antemperature$,and the reason is unclear. Below we present
amorphous tissue regions. Thus, the transpogtdrSi: His  experimental data from the measurements of the dark con-
of great interest also from the pure physical point of view. ductivity and photoconductivity inuc-Si: H extended to

In discussing transport mechanisms gt-Si: H one low temperatures and the data of the pulsed electron-spin-
should clearly distinguish between highly doped samples ancesonance (ESR.> Possible transport mechanisms in
undoped or lightly doped samples. Heavily doped sampleg.c-Si: H at low temperatures are discussed on the basis of
demonstrate metallic-like dc conductivity. It has been re-these data.
cently shownR that for such samples the spread of the ob- It seems difficult, if not impossible, at the present stage
served mean carrier densities, dc conductivities, and Halbf research to search for the transport mechanism by purely
mobilities can be well accounted for by the model of two- theoretical considerations. The reason is the lack of informa-
phase inhomogenity assuming that crystalline grains aréon on the basic properties of the material, among which is
highly conducting and amorphous regions are poorlythe band structure gic-Si: H. Some studies claim the band
conducting. discontimuities between crystalline grains and amorphous

However, little is known about the carrier transport tissue regions to be most pronounced in the valence Hand,
mechanism in undopegc-Si: H. At temperatures close to whereas others attribute the discontinuity mainly to the con-
room temperature, the dark conductivity and the thermoeleoduction band. It is also not clear whether the concepts of
tric power of undoped or lightly dopegc-Si:H greatly mobility edge and of band tail with localized stated, which
resemble the transport data for hydrogenated amorphous silivere developed for homogeneous disordered semiconduc-
con (@-Si: H). It appears possible to adequately describeors, can be applied tac-Si : H without substantial modifi-
these high-temperature transport propertiesuofSi: H in  cations.
terms of a homogeneous model similar to that developed for Therefore, we choose for our discussion the following
a-Si:H2 In particular, an adequate description of theapproach. We compare the observed temperature depen-

1063-7826/98/32(8)/5/$15.00 807 © 1998 American Institute of Physics
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dences of the dark conductivity and photoconductivity of T T T

nc-Si: H with those predicted by the transport mechanisms 800 2vy a ]
in various disordered semiconductors, and discuss whether—

the transport mechanisms, which predict the observed tem-§ 600

perature dependences, can take plagedrSi : H. It appears :

that the transport properties of undoped or lightly doped G 400} CE -
uc-Si: H at low temperatures can be well accounted for in §

an approach which treats the system as completely homoge-& 5441 -
neous, similar to the description suggested recently for

transport in undopegkc-Si : H at high temperatures. 0 { L I

2. EXPERIMENTAL RESULTS 400

The thin film wc-Si: H sample studied in this work was
prepared from highly Kdiluted SiH, using the conventional
plasma-enhanced CVD methddhe substrate temperature
was 250 °C. The main characteristics of the sample are as @ 200
follows: thicknesd=0.42 um, volume fraction of the crys-
tallites p=90 %, room temperature dark conductivity ~ 100
0¢(RT)=1.5x10"°Q !t cm?, dark dangling bond den-
sity Npg=1.4X 10 cm™3. The crystallinity was measured 0
by Raman scattering spectroscopy and confirmed by trans- 0 5 10 15 20
mission electron microscop@EM) observation. The two- modulation frequency (MHz)
pulse electron-spin-echo envelope modulatiGBSEEM FIG. 1. Fourier transform ESEEM spectra for GB and DB (b) in
measuremeft**was carried out using an ESR spectrometer,,c-s; : H.
operated at 8 GHz. The classical Hahn echo pulse sequence
was used,P(90°)-r-P(180°)-r-echo, wherer is scanned.

The Conductivity of the Samp'e was measured using a Cop|d)|ications for carrier transport |nC'S| : H. The fact that the
nar electrode configuration and the electrodes were AFEs prefer to reside in the grains implies that inside a grain
evaporated on top of the film. For the photoconductivitythe electrons are at a local energy minimum. In other words,
measurements, a red lasé€Fi-sapphire,\=710 nm) was electrons have to overcome an energy barrier when they
used to illuminate the sample. The photoconductivity ismove from one grain to another. Naturally, the energy barri-
defined as the difference between the total conductivityers separating the grains are most likely to be the grain
measured under illumination and the dark conductivity. ~ boundaries.

The TEM measurement revealed that the film had a co-  T0 gain futher insight into the transport mechanism in
lumnar structure, with the crystallites extending to almost thexC-Si : H, we measured the dark conductivity{) and pho-
entire thickness of the film. No clear amorphous regiongoconductivity ;) of the sample over a wide temperature
could be seen between the grains due to the high (90°) cryange. Figure 2 shows tiiedependence of the dark conduc-
tallinity. Two ESR signals were observed in the sample: ondivity 4. Below room temperature the data are well fitted to
is the dangling bondDB) center ag=2.005 and the other is oglexd — (To/T)Y2, (1)
the conduction electron(CE) signal at g=1.998. The
ESEEM is capable of detecting the nuclear species surround-

300

ty (a.u.)

en

int

ing the spin centet®'* making use of hyperfine interactions ? 7 T ' T T ' T
between the electron spin and its surrounding nuclear spins, ~ 10 .
and thus gives information on the spatial distribution of the ‘g - -
electron spins. ~° 10¢ .
Figure 1 shows the frequency domain ESEEM spectra 'g i J
for CEs and DBs inu-Si: H obtained from the two-pulse > 10 ]
ESEEM measurements. We find that for the CEs, only the g | |
double frequency of°Si nucleus appears, whereas for DBs  § 10
both the double frequncy 6PSi nucleaus and the fundamen- 8 L ]
tal frequency of'H nucleus appear. The fact that the CE 3 i 1
echo decay is modulated by only Si nucleus and the DB echo % 1072 1
decay is modulated by both Si and H nuclei indicates clearly 3 - .
that the CEs are located in low-H-concentration regions and 10 . . . , ) ) .

the DBs in high-H-concentration regions. Given the structure 5 6 7 8 9 10 11 12
of uc-Si: H, the above results are direct evidence that the 172, 172
. ! X . 100*T K )
CEs are located in the crystalline grains and the DBs in the
grain boundary regions. The ESR results have important imrIG. 2. Temperature dependence of the dark conductivity.
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3 ' T T T 3 Marfaing/ on the other hand, used a structure of
3 ] c-Si Ksputtereda-Si : HY and found the discontinuity in the
~10°F 3 valence band negligible, with the main discontinuity existing
E in the conduction band. Xat al® found the discontinuity in
T 10°F 1 the valence band E,~0.26 eV with a negligible disconti-
a nuity in the conduction bandAE.~—0.02 eV between
2107k - c-Si:H anda-Si: H. Under such circumstances it is not
% possible to discuss in detail the transport mechanism. There-
2 10°%¢ 5 2 . fore, we just discuss below the possible mechanisms which
E mW/cm 3 . o .
S ; 3 in principle could account for our experimental data, and
§ 10°¢ L I 3 specify the physical conditions for their realization.
2 / 000000000 ] We start with the dark conductivity, described by Eq.
Q1o"° i 5 es0000000 1 (1). Such a temperature dependence is well known for two
1.2mW/em o classes of materials — granular metals and those in which

0 10 20 30 20 50 transport is by variable-range hoppiigRH), with the den-
1 sity of states(DOS) in the vicinity of the Fermi level pos-
1000/T (K ) sessing a Coulomb gap. Since no information is available on
FIG. 3. Temperature dependences of the photoconductivity at two Iigh{he DOS.and O_n the Ipcallzatlon of states in the vicinity of
intensities. the Fermi level inuc-Si : H, we do not want to speculate on
the Coulomb gap and on the VRH mechanism. Moreover, in

_ systems such as doped crystalline semiconductors, where
WhereT0%2.6X 104 K as determined between 80 and 120 K. VRH leads to theT dependence of the Conductivity de-

The temperature dependencesogfare shown in Fig. 3 for  seribed by Eq(1), T dependence is observed in a very nar-
two light intensities. Tw_o regimes can be seen: the regime |,y range of low temperatures due to the small width of the
below ~40 K, whereoy, is essentially independent 8fand  coyomb gagfusually less than 1 me¥Ref. 12]. Therefore,
the regime Il above-40 K wherea, increases rapidly with ¢ 5 ynjikely that VRH is responsible for the observad

T. From the intensity dependeneg,/F”, whereF is the dependence of the dark conductivity.

light intensity, we found that the recombination is strongly The similarity to the dc current in granular metals is
dependent. The temperature dependence of the parameterstrikmg. In granular metals, th€ dependence described by

is shown in Fig. 4. Eqg. (1) is widely observed over a broad temperature range
with To=2x10* K.23% There are some obvious structural
similarities betweeruc-Si: H and granular metals. In both
As already mentioned, very little information is available SYStems, grains are separated by a less conducting material
regarding the band structure pt-Si : H. Moreover, several and, as mentioned in the previous section regarding our ESR
rather contradictory reports have been published on the barf@sults, electrons have to overcome or to tunnel through an
edge discontinuities between crystalline silicangi) and ~ €nergy barrier when moving from one grain to another. Vari-
a-Si: H5-® From the measurements of the internal photo-0US mechanisms have been suggested to account foF the
emission at ¢-Si/fa-Si: H heterojunction, Mimura and dependence by Eq1) for granular metals, among which the
Hatanak& concluded that the major band edge discontinuityPercolation model of Simanekseems to be most plausible.
occurs in the valence band E,=0.71 eV), while it is only ~However, all these mechanisms take into account just the
0.09eV in the conduction bandAE;). Cuniot and temperature dependence of the carrier mobjify), assum-
ing the concentration of charge carrier§l') to be indepen-
dent of temperature. Such a description can be applies to

3. DISCUSSION

1.0f ' ! r ' : pc-Si: H provided that the Fermi energy is located above
o5k oo ° ® | the mobility edge of the crystalline grains. In such a case the
activated dc conductivity at high temperatures would corre-
0.8 o : spond to thermal activation over the energy barriers that
0.7+ o ] separate the crystalline grains, whereas Thelependence
> described by Eq(1) at lower T would be due to transport
0.6r ® 7 mechanisms similar to those in granular metals.
0.5l o ® i If, however, the Fermi energy inc-Si: H is located in
° the region of localized states in the mobility gap, typical of
0.4r @y © 1 undoped or slightly doped disordered semiconductors, the
0.3k e , , . ) i conductivity arises from thermal excitation of carriers across
0 10 20 30 40 the mobility gap into extended states or by hopping pro-
1000/T (K'1) cesses via localized gap states. In general, the temperature

dependence of the dc conductivity is determined by both
FIG. 4. Temperature dependence of the exponeirt the relationo,/F . n(T) and w(T)
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og=en(T)n(T), 2 states? Therefore, it is not surprising at all that even the
magnitude of the low-temperature photoconductivity of

If one assumes that conduction via extended states dominaté§™S! : H 1S S0 close to that Gi-Si: H. . .
If one assumes the energy-loss hopping mechanism for

the transport, as suggested by Overhof and tie high X .
. ) the low-temperature PC ofc-Si:H and a-Si: H, one
temperaturesy(T) is the only temperature-dependent factorShould assume that the dark Fermi energyui-Si - H is

and located in the region of localized states, as is the case in
a-Si: H. If so, the temperature dependence of the dark con-
oy(T)=0o exp{—[Ec(T) —E«(T)I/KT}, (3 ductivity o4(T) cannot be determined solely by the tempera-
ture dependence of the carrier mobiligy(T). Hence, it
where oy is a conductivity characteristic of transport in ex- seems unlikely that the transport mechanism responsible for
tended stated ~200 S/cm fora-Si:H (Ref. 16], and the temperature dependence of the dc current in granular
E(T)—E4(T) is the difference in energies between the con-metals can take place ip-Si: H as well. Therefore, an at-
duction level and the Fermi level. For transport in extendedempt should be made to explain thedependence in Eq1)
states, theT dependence described by EJ) can appear by using either the extended-state model of Overhof and
only if E¢(T)—E«(T)~(kT)Y2 It is possible that such a Otte® or the transport-energy description of Gruenewald
relation is valid, and one can even try to search for a particu€t alt’
lar distribution of the DOS of localized states, which can Itis worth noting that the same two models — that of the
provide such a relation, using, e. g., the model for the statistransport enerdy and that of the extended-states transgort
tical shift of E; suggested by Overhof and Bey#r. have been suggested to describe the P@-8i: H at tem-

Another possibility is that transport inc-Si: H at low  peratures about 100 K. We do not think that it is possible to
temperatures is dominated by hopping processes via locaflescriminate between these two approaches at the present
ized band tail states. In that case, some particular energ§tage of research, because even the band structure of
level E(T) in the band tail is responsible for the dc wC-Si:H is not yet clear. But we think that it is reasonable
current!’ This temperature-dependent transport energy is deto search for the transport mechanism in undoped or slightly
termined by the interplay between the two temperaturedopeduc-Si:H at low temperatures in the framework of
dependent factors in Ed2). For localized states close in homogeneous transport models similar to those suggested for
energy to the band edge, the mobility is higher but the cona-Si: H.
centration of electrons is lower than for deeper energy states.

This transport level and hence the whole temperature depen-

denceoy(T) crucially depend on the form of DOS for local- 4 concrusions

ized states in the band tafl. For some particular form of Dark conductivity and photoconductivity along with
DOS, hopping of electrons in the vicinity of the transport pulsed electron spin resonance have been measured with a
energy can, of course, give rise to the obserfedepen- uc-Si: H sample of 90 % crystallinity over a wide tempera-
dence in Eq.(1). To find this particular DOS one should ture range below room temperature. At least three mecha-
perform a series of computer simulations to those carried outisms can provide the observed temperature dependence of
in Ref. 17 with different forms of the DOS. the dark conductivity:

We now turn to discuss the temperature dependence of (i) hopping-mechanism for transport in granular metals
the photoconductivity PC) shown in Fig. 3. The most re- with temperture-dependent mobility and temperature inde-
markable feature of the PC is its similarity to the PC inpendent concentration of carriefs;
a-Si: H.°® At T=<40 K the magnitude of the PC essentially (i) transport via extended states with temperature-
does not depend on temperaturegime | in Fig. 3 and at dependent concentration of mobile carriers and temperature-
temperatures about 100 K the PC increases exponentialipdependent mobility®
with temperaturdregime Il in Fig. 3. The PC ofa-Si: H in (iii) hopping transport via localized band tail states,
the regime | is attributed to the energy-loss hopping of phowhere the interaction between the temperature-dependent
toexcited electrons and holes via localized band tail s&tes. mobility «(T) and the temperature-dependent concentration
In this regime, the charge carriers move by tunnel transitionsf carriersn(T) determines the transport path, which corre-
to progressively deeper localized states in the band tail. Theponds to the maximum of the productT)n(T), and hence
rates of such transitions are not influenced by temperatureletermines the conductivity.
and hence the magnitude of the PC is temperature However, the low-temperature photoconductivity of
independent® In a-Si: H, this energy-loss hopping is usu- wc-Si: H shows such a striking similarity to that afSi : H
ally observed aff <40 K.2° It thus seems reasonable to as- that it seems reasonable to assume the same transport mecha-
sume that the same mechanism takes placedsi: H as  nism for uc-Si : H anda-Si : H. This excludes possibilit§i)
well. One could argue that in owrc-Si: H sample of 90 % above, because it is known thatanSi : H the concentration
crystallinity, the number of localized band tail states is prob-of carriers is temperature dependent at all temperatures, no
ably not as large as ia-Si: H for the same energy-loss matter whether the transport is via extended states or by hop-
hoping mechanism to work. However, the striking feature ofping through the localized band tail staté$2Therefore, our
the energy-loss hopping mechanism is that the conductivitgtudy suggests that it is reasonable to search for the transport
is independent of the total density of the localized tailmechanism in undoped or lightly dopeggc-Si:H at low
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High purity (GeS) g x(SS3)20(NdCL), x=0, 0.01, 0.1, 0.5, glasses were prepared and their
optical properties determined. The Ge—Sh-S system dissolves up to 0.5 mol.% @f NdCI

and still forms stable glasses. The structure of these glasses is formed by interconnegted GeS
tetrahedra and Sh$yramids as it follows from the Raman spectra. The glasses are

optically well transparent in the range from 15400 ¢nio 1000 cmi*. Doping with Nd creates

new absorption bands which can be assigned to electron transfer frothythievel to

?Gsj2s “Grp2, “Huwzs *Foras *Fai2, *Saizs Hopz, *Fsz, “F iz, *l1gand®l 1y, levels. The oscillator
strengths and Judd-Ofelt parameters were evaluated. Their values are close to the values of
those for Nd™ in another chalcogenide hosts. The long-wavelength absorption edge was found
near 1000 cm?® 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 froffF;, to 4l g, 10 111/, 10 #1153, and?l 5, electron levels.

The first luminescence band was excited also by 1064-nm line and represents probably the
upconversion of light. ©1998 American Institute of PhysidS1063-7828)00408-¢

1. INTRODUCTION relaxation can be lower. The energy gap betw&eg), and
. underlying *l;5, level in Nd ions is relatively large
The luminescence of rare-eartRE)-doped glasses has [~6500 cnmt (Ref. 9]. Its value, in combination with low

been studied frequently for potential application in IasersphOnon energies, decreases the probability of multiphonon
light amplifiers and light upconvertoksee, e.g., Refs. 147 relaxation.
For such applications, the.quantum efficiepcy, which is di,f' The RE compounds or elements are soluble in oxide and
ferent for the same RE ion placed in different hosts, isy;jige glasses, while their solubility in chalcogenides, .g., in
important=® The nonradiative transitions to the lower elec- Ge-S system glasses, is generally lower. The achievable
tron energy state, when several lattice vibrations are genefensity of RE ions in these materials is often too small for
ated, compete with the radiative transitions. The emissiorgnany possible applicatiofsA search for homogeneous
from the“F 3, level of N ion to the underlyind1 ;), level chalcogenide glasses, which can dissolve larger amounts of
can be quenched because of the above-mentioneqe elements, is therefore useful. From this point of view,
multiphonon relaxatiofi.” The total quantum efficiency can the glasses from the system Ge—Sb—S, similarly to the
4 1
then be reduce?_j. , i Ge-Ga-S glasses studied earfieare promising because
Thg nonradiative decay rate;,, due to multiphonon they can dissolve larger amounts of RE elements or their
relaxation, depends on the energy gaj,, and phonon en- o mpounds. The justification of this suggestion is given in

ergy, fio, and is given by Miyakawa—Dexter equatibns Sec. 3 of this paper. The aim of steady work is:
— aAE a) the determination of the glass-forming ability in the
wp=wg exp( o ) a=In(p/g)—1, (1)  system, Ge—8-S-NdCl;; b) the preparation of homoge-

neous glasses;) dhe determination of basic properties of

wherep=#o, g is the electron-phonon coupling strength, these glasses, such as optical transmissivity and lumines-
and oy is a host-dependent constant. cence.

For glasses with a small maximum phonon energy, the
number qf phonons required to bpdge the energy 9ap, i§ yoeoMENTAL
large, which lead to a smaller multiphonon relaxation fate.
Because of the larger atomic weights of their constitutive = Samples were prepared from high-purity elements
elements, the chalcogenide glasses have smaller phonon €&e, Sb, S, all of 5N-purityand from neodymium chloride
ergies than oxide glasses and the probability of multiphonoiNdCl; per analysis, p.a. in evacuated silica cells

1063-7826/98/32(8)/5/$15.00 812 © 1998 American Institute of Physics
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(T~960 °C, 40 hin a rocking furnace. After the synthesis, T " T ' ' ’ ’
the cells were annealed at 800 °CG ®h and then the cells H eI C
with the melt were water quenched. The homogeneity of the
samples was confirmed by optical and electron microscopy
and byX-ray diffraction. The composition and its uniformity
was also checked by an energy disperskweay analyzer
(EDAX).

The optical spectra of cut and polished plane parallel
plates were measured using spectrophotoméRarkin—
Elmer Lambda 12, JASCO V-570VIS, NIR)) and FT
spectrophotometdBIO—RAD FTS 45(R)).

The Raman spectra were measured at room temperature
by FT Bruker IFS 55/FRA 106 spectrophotometer, the
YAG : Nd line (1064 nm was used for excitation of Raman
spectra. The AY ion laser lines(476.5, 488 nm and
YAG : Nd laser line(1064 nm were used for luminescence
excitation.

11/2! 52’ 72

H
T

w
T
1

N
T
1

3. RESULTS

The sampleg$GeS) gy x(ShS;)20(NdCls), (x=0, 0.01,
0.1, 0.5 were orange in color. The glasses were optically
homogeneous to the eyes and to the methods given above. 0 1 " . 1 L
Their x-ray diffraction patterns did not contain any peaks 600 700 800 900
attributable to crystals. Several broad bands typical
of the amorphous state were observed. The densities of the Wavelength, nm
samples increased slightly with increasing *Ndcontent  FiG. 1. Ground state absorption cross section of Nibns in (Ge$) 75
(p=3.22—3.26 g/lcm). (SbyS3) 2o(NdCly) 5 glass.

The short-wavelength absorption edge lies between 500
and 600 nm in the visible region of the spectrum.

Doping of the samples with Ndg(Fig. 1) creates new bands with maxima near 314 ¢rh 340 cm %, 367 cm %,
absorption bands near 16892, 16447, 14493, 13 333nd at 416 cm'. They can be, in accordance with Ref. 14,

12 315, 11 312 cm' (Fig. 1), which are similar to the bands assigned to the vibrations of Sp®yramids @,), to the

of Nd®* in fluoride glasse¥'**and in GeS—GaS; glasse$.  vibrations of Ge$ tetrahedra &;, F,) and to vibrations of
The spectra of glasses with higher Nd contentS;Ge—S—Gegstructural units, respectively. This means that
(~0.5mol.%) reveal a weak absorption band nearthe structure of host glass is formed mainly by the “lattice”
1950 cm 1, which can be assigned to electronic transitionsof GeS, tetrahedra and ShSyramids, which are intercon-
between the levellq, and*l;,/, of Nd®* ion. nected by bridging sulfur atoms. An identical result was ob-

The infrared (IR) spectra revealed weak absorption tained also from the analysis of IR reflectivity spectra. Since
bands near 1120 and 1310 thy weak bands in the region the Me—S—Mebond angle in germanium dichalcogenides
1500-1700, 2510, 3240, and 3608800 cmi *. The bands is!® ~90—-110°, and since similar angle can be found in
in the region 1508 1700 and 3606 3800 cm ! can be as- antimony sulfides, the GgSetrahedra and Sh$yraminds
signed to the valence vibrations of OH groups of waterare vibrating independently and can be considered as isolated
sorbed on the surface of the glass. The weak band neascillators.

1600 cm ! corresponds to the breathing vibration of OH The doping of Ge—Sb-S glass by Nd does not influence
groups of sorbed watdsee, e.g. Refs. 5, 12, and)18eak the IR and Raman spectra, as can be expected, because the
absorption bands near 1120 and 1320 ¢éman be assigned density of NdC} dissolved molecules in glassy matrix is

to the vibrations of Sbh—O and Ge-O bonds, respectivelylow.

Vibrations of S—H bonds probably cause the absorption near The luminescence spectra of Nd-activated glasses are
2510 and 3240 cm'. given in Figs. 3a and 3b. Four broad luminescence bands are

The long-wavelength absorption edge of the samplesbserved. These bands can be assigned to the transitions
was found near 1000 cnt and its position can be assigned between the discrete electron levels of*Ndons.
to the multiphonon Ge—S and Sb-S vibrations. The absorp-
tion in the far-IR region behind this absroption edge is
strong. The amplitudes and band positions in this region aré' DISCUSSION
identical to the undoped samples. By analogy with Refs. 6, 7, 10, and 11, the absorption

The reduced Raman spectrum of (GrYSbhS;),9  bands introduced by Nd doping in the visiflélS) and near-
glass in given in Fig. 2. The broad band with maximum neaiinfrared (NIR) regions of spectrum can be assigned to the
340cm ! can be apparently deconvoluted into four sub-electron transitions from the grourtly, level to the?Gs),,

v

. . -20 2
Ground state absorption cross section, 107 cm
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s~ wheref,,, andf,. are experimental and calculated oscilla-
1. SbSa(A1) ] tor strengths, respectively. Theis Planck’s constantn is.
2-GeS,(A) electron massy is mean wave number of the absorption
4 4 band,J is the ground-state total angular momentum of Nd
3-GeS(F) (3J=9/2), n is the refractive index of the materidl,; are the
4 - S,Ge-S-GeSy Judd-Ofelt phenomenological intensity parameters and the
(aJJu®]a’J") are the reduced matrix elements of the tensor
. operator,U® of rankt, which have been taken from Refs.
16 and 17. The obtained values of the Judd-Ofelt para-
meters areQ,=(3.1+0.07)x10" 2 cn?, Q,=(3.2+0.1)
x 10”2 cn?, andQg=(7+3)x 10”2 cn?. TheQ; param-
eters obtained are similar to those forNdn Ga—Ge—-As-S
glasses.
The luminescence spectrum of Nd-activated glasses
] (Figs. 3a and 3pconsists of several broad luminescence
bands which we assign to the transitions between discrete
electron levels of N&" ions: *Fg,— %l g OF *F7o—*111)
(890 nm; *F g~ 14/, (1080 Nn; “F3— 143, (1370 nm;
and*F,— 115, (1540 nm. The different shapes of the in-
Y 1 J dividual luminescence bands of NdGloped glasses may be
E Y ' caused by the difference in the coordination spheres 8f Nd
s PR oo e )t L ions.
250 300 350 400 450 500 The luminescence band with a maximum near 890 nm
Raman shift, cm” has higher energy than the exitationiligh064 nm and it is' '
probably caused by an upconversion effect. The exciting
FIG. 2. Raman spectrum of (Ggg(ShSs)»0. Deconvoluted individual  light can transfer electrons of Rd ions from the fundamen-
bands are given by dotted lines— the band corresponds to the vibrations (5] |evel 4| o2 to the excited Ieve1‘F3,2 or to th84F7/2(483/2)

of SbS pyramids @,); 2,3 — the bands correspond to the vibrations of . . . .
GeS§ tetrahedra A;,F,); 4 — the band corresponds to the vibrations of level in two steps. The difference in energies betwaéﬁh

S;Ge-S—Ge$  structural  units. The Raman  spectra  of and“lgy, levels is higher(Fig. 4) than the energy of excita-
dopedGeS)—(Sh,S;)—(NdCl,) glasses were identical with the spectra of tion light (1064 nm=9398 cmi * and the process of excita-
undoped glasses. tion can not proceed by absorption of one photon only. The
suggestion of a two-step model for mechanisms of absorp-
tion is in accordance with the logarithmic dependence of the
intensity of luminescence of the excitation intensiyg. 5.
The slope of this line,k=1.82, strongly suggests two-
photons upconversion process. The valué of less than 2,
which can be expected, because the downward electron tran-
sitions tend to equalize the populations of the pumped initial
and final states. Such an effect is commonly observed in
two-photon upconversion process8sNe assume that ex-
cited states produced by upconversion atE;, or
me *F.(*Syp) (Fig. 4). These states are accessible by excitation
5 f o(v) dv, (2)  of 1064 nm (9398 cm?') photon from®*l 1;/,t0 *F 3, electron

N level or from the®l 15, to *F4, level. Transitions from the
wherem and e are the electron mass and charge, respecground *lg, level to the *I;;;, level and to the®l s,
tively, o(v) is absroption cross section ahtis the density level demand lower energy than the excitation light
of Nd®* ions. The absorption cross section is given by(~9400cm'), and are therefore less efficient. This fact
o(v)=a(v)IN, wherea is the absorption coefficient, aml ~ probably lowers the total luminescence intensity of the “up-
is the density of N&" ions (cm %). The obtained values of
the oscillator strengths are given in Table I.

A set of f,, data served as the basis for calculation of TABLE I. Experimental €., and calculatedf(J oscillator strengths for

Reduced Raman intensity, arb. units

G2, *Hivzr *Fepps *Fr2, *Szizs *Heppy “Fspp and “Fyp
higher energy levels. The transitions from thg, level to
(*Gy, “Ggpp, 2Kig) are hidden in short-wavelength
absorption edge, the transition t6H;1,, 2Gsp, 2F7p), tO
(*F72, *Sg), and to @Hgp, *Fsp) levels are forming
absorption with overlapping of individual bandsig. 1).

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

f=

me

the Judd-Ofelt parametet$2’ Q. , using Eq.(3) transitions from’l, level of N ion to the level given in the table.

foofada’d)=fadada’d) 87%mu Level Wavenumber, et fo, 108 ., 108
aJ,a'l)= aJa'l)=c—r—
ex| g cal )

3h(2J+1) Fyp 11312 281 286

(N2+2)2 *Fen, 2Hop 12 315 711 705

Opar1i|2 *Fap, “Syp 13333 619 624

In  Sue QfhadkUka’ [, *Fap 14 493 59 54
2Hy1p2, %G, 2Gopp 16 447, 16 892 2548 2550

©)
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FIG. 3. Luminescence spectrum of the glass (8&3%(ShS;),¢(NdCl;), ;. a — the bands with maxima near 1370 and 1540(ertitation 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 apparently to

the upconversion. The luminescence band near 1080 nm was excited bgsar lineg476.5 or 488 n The intensity of excitation light for both bands was
different.

Level Absorption Emission Upconversion

18126, 50

converted” light. Since théF 3, level of Nd** is generally Bl TP
relatively long lived*® the upconversion via this level is = ) “ 91,12'2
more probable. 5 14_‘ P — |

It is also possible to explain the presence of a lumines- "’g 121 ‘s, e ;
cence band with a maximum near 890 when excited by 3 Fae R
1064 nm light as an anti-Stokes band which is excited with o 107 5 i
the contribution from several phonons. The energy differ- & gt 5 o
ence between the excitation and luminescence light maxima W I CH P
is ~1950 cm %, the highest energy of phonons in this type 6 [ 4 o P
of glasses can be evaluated-ag00 cni *.° This means that 4t 4% S
~5 phonons should be absorbed for such luminescence ex- 2 [ 4lm 83 _'_
citation, which seems to be less probable. i P 8§

The relatively small intensity of the luminescence tran- ot 1z =it :

sitions can be attributed to several factors: The wavelength ) . o 3dion |
used for excitatior(476.5, 488 nmwas not optimal for Nd FIG. 4. Energy level diagram of electron transitions in°Ndion in

4 .. . L . (GeS) 794 ShS;),¢(NdCl3) o 5 glass. Possible upconversion transitions are
F32 level excitation. This excitation is strongly absorbed gien by the dotted lines; corresponding luminescence transitions are repre-

due to fundamental absorption and the penetration depth @knted by the dashed lines.
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— T Their properties are similar to Nd-doped Ge-Ga-S and
Ge—Ga—As-S glassé¢ Because the phonon frequencies in
sulfide glasses are lower than in oxide or halide glasses, the
Nd-doped chalcogenides may be good candidates for high-
efficiency light amplifiers, up-converters, lasers, and other
optoelectronic devices.

This study was supported by Grants 203/96/0876 of
Czech Grant Agency and by the “Key project 12/96” of
Czech Acad. Sci., Prague, which are gratefully acknowl-
edged.
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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 distinguishegl 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 reorientatiofdefect-based model of
photoinduced anisotropy is further developefl SRibband-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 rang8uperband-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 Physid$$1063-7828)00508-(

1. INTRODUCTION and in AsS; chalcogenide glassy fibers irradiated by the
) ) o subband-gap light Later, investigation of PA in bulk ChGS
Itis an honor for us to write a paper for the special issuesagmples was carried out by many research grétips.
of Physics an(_JI Technics of Semiconduciarsecognition of _ In this paper we consider the results of a PA study con-
the outstanding role of our teacher, Professor Borigjycted recently in the amorphous semiconductors laboratory
Timofeevich Kolomiets, in the field of disordered semicon-of the Ben-Gurion University(Beer-Sheva, Isragleither

ductors. We wish to stress that Professor Kolomiets was Nghdependently or in close cooperation with colleagues from

only the pioneer in the broad study of glassy semiconductorgther research centers.

but also directly participated in the initial investigation of It is convenient to divide all data obtained into parts

photoinduced anisotropy in these materials. concerning the photoinduced anisotropic absorbtion, reflec-
~ The phenomenon of photoinduced anisotrdBy) was  tion, and scattering of light. We will consider additionally

discovered when we studied the polarization state of lighthe cases of polarization-dependent, laser-induced crystalli-

transmitted through the film of chalcogenide glassy semiconyation of some amorphous chalcogenide films and of

ductor (ChGS irradiated by a linearly polarized laser polarization-dependent photodoping of ChGS films with
beam? Both photoinduced dichroism and photoinduced bi-gjjyer.

refringence of absorption, which were observed in the ex-

per]ments, were gxplalned by the interaction of Ilght with 5 EXPERIMENTAL

optically anisotropic structural elements whose optical axes

are oriented randomfyLater, these phenomena were inves-  Two groups of samples were investigated in this re-

tigated by different authors, working with ChGS films of search. Thin-film samples were produced by thermal evapo-

various composition$-® Different approaches to explain PA ration of starting glassy meterials onto silica glass substrates

were developed. They are based on consideration of interai vacuum under residual pressyse-10™ ¢ Torr. The film

tion of the inducing light with native quasiatomic defetts, thickness was 0:34.0 um. Bulk samples were prepared by

with quasimolecular defecté&hree-center bondfs or with  polishing melt-quenched chalcogenide glasses and had typi-

bistable centers having a wide distribution of relaxationcal thickness of several millimeters.

times!® Fritzsche discussed the photoinduced redistribution  All measurements were done at room temperature using

of anisotropic microvolumes as a base of BAand the experimental setups shown schematically in Fig. 1. The

Tikhomirov and Elliott developed recently a new mofi@,  setup in Fig. 1a was used for investigation of thin film

which the PA is connected with photostimulated orientationsamples. Two beams of identical gas las@ither He—Ne-

and reorientation of valence-alteration paiv8AP’s), which  lasers, working at\=633 nm or Af -lasers, working at

are characteristic defects in chalcogenide gla¥sédl. the A =515 nm) illuminated simultaneously the same area of the

above-mentioned effects were obtained in the investigatiofilm. The linear polarization state of one lasénducing

of thin ChGS films irradiated by above-band-gap light. light) could be changed to the orthogonal one with a quarter-
Phenomena of photoinduced dichroism were revealeevave plate. The attenuated light beam from the other laser

also in bulk ChGS (AsS; and As,Ssl14 bulk glasseg®'*  (probing lighy passed through an electrooptical modulator,

1063-7826/98/32(8)/7/$15.00 817 © 1998 American Institute of Physics
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/2 a sample was about 100 mW/éniThe intensity of the linearly
polarized measuring light, generated by small xenon lamp,

Laser was much smallefabout 5 mW/crf) and did not induce any
noticeable change in the anisotropy during the measure-
ments. Application of a monochromator allowed us to inves-
tigate the spectra of PA of light reflection. For a detailed
acquaintance with the reflection-difference spectroscopy see
Ref. 18.

Laser Modulator Sample PD
Attenuator

3. RESULTS AND DISCUSSION
3.1. Anisotropic light absoption

In our recent research?® we obtained the data which
permit further development of Tikhomirov and Elliott's
model® We used the setup shown in Fig. 1a. Studying the
AsSe films, we demonstrated that the whole process of di-
chroism generation in the case of above-band-gap light exci-
tation can be divided into two subprocesses. The first process
is the generation of some centers that can be oriented by the
polarized light and the second one is the photostimulated
orientation(and reorientationof these centers.

r ] The process of photoinduced dichroism appearance and
_ g reorientation in the AsSe film of 1,2m thickness at
Monockromator ample 5 75 Wicnd light intensity is illustrated in Fig. 2. It is seen

from Fig. 2a, that the initial dichroism generation is rather
FIG. 1. Experimental setup for investigation of photoinduced anisotropy offolonged (10—20 min), while the dichroism reorientation
absorbtion(a), scattering(b), and reflection(c) of laser light. occurs much quicker<€1 min). Quick reorientation was ob-

served not only after dichroism saturation, as shown in Fig.

2a, but also in the initial moments of dichroism growth.
which modulated the polarization discontinuously betweerMoreover, in the case of long film irradiation with the non-
two orthogonal states at a frequency of 1 kHz. The lasepolarized light, the following irradiation with linearly polar-
beam was then passed through the sample and was incidaméd light results in the rapid appearance of dichroism, as
on the Si photodiodéPD), permitting to measure the photo- shown in Fig. 2b.
induced transmission anisotropyT, —T,=2(l,,—1,)/ When the dichroism generation and reorientation in the
(I, +1,), wherel,, andl, are the intensities of the beams same AsSe film was excited by the action of linearly polar-
with two orthogonal electric vectors. This setup permitted uszed light of different intensities, the dichroism reorientation
to study initial periods of PA kinetics and relaxation. To always occured much quicker than the initial dichroism
measure the difference signig)— I, we used the method of growth, although at smaller light intensity initial dichroism
synchronous detection. generation and its reorientation are more prolonged than at

In Figure 1b we show the setup that allowed us to meahigher light intensity. An important point is that in all these
sure simultaneously the laser radiation transmitted throughases the dichroism achieves approximately the same value.
the bulk ChGS sample and radiation scattered by the sampimilar peculiarities in the kinetics of dichroism generation
to various angles up to 230 mrad. The collecting lensand reorientation were observed also in amorphous
arranged behind the sample, focused the scattered ligth to/&s,sSes, As,S; and GePbS, films. So, Fig. 2c demon-
photodiode, and a small mirror, fixed in the central part ofstrates different kinetics of dichroism generation and reori-
the lens, reflected the transmitted light beam to a secondntation in the AgS; film. We wish to stress that a division
photodiode. He—Ne-laser radiation=€ 633 nm), which was into slow dichroism appearance and quick dichroism reori-
the subband-gap radiation for the studied bulk glass samplemntation is especially dictinct in the films of certain thick-
(As,S; glasg, was used in this installation as an inducing ornesses and at certain values of exciting light intensity.
probing light. Figure 3 shows the room-temperature kinetics of re-
The experimental setup for reflectance difference meapeated photoinduced dichrois®) generation after heating

surements is shown in Fig. 1c. It is again a two-beam setughe film to a certain temperature, holding it at this tempera-
The anisotropy in this case was induced using the light ofure, and then cooling to room temperature. The kinetics
either a 1000 W xenon lamp equipped with an IR cutoffof room-temperature dichroism reorientation in the
filter, which generated radiation in a wide energy rangenonannealed films is also shown. We see that the gradual
including subband-gap and superband-gap light, or aincrease of annealing temperature brings the form of the
Ar*-laser (. =488 nm) generating above-band-gap light for dichroism growing curve nearer to that in the virgin film, and
the test samples. The inducing light was passed through w&e have a nearly perfect identity of the curves after anneal-
Glan-prism polarizer; the light intensity on the surface of theing at 180 °C temperature, which is the softening tempera-



Semiconductors 32 (8), August 1998 V. M. Lyubin and M. L. Klebanov 819

1.5F a 1.2}
1.0} ' ("
0.5 o _3
Y]
0 3
sl I, L|L | L -g
. &
L
_1.5 1 i ~ 1 N
1.5¢ b

-0.41 i 1 ! | L 1 L
: l 8 10 12 # 16

Time, min

~
L)
T
()
LM
»
o
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nealing at 753), 95 (4), 140 (5), 180°C(6) and kinetics of one cycle of
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-1.0} suggest that the same centéws perhaps some part of these
centers that can be orienjedre responsible for the photo-
-1.5 L L L L darkening and saturated value of PA. These centers can be
08F c created in the form of VAP's in the reactiols:
I, I
2C8+hv—C;+C§ and Q+P3+hv—C;+P;,
041, @
where C and P are the chalcogen and pnictide atoms.
0 Combining the ideas proposed in Refs. 18 and 11, we
assume that the polarized light initiates the reactions
~041 C;+Ci+hv—Cj +C;
L and
~08F
I I 1 CI+PI+hV—>CI+PZ, 2
_ v y ] . .
"-20 11'7 2'0 3;7 4‘0 and these reactions occur much more often in the VAP's
Time, min where the dipole moment is oriented parallel to the electric

vector of the exciting light. Afterwards, the energetically ad-
FIG. 2. Kinetics of dichroism generation and reorientation in At&eb vantageous reactions
and AsS; (c) films under the action of linearly polarized laser light with

two orthogonal directions of electrical vector &ndx), when reorientation Cf +C;—C; + C; and q +P, —»C; + PI (3)
starts after dichroism saturatiqa, ¢ or polarized light irradiation starts N N
after long illumination with nonpolarized lighb). take place, but now the ;C+C; and G +P, defects are

oriented randomly. The whole process is accompanied by a
_ _ decrease in the number of VAP’s having the dipole moments
ture of the AsSe film. We recall that the total bleaching ofco-directed with the electrical vector of the inducing light

photodarkened AsSe film was also observed at a temperatuggd by the growth of anisotropy that we have observed.
close to the softening temperature, while a partial bleaching

begins at lower temperaturés.

All the above—described results show that irradiation
with polarized and nonpolarized above-band-gap light cre- The photoinduced light scattering in bulk ChGS, excited
ates some centers in the nonirradiated film which can béy the subband-gap light was revealed for the first time in
oriented quickly by the subsequent irradiation with linearly Ref. 14. This effect was displayed as a change in the shape of
polarized light(in the case of initial irradiation with polar- the transmitted laser beam, as an appearance of speckled
ized light, these centers are oriented during this irradiation structure and as a photoinduced modification of the trace of
The constant dichroism saturation value at different light in-the laser beam inside the irradiated ChGS bulk sample.
tensities testifies to the limited number of centers that can b&emiquantitative data confirming the light scattering were
oriented. The results of the heating experiments allow us talso obtained?

3.2. Anisotropic light scattering
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081 invariant during at least 35 h. We conclude from the data
of Fig. 4 that it is possible to reorientate the PA.

In some experiments the sample was first excited by
nonpolarized light E,+E,) and only then was irradiated by
linearly polarized radiation. Nonpolarized radiation induced
additional isotropic light scattering, while the subsequent lin-
early polarized radiation led to the appearance of scattering
anisotropy, and this anisotropy could be reoriented.

The quantitative data on the photoinduced light scatter-

)
-+

L)/, *1,)
L=

“CT ing anisotropy obtained by us were used to draw some inter-
N =04 esting conclusions. The oppositely directed changes in the
photoinduced anisotropy of transmittance and scattering al-

Ey  Ez Ey ’ E, | Ey E, low us to assume that the creation of anisotropically scat-

-0.8 T L e S — tered centers is the basis of a whole group of photoinduced

1 i
20 MTime,rioin 80 100 vector phenomena in ChGS. This hypothesis makes under-
standable the fact that anisotropy is excited by the subband-
FIG. 4. Kinetics of transmittance anisotroffy) and scattering anisotro- gap light. The energy of corresponding light quanta is not
py (2) changes in an AS; bulk glass sample induced t- andE,-laser  enough to break the interatomic covalent bond, but enough
radiation. to produce some changes in the system of weaker bonds, for
example, intermolecular van der Waals bonds or the so-
called three-center bondsThese changes can result in the
In this research we carefully investigated the photoin-appearance of scattering centers in the glass. We assume that
duced light scattering in bulk AS; glass and primarily, the only a finite number of scattering centers can be created by
anisotropy of light scattering. The results allowed us to prothe inducing radiation. Such centers will scatter the light
pose some new ideas about the mechanism of the whoRither isotropically or anisotropically, depending on the po-
group of vectorial photoinduced phenomena in bulk CH&S. larization state of the inducing radiation. The anisotropy of
We used the setup shown in Fig. 1b. The He—Ne-lasepuch centers can be reoriented when the polarization state of
light (hv=1.96 eV,W=10 mW), which was a subband-gap the inducing radiation is changed. The different states of
radiation for an AgS; glass E,=2.3 eV), was used in these Scattering centersxforiented,y-oriented, isotropic suggest
experiments which were carried out at room temperaturethe possibility for the existence of certain structural
Study of the angular distribution of the intesity of probing fragments in the glass in several quasi-stable states, as was
light transmitted through the samplasing a special mov- considered in the case of photodarkening in CR&S.
able diaphragmbefore and after its irradiation with an ex-
citing light beam per_mitted us to c_onsidgr the light at _anglesg_& Anistropic light reflection
up to 5mrad as a directly transmitted light and the light at
larger angles as a scattered light. All previous studies of PA in ChGS used the transmit-
We studied the kinetics of the change in the scattered@nce measurements and for this reason only the effect of
light intensity induced by strong, linearly polarized light subband-gap and above-band-gap light was investigated.
with two orthogonal directions of the electrical vector Interaction of ChGS with the photons whose energy substan-
(E,-radiation and E,-radiation. It was shown that the tially exceeds the optical gap of ChGS could not be studied
E,-radiation, for example, induces an increase of scatterin§ecause of strong absorbtion. Below we report the results of
of the corresponding light (). Simultaneously, the intensity the reflectance-difference spectroscopy application, which al-
of I, light usually decreases. In contrast, tBe-radiation lowed us to investigate the photoinduced anisotropy in ChGS
induces a decrease bf-light and a growth of ,-light. in a broad spectral rangd.We obtained in this research
Figure 4 shows typical kinetics of photoinduced changegnany new results. In particular, we showed that anisotropy
in the scattered light anisotropy (—1,)/(Is,+ 1, and of ~ can be excited by photons whose energy substantially
the transmitted light anisotropy B(—1,)/(lyy+ 1), which exceeds the bandjgap of the _ChGS and found that PA can pe
is related to the values of scattering dichroighy, absorp- ~detected at energies much higher than the photon energy in
tion dichroism 8, and sample thickness by the simple the exciting radiation.

relations We used the setup shown in Fig. 1¢ and investigated
both thin films and bulk samples of AS;, AsSe, and

2(lsy=ls0=(lsy+ 150 =Bsh, GeAs,0Ss Chalcogenide glasses. The measured value is
2(ly =l =yt 1) =ph. defined asAr/r=2(r,,—r,)/(r,,+r,), wherer,, andr, are

the reflectance values for the polarization of the probing

We see from the figure that the scattering anisotropy antbeam in the direction parallel or perpendicular to the polar-
transmittance anosotropy always change in opposite diregzation of the inducing beam.

tions: an increase of one of them is accompanied by a de- In all thin films and bulk glassy samples studied we

crease of the other one and vice versa. The anisotropy akcorded PA in the whole investigated spectral range

scattering and transmittance was found to remain nearlyl.5—-5.0 eV), while the nonirradiated samples were either
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throughout the whole studied spectral range. At the same
time, in the case of the Arlaser excitation, sign variation of
the effect is clearly seen. The increaseAin/r is observed

for larger photon energiggbove 4.0 eY similar to the pre-
vious case of polychromatic light excitation, but for smaller
photon energies an opposite changecreasgs detected.
We see also that a change in the light polarization to the
orthogonal polarization results in a reversal of the PA with
the same crossover energy of 4.0 eV.

We demonstrated also that the anisotropy of reflection is
induced faster and to a larger magnitude if the test sample is
preirradiated for 2- 3 h by the nonpolarized full light of the
1000 W Xe-lamp. All peculiarities of PA of reflection were
shown to be characteristic not only for /&% glass but also
for all ChGS studied.

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

The data on the anisotropy of reflection induced by the
subband-gap and above-band-gap light can be understood in
close analogy with the explanation given in Secs. 3.1 and
3.2. The most interesting results which must be explained are
-2r the data on the difference of reflection spectra for the cases

| | | | \ , X of Xe-lamp and Af -laser light excitation(Figs. 5a and 5b
15 20 25 30 3.5 40 45 50 A possible accounting for this difference is demonstrated in
hv,eV Fig. 5c¢ for the simple case of elemental amorphous selenium.
In the initial state, aton3 is threefold coordinated and atom
10 is onefold coordinated. Following the photoexcitation by

Before photoescitation ¢ After photoexcitation the light with polarization shown in the figure, lone-p@iP)
7 ﬁ electrons oriented parallel to this orientation will predomi-
}_11 0 nantly be excited. As a result, atob® may form a covalent
— 2 § I bond with a neighboring ator®, making the latter threefold
” 3 12 coordinated. To keep the defect concentration and charge

balance, initial threefold coordinated ato®ndecays into a

:_ singly coordinated defect and a twofold coordinated “regu-
Z ¥ lar” atom. We see here a redistribution of LP and bonding
Eti orbitals. Before photoexcitation the bond between at@ms
k2 and3 was covalentparallel to thex axis), while atoms8 and

10 had LP orbitals parallel to the axis. After the photoex-
FIG. 5. Photoinduced reflectance anisotrégglid line) and its reorientation ~ Citation, atoms8 and 10 became bonded by a covalent bond
(dotted ling in an As'S; bulk glass sample irradiated by the light of 1000-W in the z direction, while the bond between ato@@nd 3 is
Xe-lamp({:\) or Art-laser(2) and schematic representation of photostructural broken, and two LP orbitals parallel to theaxis are created.
changes induced by the above-band-gap light As a result, the total number of bonding electrons alongethe
axis decreases, while the number of nonbonding electrons
along the x axis increases, which explains the opposite
completely optically isotropic or showed very slight anisot- change in the anisotropy probed at lower and higher ener-
ropy due to preparation conditions. Upon changing the excitgies. In other words, conversion between bonding and non-
ing light polarization to orthogonal, the reflectance curve in-bonding electrons proceeds. Both natural and photoinduced
dicated a change in the anisotropy sign. defects can participate in this process, as is clearly evidenced
Figure 5 shows the PA of light reflection in the bulk from the comparison of the kinetics of PA of reflection in the
As,S; induced by the linearly polarized light of Xe-lamp or nonirradiated samples and in the samples preirradiated by the
Ar*-laser. We see that the anisotropy appears in the wholeonpolarized light.
1.5-5.0 eV range. Interestingly, for the glass excited by Xe- In the case of broad-spectrum ligtiXe-lamp, the
lamp light the trend in the reflectance change was the sama&bove-considered process still exists but, additionally, the
(increase or decrease, depending on the polarizatiordirect excitation of bonding electrons by the high-energy
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light quanta becomes possible, resulting in the decrease in 1.0
the number of bonding electrons in the direction of the light
polarization. Since the density of states is larger for bonding
electrons than for LP electrons, this latter process overcom- 05!
pensates the decrease in the number of covalent bonds
caused by the excitation with the subband-gap light, which

leads to the same change in the sign of anisotropy for the 0
lower and higher energies.

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

Laser-induced anisotropic absorbtion of light, considered
in Sec. 3.1, was observed in various ChGS films irradiated
by the above-band-gap linearly polarized light, but in some
thermally treated Se—Ag-I films and in films of elemental
amorphous selenium we observed very unusual kinetics of
linear dichroism generation and reorientati8ms in the
other cases, in those films the dichroism was generated
slowly under the action of linearly polarized light, and a
change in the polarization vector to the orthogonal one re-
sulted in the reorientation of dichroism, but unlike the previ-
ously studied cases, the constant change of reorientation ki-
netics was observed and then the alteration of the dichroism
sign was recorde(Fig. 63. If at the beginning of the experi-
ment, the vertical polarization vector stimulated increase of -6 i i

Dichroism, %

1 1 ] L3
positive dichroism, while the horizontal polarization vector 0 20 4 60 & 00 120 10
diminished positive dichroism and excited negative dichro- Time, min

ism, in the following stages the reverse processes were ob- 1.0
served.

The photoinduced dichroism excited by the He—Ne-laser
light at a constant direction of polarization vector changed
the sign very soon and grew slowly, achieving very large
values of about 1518%, as shown in Fig. 6b. The sign of
the final dichroism always was determined by the direction
of the exciting light polarization vector. The dichroism in-
duced by irradiation of the same Se—Ag-I film with an
Ar*-laser light displayed similar dependence but the satu-
rated dichroism value was essentially lower and was
achieved quicker. Some relaxation of dichroism with time l l I |
after cessation of irradiation was characteristic for the early yreiy | o ¥y &
periods and was not observed in the final stages of dichroism 0 20 40 60 80
generation. Annealing of irradiated films at glass transition Time, s
temperature (55°C) E_md at 8®0°_C for Sev_eral hOUI’S_ did FIG. 6. Kinetics of dichroism generation and reorientation in a treated
not lead to a destruction of photoinduced dichroism, in conseAg,d, film (a, b and in AsSe film photodoped with silvér) induced
trast with the situation in the AsSe films. by a linearly polarized He—Ne-laser beam when generation and reorientation

Thus, all characteristics of PA in the treated Se_Ag_|cycIes_, are carried out by horizontat)(and vertical §) directions of the
and a-Se films were different from those in films studied ©'ectrical vector.
previously. The results obtaingdinusual kinetics, another
sign and large value of photoinduced dichroism, absence of
relaxation and thermal destructjomllowed us to assume that and Agl microcrystals. Difference in the kinetics and the
we are dealing with a photoinduced photocrystallizationsaturated values of photoinduced dichroism excited by
process> 27 He—Ne and Af laser beams is explained by different values

This assumption was confirmed by the direct structurabf light penetration depths connected with different absorb-
investigation, including optical microscopy, electron micros-tion coefficients of red and green light. Thus, we observed
copy, and x-ray diffraction study. Initially more or less ho- for the first time the polarization-dependent, laser-induced
mogeneous films with a uniform morphology indicate dis-anisotropic photocrystallization of Se—Ag—I aaeSe films.
tinct crystallization after irradiation. X-ray analysis of At the same time, investigating the structure of the samples
irradiated Se—Ag-I films showed the presence of SeS&g by all the above-mentioned methods, we did not observe any

Cc

(=] o o
& > [~
A L L]

Dichroism,arb. units
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preferential orientation of the crystallites in the photocrystal-  We are convinced now that such micro-anisotropic frag-

lized films. ments in ChGS can produce different defects and even inter-

atomic bonds that determine the anisotropy excited by the
3.5. Polarization-dependent photodoping of chalcogenide light of different spectral ranges. subband-gap, above-band-
glassy films with silver gap, and superband-gap light.

We wish to mention especially that irradiation with
linearly polarized light can produce many unusual and inter-
esting phenomena in ChGS. Examples of such phe-
nomena, polarization-dependent photocrystallization and

articles®#). It was shpwn_also that the_ S|Ive_r phqtodoplng of polarization—dependent Ag-photodoping were considered in
As,S; glassy films using linearly polarized light is accompa- this paper

nied b_y the generation of s@rong dichroism whose s_ign Is It is a pleasure to acknowledge the important participa-
opposite to that generated n Ag-free Ch.GS fiffh<This tion and input of V. K. Tikhomirov, A. V. Kolobov, T.
phenomenon is calledpolarized photodopirig of ChGS Yasuda, K. Tanaka, L. Boehm, M. M’itkova and T. Pétkova

films. in this research. This work was supported in part by the

Recently, we investigated in detail the polarized : . - .
photodoping in ChGS films of different compositions — Israel Science Foundation and Israel Ministry of Science.
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Investigations of transient photoconductivityanSi : 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 synthesizd®98%

American Institute of Physic§S1063-7828)00608-5

INTRODUCTION as those published previously which indicate, in our view,
that tunneling recombination of nonequilibrium carriers in

One of the characteristic properties of disordered semia-Si: H can play the key role in the temperature interval
conductors is the presence in the band gap of localized statefsom liquid-helium temperatures to temperatures close to
which to a large extent determine the electronic properties ofhose at which the material was synthesized.
these materials and, in particular, the mechanisms for recom-
bination of nonequilibrium carriers.

It is, in fact, possible to distinguish two main accessible
recombination mechanisms. The first is classical recombina- The investigated samples were prepared by high-
tion of the type “band—center,” in which the recombination frequency(HF) decomposition of silane-containing gas mix-
rate is determined by the cross sections for the capture dfires in a system with capacitance coupling. They were char-
delocalized nonequilibrium carriers by localized states in theacterized by a photosensitivitg 5x 10* upon illumination
band gap:? The second possible recombination mechanisnby a source of type AM1 and possessed, according to
is “tunneling recombination” of nonequilibrium carriers electron-spin-resonance and constant-photocurrent data, an
captured by localized states, in which the recombination ratenpaired spin density- 10" cm™3. To measure the photo-
determining process is tunneling under the potential barriersonductivity, contacts were deposited on them in a coplanar
that separate the carriet$In a number of cases a combina- configuration.
tion of these two processes is also possible, e.g., in the form We gave primary attention to the kinetics of photocon-
of tunneling with variable hopping length. ductivity decay from the steady-state value after switching

The concept of tunneling recombination was introducedoff the illumination. In our study of recombination such a
to describe interimpurity radiative recombination in dopedmethod seems to us to be the most informative since decay
and compensated germanium. The experiments were carried the photoconductivity from its steady-state value can
out at liquid-helium temperatures and it was found that thigoroceed only via recombination of nonequilibrium carriers.
phenomenon is manifested only in a very limited tempera-
ture range. However, fur'_cher researc_h on heavily doped anEXPERIMENTAL RESULTS AND DISCUSSION
compensated four-coordinated semiconductors showed that
tunneling recombination also plays a noticeable role in these Let us start with a description of results in the tempera-
materials, and its contribution becomes that much moreure range~77—120 K, which we conventionally call the
significant, the higher is the degree of disorder of the“low-temperature” region. At lower temperatures the pre-
structure®”’ dominance of recombination seems entirely natural and is

Recombination of nonequilibrium carriers in hydroge- excellently reflected in Refs. 10 and 11. The experimental
nated amorphous silicora{Si : H) has remained until now a results and a model of photoconductivity m-Si:H at
topic of discussion, and in the literature it is possible to en-‘low” temperatures are most thoroughly described in Refs.
counter both points of viewsee, e.g., Refs. 8 and.QUJsing 12 and 13; we will restrict the discussion here to a brief
the most general arguments, we can assert that ai8ie H  enumeration of the main points of the model and note that in
possesses an even more disordered structure, it is expectts temperature range the kinetics of the photoconductivity
that tunneling processes in this material are even more prare independent of the temperature, which directly indicates
nounced. In this review article we discuss new data as welhat the recombination may be of a tunneling nature.

SAMPLES AND EXPERIMENTAL PROCEDURE

1063-7826/98/32(8)/7/$15.00 824 © 1998 American Institute of Physics
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According to numerous experimental data, we assume -8
that the electrons in undopedSi : H are significantly more
mobile than the holegswhich at low temperatures, to first
order, may be assumed to be fixed and localized at “hole
localization centers) and the photoconductivity is associ- T8
ated with electron transport due to thermally activated hops 5
in the tail of the conduction barid. Numerical estimates ¥
show that after a typical photoresponse time the electron
manages to diffuse a distance roughly 10 times greater than ~~19
the distance between the localized holes; therefore, the elec-§‘
tron can be assumed to be “smeared” over the arrangement
of holes. The probability of tunneling recombination is pro-
portional to exp€2r/a), wherea=12 A is the localization -11
length of the electrof, andr is the distance between the ! | ) !
electron and hole. Consequently, annihilation of the given =2 -1 0 7
hole takes place with overwhelming probability at the instant Log (¢,5)
the electron, in the process of hopping along localized stickz, . | Comparison of calculated curves of falloff of the photoconductivity
ing levels, arrives at the level closest to the given hole. Thigsojig lineg with the experimental datépoints at T=110 K for a variable
(hole localization center(nearest electron trapair forms a  level of generation of nonequilibrium carriers. The parameters chosen

“recombination channel” with characteristic lifetime of the for Ca|CUj§tig]f;/S were 1 Ne=3.5¢10"" Cm’;yg Np=2.5% 1%11860m’3,
hole that has fallen into it p=8x10 ‘cnr/V-s. G, cm*s - 1 — 2.0<10°7 2 — 4.8x10°, 3 —
3.4x 10, For curves2 and 3 agreement was achieved automatically.

o,

o -

7(r)=v, ' exp2r/a), 1)
wherev o= 10"?Hz is the phonon frequency.
If N, is the concentration of electron traps axglis the o(t)eun(t)=eup(t)
concentration of hole localization centers, then if they are -
uncorrelated in space the distribution of recombination chan- ZeMNhf g(r)sr,G)e Y "dr. (5)
nels over distance will have the form 0
3r? rs Equation(5) can be used to calculate the shape of the
9(r)=— TR (2 falloff of the photoconductivity from steady state, usiNg,

Ny, andu as fitting parameters. Results of the calculations
whereR3=3/47N,, (Ref. 17. are plotted in Fig. 1; experimental data obtained at
The steady-state channel filling function can be found byl =117 K, are also plotted for comparison. Note the good
equating the level of generation and recombination per charfgreement between the calculated and experimental curves in
nel: a wide time interval.
A critical test of the adequacy of the model would be to
G[1—f5r,G) /Ny =f*Xr,G)/7(r); calculate the photoconductivity kinetics for different levels
of photocarrier generation. In such a case, choice of the
S — 3 model parameterdl;, and N, would be made for only one
1+Np/G(r) curve, e.g., the one corresponding to maximum intensity.
Then the illumination intensity would be varied the same
rpumber of times in the experiment and in the calculation, and
coincidence of the calculated and experimental curves at the
lower excitation intensities should be achieved without

f5(r,G) =

where f3%r,G) is the steady-state channel filling function,
andG is the rate of generation of electron—hole pairs. As ca
be seen from Eq(3), the fast channels with smallare for
the most part empty, and the slow channels with largee

for the most part filled. Consequently, we can introduce aadd'_f_'r?nal fitting. q del al bl leul h
critical distancer, which separates the “mainly empty” e proposed model also enables one to calculate the

channels from the “mainly filled” ones shape of the photoinduced absorption relaxation curves. In
' fsuch experiments a rectangular pulse of strongly absorbed

After switching on the light, a successive destruction of>" " i .
light is used to create nonequilibrium carriers, and the level

channels takes place in line with the lifetime of the carriers . - . . L
; of absorption of additional infrared illumination allows one
captured in them , . X
to estimate the concentration of these carriers. The results of
o0 < i) such a calculation are plotted in Fig. 2; experimental data
P(t)=Np o g(r)f*r.G)e dr, (4)  obtained in Ref. 18 are also plotted for comparison.

As the temperature is raised, the photoconductivity
wherep(t) is the nonequilibrium hole concentration. Taking kinetics are accelerated. Figure 3 shows the experimental
the condition of electrical neutrality into account and assum+esults which reflect the rate of decay of the photoconductiv-
ing that the drift mobility of the electrong is independent ity from its steady-state level at different temperatures for a

of the timet, we obtain constant level of initial illumination. From the character of
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o TABLE |. Temperatures of experiment and calculation parameters of the
L curves in Fig. 3.
510° 17
L . curve T, Ne, Ny, log log
i No. K 107cm™3 cm™3 (m,cn?/V-s)  (p%Scmd)
1 3 1 108 3.5 2.5 10 —6.86 14.70
~ = 4 =
N IS 2 118 35 1.x10® —6.93 14.70
'G 4 7 3 158 4.0 1. 108 —4.13 14.65
b = 4 192 48 5.00 107 ~252 14.23
1-10 — 41 8 5 230 5.0 5.x 106 —1.59 13.87
- R 6 249 5.1 2.310% ~1.39 13.72
B 7 293 2.7 1.x10'° —1.40 13.66
5.10”" — 47 8 323 2.7 8.x 10" —1.45 13.62
IS | 1 Pyt 1 A
10°° 0 1073
t,s

other words, inside this temperature range—~G compen-
FIG. 2. Relaxation of photoinduced absorptionAT/T) (Ref. 18 (pointg P 9 P

. TR . g
and calculated falloff of the nonequilibrium hole concentratipfit) sation™ Is pOSSIblé", . .
(curves. Calculation parameterdl,=6.0x 10 cm 2 andG/N;,, s7*: 1 — 3) the rangeT=293K (curves 7 and 8), in which

1.0x10°, 2 — 2.0x 10", T—G compensation becomes impossible since, despite the
fact that the initial kinetics continue to accelerate as the tem-
perature is raised, a long-time tail appears in the photocon-
the kinetics it is possible to distinguish three temperatureductivity decay. As a result, changes in the kinetics, which
ranges: cannot be compensated for by varyiGg take place.

1) the previously discussed “low-temperature” range To explain these results, we modified the above model,
T=<118 K (curvesl and 2), in which the falloff rate of the and in Fig. 3 the solid lines plot the results of calculations
photoconductivity does not depend on the temperature;  carried out in the framework of the improved scheme. As can

2) the range 118 T<293 K (curves3-6), in which the  be seen from the figure, up to room temperature, the accel-
photoconductivity kinetics are accelerated with growth of theeration of the photoconductivity kinetics can be described by
temperature, but this acceleration can be compensated lsecreasing the parametdy, which characterizes the concen-
lowering the generation level; i.e., the photoconductivitytration of hole recombination centers. The logic of such an
falloff curves measured at different temperatures can beperation can be treated as a “conversion” of some of the
identical for the corresponding choice of generation level; inrecombination centers into sticking levels. At the qualitative
level, acceleration of the kinetics can be explained by the
fact that the fixed-hole model no longer works and it is nec-
essary to allow for the possibility of thermal transport of the
holes from occupiegslow) recombination channels to empty
(fast ones. This entails an acceleration of the kinetics as a
result of growth of the load at the remaining recombination
centers and, in some sense, is analogous to the process taking
place upon decrease of the photon energy, which also leads
to a decrease dfl;, and an acceleration of the photoconduc-
tivity kinetics

The model also explains tHe— G compensation effect.

In fact, Egs.(3)—(5) show that the photoconductivity falloff
rate is governed by the rati®/Ny and, consequently, a
matched decrease bl, (due to the temperature increase and
thermal motion of the holgsand G (due to the correspond-
ing choice of parameterseaves the shape of the photocon-
ductivity curve invariant.

As can be seen from the same figure, the paraniéter
characterizing the concentration of electron states remains
\\ unchanged all the way up to room temperature.

As was noted above, a good test of the adequacy of the
model is a calculation of the photoconductivity kinetics at
fixed temperature and different levels of photocarrier genera-
FIG. 3. Comparison of calculated photoconductivity falloff curfeelid  tion. Figure 2 shows satisfactory results of such a test at
lineg) W|Itrl1) Fhe expe}rimsgntaéllsilto;ggomﬁ fclrl fixr?ccjl rat:aT E{ g(tenrtre]ratiro? :)f 211K, i.e., in theT—G compensation range.
?erqu:rla:tlﬂzmofcz:ge;xperiment ;nd casiculeiion V;aIerite?s g?eagﬂvi.n in Itcan be_ seen from Flg' 3 t,hajt-ﬁ‘b 293 K the model, a,s i
Table I. The stationary concentratigp™ was calculated according to 0€fore, provides a good description of the photoconductivity
formula (5) for t=0. falloff kinetics over a wide interval of times for one level of

-12 L

-2.5 -230 -1.5 ~10 05 0 0§ 10 1§ 2.0
Log (t,s)
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FIG. 5. Comparison of calculated photoconductivity falloff curveslid
FIG. 4. Comparison of calculated photoconductivity falloff cungselid ~lines) with the experimental datgpoints at T=293 K for variable level of
lines) with the experimental dat@points at T=211 K for a variable level of generation of nonequilibrium carriers. The parameters chosen for calcula-
generation of nonequilibrium carriers. The parameters chosen for calculdions were as follows: Ne=2.7x10"cm™3, Np=1.0x10%cm™?,
tions were 1. Ng=4.75<107cm 3 N,=8.0x10%cm™ 3, u=9 w=4x10"2c?/V-s were chosen for curve. For curves2—6 agreement
X 10 3cm?/V-s. For curves2-5 agreement was achieved automatically. Was achieved automatically upon introduction of the coefficientl.8 in
G,em3sh 1 — 2x10% 2 — 3.4x10Y, 3 — 1.2x107, 4 —  Eq.(6). G,cm 3.1 1 —4x 10", 2 — 6.4xX10', 3 — 3.2<10'%, 4 —
2.0x10%, 5 — 6.0x 10'%, 6 — 2.0x 10%5, 1.0x 10%, 5 — 3.2x 105, 6 — 1.6x 10%, 7 — 6.8x 101

illumination; however, an effort to simultaneously describe ~ To estimated, we assume that the tail of the valence
the family of curves corresponding to different intensitiesband is  exponential ~ with  characteristic ~ energy
(by analogy with Figs. 1 and)4equires the introduction of a 6E,=45 meV, i.e.N(E) =N,exd —(E—E,)/5E,] (Ref. 20.
correction factora in expression(3) for the steady-state Then, introducing the Fermi quasilevig}, , we can estimate

filling function: the steady-state hole concentration in some approximation as
S ©  Pe | NEIIE=N,JE,exi—(E,~E,)I5E,], ©
1+Np/Ge7(r) Fo
Coincidence of the calculated and experimental curvegnd the total thermal ejectiof as
for «=1.8 is shown in Fig. 5. The significance of introduc- 0~ pssvo eXf — (Eq, — E,)/KT]. (10)
ing the coefficientx and also its magnitude can be explained
in the following way. Let us calculaté®X(r,G) for a high Substituting expressio(®) into formula(10), we obtain

temperature. By analogy with Eq3), under steady-state an estimate for the total thermal ejection
conditions we can write the following expression for an 2
arbitrary localized state: __ VoPss — SE, IKT

0~ N.oE, (11)

(G+)[1—15Xr,E)]/N;,
The exponent of the current—illuminance characterigtie-
=1SYr,E)[1/7(r) + voe'Ee~BVKT], (7) ’ i

termines the dependence of the steady-state photoconductiv-

. : Ay i )
whereE is the energy level of the localized staf&y(r,E) is ity on th? generation levab, G : S'lnce the s'teady state
the steady-state filling functiork, is the mobility edge of nonequmbrlum 'hol'e concentration 'S proportional to the
the valence band, andl is the rate of total thermal ejection photaconductivity, i.e.pss™G, we obtain
from all t_he Ipcaliz_e_d _states. _ _ o O~AG®, (12)
To simplify, dividing the localized states into sticking
levels and recombination centefsf course, in reality this wherea=2vy, andA is a constant that does not depend on
division is dictated not only b¥, but also byr), we obtain G. Numerical estimation off at 293 K gives the value
for the filling function of the recombination centers 0~10° cm 3.5 1>G=4%x10"cm 3.5 L. Therefore,
substituting this value of in expression(8) and ignoringG

) in comparison withd, and also taking into account that at
1+NL/(G+O)r(r)" 293 K the exponent of the current—illuminance characteristic

£°r,G) =
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o a equilibrium) conductivity starts to exceed the photoconduc-
tivity in magnitude, as shown in Fig. 7, which plots the tem-
perature dependence of the dark conductivity, the photocon-
ductivity, and the photoresponse time given by

o(t)

do(t)/dt’ (13

To= I|m
t—0

)
18
1

and the characteristic decay rate of the photoconductivity at
the initial instant of time. As could be expected, in this tem-
perature range the exponent of the current—illuminance char-
acteristic is close to unity and the photoconductivity kinetics
do not depend on the generation rate of the nonequilibrium
carriers. Therefore, the fact that under such conditions the
a kinetics are, as before, substantially nonexponential is com-
pletely unexpected. That this is indeed so can be seen from
Fig. 8, which plots the time dependence of the instantaneous
lifetime (t), defined as

o(t)
V= Gotrat’

[~
(o

Log (aph ,arb. units)

(14)

1 Il 1

Lo;(t,s) for different temperatures of the experiment.
The preservation at high temperatures of the dependence
_FIG..G. _Timg dependence of f_alloff of the photoconductivity after pulsed ¢ 7(t) typical at lower temperatures gives us reason to be-
illumination in samples ofa-Sl_:H prepare_d for substrate Femperature lieve that the previous recombination mechanism. i.e.. tun-
Ts=200 (a) and 300 °C(b). Points—experimental data, solid curves— ) e o ! ! et
calculated result. neling recombination of nonequilibrium carriers, predomi-
nates. Here it should be recalled that such a combination,
namely, the presence of carriers in delocalized states together
vy=0.9 and, consequently= 1.8, we finally obtain formula with tunneling recombination, was encountered earlier in
(6) for 3%(r,G), which is found to be in complete agreement studies of such classical objects as compensated gallium
with the experimental data. phosphidé®?* and plastically deformed, monocrystalline
The proposed recombination scheme can be used to esilicon? Granted, in such objects at temperatures above
plain the experimental data obtained in Refs. 21 and 22 onoom temperature tunneling recombination does not play a
the relaxation of the photoconductivity after a short lightcentral role, but there is reason to believe that in amorphous
pulse. In the present work we are not able to judge the spesemiconductors the role of tunneling recombination should
cifics introduced by the short duration of the pulse in eithetbe weightier. This has to do with the fact that the wave
the distribution function(2) or the filling function(3), and  function of even a delocalized carrier in an amorphous semi-
we present only the calculated results in Fig. 6 together witltonductor is strongly modulated and that it differs substan-
the experimental data for comparison. tially from the wave function in a crystal, where the envelope
With further increase of the temperature, the nonequilibis a plane wave. Strong modulation means that the probabil-
rium carriers become essentially delocalized. The dagk, ity of finding a carrier(for definiteness, say, an electjais

-4
10" ) 2 10°}
10 —\i& w0’
T 1 J
B’ 2
‘9 10 FIG. 7. Temperature dependence of the dark con-
'G o ductivity (1), photoconductivity2—4), and photore-
- =7 93 -3 sponse timé5-7) in the “high” temperature range.
o1l 10 Dashed line — calculated according to formulas
4 (15) and(16). Photon flux intensityy, cm?-s % 2,
8 -4 5—10'% 3,6 — 10" 4,7 — 10'2
70 70
9
L -
L% 0 L
2 3 4 § 2 3 4 §
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3+ the dependence of the photoresponse times on the tempera-
ture.

In order to find this dependence, we recall that the pho-
toconductivity decay is attributable to the successive empty-
ing of the recombination channels from slow to fast. Since
the photoresponse time is measured from the initial falloff of
the photoconductivity, it is determined by the emptying of
the fastest of the filled recombination channels, and the prob-
lem of calculatingry reduces to a calculation of the critical
distancer, introduced above, which separates the predomi-
nantly filled and predominantly empty states. In this case

To~vg exXp(2ry/a). (15)

The problem of finding, can be solved by substituting
the following system of equations for the concentrations of
1 2 3 the equilibrium electrons and holes:

Ndark™ O dark/ €D = (0o /€10) X — (B, —E,)/KT],

-4 ) ] ] ! 1

~1 0
Log (t,s)

FIG. 8. Dependence of the instantaneous lifetimen timet for various -
temperatures of experiment, K: 1 — 115,2 — 160,3 — 211,4 — 293, pdark:Nhf (3r2/R3)qu_r3/R3)dr~Nhqu_ rg/RG})'
o

5— 467.
(1a

substantially different in different regions of space and, con!'dark™ Pdark: (1b)
sequently, there are regions which are classically inaccesvhere o y,4= ooexp(—E,/KT) is the dark conductivity, and
sible for electrons with energy at the percolation level. Elecup= uqexp(—E,/kT) is the drift mobility of the nonequilib-
trons can penetrate into these regions only by tunneling. It isium electrons. Solving the system of equatiéh§a—(160),
precisely in such regions, which represent potential wells fowe can calculate the temperature dependence of the critical
the holes, that most of the holes are concentrated. Therefordistancer, and, consequently, the photoresponse tirge
despite delocalization of the electrons, the electrons an®esults of such a calculation are plotted in Fig. 8 by the solid
holes are spatially separated and their recombination can, #§iae, together with the experimental data, for comparison.
before, have a tunneling character. The calculation parameters were chosen both from the data
This assumption allows us to explain the contradictionin the literature up[ cn?/V-s]=10 exp0.2kT[eV]), and
between the nonexponential nature of the photoconductivitfjrom the condition of best fit of calculation to experiment,
kinetics, on the one hand, and its independence of the gemM,=3.5x 10" cm™2, N,,=3.0x10® cm 3. Note that the
eration level as well as the linearity of the current—obtained values are close to those that appear in the low-
iluminance characteristic, on the other. Indeed, the nonextemperature region.
ponential character of the falloff, as at lower temperatures, is The good agreement between the calculated curve and
explained by a tunneling mechanism of recombinationthe experimental points for a reasonable choice of calcula-
whose lifetime r; continues to depend exponentialgnd tion parameters serves as additional validation of the
strongly s9 on the distance between the recombining carri-proposed model.
ersr; situated on the electron and hole localization centers.
The independence of the kinetics on the generation level and,
consequently, the linearity of the current—illuminance char-qncLusions
acteristic are explained by the fact that recombination pro-
ceeds under conditions in which the dark conductivity pre-  With growth of the degree of disorder in a semiconduc-
dominates. Consequently, the set of distanags is tor, it is possible to expect a broadening of the temperature
determined by the equilibrium carrier concentrations, whichrange in which recombination is controlled by subbarrier
are fixed for a given temperature. tunneling transitions. In the case of hydrogenated amorphous
In such a model, acceleration of the kinetics with growthsilicon we have shown that recombination in a disordered
of the temperature is connected with a decrease in the scateaterial can have a tunneling character even up to tempera-
of the characteristic distances as a result of growth of théures near the temperature at which the material was synthe-
equilibrium hole @44 and electron 4,4 concentrations. sized.
Moreover, proceeding from the idea that the setting-up To explain the experimental results we can use the
mechanisms of the thermal equilibrium concentration andnodel of donor—acceptor recombination in doped and com-
steady-state concentration are the sdiee, under steady- pensated crystalline semiconductors. This model was modi-
state conditions the tunneling recombination rate of the carfied to take into account the presenceaisi : H of a devel-
riers via localized states and their generation rate, be it optieped spectrum of localization states and the possibility of
cal or thermal, equalize. In other words, thermal generatiothermally activated diffusion of nonequilibrium carriers over
is analogous to strong illuminatipit is possible to calculate these states.
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The conclusions drawn here are to a significant degre€A. A. Andreev, A. V. Zherzdev, A. I. Kosarev, K. V. Koughia, and I. S.
confirmed by the results of studies of the spectral depen- Shiimak, Solid State Commu2, 589 (1984.
dence of the photoconductivity kinetics, which, for lack of 13K, V. Koughia and I. S. Shlimak, isdvances in Disordered Semiconduc-

space, have not been included here and will be published

subsequently.

One of us(K. V. K.) would like to thank I. S. Shlimak
(Bar-llan University, Isragl for a collaboration extending
over many years that paved the way to the present work.
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The near-gap electron spectrum and the effective charge distribution in graphite-like carbon
nanoclusters of simple geometryaaC : H containing a single Cu atom are calculated in the tight-
binding approximation. Only the coupling betweenrelectrons of the constituent C atoms

and one valencs 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 Rarband in

the IR spectrum o&-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 annealingeeC : 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 experimerit99&® American
Institute of Physics[S1063-78268)00708-X

INTRODUCTION based on the efforts initiated by B. T. Kolomiets in the study
of noncrystalline semiconductors.
Amorphous carbom-C : H or, as it is frequently called, In earlier studie¥®it was shown that a copper impurity,

diamond-like carbon is a promising material for fabricationintroduced intoa-C : H by combined magnetron sputtering
of hard, chemically stable and optically transparent film coatof graphite and copper targets, leads to a nonmonotonic de-
ings. At the same timeg-C : H has aroused great interest as pendence of the conductivity @-C : H : Cu on the Cucon-
a nanosecond material manifesting quantum-well effects. Lueentration: at first, the conductivity increases to eight orders
minescence, optical absorption, infrard®) spectral data, of magnitude as the Cu content is increased to
and Raman scattering data indicate that graphite-like clust4—16 at. %, and then abruptlby roughly six orders of
ters, 5-20 A in diameter withs p? valence bonds, built into magpnitudg falls with continued growth of the Cu concentra-
a diamond-like matrix witts p* bonds, are nanosize objects tion, reaches a minimum at 2®5 at. % Cu, and then
in a-C: H (Ref. 1. The quantum-well effects lead to the increases again. In the optical transmission spectra of
appearance of a gap in the electron spectrum of the graphite=C : H : Cu, measured in the interval 0:65.0 eV, growth
like nanoclusters, which defines the optical absorption edgef the extinction coefficient was observed in the region of the
of a-C : H, thereby converting graphite from a semimetal toabsorption edge with growth of the Cu content, accompanied
a semiconductaf. by the appearance of a peak at Cu concentrations of
Over the course of many years, B. T. Kolomiets and co-about 14 at. %Ref. 7. The intensity of the peak increased
workers investigated the modification of amorphous semiwith increasing concentration, and the spectral position
conductors by metalsee, e.g., Ref.)3They showed that a (~1.78 eV for all of the investigated concentratipremd
small fraction of some impurity atoms can, as a rule, creatghape did not depend on the temperature in the interval 77
electrically active centers by raising the crystallizability of —300 K. Features were also observed in the spectral depen-
the system and cause impurity conduction of the soliddences of the real and imaginary parts of the dielectric con-
solution? as in crystalline semiconductors. However, whenstant constructed from ellipsometry data @rC: H : Cu
such a two-phase disordered mediumaas : H is modified  samples with different Cu concentratich€opper-induced
by a non-carbide-forming impurity such as Cu, it is morechanges in the electrical and optical properties of diamond-
likely that the Cu atoms will be incorporated as like carbon have been interpreted as the result of formation
sp?-nanoclusters via an intercalation mechanism characterisa the material of two systems of copper-containing clusters,
tic of crystalline graphite with agglomeration of the copperspecifically, copper—carbon clusters with Cu content below
into clusters, which forms a more complex heterogeneousoughly 15% and purely copper clusters with higher Cu
nanosystem. Fabrication of semiconductor nanostructuresontent
based on copper-modified, diamond-like carbon  This model was corroborated by direct studies of
(a-C : H: Cu with a corresponding study of their physical a-C : H : Cunanostructureésee the review article in Ref)9
properties has become an important direction of researchor example, from the position of the maximum and from

1063-7826/98/32(8)/7/$15.00 831 © 1998 American Institute of Physics
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the power-law nature of the asymptotic behavior of the in-perturbation of the strong C—@ bonds in the presence of
tensity of small-angle x-ray scattering6d), as the scattering the Cu atoms can be ignored. The formation of “copper—
angled was increased, the characteristic correlation length ofjraphite” nanoclusters in-C : H : Culeads to an increase in
copper-containing clusterdR}] and the variation of the frac- the extinction coefficient o&-C : H in the region of the op-
tal dimensionD of the surface or of the scattering nanoclus-tical absorption edge when copper is added and to the ap-
ters were estimated as functions of the coppempearance of an absorption peak at sufficiently high Cu con-
concentratiort® A study of the structure of immediate envi- centrations, as was mentioned earlier. This region of the
ronment of the Cu atoms utilizing EXAFS and XANES spectrum is attributed to transitions between gap-separated
spectroscopy showed that at low Cu concentrations binding 7 and antibindingz* states of the carbon atoms in
(<14 at. %) correlations are essentially absent in the posithe graphite-like nanoclusters. Consequently, these states are
tions of the Cu atoms and they interact mainly with the car-subjected to the most noticeable modification in the presence
bon matrix. At the same time, at higher concentrations thef the Cu atoms. This allows us, for simplicity, to limit the
mean coordination numbet for a Cu atom surrounded by calculation to thew electrons of the carbon atoms of the
Cu atoms is & 3. This value is substantially lower than for cluster and take into account their interaction with shea-
bulk metallic copper, wher&=12, which gives an idea of lence electrons of the Cu atom.
the nanometer dimensions of the Cu clusters and, possibly of In the well-known tight-binding approximatiorisee,
their nonspherical shape. The copper-containing nanoclusteesg., Ref. 16the wave function of th¢th state in the cluster
built into thea-C : H matrix were directly visible in images |¢j> is sought in the form of a linear combination of atomic
of a-C : H: Cu samples obtained with a transmission elec-orbitals (LCAO) |x;)
tron microscopé?

.In this article we consider the mfluen.ce of a copper im- |¢j>zz uji|Xi>- (1)
purity on the electron spectrum and the vibrational properties [
of diamond-like carbon. The energy levels and the effective here u; are the unknown coefficients, and the index

charge distribution in graphite-like carbon nanoclusters o|:1’2’ 1 numbers the atomic basis functions of all the

simple configurations containing one Cu impurity atom A€ toms comprising the cluster. If only one electron function

calculated in the t'ght. binding approximation. _The_ blndlngfrom each atom participates in the LCAO, theris equal to
energy of a Cu atom in a cluster and the static dipole mo- . k
: ) he number of atoms in the cluster. The energy eigenvalues
ment of the cluster are calculated. The manifestation o . . o2
. L : . i=(¥ilH|¢;) and eigenfunctiongy;) of the Hamiltonian
dipole-active vibrations of carbon rings in the IR spectra of, /. . -
o ; o H in the LCAO representation can be found by a variational
a-C: H: Cu as afunction of temperature is discussed. Ex- . . .
. L - procedure, which under the assumption of orthogonality of
perimental results which indicate the possibility of a ther- . . . . .
: . " . . the functions|x;) gives a system of equations in the coeffi-
mally activated, reversible transition between impurity statesC ientsu
in a copper—carbon and in a purely copper cluster are pre- :

sented.
Ei (xjlHIx)uji —Eju;;=0. 2

1. MODEL OF STRONGLY BOUND ELECTRONS FOR

The energies of the electron statgsare found by diagonal-
GRAPHITE-LIKE CLUSTER WITH IMPURITY

izing the matrixH;;=(x;|H|x;). For each energy eigenvalue
In our treatment of the interaction of a Cu impurity with E;j the system of equatiortg) yields a set of coefficients;; .
thea-C : H host matrix we assume that the Cu concentrationl N€ electron density distribution in thgh state over the
is small, Cu—Cu interimpurity correlations is absent, andatoms of the cluster can be found from the squared moduli of
only one Cu atom is located in the region of the graphite-likethe coefficients|u;;|?, calculated for all atoms of the cluster
cluster. In addition to the above-mentioned EXAFS and(the indexi numbers these atoms
XANES spectroscopy data, this was also indicated by IR The eigenenergies and eigenfunctions were calculated in
spectroscopic data. It was found that copper activates thél€ nearest-neighbor approximation; i.e., the matrix elements
so-called G band (1580 cnil) in the IR absorption of Hji are assumed to be nonzero only if the indicesnd j
a-C : H : Cufilms, which was observed in the Raman spec-correspond to nearest-neighbor atoms in a cluster. To calcu-
trum but hardly evident in the absorptiomeflection of late these matrix elements we used the well-known universal
impurity-freea-C : H (Refs. 13 and 14 As is well known, Harrison formula, which has been successfully applied in
vibrations of the C—C bonds between carbon atoms in th@Pproximate band calculations for semiconductors, and in
plane of the six-member carbon rings in the graphite-likethe notation used in Ref. 16 we have
nanoclusters are responsible for the 1580 ¢iRaman band Vi, = %2/ ud? 3)
(see, e.g., Ref. 15 and the bibliography cited thekefol- 7m0t LA
lows, therefore, that at least at moderately high concentra-lereV, ., denotes the matrix element of the Hamiltontdn
tions the Cu atoms are built into tleeC : H structure in the taken over the atomic wave functions with orbital quantum
region of the graphite-like nanoclusters. In addition, sincenumbersl andl’ and magnetic quantum number for two
copper does not form valence bonds with carbon, it may b&eighboring atoms located a distarst@part,u is the mass
assumed that the Cu atoms interact mainly with thelec-  of the electron, andy,,,, are universal dimensionless fac-
trons of the C atoms in the graphite-like nanoclusters and thtors, whose values are tabulated in Ref. 16. If the valence
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vacuum level N=10

=20 A /) ¢

FIG. 2. Calculated distribution and shift of th@p2and 4 levels of the C

and Cu atomsA — for the isolated atomsB — allowing only for the

x -0.092 ~-0.073 mr-interaction of two carbon atom&—-0) in the flat carbon layerC —
combined account of ther-interaction of two carbon atomd&C—C) in the

FIG. 1. Schematic representation of two graphite-like nanoclusters of simplélat carbon layer and of a copper atom and a carbon g®u+0O in the

configuration, containing 10a) and 16(b) carbon atoms and one copper body of a nanocluster containing 10 carbon atoms. The braces group to-

atom. The C atoms are represented by filled circles, and the Cu atoms—hyether the antibindingr* states and bindingr states, respectively.

the empty circle. The numbers indicate the effective charge of the given ion

efle.

were calculated according to formu(@) for 7,,,=—0.81

lect in the at dp-t tates. then th on the assumption that the distance between them
electrons in the atoms ake andp-type states, then the co- y_ 4 45 4 corresponds to the length of a C—C covalent
efficients 7,y can take only four values corresponding to 4 The nondiagonal elemertgH|p,) describing the in-
interatomic interactions of four typesso, spo, ppa, and o4 ction of a Cu atom with the nearest C atoms of the car-

ppTr'\.l ical calculati ¢ dqf | bon ring depend on the positianof the Cu atom relative to
umerical calculations were performed for several con-, plane of the ring:

figurations of the graphite-like clusters, each of which con-

sisted of several regular six-member rings of C atoms in the

xy plane and one Cu impurity atom, located near the plane  (SIH[P2)=Vsps

on the hexagonal axial xy of one of the rings. Two ex-

amples of such clusters with several carbon atdirs10  The quantityV,, was calculated from Eq(3) for 7,

and N=16 are shown schematically in Fig. 1. By analogy =1.84 andd=(z?+a?)'2

with a crystal of graphite, it was assumed that the distance

between individual carbon Ia_yers in th.e ngnocluster greatbé. ELECTRON SPECTRUM OF A CLUSTER CONTAINING A

exceeds the C—C and Cu—C interatomic distances for neares{; \mpurITY ATOM

neighbors in one layer, so that it is possible to ignore the

interlayer interaction and take into account the interaction of ~ First of all, it is possible to see from Eq&) and(4) that

a Cu atom with the nearest C atoms only in one graphitdor & Cu impurity atom in the considered geometry of nano-

layer. As was demonstrated above, onystate forming p,  clusters there exists an optimal positizg) which provides

orbitals of all the C atoms of the nanocluster and tlee 4 maximum overlap of the wave functions of the2and 4

orbital of the Cu atom were included in the LCAQ). states of the C and Cu atoms when the energy of interaction
The calculations reduce to a diagonalization of a matrix0f the Cu atom with the carbon atoms is maximum. It is easy

of orderN+1, which contains four parameters; andes,  to show thatzo=a/ V2=1 A The results presented below

Vppr @ndVg,, . The diagonal matrix elements of the Hamil- were obtained for the equilibrium position of the Cu atom in

tonian the clusterz,.

Figures 2 and 3 show the structure of the energy levels
ep={P,|H[p)=—8.97 eV which we calculated for clusters with= 10 and 1¢see Fig.

and 1(a) and Xb)], which arises as a result of splitting of the 2

states of the C atoms that do not interétte B spectra in

es=(s|H|s)=—6.92eV Figs. 2 and Band interactthe C spectra in FigsPZ and)3

are the energy of the@state of the C atom and of thes4 with the 4s electron of the Cu atom. These figures show the

state of the Cu atom relative to the vacuum, respectively2p, and 4 levelse, ande, of the isolated C and Cu atoms

The nonzero nondiagonal matrix element¥,,  (the A spectra in Figs. 2 and)3The spectrum of the small

=(p,j|H|p;) for pairs of nearest-neighbor C atoms of a ring clusters is discrete with number of statés 1; nevertheless,

4

(22+ a2)1/2'
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vacuum level N=16 ing the conductivity mechanism at different Cu concentra-
0 tions requires special study.

3. BINDING ENERGY OF A CU ATOM IN A CLUSTER

The interaction of a Cu atom with a carbon rihde-
scribed by the matrix elemeril)] in the two nanoclusters
considered by us leads to a noticeable deepening of the lower
bound states and, consequently, for essentially unchanged
position of the upper levels, to a lowering of the mean en-
ergy of the occupied binding states. In this case, the occupied
antibinding states in the given cluster configurations shift
only slightly. The energy that binds the Cu atom with carbon
atoms of the clusterHS" ) is easily estimated as the gain
in the total energy of all the electrons of the cluster due to the
-2k Cu-C interaction compared with the case of an isolated

A ] C impurity-free carbon cluster and an isolated Cu impurity
atom:

=10

E,eV

~15

FIG. 3. The same as in Fig. 2, but for a nanocluster containing 16 carbo
atoms.

ECY C=(N+1)"1> [2(EM-EY+EUW-EL]. (5

Here the sum is taken over the occupied states; the subscripts
E hich tes the bindi d antibindingr* b, ab, andnb pertain respectively to the occupied binding,
a gapky, which separates the bindingand antibindingr antibinding, and nonbinding states, and the superscugts

states of the carbon atoms, is clearly revealed in it. As could,,qq correspond to an undoped and a copper-doped cluster.
be expected, the value &, decreases with increasing size 1o 45 state of an isolated Cu atom is nonbinding:

of the clqster, in complete agreement with the calculation%ggzss_ According to our estimates, for the two clusters
reported in Ref. 2 for purely carbon clusters. In our case, fo'&onsidered[Figs. 1a) and 1b)] Egu—cgo_s7 eV N=10)

a large cluster wittN=16 the valueEq=2.6 eV is found t0 54 0 43 ev W=16). Thus, in a large cluster a Cu impurity

be in s_atlsfactory agreement with the experimental data fog; . is more weakly bound with the graphite plane than in a

the optical gap. smaller cluster. Clearly, this is explained by the greater de-
In the absence of the Cu atom at zero temperaturgoq of delocalization of the electrons in a large cluster and

T=0, all the b|n*d|ng7r states are filled with electrons, and o smajler relative contribution of the Cu—C interaction to
the antibindingr™ states are free. As can be seen from FigSihe total energy of the cluster.

2 and 3, the 4 state of the Cu impurity atom falls in the

energy interval which corresponds to the antibinding 4 EFFECTIVE CHARGE OF THE ATOMS AND DIPOLE

states of the carbon atoms. Therefore, when the Cu ato}omeENT OF THE CLUSTER

interacts with the C atoms, the unpaired “extra” electron of

the Cu atom shows up in the lowest antibinding state and its We calculated the effective charge distribution over the
localization length is bounded by the size of the cluster. Fotoms of a cluster in thgth state from the squared moduli of
a strong enough intercluster interaction these electrons mattge coefficientsu;;|>. Summing over all occupied statgs

a substantial contribution to the conductivityafC : H: Cu.  gives the effective chargg’ /e on each atoni, expressed in

In fact, when the concentration of copper—carbon nanoclusfractions of the absolute value of the charge of an eleatron
ters is high enough, because of homogeneous broadening of

levels as a result of the intercluster interaction and because of €F/e=(N+1)"1> (2|upi|?+|uapil?). (6)
inhomogeneous broadening due to differences in the geom- !

etry of the clusters, the discrete spectrum of the isolated clusFhe subscriptd andab, as before, pertain, respectively, to
ters is transformed into a band spectrum with quasicontinuthe occupied binding and antibinding statése indexj has
ous bands of bindingr and antibindingr* states, i.e., into a been dropped Calculated values of the effective charge on
spectrum with ar valence band and a* conduction band. the atomsg/e, for both clusters are indicated in Figgall

In this limiting case the electrons of the Cu atoms, which areand Xb), written alongside the corresponding atoms.
situated in the conduction band evenTat 0, account for As follows from the calculations, the Cu impurity atom
the metallic character of the electrical conductivity of in a graphite-like nanocluster enters as a donor with negative
a-C:H:Cu. At low concentrations of the copper—carbon ionization energy and is thus ionized evenTat 0. In both
nanoclusters, bulk conductivity is possible as a result of tunelusters the positive charge of the Cu ion is a little larger
neling or thermally activated electron hopping between antithan +0.5. The flat carbon layer, taken as a whole, has the
binding states of different clusters. As was already meneopposite charge-0.5. Thus, a static dipole moment in tke
tioned, an abrupt growth in the conductivity @C : H: Cu  direction arises in the cluste because of the Cu atom. In
with Cu impurity concentration up to 14-16 at. % at addition, because of the asymmetric position of the Cu atom
T=300 K was observe®:® However, the question concern- relative to the carbon layer, a static dipole moment arises in
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TABLE I. symmetry of a layer, which is associated with copper, is

N o o o much more highly pronounced, and in the experiment a no-
X Y : ticeable increase in the intensity of tfeeband with increas-

10 -0.95 0 036 ing Cu concentration is observed &C : H : Cu®* Since

16 0 —1.53 038 the spectral position of th& band hardly changes, it may be

assumed that copper doping has a negligible effect on the
geometry of the carbon layers, i.e., on the Ce®onds, as
was assumed. In other words, copper intercalates the
graphite-like structures.

Calculations for single-layer graphite-like nanoclusters

The quantitiesP, P, ,P, are expressed in units @fa, of othgr configurations sh(_)w that the closgr the Cu impurity
wherea=1.42 A is the length of the covalent C—C bond. atom is Iocated_ to theT peripheral garpon rings of _the cluster,
The zero values oP, andP,, respectively, are connected the stronger will the inhomogeneity in the effective charge

with the symmetry of the specific nanocluster configurationsd'_smbutIon over the C atoms be' manifested and the larger
relative to thex or y axis. will be the static dipole moment in the plane of the carbon

layer. Qualitatively, this conclusion is supported by copper-
impurity activation of the Ramam band in the infrared
5. INFLUENCE OF THE CU IMPURITY ON THE VIBRATIONAL  apsorption ofa-C : H, also observed experimentally. Note
PROPERTIES OF a-C : H: Cu (CONSEQUENCES OF that whena-C : H is doped with nitrogen, a significant in-
THE ADOPTED MODEL) crease in the intensity of th@ andD bands is also observed

The presence of a Cu impurity atom in the graphite-likein the IR spectra. This has been interpreted as a result of
nanoclusters under consideration lowers their symmetry angubstitution by nitrogen atoms of C atoms in the peripheral
converts them from two-dimensionéh reality, quasi-two- ~ carbon rings of the nanoclusters.
dimensional objects into three-dimensional objects possess
mternal'polanzgnon. StrucFuraI change§ of such type ShOUI%. REVERSIBLE TRANSITION BETWEEN TWO STATES OF
be manifested in the vibrational propertiesse€ : H: Cu.In '~/ AToM IN a-C: H - CU
particular, it is expected that new low-frequency bands,
which are associated with dipole-active local vibrations of = The above-found binding energy of a copper atom to a
the Cu ion relative to the plane of the graphite-like layer, wiIIcIusterEE”‘C can be assumed approximately equal to the
appear in the infrared spectra@fC : H upon the addition of activation energy of removal of a Cu atom from its equilib-
copper. The corresponding frequency range is yet to be indum position in this cluster to infinite separatiohEg).
vestigated experimentally. Thus, as the temperature is raised, the probability of detach-

As can be seen from our calculations, in the presence ahent of a Cu atom from a cluster per unit timg* will
the Cu atom neighboring pairs of carbon atoms in the planéncrease according to the usual Boltzmann dependence
of the rings become substantially nonequivalent in their 1 -1
charge statéFig. 1), whereas in the absence of Cu, only the ~ 'd ~ 7d0 ex ~ (ABq/kT)]. ™
C atoms located in the interior and on the periphery of aHere 74q is the characteristic time of nonactivation detach-
bounded cluster are nonequivalgithte RamanD band at ment. These considerations point to a means for obtaining a
1350 cm ! in a-C : H is usually linked with limits on the rough estimate oEgu‘C from the experimental data if we
size of the clusteys Therefore, in graphite-like clusters po- compare the concentration of bound atoms IKQugvith any
larized by Cu atoms, vibrations of the C—C bonds in theobservable quantity. On the basis of the discussion above, we
plane of the rings and out of it can alter the correspondingassume that th& band absorption intensity in the IR spectra
components of the dipole moment and should thus be activef a-C : H : Cu issuch a quantity; i.e., we assume that the
in infrared absorption. concentrationN is proportional to the fraction of radiation

It is well known that for an isolated crystalline graphite absorbed in the sampld; NocA=(15—1)/1,, wherel ; andl
layer, theE,q vibrational mode due to symmetric vibrations are the intensity of the incident and transmitted IR radiation.
of the C—C bonds in the plane of the rings is active in the  Figure 4 shows a typical dependence of the fraction of
Raman spectrum and is forbidden in the absorption. In a paiR radiationA absorbed at the maximum of tlt& band on
of neighboring layers, because of the well-known shift oftime of thermal annealingg which we recorded on a sample
one layer relative to another, the symmetry of the structure isf a-C : H : Cu of 0.4um thickness with Cu content 9 at. %.
lowered in comparison with an isolated layer, and Byg  The IR spectrum in the corresponding frequency region was
mode splits into art,4 mode, which is active in the Raman reported in Refs. 13 and 14. The samples were prepared by
spectrum, and ak,, mode, which is weakly active in infra- the technique of magnetron co-sputtering graphite and cop-
red absorptiort! In amorphous carbore(C : H,), because of per targets, described in detail in Ref. 9. In the measurements
the absence of a correlation in the arrangement of the layersf as-grown samples it was found that annealing at 220 °C
the E;,, mode is usually not observed in the IR spectra. Thefor one hour causes a noticeable decrease in the absorption,
role of the Cu impurity that interacts with a solitary layer of and that subsequent annealing for an additional hour at
C atoms is essentially similar to the role of a neighboring310 °C lowers the intensity of th& band by more than an
carbon layer in graphite. However, the effect of lowering theorder of magnituddregion | of the curveA(t)]. From the

the plane of the layer. The calculated compond®ys Py,
and andP, of the resulting dipole momerR for both nano-
clusters are given in Table I.
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AE,. Comparison of our data on the recovery kinetics
. . of A(t) at 220 °C(Fig. 4) with the data of Ref. 14 gives a
71 rough estimate of the activation energy of relaxation:
1 _ ¢ AE,=0.2eV.
\
\

&
("
T

)/’. Thus, at a moderately high a temperature, intercalation
s of the graphite-like nanophase afC : H with copper is a
I \\ /ﬁ /4 thermally activated, reversible process. At temperatures
\ / above 330-350 °C the process of destruction of intercala-
N tion is irreversibl€ In this case it can be asserted that in the
2 4 % h 8 v K reversible process of destruction—recovery of the intercala-
’ tion state two possible structural positions of the copper at-
FIG. 4. Variation of the absorptior) at the maximum of the vibration& oms in a-C:H:Cu are manifested: in the graphite-like
band in the IR spectrum af-C : H : Cuwith time t during isothermal an-  cluster and outside of it. At any given temperature thermo-
nealing of a sample of thickness Qun with Cu content equal to 9%. dynamic equilibrium is established between these two posi-
Annealing temperaturg =220 °C with the exception of the first two hours nh At equilibrium the relative values of the concentrations
of annealing, wherT=310 °C. The dashed line is the dependeidt) . L. .
calculated with parameters giving the best fit to the experimental data. of the Cu atoms at a given position are determined by the
difference in the mean activation energid&y and AE,,
which were discussed above. According to our estimates,
AE4>AE,, so that at temperatures below 33850 °C un-
experimental data it is difficult to establish the exact form ofger equilibrium conditions the intercalation state in a

A(t) in region I (see Fig. 4 but if we assume that graphite-like cluster is preferable for a copper impurity in
A(t)=Agexp(—t/7y), (8) a-C:H:Cu.

A, arb. wnits
o
o

S
-

whereA, is the fraction of the IR radiation absorbed by the
as-grown sample at the maximum of t@eband, then we
can roughly estimate the characteristic timgfor two an-

nealing temperatures and, employing expression esti- Application of the simple model of tightly bound elec-
mate the mean activation energy of detachment of the Cyons to single-layer graphite-like nanoclustersarC : H
impurity from the graphite-like clusters. According to esti- with regular six-member carbon rings has demonstrated that
mates, AE;=0.9 eV. copper doping in this material leads to partial filling of the

Note that graphite-like clusters of different sizes andantibinding states and, consequently, to “metallization” of
configurations are, in fact, present in the disordered systeemiconductor clusters. Individual copper-modified nano-
in question, so that expressi¢8) can serve as an approxi- clusters become similar to a degenenat/pe semiconduc-
mation of the true decrease &ft) only over a narrow time tor, for which the Fermi level is found in the conduction
interval. Because of the spread in the values of the activatiogand with the difference that due to its small size, the anti-
energyAEy, the parametery depends on time, and in a pinding states of the cluster are localized and the electron
wide interval of timet the functionA(t) most likely has a  spectrum is discrete. In this case, copper-doped amorphous
power-law character. If, on top of that, we have in mindcarbon can be represented as a system of “quasimetallic”
theoretical estimates of only a very approximate sort fomanoclusters built into an insulating diamond-like matrix.
E5"C, then their correspondence to the experimentally obThe constant-current conductivity in such a system is deter-
tained value oAE4 may be assumed completely reasonablemined by the probability of electron hops between clusters,

As can be seen in Fig. 4, the almost complete disappeaiyhich depends on the concentration and configuration of the
ance of theG band with further isothermal annealing is ac- copper-modified clusters and the temperature. The rapid in-
companied by its recovery; the absorption grows with timecrease in the conductivity af-C : H : Cu, with Cu concen-
so that after roughly 9 h of annealing at 220 °C the absorptration observed experimentally in Refs. 4—6, is consistent
tion intensity at the maximum of th& band almost reaches jith this model.
its original value(region Il in Fig. 4. Relaxation of absorp- Interaction of the Cu impurity atom with the graphite-
tion in theG band in similar samples was detected earlier ajke sp?-nanoclusters leads to a redistribution of the electron
room temperatur&’ in this case the time of complete recov- density in the cluster and to the appearance of a static dipole
ery was roughly 15 days. It can thus be concluded that returthoment with nonzero components in the plane of the carbon
of the Cu atoms to the graphite-like nanoclusters after therayer fragments and normal to them. For this reason, the
mal destruction of the intercalation state also has an activahatural vibrations of the carbon rings in the plane of the
tion character. By analogy with the foregoing discussion, waayers become dipole-active, and the correspon@irandD
assume that the absorption in region Il varies in aCCOI’danCBandS, allowed in undopwc ‘H on|y in the Raman spec-
with trum, become observable in the IR spectraae€ : H : Cu

and intensify as the Cu content is increased.

AW =Aol 1 exp(—=t/m)], © Studiesf)é)f the temperature dependence of the intensity of
where 7, is a characteristic relaxation time, which dependsthe G band in the IR absorption spectrum during isothermal
activationally on the temperature, with activation energyannealing have shown that &C : H : Cu atleast two types

CONCLUSIONS
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Phase transitions occurring in glassy chalcogenide semiconductors induced by electric
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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 ~a500—-600 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. ®998 American Institute of Physics.
[S1063-782628)00808-4

INTRODUCTION velopment of the electric instability different final states can
result. If the reverse transition to the high-resistance state
During the mid-1950s B. T. Kolomiets and N. A. takes place after removal of the applied voltage, then the
Goryunova discovered a new class of materials—glassysemiconductor—metal” reversible phase transition in the
chalcogenide semiconductors. This discovery served as @nductivity takes place since in the low-resistance state, in
powerful stimulus for the creation of an entirely new branchcontrast to the high-resistance state, the conductivity is large
of physics—the physics of disordered semiconductors. Agng does not depend on the temperature of the surrounding
present, along with glassy chalcogenide semiconductorsnegiym. This phenomenon is frequently called the switching
such broad families of disordered semiconductors as amoggect and it is generally considered not to be connected with
phous, porous, and microcrystalline silicon, semiconductingy,o g4 ictural transformations. In the case where the low-
polymers, and amorphous carbon are the subjects of Inten?@sistance state is remembered and exists without the applied

StUdIy' | hal i icond i \foltage, we call it a memory effect. The appearance of the
uniqSeg Sr?z)rlmocmzrfggﬁgé %:grr]mgg?ecliggorsTﬁeV;’; ep;]aer:]%emqﬁger usually requir(_as that the film be stored for a significant
have been described in detail by B. T. K(lnlomiéTé,and in $¥e under voltage _m_t_he Iow-res_lstance state. It is assumed,
the recently published monographs in his menfoAmong therefore, that the initial phase in the dgvelopment Qf both
these phenomena, a special place is occupied by the pheno%ffectS is fundamentally the same, and d|ﬁerenges arlse.only

at later stages. These differences are due mainly to differ-

enon of the electric instability, discovered in the course of d . ition. | di fth ff |
study of thin films of glassy chalcogenide semiconductors ifFces In cgmposmpn. n stu 1es o the memory effect, glassy
strong electric field§:® The discovery of this effect has, in chalcogenide semiconductors with an enhanced tendency to

its time, attracted the attention of a large number of physiTystallize are generally used. As was shown in Ref. 9, the

cists and has played an important role in the quickening an§'€mory effect is associated with the appearance at the site of

expansion of studies of glassy chalcogenide semiconductofs current thread of a crystallized channel. In this case, one
(GCS. speaks of a reversible structural phase transition since, hav-

The phenomenon consists in an abrupt and rapid Ing chosen definite voltage pulse parameters, it is possible to
films of thicknesd. ~ 1 wm during a timet~1 us) transiton ~ return the crystalline channel to its original glassy state. The
of a small volume of the GC®n the order of several cubic appearance of a crystalline channel is frequently accompa-
microns from the semiconducting high-resistance statenied by a noticeable change in the resistance of the low-
(HS) to the metal-like low-resistance stafeS). The transi- resistance state. Thus, although the low-resistance state,
tion takes place locally in fields with field strength which arises as a result of the reversible transition in the
F~10° Vicm, at sites of enhanced current dengityrrent  conductivity, and the low-resistance state due to a reversible
filaments, and the decrease in the resistance at such sitegfructural transformation, are closely related, they are differ-
reaches many orders of magnitude. Depending on the conent. The low-resistance state associated with structural trans-
position of the material, the geometry of the samples, and théormations may be assumed to be due to the appearance in
characteristics of the electric field pulses, as a result of dethe channel of either a degenerate doped crystalline semicon-

1063-7826/98/32(8)/5/$15.00 838 © 1998 American Institute of Physics
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ductor or a metallic filament since it is well known that the 1.0+
crystalline channel is enriched with heavy elements such as
tellurium.

Repeated cycling of reversible transitions—both struc- 0.8
tural transitions and transitions in the conductivity—is ob-
served in relatively narrow-band glassy chalcogenide semi-
conductors with a narrow band gd&p~1eV. In the case
of wide-band glassy chalcogenide semiconductors with
Ey~2 eV at the site where a current filament has appeared,
only reversible structural changes arise in the fifithus, in
narrow-band glassy chalcogenide semiconductors irrevers-
ible and reversible transformations are possible, while in
wide-band glassy chalcogenide semiconductors only irre- 8.2
versible transformations are possible.

Despite the large number of studies addressing the na-
ture of the low-resistance, metal-like state arising as a result TR (SO U T S FES RN -
of a reversible transition in the conductivitgee Refs. 11— 0 0.2 Wo&tb um&ﬁ b5 0
13), its nature is still unclear. There is no unity of opinion on T
the temperature that develops in a current filareat on  FIG. 1. Variation of the transmittanceT®) of Teys:Gey.15AS 04 glassy
the electronic processes underlying the low-resistance stafiéms as a function of the powelX) for various durations of the light pulse,
in a strong electric field. To shed some light on these ques™ ™ 1—50,2—20,3—10,4—55—3,6—27—1
tions, a knowledge of the conditions which distinguish re-
versible structural phase transitions from reversible transi-

tions in the conductivity plays a large role. Experiments were performed on films of thickness about

Glass+ crystal phase transformations are usually inves0.1 um, prepared by vacuum evaporation of the starting ma-
tigated in large bulk samples of glassy chalcogenide semiterial onto glass substrates. The initial films were glassy.
conductors with relatively low rates of temperature changeTogether with these films, we also studied films that had
Peculiarities of the structural phase transformations takingeen subjected to heat treatment at about 540 K. As a result
place during short time intervals and in small volumes, as i%f this treatment, these films were crystallized over their en-
the case in optical and electric writing and rewriting of in- tire area, and in them it was possible to study the transition
formation in micron and submicron GCS films, have notfrom the crystalline to the glassy state under the action of
been studied adequately. In the present paper we are repogiptical or electric pulses. The crystallization of the films was
ing the results of an experimental study of reversible phasgetermined from a decrease in the transmittance of weak
transitions in small volumes which are initiated by short,probe light by 5-10-fold*” or by a decrease in their resis-
powerful laser pulses. tance by several orders of magnitude. The softening ojnt
of the composition under study was 410 K, the crystalliza-
tion temperaturéa 5— 10-fold decrease in the transmittaince
was ~540 K, and the melting point,,=650 K (Ref. 17.

We chose for study glassy chalcogenide semiconductors For optical recording, laser radiation with wavelength
with the composition Tgs,Ge, 15ASg o4 aNdE4=0.9 eV with A =0.51um was used. The laser beam, focused on the film,
an enhanced tendency to crystallize. We used short lasereated a spot several microns in diameter. The maximum
pulses, whose characteristics, especially the temporal charagewer of the laser radiation incident on the film was about
teristics, were similar to the electric field pulses used in elec140 mW. Single light pulses with duration<2l0™us were
tric writing of information. Data obtained using laser pulsesobtained with the help of an acousto-optical modulator. The
and a comparison with data obtained using electric pulses aresult of the action of the film of the recording light pulses
of independent interest since the technology of creating inwas monitored by measuring the transmittance of the probe
formation carriers in glassy chalcogenide semiconductorght beam (laser radiation withx =0.63xm), focused on
with writing and rewriting by laser radiation or an electric the spot on which the recording beam was incident, and also
field has already reached a high level of developm&tt!® by subsequent inspection with a transmission microscope.

Pulses of different duratiom are typically used to trig- The following quantities were measured: the minimum
ger the reversible phase transition from the glassy state to th@ower W; needed to burn a hole in the film; the power in-
crystalline state and its reverse. Thus, fop, §66e 1ASp0s  tervals corresponding to reversible crystallization of the
films in the case of electric field pulses the state with a crysglassy films and reversible amorphization of pre-crystallized
tallized channelelectric writing to memoryis obtained us- films.
ing 7=2x10 2 s, and for the reverse transition to the glassy ~ Figure 1 plots curves of the optical transmittand&™)
high-resistance statderasing pulses of durationT=5 of glassy films as a function of the powenj for different
X107 s are used.A similar ratio of durations of writing durations of the laser pulse. A few general trends of the
and erasing pulses also holds when using laser pitgs  variation of the transparency of the films as a function of
cal recording and erasyre pulse duration follow from the data plotted in Fig. 1. For

ont’ arb, wnits
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FIG. 4. The limiting powerW; (1) and the power leading to a twofold
increase in the transmittandé/, (2), plotted as functions of the duration of
the light pulse in annealed films. The horizontal bars labelled a and b cor-
respond to a decrease in the transmittance by 30% and by a factor of 2 from
its value in the original glassy film.

FIG. 2. Smallest value of the transmittancg&®®) of Teys:G& 152004
glassy films as a function of the duration of the light pulse.

pulse durations above 1©s, as the light intensity is in-
creased, a gradual decrease in the transparency is observed.

Such a pattern of variation of the transparency is maintained o . - .
for durations of the light pulses up to 100 ms. For pulsepower is increased, a relatively rapid increase in the trans-
durations below 1Qus, a minimum is observed in the mittance is observed. It stems mainly from an increase in the

transmittance—power curves. The magnitude of the greategfea of the segment of the film which under_goc_as qtransition
change in the transmittance of the glassy films as a functiol’ the glialssy ;;tate %L.Je tofﬂt‘ﬁ nlonunlfgrm di;lbutlon of the
of pulse duration is shown in Fig. 2. This decrease in th{?ower along the radius of the faser beam. Some power

transparency over the investigated interval of pulse duration vel a turning point in the curve is reached. This point is

is connected mainly with structural phase transformation?ssoc'at'EOI with a transition of the entire area monitored by

similar to those that occur during thermal annealing of thethe probe beam to the glassy state, beyond which is the satu-

films.!” The appearance of a minimum in the transmittancd 210N segment. In the saturation segment growth of the

curves for short light pulses is explained by a competitiontr":mSp"Jlrency IS sloyved dOWT‘- Afurther increase in the power
abrupt increase in the transparency as the limiting

between crystallization and vitrification processes. Times orkeadS toan : -
the order of 1us may be considered as limiting for phase power W, is reached and local destruction of the film is

transformations resulting in a decrease in the optical absorpﬁ(.:h'e.VEd' The extenF of the saFurann segment decreases
tion of the films. with increasing duration of the light pulses, and for pulse

The transition from the crystalline to the glassy state wadlurations greater than 15 it virtually disappearsFig. 3,

investigated on thermally pre-treated films. The nature of th&Urve 2). . . . -
variation of their transparency as a function of power for For thermally crystallized films we determmed t_he mink-
different durations of the light pulses is shown in Fig. 3. ForMum pulse powew, n_eeded_ fo burn a hole n t_he film as a
pulse durations less thands it is possible to distinguish function of pulse duratiom (Fig. 4, curvel). This figure also

two segments in the curve of the transmittance as a functioﬁIOtS the dependence qnof the pqwerWZ needed to in-
of the power(Fig. 3, curvel). In the first segment, as the crease the transparengighten the film by a factor of 2 as

a result of partial amorphizatiotFig. 4, curve2). In films
with L<1 um the transition in an electric field takes place in

0+ 10" ® s or less. Therefore, in what follows we will give our

- 2 main attention specifically to this time interval.
25 We will show that the strong dependence/éf on 7 for

i 7 short pulse durations is evidence that the nonsteady-state
2or temperature of heatin@; significantly exceeds the melting

temperaturdl,, (the phenomenon of overheatjrand thafT;

T ovt’ arb. units

1'5_ increases with decreasing pulse duration for points lying
10+ deep into regiom in Fig. 4. Each point of this region cor-
- responds to power levels which lighten the crystallized films
051 by more than a factor of 2N(7)>W,(7), but do not burn
C L t T T 1‘ L holes in themW(7) <W(7). For many points of regiod
0 a1 02 03 04 05 058 07 the cycle “darkening—lightening” was repeatedly observed.
W, &rd. units Let us first consider how the power should depend on the

FIG. 3. Variation of the transmittanc&{*) of annealed films as a function time if heatmg takes place all the time up to the same con-
of the power for various durations of the light pulse. Arrows indicate the Stant temperature, which does not dependroifhe natural

values of the limiting powew, . 7, us: 1 — 0.7,2 — 1.5. thermal relaxation timer, of a film of thickness
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L~0.1um is equal in order of magnitude to 0.03 (Ref.  time. We estimate this temperature fo=0.4 us, assuming
18), which significantly exceeds times of the order of that the heating correspondingVWé, is the same as for long
3—10us, at which the quantityV in Fig. 4 ceases to de- times, equal to jusi\T;,~350 K. Then equating the ratio
pend on time. Consequently, fer> 7, the heating volume W, /W,, which for the given time value is equal te7, to
also includes part of the substrate so that the characteristtbe ratio AT;;/AT;,, we find that AT;; is equal to
linear dimension of this volumé, is equal to D7), where ~ ~2250 K. Thus we have found that while for longer times
D=x/pc, x is the thermal conductivityy is the density, and the temperature$; andT, are similar and roughly coincide
c is the specific heat. Assuming the thermal constants of theith the melting temperature, for shorter times the tempera-
substrate and film to be similar, denoting the area of the spdure T, significantly exceedd,, reaching at the end of the
asS, and substituting the quantityinto the equation of heat interval a value not less than 2250 K. Consequently, over the
balance entire rangeWN;>W>W, corresponding to regioA in Fig.
Wr= pclS(T—T). 1) 4, the films withstand repeated heating without damage up to

temperatures significantly above the melting point.
we obtain the dependenté~ 1/7*2. The temperature of the
surrounding medium is denoted &g. Such a dependence
corresponds approximately to curen Fig. 4 for times up
to ~3 us. With further growth ofr, equilibrium is estab- In Refs. 18 and 19 it was assumed that the phase transi-
lished andw ceases to depend on time. Just such indepertion in the conductivity occurs at a temperature, which, based
dence ofW on 7 is observed forr>10"°s. In this case, on a large body of experimental data for a glassy chalcogen-
neitherW; norW, depends omr, and the difference between ide semiconductor similar to the one investigated here, was
W, andW, amounts to only 16 20%, so that it is difficult assumed to be equal to 50800 K, which significantly
to distinguish them. Therefore, the cun,(7) in Fig. 4 is  exceeds the temperature of the surrounding medium
shown schematically for these times by the dot—dashed linél;=300 K and is close to the softening poify of films of
We estimate the steady-state heating temperafiuri@ this  corresponding compositions. At the same time, the tempera-
region as follows. As was mentioned above, crystallizatiorture 5006-600 K is much lower than the temperature of the
of an initial glassy film can be achieved not only by heattransition from semiconductor conductivity to metallic con-
treatment, but also by the action of laser radiation. Theductivity T;,, obtained directly from measurements on bulk
marker a in Fig. 4 indicates the powéf, and duration of a samples in a weak field and equal+dl000 K (Ref. 20. In
laser pulse bringing about the onset of structural transformaRefs. 13 and 18 it was therefore concluded that to realize the
tions (decrease of transparency by30%). As can be seen phase transition in the conductivity in a strong field, heating
from Fig. 4, the powelV, which brings about the onset of (Joule current heatingand modification of the electronic
structural transformations is about seven times lessWian  properties of the glassy chalcogenide semiconductor in a
Hence we obtainW, /W,=ATg /AT¢,=7, whereATg s,  strong field(thereby loweringTy, from 1000 K to a value in
=Tgqsa— To- According to Ref. 17, the onset of structural the range 506 600 K) are equally important.
transformations during thermal annealing occurred for heat- According to another point of view, the phase transition
ing equal to onlyAT=>50 K. Identifying this level of heating in the conductivity in a field takes place without any heating,
with AT,,, we obtainAT, =350 K, i.e.,T;;=650 K. We i.e., T;4=T,and itis due only to a change in the microscopic
can obtain an upper estimate by comparmyj and the electronic properties of the medium in a strong electric field.
powerW, (the marker pnecessary to darken a fresh film by Numerous studies addressing this hypothesis are discussed in
a factor of~2. According to Ref. 17, such a level of dark- Refs. 11 and 12.
ening was achieved by thermal annealing for heating by An important argument of the proponents of the hypoth-
~210 K. SinceW;/W,~2, it follows that ATy, =420 K,  esisT{ =T, is the high reversibility of the phase transition in
i.e.,, Tg;=720 K. Thus, forr>10 us T, lies in the interval the conductivity since it is assumed that repeated cycling
650- 720 K, whose lower boundary coincides with the melt-from the semiconductor state to the metallic state and back
ing point of the investigated glassy chalcogenide semiconwithout substantially altering the properties of the material
ductor. This estimate is also supported by the fact that in thisan take place only in the absence of any noticeable heating.
time interval the powelW, bringing on lightening associ- At the same time, the results of the present study show that
ated with melting and subsequent amorphization is onlyfor short-duration actions some regions of the glassy chalco-

CONCLUSIONS

10— 20% less thaiw, . genide semiconductor can heat up to very high temperatures
Completely different behavior is observed for and cool down repeatedly without destroying the material.
7<10 us, where a strong increase \®f; and a large dispar- Thus, the results obtained here indicate that the revers-

ity betweenW,; and W, are seen. Let us first consider the ible phase transition “semiconductor—metal” can take place
dependence diV,. In the time intervak0.3—3 us this de-  repeatedly at the temperatures 50800 K, determined in
pendence follows closely the law 1/72, which, for guid-  Refs. 18 and 19 since the GCS films withstand much greater
ance, is plotted by the line segme2it. Consequently, for heating without damage.

7<3 us the dependence ¥, is determined by heating to a The data obtained in the present study are significant
constant temperature. The large difference by wiéhex-  from an applied point of view since they show that the fa-
ceedsW, in this time interval implies a strong growth of the miliar advantages of optical and electric writing and rewrit-
temperature corresponding to the powéy with decrease in  ing of information by short pulses are attributable to the
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Quantum-chemical modeling of the structure, stability parameters, and electronic structure of
defects(deformational, topological, bondn a-S anda-As,S; was performed. The

position of localized states in the band gap, which correspond to defects, including states excited
by light with energyiw <E4, was established. It was shown that the generally accepted

concept of valence aternation paiiéAPs) must be reexamined, at least in our case, since the
formation of pairs of separated charged point defects of the Cﬁmnd C, requires

too much energy. On the other hand, it is shown by analogy afffe that centers connected by

a strong bond can coexist in the form of rigid VAP dipoles. It was found that nonrigid,
metastable, hypervalent configuratidhB/Cs) exist in the form of HVC dipoles, which are neutral

and diamagnetic in the ground state and lie beto%von 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 Physid$$1063-78208)00908-9

As a rule, defects determine the properties of not onlyThey were intensively developed during the last 20 years by
crystalline but also noncrystalline semiconductors — chalcoone of the present authols;*® including in the form of
genide glassy semiconductoi€GSs, discovered by B. T. hypervalent configuration$HVCs) which are neutral and
Kolomiits and N. A. Goryunova. Before the notion of diamagnetic in the ground state!®
chemical-bond defects was introduced, fluctuations of the A direct proof for the existence of HVCs is that, accord-

parameters of noncrystalline structure, which Gubanov assgng to x-ray diffraction, the coordinatioB, in many CGSs is
ciated with localized states in the band dapere studied. greater than the valence, for example, in plast® and in
Ovshinsky assigned thP electrons a special rofeThe in- a-Se Z,>2 (2.1-2.3,° which formally corresponds to
troduction of Anderson’s hypothesis of an effective negative__ 5004 of the atoms WitlZ, = 3. Therefore, VAPsZ,=2)

correlation energy dfl  centers, which was used to explain _cannot explain the increase &y >2. This was the starting

the absence o_f an E_SR S|gn_al and to pin the.Ferm| level i oint of Ref. 11, where a connection was first made between
CGSs, made it possible to introduce the notion of defect

i . >2 in a-Se and TCBs. The materiadsS anda-Se are not
D', D7, andD° (Ref. 4 and even specific chemical-bond !

. ; . the only CGSs whose value 8f is greater than the valence.
defects of the valence alternation p&itAP) type with over Such evidence also exists for A& (X=S, Se, T¢ and

coordinated and undercoordinated atoms, for example, the s .
P I-Te 1%2%which indicates the prevalence of HVCs in macro-

statesC3 andC; in Se, which, according to Ref. 5, are more . . .
ctable tshanCO %CO) where C is the chgalcogen atortthe scopic(>1%) concentrations, which greatly exceed the VAP
3 -1 Qncentration €10 cm™3). HVC defects in the form of

superscript denotes the charge and the subscript denotes { ) , ,
CBs were used to explain the continuous mechanism of

coordination number It was implicitly assumed that the e ] ) i
large amounts of energy, comparable to the ionization poterROnd switching accompanying atomic trapsﬂB » photo-
structural transformation’é, paramagnetism, including

tial, required to produc€, are compensated by the interac- ) ” : )
tion with the environment. In particulaG; stabilizes, form- photoparamagnetistd,and the first sharp diffraction peak,

ing a bond with the nearest chain€J). This assumption [© €xplain the photoinduced anisotropy and gyrot'8gy
leads to a very large overestimation of the stability of posi-Since they have the symmetry of the point gralipand are
tively charged defects, as first pointed out in Ref. 6. Thetherefore polar and chiraf, and to explain the excess
notion of soft atomic configurations, which explained the€ntropy”> AS;>0 (0<T<Ty) and the configurational
existence olU centers, was introducéd. entropy® AS;>0 (T,<T<T,). HVC-type defects have
There exist other models of defects, based on hypervabeen confirmed ira-Se by calculations based on the local-
ent and, in particular, three-center bon@CBs).*° These  density functiondt* and ina-Set’ and Ge$'® by quantum-
models are essentially ignored by the scientific communitychemical modeling. Quantum-chemical modeling has also

1063-7826/98/32(8)/7/$15.00 843 © 1998 American Institute of Physics
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shown HVCs ing-Si0,,? Ge(,,%° and B,0;,%” and TCBs in 08+
i 28 0129 T T AsSy
g-SiO,“® and a-SiH. 07F —en g
We shall give an expanded definition of a defect as any- 06F —— 3:
thing that distinguishes a noncrystalline material from the o5k
corresponding crystal in short-range orderteratomic dis- 2 o4k
tances, valence anglesnd medium-range ordefMRO), %o .F
including in the so-called near-MR@torsional angles WNoar
following the classification given in Ref. 30. Then, two basic gz
groups can be distinguished on the basis of this definition. o011
The first group contains: oF
1. Deformational defect@interatomic distances, valence /% ) S U S S R P I T
and torsional angles 0 J (r—rfﬁl/r % % 20
2. topological defects — chains and rings with a differ- 0’7 7a>
ent number of atoms or structural polyhedraGr; FIG. 1. Deformation energf . in a ring § and chain $in sulfur and in
3. irregular (or homopolar As—As and S—S bonds in the ring Cq in arsenic sulfide as a function of the relative deformation
As,S;. (r—rg)/rg (r andry — cluster size in the stretched and unstretch states

A common feature of the defects 1-3 is that the chemi-
cal bond type — the coordinatiafi; and the valence — is , , )
preserved. The d!stancer 1-3 was f(l())()ed and the distaneg_5 was var-
The second group contains chemical-bond defects. Modfd (Fig- 2. If 13_g=r;=;=3.13 A (curve 1), the depen-
of these defects in CGSs have not been studied previously 46NCe Of the potential energy on the distange; is found to
the quantum-chemical level or, as in the case of VAP, the e almost the same as for an ordinary covalent bond. As the

have been modeled for a long time and only fof'$8and distancer ;_5 is increased, the minimum of the energy in the
did not confirm the existence &~ centers2 A search for equilibrium position increases, while the local elasticity con-

HVC-type defect structures has not been made. In thatant decreases. In this kind of modeling of soft potentials it
scientific literature arbitrariness reigns in the description ofS N€Cessary to take into consideration the possibility of a

VAP-type defects and their transformations in processes anj2nsition from a singlet state to a triplet state, since for a
virtually any properties are attributed to them, especially inStrongly st_retched bond the latter could become_more favor-
complex substances of the type /8. The scientific com- able. In this case the dependence of the potential energy on

munity is even less familiar with HVC-type defects. In the (€ distance ;3 has several local miniméee Fig. 2 and
present paper defects of the first and second typesdrand (e caption there o
a-As,S; will be modeled and they will be compared with the ~~ 1-1.3. Low-energy defectsLow-energy excitations in

properties of CGSs. The modeling was performed using thi€ 8-AS;S; structure, such as inversion of an As atom lo-
semiempirical MNDO method foa-S and the PM3 method cated at the apex of the structural pyramid As8d rotation

for a-As,S; in the cluster approximation, checked in Refs, ©f the “bridge” sulfur atom around an axis formed by the As
17 and 18. This approach gives a satisfactory description dtOMSs: were investigated. Inversion, for which the energy
the structural and energy characteristicsag® and can be barrier equ_als 0.4 eV, could be responsible for_the presence
used for qualitative and semiquantitative modeling of defect®f @ Peak in the curve of the tangent of the dielectric loss
in it.

1. MODELING OF DEFECTS 6
1.1 Deformational defects 5

1.1.1. Bond stretching.n this section, defects arising as
a result of fluctuations of bond lengths and valence and tor-
sion angles are modeled. Accordingly, the initial clusters,
consisting of the ring $and the chain H3H in the case of J
a-S and aCg type ring in the case 0&-As,S;, were sub-
jected to deformation by increasing the distance between the 2
terminal atoms of the corresponding clusters. The depen- ) L
dence of the energy required for deformation on the relative 18 1.8 2.0 21 22 23 24
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 with &G, 2. Cluster formation energg as a function of the distance,_ s
substantial stretching of the bonds was investigatedafSt  between the closest sulfur atoms for different valuesof; (in A): 1 —
The results of such an investigation, undertaken in Ref. 28-13:2, 3— 4;4 — 4.2. The decrease in the local coefficient of elasticity

Qi Sl : with increasingr,_; is demonstrated. Curvels 2, and 4 correspond to
for g SIO,, demonstrate the possibility for the formation of singlet states, curv@ corresponds to a triplet state. The crossing of cuBres

local $0ﬁ and multiwell potgntials with participation Qf and 4 illustrates the possibility of a transition from a singlet into a triplet
TCBs in the presence of sufficiently strong bond stretchingstate as a result of a changeris .

£
LJNN LI S I L LA LA B N LN
<
4
4
1
>

T2-32



Semiconductors 32 (8), August 1998 Dembovskil et al. 845

§ ‘/EW FIG. 3. Schematic representation of different defects in
noncrystalline sulfur. For the configurations (VAP-d)
I I I v Vv VI

the charge€(C,) in units of the elementary charge, the
bond orderQ, and the bond length in A for CJ,

C;, and Cg centers are, respectivelyZ(C3)=0.36,
Z(C;)=-025 Z(CH=-0.1; Q(C;—C;)=1.22,
Q(Ci-Cc9H=0.77; r(Ci—C;)=1.86, r(C;—C;)
=2.02.

v virr X X X7

angle (tary) at frequencies=400— 1000 kHz. The transition tion I) into paramagnetic fragmen@; (Fig. 3, configuration
frequency of an As atom from one position into another fallsll) is energetically less favorable than the formation of
in the frequency interval where a peak of fais observed®  charged defects. However, the ratio of the stability @32
Rotation of the bridge sulfur atom occurs with a very low and the pailC; , C; was estimated mainly on a qualitative

barrier on the order of several hundredths of an eV. level, using very rough approximatiofisThe modeling of
the properties of such defects in Se in the local-density func-
1.2 Homopolar bonds in  a-As,S; tional approximatioff showed that the paic; , C; is still

less stable than@?. These results cast doubt on the admis-

The concentration of “irregular” As—As and S—S bonds 7. : .
sibility of the VAP model, and in the present work we inves-

in a-As,S;, which is determined from IR-spectroscopy data,> o . ) i
reaches 5-6% The modeling of such bonds was performedt'gatEd it wlth the aid of the quantum-chemical calculations
in a cluster consisting of &, ring. The inner sulfur atom ©f defects ina-S. ,

and the arsenic atom changed places, so that the two As—s According to the results obtained by us, much more en-
bonds changed into S—S and As—As bonds. According to thg/9Y iS required to form the charged defeCs andC, than
results obtained, the formation of S—S and As—As bonddCr homolytic breaking of a bondTable ). The interaction

requires=0.7 eV, which is close to the value 0.5 eV pre- with one and two neighboring chairiBig. 3, configurations

sented in Ref. 35. I, 1ll') greatly decreases this difference, but it still remains
too large. More than two chains do not attach to a charged
1.3 Topological defects defect, so that further stabilization of charged defects as a

) result of an interaction with the environment will no longer
The structural differences @S, a-As,S;, and the cor-  pe jmportant. In the configurations Il and IV, substantial
responding crystals are due to the existence of differentyanges in the geometric and electronic structure occur in the
structural elements in CGSs. These are ri@gswith a dif- 5t coordination sphere around a charged center — the bond
ferent number of atoms, predominantly with=6-8 for |onaihs increase to 2.0-2.1 A, while the bond ord@rde-
a-S, as well as chains\Sof different length. According 10 ooase by approximately a factor of 2; the excess charge
our modeling results, rings withi=6-8 are energetically o.omes” delocalized — for negatively charged clusters
favored in botha.-S anda-Asz-Ss. Hoyvever, th|s does not mainly on atoms of the first coordination sph¢@S), while
rule out the existence of rings witN<6 in &S and for positively charged clusters the atoms of the second CS
a-A%Sy. are also affected. The changes in the third and more distant
CSs are negligible. Thus, the interaction of charged defects
with the environment results in a substantial polarization of
1.4.1. VAP model. As already mentioned above, the the closest fragments of the main network of the glass and a
VAP model postulates that ia-Se the decomposition of a substantial lowering of the energy of the system. Nonethe-
chain consisting of atoms in the ste(ﬁ% (Fig. 3, configura- less, this stabilization cannot completely compensate for the

1.4 Chemical bond defects

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

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

I cS 0.0 v C;-C; 52 Vil cj-c; 36
I 2CY 2.0 Y C;-C; 19 IX cj-c; 12
] ci+Cc; 92 \Y| cj-c; 17 X Vel 15

[ ci+C; 59 Vi ci.c; 06 XI Vel 2.1
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energy expended on ionization, so that the correlation energy 245+ a

U>0, in agreement with the results obtained in Refs. 31 and _

32 for a-Se. When two type-Il defects interact, besides re- o5l 4

duction of the chain I, there can arise a metastable configu- N 3

ration V in which the negatively and positively charged at- 15k

oms are bound together, which leads to the formation of a = |

dipole(in what follows — VAP4) (Table I, configuration V; 10k

the parameters are given in the caption to Fig. Such a :

structure is a local minimum of the potential surface and I 2

possesses a singlet ground statelfer 0. A similar configu- 0.5+

ration with excess energy 1.2 eV was found in Ref. 31 in i %

modelinga-Se. ar :'f T
1.4.2. Hypervalent configurations(HVCs). It can be

expected that if oppositely charged defects are located nexis,

to one another and are incorporated into a single structure:n

then their total energy decreases substantially as a result o b

the Coulomb interaction and transfer of electronic density &4

between charged fragments. On this basis we estimated the i —

structure and stability of HVCs arising when oppositely 2.0

charged configurations Il, Ill, and IV ... join together. The i

joining of defects Il and IIl also leads to the formation of a %9~

metastable singlefin the ground stajeconfiguration VI if o r

centersC, andC; interact. When they are displaced by one 1.0
link, a VII-type complex, which is stable against decay into i
two chains, is formed; in the case of a larger displacement, 051
unstable complexes consisting of two chains and a fragment i —a
Sy between them are formed. If the distance betw€an ‘ . . . | . .
centers in a type-VII configuration is fixed at the same value 5 10
as in the configuration 11(2.0 A), then its structure and (r-rb)/ra y %
energy characteristics can be estimated. It turns out that it
possesses a singlet state and is much more stable than tWi. 4. Shift of the valence band edgg (bottom curvesand conduction
C‘j defects(Table ). All bond orders in a hypervalent frag- band edgeE, (top gurve$ as a function of the r(_elative deformation

. . . . (r—rg)/rg on stretchinga — S rings (1, 4) and S chains(2, 3); b — Cgq
ment of this configuration are SUbStantlaleOj:g pet","?e” rings in a-As,S;. The energy is measured from the positionEf in the
C; centers an®)=0.9 betweerC; andC,. All this signifies  yndeformed structure.
that the fragments of a chain broken by the drift of the en-
vironment should interact with the nearest chain upon low-
ering the energy and upon a transition to a singlet state, i.elies above X on the energy scale, but its zero-barrier decay
instead of rupture, the bond switches with the help of typeinto chains is impossible. This configuration is slightly un-
VII HVCs. When two center<, in a type-lll fragment in-  stable with respect to separation into fragments | and V, but
teract, a type-VIII configuration, which is stable in the sin-the energy difference is smal.2 eV\), and a rigid environ-
glet state against spontaneous decay but lies on the energient can keep this complex from decomposing. Type-XI
scale far above @9, forms. The most stable product of the HVCs are apparently similar to a soft atomic configuration,
interaction of type-lll fragments is a type-IX configuration since in order to form it much less energy is required for a
— a nonplanar six-member ring consisting ©f atoms. It chain and a VAR defect to draw together to a distance
can also be obtained in the interaction of type-Il and -Ivcorresponding to the S—S bond length than for atoms to draw
fragments. This configuration transforms into three isolatedogether in ordinary chains. We did not consider the forma-
chains. If the configuration is prevented from decomposingtion of larger rings, since they should be less stable. It should
having set a limit on the distance in a ring, on the energyoe emphasized that the charges of the atoms in the configu-
scale it will lie below the pair of defect€?, i.e. a dangling rations VII-XI are small, i.e., their electronic structure does
bond, which is sandwiched between two chains, shouldio correspond to a pair of charged centers.
transform into a singlet HVC which effects bond switching.

The interaction of type-V configurations with chains 2. pEFECT-ASSOCIATED PROPERTIES OF CGSS

could provide additional possibilities for the formation of
HVCs. The five-member ring X formed in this manner is
unstable with respect to decay into two chains and lies 1.5 The appearance of any defect in a structure is accompa-
eV higher on the energy scale, if the distances, andr;_4 nied by the appearance of a level in the band gap. The dis-
are fixed and equal 2.0 A. Connection of fragments | and \placement oE, andE, as a function of the relative elonga-
into a six-member ringFig. 3, XI) gives the most interesting tion accompanying stretching of the rings and chains
result. Its ground-state electronic structure is a singlet, and ifdeformational defecjss shown in Fig. 4; fluctuations d&,

1

2.1 Localized states in the band gap
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G100 -8.0
P s N(E,
-10.3 -84 (£)
——— FIG. 6. Diagram illustrating the position of localized electronic levels in the
-10.6 band gap which are associated with different structural defea@sSrand in
E. S S S S S 6 0 C G C -84 a-As,S;. The tails of the density of statéeegionl1) are formed by defor-
v % %% % Y%7 8% "3 "3 % W ¢ mational and topological defects, as well as by homopolar bonds in the case
a-$ a:-As,S, of a-As,S;. The scale of the decrease in the density of states in this region

is formed mainly by the topological defects. The deep-lying levels in the

FIG. 5. Energy levels in the top occupied and bottom vacant moleculaband gap(region 2) are associated with VAB-defects, while in regiors
orbitals, which model the positions of the valence-band eligeand  they are associated with HVCs. The curves bounding the regieBsare
conduction-band edgE, in different structural elements iaS (S, rings arbitrary.

with N=4-8) and ina-As,S; (Cy rings withN=2-6, bound together by

covalent bonds To estimateE, correctly, the energy difference between the

vacant and occupied levels must be decreased by an amount equal to the

integral of the Coulomb repulsion between therb eV).

andE. due to the existence @ rings ina-As anda-S are

shown in Fig. 5.
The appearance of irregular bonds is also accompaniesulfur clusters equals approximately 4-5 eV.

by splitting off of levels from the valence- and conduction-
band edges into the band gap. Hek&,=0.13 eV and
AE.=—0.34 eV. The values oE, andE; for VAP-d and

note that it is in principle incorrect to use for this purpose the
difference between the energy levels of the highest occupied
and lowest vacant molecular orbitd¥O) and that doing so
introduces an error equal in order of magnitude to the inte-
gral of the Coulomb repulsion between these MOs, which for

Despite the similarity of the stability parameter, the elec-
tronic structure, and the geometric parameters of long chains
and ring structures,§in a-S!” the values oEZ for them are

HVCs are given in Table Il. A general diagram demonstrat-substantially differentTable 1). The difference increases
ing the position of levels in the band gap, which are associwith increasing chain length. The reasons for such behavior

ated with the defects listed above, is shown in Fig. 6.

2.2 Interaction of a defect-free network and defects in it
with Aw=<Ej light

2.2.1. Defect-free fragments and topological defects.
The optical characteristidshe energ)Eis of the first singlet-
singlet transition and the corresponding charge in the
dipole moment of fragments of a defect-free glass network
were estimated for the sulfur clusters considered above.

TABLE II. Displacements of levels relative to the valence baxif, and
conduction bandAE,, energyEL, of the first singlet—singlet transition,
changeA u in the dipole moment for this transition in hypervalent configu-

rations arising in noncrystalline sulf@in units of D).

W

is unclear at present, and additional calculations using non-
empirical approaches with more complete bases are required.
The character of the transition in rings and chains is the same
— from a nonbonding MO into a weakly antibonding orbital.
They are both formed mainly by lone pairs of sulfur. In the
excited state the electron density alternates in the range of
0.1 eV and the bond orderd80Os) decrease by 10-15%
around atoms with a negative charge. The changes affect the
entire cluster; i.e., the first excited state of the fragments of
fhe main network of the glass is delocalized.

2.2.2. Deformational defectsThe effect of excitation
on deformed bonds ia-As,S; was investigated. The transi-
tion into an excited state is accompanied by an approxi-
mately 30% decrease in the ord@f_sof the bond between
the atoms. Therefore it can be concluded that if the bond in
the ground state is sufficiently strongly stretchdy 20—

Configuration AE,, eV AE., eV El,, eV Au, D e )

30%), then excitation followed by relaxation leads to rupture
ge - - gg 2'8 of the bond.
o i ) 24 0.0 2.2.3. Interaction of light with homopolar bonds. It is
|'8HS7H B . 3.7 17 believed* that As—As bonds play an important role in pho-
Y 0.9 -1.0 1.2 3.9 tostructural transformations. For this reason, we examined
Vi 13 -05 17 33 the excitation of the electronic subsystemanAs,S; that
Vil 06 —12 23 0.9 contain these bonds. In this case the changes in the electronic
IX 1.1 -11 2.2 2.0 : . .
X 11 _1o 20 6.3 structure are localized in a region close to the As and S
X 1.3 15 20 13.9 atoms that participate in the formation of As—As and S-S

bonds. The As—As bond weakens by 15%, while_g
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remains nearly the same. We note that an unstressed As—Asodel of a PST associated with near-MROOur simple
bond does not rupture as a result of excitation. model explains the photoinduced anisotropy, since a HVC

2.2.4. Interaction of light with VAP-d and HVCs. In dipole can be oriented by the vectrof linearly polarized
the defects shown in Fig. 3, levels are split off from thelight, while the environment surrounding the dipole will be
valence band and the conduction band into the band gap. Thegiented following it — at least on the near-MRO scales. The
shifts in E, and E; are equal to approximately#10.5 eV.  appearance of gyrotropy as a result of irradiation is better
As aresult, the enerdiL, decreases to 1.5-2.0 eV; i.e., such associated with HVCs than VAP, since a HVC has the sym-
defects can be expected to absorb optical-range radiatiometry of the point groui, and is therefore polar and chiral,
For type-VIl and -1X defects the changes in the dipole mo-while a VAP possessds,, symmetry and is therefore polar
ment as a result of excitation are small — of the same ordelput not chiral.
of magnitude as for an ordinary chain; for type-V, -VI, and It is obvious that an optical transition accompanying the
-X defects the changes are appreciably larger, while for &xcitation of HVCs can lead not only to photodarkening but
type-XI defect the changes are very large; i.e., light absorpalso to decomposition of the complex into VAPnC% fol-
tion on it should be substantial. The restructuring of the eleclowed by the decay VAP-2C?, i.e., to paramagnetism,
tronic density affects mainly the region of a defect and thewhich is more characteristic @S andl-S than fora-Se and
first coordination sphere around it; i.e., the excited states o€£GSs. This result agrees with the weak thermal paramagnet-
defects are localized. As a rule, in the process the electroism of plastic a-S and strong paramagnetism foiS at
density distribution changes in such a way that the electroni@> 160 °C. Photoluminescence can also be related to the
structure of a defect approaches a configuration with a darexcitation of HVC dipoles and their decay imﬁf followed
gling bond. For example, in the case of the VARtructure by relaxation to the initial state with thermal insulation and
the charges at cente®, andC; equalize, the BOs between deexcitation. It is very likely that VAR and HVC dipoles
Cs; andC, decrease by 30%, and a similar decrease occursan be oriented in very strong electric fields and can in turn
for type-VII defects, but in this case the BO betwe€p  orient their environment. The participation of dipoles is pre-
centers increases; i.e., in the first case decay ir@§ B  supposed in the electron-thermal model of the low-resistance
facilitated, while in the second case decay inco‘fandcg is  state® The drift mobility in a-S anda-Se is effected by neu-
facilitated. The changes for the type-XI configuration aretral localized states nedf, andE, ,° which are apparently
more complicated: The electronic density transfers to an isorelated to the deformational, topological, and HVC defects.
latedC5 center and the nearest fragment of the chain coupleé&inally, the medium-range order itself, especially near-MRO
with it, the BOs around this center decrease by 10-15%, anthnd sometimes intermediate MRO 3glscould be due to
they remain nearly the same in the rest of the cluster, i.e., imoncrystalline ordering, which is induced by HVC and VAP
this case excitation does not give rise to decay of a defect.dipoles in the melt and by freezing of the melt as a result of

vitrification.
In closing, we indicate the metastable equilibria

nCY=2CY%=VAP+nCS=HVC,

2.3 Photoinduced effects in CGSs

For the present, type-XI HVC defect&ig. 3 are the
best candidates for explaining the valde>2 in a-S and  Which depend on the external conditions P, fw,E etc.
possibly ina-Se. However, our calculations have shown that— and which determine the properties of the CGSs under
they can exist only in the presence of an external force thagtudy. It is also important to point out the multiplicity of the
prevents them from decaying. In a solid noncrystalline statestates responsible for the HVC states, and their special posi-
the rigid environment could become such a force. It is quiteion, since the density of HVC defects is much higher than
possible that type-XI HVCs, together with VA@-partici-  that of VAP in the CGSs mentioned above, which deter-
pate in all photoinduced phenomena. This assumption iglines the valueZ,>2. States of the HVC type are not a
based on a simple model which is based on the fact that igubstitute or alternative but rather a very important comple-
type-XI HVCs as a result of photoexcitation with energy ment to VAP.
hw<E,4 optical transitions that lead to a large increase inthe ~ This work was supported by the Russian Fund for
dipole moment — up to 12 (Table 1) — can occur. The Fundamental Research under Grant No. 96-03-33563a.
large dipole which arises can strongly polarize the environ- We express our gratitude to A. Livingkor assistance in
ment — type-lI chains, in which bonds become weakerthis work.
longer, and softer under the action of the light; in the process
a small dipole moment~1.7D, Table ) appears in a chain ?Fax: (095 9522382
as a result of photoexcitation. Therefore, an additional
dipole-dipole interaction can arise. An estimate of its magni- *A. I. Gubanov,Quantum-Electronic Theory of Amorphous Semiconduc-
tude (provided that the HVC dipole is located at a distance of zts"rsR['r(‘)R“rf_s'aE' S;r\\/ let gcadelz_mg 6°flig'ge”l°;7s Press, Moscow, 1966.
the order 65 A from the excited chaingives~0.2 eV. This  sp A,\Se;Zzn)’"Phy)f'Re?,\."Le%A"953(1(973.6'
is sufficient for activation of inversions or rotations, which “4R. A. Street and N. F. Mott, Phys. Rev. Le35, 1293(1975.
can result in a restructuring of the environment, especially onZM- Kastner, D. Adler, and H. Fritzsche, Phys. Rev. L8%, 1504(1976.
the "near-MRO" Sca.k.a’ in which thé_:g atoms will occupy 7:\(/'.. :DK%[Z&eélnpg)rllz Ee’geisiz?n(l[ziﬁ in Electronic Phenomena in
new metastable positions. These will be the photostructural chaicogenide Glassy SemiconductiirsRussiaf), Nauka, St. Petersburg,
transformationdPST$. In this connection, we mention the 1996, p. 68.



Semiconductors 32 (8), August 1998

8E. A. Lebedev and K. D. Tsalin, ibid., p. 263.

9E. A. Lebedev and L. P. Kazakoviid., p. 141.

1ON. A. Popov, Fiz. Tekh. Poluprovodnl6, 344 (1982 [Sov. Phys.
Semicond.16, 216 (1982].

115, A. Dembovsky, Mater. Res. Bull6, 1331(1981).

125, A. Dembovsky and E. A. Chechetkina, Philos. Macb® 367 (1986.

135, A. Dembovskiand E. A. ChechetkinaGlass Formatior{in Russian,
Nauka, Moscow, 1990.

145, A. Dembovsky, Solid State Commusiz, 179 (1993.

153, A. Dembovsky, Phys. Lett. A89, 233(1994).

165, A. Dembovsky, ifPhysics and Applications of Non-Crystalline Semi-
conductors in Optoelectronicedited by A. Andriesh and M. Bertolotti,
Kluwer Academic Publishers, 1997, p. 275.

A, S. Zyubin and S. A. Dembovsky, Solid State Commg®,.335(1994).

18A. S, Zyubin, S. A. Kozyukhin, and S. A. DembovgkZh. Neorg. Khim.
43, 650(1998.

¥Yu. G. PoltavtsevStructure of Semiconductor Mefi® Russian, Metal-
lurgiya, Moscow, 1984.

20y, p. zakharov and V. S. Gerasimenk@tructural Features of Semicon-
ductors in the Amorphous Stafén Russiai, Naukova Dumka, Kiev,
1976.

2'E. A. Chechetkina, J. Phys.: Condens. MafteB099(1995.

223, A. Dembovsky, J. Non-Cryst. Solid®, 761 (1992.

Dembovskil et al. 849

233, A. Dembovski Fiz. Khim. Stekla20, 785 (1994).

24D. Holh and R. O. Jones, Phys. Rev4B, 3856(1997).

A, S. Zyubin and S. A. Dembovski, ifSlass Formation and Structure,
Proceedings of 17th International Congress on Glass, VolB&ijing,
1995, p. 408.

A, S. Zyubin, O. A. Kondakova, and S. A. Demboviskiz. Khim. Stekla
23, 86 (1997).

2IA. S, Zyubin, S. A. Dembovsky, and O. A. Condakova, J. Non-Cryst.
Solids 224 (3), 291(1998.

2E. M. Dianov, V. O. Sokolov, and V. B. Sulimov, J. Non-Cryst. Solids
211, 197(1997).

A, S. Zyubin and S. A. Dembovsky, Solid State Comm8n.175(1993.

30s. R. Elliot, Nature(London) 354, 445 (1997).

313, D. Joannopoulous and D. Vanderbilt, Phys. Re®2B32927 (1980).

323, D. Joannopoulos and D. Vanderbilt, Phys. Re2736311(1983.

33R. A. Street and A. D. loffe, J. Non-Cryst. Soli8s 745 (1972.

34M. Frumar, A. P. Firth, and A. E. Owen, Philos. Mag.5B, 463(1984).

35A. Feltz, Amorphe und Glasartige Anorganishe Féspier [Mir, Moscow,
1986).

36M. A. Paersler and G. Pfeifer, J. Non-Cryst. SoliB7-138 967 (1991).

Translated by M. E. Alferieff



SEMICONDUCTORS VOLUME 32, NUMBER 8 AUGUST 1998

Toward understanding the photoinduced changes in chalcogenide glasses
H. Fritzsche

Energy Conversion Devices, Inc., 1675 West Maple Road, Troy, Ml 48084
(Submitted February 16, 1998; accepted for publication February 23) 1998
Fiz. Tekh. Poluprovodr32, 952—-957(August 1998

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 presentd®980
American Institute of Physic§S1063-7828)01008-4

1. INTRODUCTION type of microscopic mechanism that leads to different photo-
induced effects.

Academician B.T. Kolomiets and his distinguished  Since the first step shared by all these phenomena is the
school of scientists laid the groundwork for the study of thephotoexcitation of an electron-hole pair and its recombina-
large and fascinating family of materials known as chalco-tion, we discuss this event in the following section. We then
genide glasses. Perhaps the most interesting phenomena examine various photoinduced effects and see how they
hibited by these glasses are the light-induced changes of thaiight originate from the recombination events.
properties. Nearly 30 years ago, reversible and irreversible
photostructural changes in a variety of physico-chemical
properties were discoverkdand soon thereafter, by 2. RECOMBINATION
Kolomiets and his collaboratofsthe photoinduced optical Chalcogenide glasses have a low photoluminescence
anisotropies. These discoveries were followed by the obseefficiency. This suggests, as Street pointed?duhat these
vation of irreversible giant photocontractibof freshly de-  materials provide a nonradiative recombination channel
posited films of these materials, of photoinducedwhich allows the dissipation of a rather large recombination
crystallizatiof and amorphization, of photodoping by energy. This recombination occurs via a transient exciton
metalsS and more recently by the astonishing findings ofwhich can be visualized as a transient intimate valence alter-
photoinduced fluidity and an anisotropic optomechanical nation defect pait’?>The local deformation associated with
effect® These phenomena result from illumination with its formation and subsequent annihilation is the anharmonic
bandgap light or subgap light of the Urbach absorption reenergy dissipation process.
gion at both ambient and low temperatu?es. Of primary interest for our discussion of photoinduced

Indeed, this is a surprising variety of photoinduced phe-changes is the fact that the local bonding configuration after
nomena and the time for discovery of new ones might not yetecombination and before photoexcitation need not be the
be over. It would be most unsatisfactory if one had to searclsame>?* An elementary step of photostructural change can
for a different origin and microscopic mechanism for eachoccur. Examples of such elementary steps are illustrated in
one of these effects. This has been the tendency recently. Ftre Figure 1, wheréa) shows the local structure before pho-
example, it was statél** that there is a fundamental differ- toexcitation,(b) shows the transient exciton or transient inti-
ence between centers in the chalcogenide glasses that yigaithte valence alternation palVAP) state, andc) shows the
photoinduced anisotropies, on the one hand, and photodarktructure after recombination. We note that atoms can move
ening, on the other, which is one of the reversible photo-over atomic distances during such an elementary step.
structural changes. Moreover, most of the literature makes a The change in covalent coordination associated with a
clear distinction of the origins of reversible and irreversiblechange in the local charge or valence state, which is the basis
photostructural changé$ Any model which is based on spe- for the valence-alternation model, subsumes that the charges
cific center§1113-18sych as valence alternation defétsb-  are quite localized. Indeed, such localization seems to be a
viously cannot explain large morphological changes such ageneral feature of amorphous and vitreous semiconductors.
photoinduced fluidity, photopolymerizatior®!® the giant Even photocarriers excited into extended band states localize
photoexpansicf and contractiohor the new reversible an- quickly into band tail states before recombining. Chalcogen-
isotropic optomechanical effettbecause the number of ide glasses, moreover, favor structural changes because of
these defects never exceeds a small fraction of one percent tife steric freedom of their low coordination atoffis.
the constituent atom's:?! Which optical excitation can result in an elementary

In this article we explore the possibility that there is a photostructural step? Certainly bandgap and Urbach tail ex-
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~ Both these major topological and structural changes
b’v\d\ b P b induced by light require motion of atoms and bonding rear-
Q‘/ rangements. They can result from the cumulative effect of a
m R ‘\ Q large number of elementary steps of photostructural changes
\ Q }k'\ caused by recombination eveffsin other words, the
dynamic illuminated state will bring about structural changes

/ \ until a quasi-equilibrium is reached. This so-called light-
) () saturated state is still a dynamic state during illumination,

A
C) ) because local changes still occur without changing the mac-
ey roscopic properties. Since thermal annealing will also den-
O - B sify and polymerize freshly deposited films, it is easy to un-
) ) c O:\ . SPos EE T T .
\ \,\Q derstand that this occurs during illumination in the dynamic

state’* These photostructural changes are, of course,
irreversible.

FIG. 1. Examples of elementary steps of photostructural changes. White
balls are chalcogen€) and shaded balls are pnictide ato(®s a — Initial

bonding configurationb — transient self-trapped exciton after photon 5 REVERSIBLE ISOTROPIC CHANGES
excitation ¢ — one of several new bonding configurations after recombina-

tion, where the motion of the atom is indicated by the arrow. One of many examples, but a typical one, is the revers-
ible shift of the optical absorption edg&?2°~*?|llumina-
tion produces a redshift of the edge, which increases the

2::2?023 ,v:I:twczlsz;;te?:ggszogsfegf zt\ftzrs] :: r\:\(/jellsiti; :Izct_)sorpsion. This photodarkening can be reversed by thermal
9 T P annealing near the glass transition temperature. Annealing
tronic excitation, i. e., an electron transfer, within an IVAP.

In the latter case, the transient exciton consists of two neutré”}Ctua"y starts after turning off the light and progresses with

. . wi rum of anneal energies.
valence alternation defects which can relax to an IVAP o de §pegt um of anneal energies . .

. . . . 15 During illumination, we have the dynamic state with all
different configuration than the original ofre!

the recombination-induced local bonding changes and
atomic motion. The macroscopic physico-chemical proper-
3. PHOTOINDUCED FLUIDITY ties will change until a balance is reached between thermal

The illuminated chalcogenide glass flows under uniaxia@nnealing, light-induced annealing, and light-induced cre-
stresé since local band changes and atomic motions, whicftion of higher-energy local bonding arrangements. This bal-
tend to decrease the local strain energy, are favdrdthe  ance is called the light-saturated state which depends on light
macroscopic nature of photoinduced fluidity proves that esintensity and ambient temperatufelt is a state of higher
sentially all atoms are involved in these recombination-€Nergy relative to the annealed state, because otherwise it
induced local bonding changes and not only specific andvould not return to the annealed state. Its structure differs

. . . 9
relatively rare defects or structures. In view of the recentlyffom that of the annealed state. Diffraction experim&ffts®
discovered anisotropic optomechanical effecne would ~and computer modeling have taught us that the light-
predict that the photoinduced fluidity is larger for light Saturated state has less medium-range ofdee., it is more

polarized along the uniaxial stress than for perpendicular podisordered than the annealed state. Photodarkening is be-
larization. lieved to arise from enhancetbne paiy—(lone paip inter-

It is useful to visualize the illuminated state of the glass@ctions which broaden the valence band and thus cause a

H : ,28,33
as a dynamic state with constantly occurring changes in locddshift of the absorption edde: _ o
bonding and atomic motiorfd. They foster phase We see that the microscopic processes driving the re-
separatiof and phase changs This internal activity stops versible and irreversible photostructural changes are the

when the light is turned off, and the frozen-in structure maySame’* The difference arises from the initial states. Only the
relax over time, depending on the temperature. annealed state can be recovered by annealing, but not the

voided and molecular structures of freshly deposited films.
Both the reversible and the irreversible changes move toward
the light-saturated state. They might not reach it when hin-
Films which are strongly voided or have columnar struc-dered by topological obstacles which cannot be overcome by
ture are obtained with oblique vapor depositions onto coothe elementary photostructural steps.
substrates.Such films can have up to 20% lower density. The light-saturated state differs in a number of ways
This density deficit can largely be removed by prolongedirom the annealed state. Besides the decrease in medium-
illumination Moreover, vapor deposition of binary and ter- range order, there is a larger concentration of IVAP defects
nary chalcogenide films contain bond-saturated moleculaand of wrong bonds. However, they play at most a minor
units that exist in the depositing vapor, such as, Asd role in the numerous physico-chemical changes associated
As,S;. The degree of molecularity greatly diminishes with with the reversible photostructural changes. This is sup-
exposure to light and the films polymerize and resemblgorted by observations of Tanakaal>* that the efficiency
more the structure of a bulk gla¥%'® of photodarkening is essentially the same for bandgap and

4. GIANT DENSIFICATION AND PHOTOPOLYMERIZATION
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subgap Urbach tail light, but is essentially zero for light ab-dination number of chalcogenide glasses provides a local
sorbed in the defect band. structure with sizable helicity>3®

6. PHOTOINDUCED ANISOTROPIES 7. ANISOTROPIC OPTOMECHANICAL EFFECT

Krecmeret al® discovered a reversible anisotropic vol-

| Optically b'so”Op'C tmatlf“a'% S’t“‘:h. a Cha'cct’ﬁe”'deume change induced by polarized light in a thin film of
g)asses can become optically anisotropic because they co S5056,,. Contraction occurs along the direction of the elec-
sist of and contain entites which are optically tr

: . 3536 o o o ic field vector and dilatation occurs perpendicular to that
anisotropic>® The original macroscopic isotropy originates direction. Light from a He—Ne-laser, whose energy
from the random orientations of the microscopic anisotropig, 5 v falis into the Urbach absorption’ region, was used.
entities. Becau_se of their transverse _natu_re, electromagnetil':hiS experiment shows that these anisotropie,s extend to
waves are ar?|sot_rop|c. Therefore, Ilght—lndgced .structu.ra!)ther material properties besides the optical tensor. The mag-
changes will inevitably produce macroscopic anisotropies,ir qe of the effect suggests that the anisotropic microvol-
not only of the optical or dielectric tensdt” but also of umes of the whole material are involved and not only IVAP
other physico-chemical properties. For practical PUTPOSEYetects. This is also the interpretation of Krecneral®.
.experi'ments are carvied out \.Nith Iin.early or circulquy pplar- These new results imply that the elastic properties, sound
ized light. The resultant anisotropies are reversible if thepropagation, and probably many other material parameters of

photostructura_l ch_anges are reve_r5|b|e. chalcogenide glasses become anisotropic, as a result of ex-
A recombination event, which leads to a structuralposure to light

change of a microscopic anisotropic entity will change the
orientation or nature of this anisotropy. This constantly hap-
: . v - . 8. PHOTOINDUCED DICHROISM AND BIREFRINGENCE
pens everywhere in the material during illumination, without
necessarily producing a macroscopic anisotropy. For this These phemomena were discovered by B.T. Kolomiets
event to occur, it is necessary that the recombining electrorand his groupin 1979. The sign of the anisotropies of the
hole pair be excited in the same microscopic anisotropic enabsorption coefficient and refractive index agrees with the
tity which undergoes the structural change. This means egprediction of the model which attributes the change to a pho-
sentially that macroscopic anisotropies result from geminatéostructural change in the anisotropic entities or microvol-
recombinations of electron-hole pairs, which do not diffuseumes, which results in a decrease of the oscillator strength of
out of the microscopic entity in which they were created bythe chosen light polarization and an increase for the other
absorbed photor$:®® The lack of electron-hole pair diffu- polarization direction$>>°
sion and the geminate nature distinguishes the recombination There is no agreement on whether the anisotropic enti-
events which lead to anisotropies from all the other eventsies are microvolumes of the inherently anisotropic local
which yield isotropic(or scalay photoinduced changes. This bonding structures of the chalcogenide matéfaf® or
important difference accounts for the fact that the depenwhether they are IVAP defectd!315383%Both of course
dences on temperature, light intensity, and photon energgontribute with their relative contributions, depending on the
among other parameters are different for the anisotropiexciting photon energy, as explained in Sec. 6. If the light in
(vectora) and isotropic(scalaj photoinduced effects. the defect absorption band is below the Urbach absorption
What are these microscopic, optically anisotropic enti-region, only IVAPs can be excited. Larger photon energies
ties in chalcogenide glasses? Intimate valence alternatiocan produce changes in the whole material. In the optom-
pair defects(IVAPs) have a dipole moment and form one echanical experiment discussed in the previous section, the
kind of entities of this sort. After a photostructural bonding authors detected photoinduced dichroism which originates in
change, its dipole moment will change. However, IVAPs arethe anisotropic local bonding structures that are present
not the only anisotropic entities. Optical excitations from thethroughout the material.
valence band to the conduction band are transitions from In earlier experiments on dichroism, Lyubét al.™* em-
lone-pair electron states to antibonding stdfeshese tran- phasized that the effect observed was the same at the begin-
sitions are polarization dependent because of the low covaiing and at the end of photostructural changes that lead to
lent coordination of chalcogens. Hence, any tiny microvol-photodarkening. This suggests that IVAP centers, whose
ume of the material is optically anisotropic and is alteredconcentration increases with light expos@tecontribute
with a photostructural change. Hence, all optical transitionsnegligibly in those experiments. More recently, it was found
i. e., interband, Urbach tail, and defect transitions, are polarthat the kinetics of the photoinduced anisotropies change
ization dependent. Each elemental step of photosructuratith light exposure®® The observed change in kinetics is
charge alters the local anisotropy. However, a macroscopino proof that IVAPs are involved. In contrast, one would
anisotropy can result only from nonradiative recombinationeexpect a much larger change in the magnitude of the
of electron-hole pairs that have not diffused away. Which ofanisotropies than those observed when the IVAP concentra-
the various optical excitations satisfies this requirement cation increases by several orders of magnitude. As discussed
be determined by measuring the quantum efficiency for an Sec. 5, essentially all local bonding structures change as
given anisotropic effect as a function of photon energy.  the material goes from the annealed to the light-saturated
These arguments can clearly be extended to anisotropiesate. This is accompanied by a change in the density, elastic
involving circularly polarized light, because the small coor-constants, hardness, and other properties. Therefore, a

IlO



Semiconductors 32 (8), August 1998 H. Fritzsche 853

change in kinetics of the photoinduced anisotropies is not0. DISCUSSION
surprising. Moreover, more light is absorbed as the material
photodarkens with time, which affects the kinetics. While trying to find a unifying explanation of the photo-
The anisotropic matrix elements governing optical exci-induced changes in chalcogenide glasses, we should address
tations within a microvolume or an IVAP defect region de- particular observations which stand in the way of such a
pends on the photon energy. Therefore, if the photon energynifying picture. The overemphasis on defects, in particular,
of the probe light differs greatly from that of the exciting IVAPSs, as the origin of reversible photoinduced isotropic and
light, it is possible that the photoinduced anisotropy will dis-anisotropic effects isolated major structural changes such as
appear at a certain energy of the probe light or that it willphotoinduced fluidity, the optomechanical anisotropy, and
reverse its sign. While dichroism depends on the anisotropithe irreversible photostructural changes into a separate cat-
absorption coefficient at the photon energy of the probe, thegory. Defects which number much less than one percent of
refractive index which governs birefringence is a Kramers-the atomic sites obviously cannot account for the major
Kronig weighted average of excitations over all energieschanges. We now understand that any atomic site of low
larger than the probe energy. The reflectivity near the bandeoordination can participate in photoinduced changes, which
gap energy is governed solely by the refractive energy. Th&akes the distinction between major and minor effects un-
reflectivity near the bandgap energy is governed solely byiecessary.
the refractive index, while the extinction coefficient should  In terms of defects, it was pointed out that the centers
be considered only at relatively high photon energies. Aresponsible for the optical anisotropies must be essentially
more complete picture of the physical processes would redifferent in origin from those responsible for isotropic ef-
quire measuring the induced anisotropy of the complex difects, in particular, for photodarkenidgThe reasons for this
electric tensor as a function of photon energy. conclusion ardi) the different kinetics(ii) different spectral
Even in the light-saturated state, the optical axis of theexcitation dependencéiji) different annealing temperature,
induced anisotropy can be reoriented at will by changing théind (iv) the observation that photoinduced anisotropies are
polarization direction of the exciting light. This illustrates the seen even in glass compositions that show no or hardly any
dynamic nature of the light-saturated state discussed in Sephotodarkening.
5. This state is a dynamic equilibrium between constantly ~As was discussed earlier, the main difference between
occurring local bonding changes during illumination and lo-scalar and vectoral effects is that the latter result only from
cal thermal relaxation processes. geminate recombinations of electron-hole pairs, which fail to
diffuse out of the absorption microvolume. It is conceivable
that certain defects favor this subset of recombination events.
This, however, is not generally the case since the vectoral
optical effect is coupled with the optomechanical effect of
9. PHOTOINDUCED ANISOTROPIES IN LIGHT SCATTERING Sec. 7, which essentially involves the majority of atomic
sites and not specific defects. The different spectral excita-
Many experiments studying photoinduced anisotropiegion dependence is explained by the special conditions im-
are conducted by sending a laser beam of inducing polarizeposed on the subset of recombinations which can remember
light through the sample and measuring with a polarizedhe polarization of the absorbed photon, as discussed in
probe beam of greatly reduced intensity the transmitted lighSec. 6.
intensity and its polarization. Inhomogeneities and density  The kinetics of the two groups of effects is naturally
fluctuations will cause scattering, which, in addition to ab-different. When photodarkening has saturatesto kineticg
sorption, decrease the transmitted light inten&ltgcattering  in the light-saturated state, the optical axis of the photoin-
can be measured separately in directions away from thduced anisotropy can still be reoriented, because photostruc-
beam axi¢'! tural changes continually occur in the dynamic balance of the
Inhomogeneities are self-enhancing as localities, whichight-saturated state. The local bonding orientations and thus
photodarken, absorb more photons from the inducing beanthe oscillator strengths are changed preferentially in accor-
and darken further. The increase in refractive index associdance with the inducing light polarization. This process in
ated with photodarkening produces light-scattering inhomoturn saturates when it becomes energetically unfavorable to
geneities. With polarized inducing light, all these phenomenaontinue.
carry isotropic and anisotropic components. The scattered The elemental photostructural step is the same for both
light, in turn, produces photoinduced changes and inhomathe isotropic and anisotropic effects. The manifestations are
geneities while passing through the material. Concurrentlydifferent, however. Photodarkening results from the cumula-
the inducing light beam experiences self-focusing due to théive effect of many photostructural steps, which decrease the
increased refractive index caused by photodarkening in thenedium-range order and increase the lone-pair interactions
laser beam channel. It is clear, therefore, that the rates afnd therefore the width of the valence band. It seems that
recombination events change with time and location evesuch major photostructural change requires a higher anneal
when the intensity of the inducing light remains constant. temperature than the local bonding configuration changes re-
These complex and interrelated processes may explaiquired for optical anisotropies.
why one observes such a variety of interesting and often Some chalcogenide glass compositions might not exhibit
puzzling phenomena in these experiments. photodarkening, because they might not develop a pro-
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We describe the preparation of layers of amorphous Sg5As, As,Se _,, GgS;_,, and

Ge Se _, 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 inpubn 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 Physids$$1063-782608)01108-9

1. INTRODUCTION position or by vacuum evaporation. In this way we hope to
gain futher insight into the origin of the structure-related
Intensive research on amorphous chalcogenides startgthenomena. Furthermore, we believe that PECVD is a
about 30 years ago, mainly under the impulse of B.T.promising technique for growing layers of amorphous
Kolomiets in the Joffe Institute, Russia. A first milestone in chalcogenides, in particular, with respect to their possible
the study of these materials was the discovery in 1968 byechnological application.
Ovshinsky of nondestructive switching in thin films of amor-
phous multicomponent chalcogenides. Reliable switching
and memory devices were produced, but their penetration in
the market was not succesful. A second milestone was the
observation that illumination with bandgap light of thin chal- 2. MATERIAL PREPARATION BY PECVD
cogenide films resulted in a blue shifphotobleachiny of
red shift (photodarkening of the absorption edge. This We have deposited thin films of amorphous Se,
change in optical properties is accompanied by a change &s,S;, _,, AsSe_,, G&S,_, and GgSe _, (1-2 um
some other properties, e.g., density, elastic constants, elettick) in a plasma discharge stainless-steel reactor. The pre-
tronic properties, photo-dissolution of metals, etc. In thecursor gases were high purity hydrides,3¢, HS, AsH;,
studies related to the above-mentioned fields the films werand GeH, pure or diluted in hydrogerf15 vol% of the
usually prepared by thermal evaporation or by sputteringhydrides. A low-pressure plasma, varying between 0.1 to
i.e., the solid state is realized by rapid condensation of thd mbar, was created by an rf dischaf48.56 MH2 between
vapors. The as-deposited films have a more or lestwo parallel-plate electrodes, 8 cm in diameter. The reactant
disordered network. gases were mixed before entering the reactor and were ad-
In our study we have prepared films of amorphousmitted through an inlet in the reactor wall at the height of the
chalcogenides, including elemental Se and the binary Aeglectrodes. The gases were pumped away through an outlet
and Ge chalcogenides /&5 _,, As,Se_,, GgS,_4, and at the opposite side, so that the gas flow was parallel to the
GeSe _,, by plasma-enhanced chemical vapor depositiorelectrodes. The rf power coupled into the reactor varied from
(PECVD), a technique widely used for the preparation of10 to 80 W. Crystalline silicon and glass substrates were
amorphous silicon. In amorphous silicon the incorporation ofixed on both electrodes. Depositions were made without ad-
hydrogen during the plasma-deposition process plays a vemjitional heating of the substrates by a furnace, but due to
important role in saturating the dangling bonds responsibl@lasma heating the temperature was approximately 50 °C.
for high densities of electrically active gap states. The effect For determination of the chemical composition of the
of hydrogen incorporation in amorphous chalcogenides omayers, a silicon wafer was positioned from the middle to the
the basic physical properties is probably not that drasticgas inlet side of the grounded and the powered electrode.
Indeed, the defect chemistry of chalcogenide glasses differfhe atomic ratios of the elements were measured in the
greatly from that of the tetrahedrally coordinated amorphousniddle of the wafer at regular distances by means of electron
semiconductors. It is generally accepted that neutral danglinmicroprobe analysis. Infrared transmission spectra were re-
bonds are transformed into positively and negatively chargedorded in the wave—number range from 4000—150 tion
dangling bonds which pin the Fermi level close to the middlefilms deposited onto polished crystalline Si wafers using a
of the gap. Beckman 4240 and a Bruker IFV 113 spectrometers. Raman
The purpose of our study is to make a comparisormeasurements were made with the help of a Bruker 66-V
between the structure and the photoinduced effects of amospectrometer in a reflection mode using a 1.06-
phous chalcogenide films prepared either by plasma decon¥AG:Nd*? laser source.

1063-7826/98/32(8)/6/$15.00 855 © 1998 American Institute of Physics
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3. COMPOSITION ANALYSIS AND STRUCTURAL a
PROPERTIES

A. Amorphous selenium (a-Se)

Films of a-Se were deposited using pure,$¢. The
deposition conditions were: flow rate 6 sccm; pressure
0.1 mbar; rf power 30 W; deposition time 10 min; film thick-
ness~1 um. Films growth only occurred on the grounded
electrode. X-ray diffraction showed that the film was
completely amorphous.

From the knowledge that the short-range order in crys-
talline and amorphous materials is generally the same, it is
reasonable to assume that the two existing crystalline allot-
ropes of Se can be present in amorphous Se. The stable form
of crystalline Se is trigonal. Its lattice consists of spiral-like
chains parallel to the-axis. The helices contain three atoms
per turn and are in an hexagonal arr@jose packing for L L '

Raman intensity,arb.units
I

. . e - . 200 1
rods. The interchain bonding is covalent, while the intrac- 300 Waxpenumber. e o0
hain bonding is due to weaker van der Waals attractions. ’
Two similar metastable monoclinic forms of crystalline Se | b

exist, a-monoclinic Se angB-monoclinic Se. The structural
unit in both structures is a finite molecule in the form of a
Seg; ring. The difference between the- and 8-monoclinic
allotropes is a different stacking pattern within the respective
unit cells. Thus monoclinic Se is molecular, whereas trigonal
Se is polymeric. In all three crystalline forms, selenium is
twofold coordinated and the covalent bond lengh is essen-
tially the same(2.32 A). In the past, the structure of amor-
phous Se has been studied by several authors using different
techniques. By ordinary analysis of the x-ray radial distrubu-
tion functions it is difficult to differentiate rings from chains
and these results have been interpreted in very different man-

Raman intensity,arb. units

ners. A clearer picture of the structure of amorphous Se

emerges from Raman spectroscopy. These experiments gave

evidence that the amorphous state can consist of the two - ‘ /\
allotropic forms which are mixed together: one is thg Se 300 200 00
ring and the other form is the helical chain. The Raman Wavenumber , cm™’

spectrum of an as-deposited Se film is shown in Fig. la. It ) ]
shows a strong peak at 250 ciand two small bands at 80 FIG. 1. Raman fpectra 0 as-deposited amorphous Se(djirand a film

~ annealed at 150 °C for 1 ().
and 112-cm!. Moreover, a small shoulder appears at
235cm! on the 250 cm?! band. We also recorded the
Raman spectra of an amorphous Se film prepared by vacuunate from bond stretching vibrations in Stragments, as
evaporation and of a bulk glass quenched from 250 °C. Bothwell as in chain fragments. If we adopt these ideas, then the
spectra were similar to that of the plasma CVD film. TheRaman spectrum of our plasma CVD film indicates that the
Raman peaks of amorphous Se have been identified bstructure contains predominantly Sengs and Sg molecu-
Lucovsky et al! They observed a much closer resemblancdar ring fragments containing 5 and 6 Se atoms. The band at
of the Raman spectrum of melt-quenched selenium to that @50 cmi ! can be assigned to bond stretching vibrations and
Se; in monoclinic Se than to that of trigonal Se. In that paperthe band at 112 cit to bond bending vibrations in the me-
they assigned the dominant peak at 250¢émand the andering chain. The shoulder that appears at 235'ccan
smaller bands at 80 and 112 cfnto vibrations in the Sg  be associated with a small fraction of “pure” helical chains.
ring. In trigonal Se the predominant Raman band lies afThere is another piece of experimental evidence that speaks
235 cm L. In a later paper LucovsKyformulated some ob- against a structural model which assumes a dominant frac-
jections against a structural model, which presumes a signiftion of Sg rings in amorphous Se. In the evaporated Se film
cant ring fraction in amorphous Se. He presented an alternave observed an identical Raman spectrum. In the past the
tive interpretation of the vibrational spectra that does notomposition of selenium vapour has been studied by a vari-
require discrete molecules. He proposed a structural modelty of experimental techniques. It is generally accepted that
based on chains which include both helical chain-like andhe vapor contains types of species with predominance of
ring-like segments of the Se atonfes "meanderin{ chain. Se, Se, Se, and Se fragments. The Sering is not a
Lucovsky assumed that a band at about 250 tean origi-  favored species in the vapor phase and it seems unlikely that
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a rearrangement of the shorter molecular species to form
eight-membered rings will occur on the substrate as thec. 3. IR spectra of AS,_, layers deposited on the powered electrode
amorphous state is deposited. with x=0.90(a); 0.86 (b); 0.78(c); 0.60 (d); 0.48 (e); 0.46 (f); 0.43(g).
Upon heating at 150 °C fdl h the film was crystallized.

The Raman spectrurtsee Fig. 1b showed a sharp peak at 370 eni
235 cm ! and a small shoulder at 250 ¢rh Upon crystal-
lization the meander-like chains and the; Smgs undergo
transformation to the orderly array of chains of trigonal Se.

Lin an As,S; crystal. Because of the small differ-
ences in wave number for the crystals, the 341 and 374'cm
bands in our spectra may be due to vibrations of$aunits

or As,S; units, or a mixture of both. From the IR study we
may conclude that increasing overstoichiometry of As causes
B. Amorphous As ,S;_, the breaking of As—S bonds with the formation of structural

Details of this work have already been reported in pre-Units of the AgS, and AsS; type, containing As—As bonds.
vious publications. In order to obtain layers in a broad Raman spectra gave futher evidence for the presence of
chemical composition range the AsHH,S ratio was varied ASsSs and AsS; molecular units in layers with an As over-
from 1/3 to 1/99. The decomposition of Aght exothermic ~ Stoichiometry. Figure 4 represents Raman spectra of two
(AH°=+715k3Imol"Y), whereas the decomposition of films with composition AgssSnss (@) and A 7552, (b).

H,S is endothermic AH° = — 259 kI mol~1): thus we ex- Spgctrum(a) §hovys a strong peak at 340 ch WhICh is
pect more rapid and complete dissociation of Askh Fig. 2 attributed to vibrational mc_)d_es of pyramidal Asits. Two
the As content of the layers expressed in at. % is given fofneaker lbands, cIearIyl visible in spectru@, located at
the various Ash/H,S ratios. The composition of each layer 235 ¢m = and 188 cm*, indicate the presence of /S,
was measured from the middle of the powered electrade (UNits: In an As-rich sample witk=0.78 a narrow peak ap-
—0) to its outer circumference at regular distances. Thé€ars at 273 cm' (see Fig. 4h which is the most intense
deposition conditions were: pressure 0.25 mbar; rf powePand in the Raman spectrum of crystalline,8s The
15 W. strong band at 219 cnt in spectrum(b) can be assigned to

In agreement with previous work by Fritzsoaeal,*we ~ Pure As clusters. In a layer with very high As content
observed that the composition of the film deposited at §ASo.e0%0.10 the peak at 340 cmt associated with AS?S
given AsH/H,S ratio changed with the position on the ~ Units is drastically reduced and the band at gbout 210 cm.
substrate along the gas flow direction. The chemical homolyPical of amorphous As, becomes the dominant feature in
geneity was better in the samples with the highest As conth® Raman spectrum.
tent. In Fig. 3 are shown IR spectra recorded in the range
500-200 cm ' on layers of different chemical composition. C. Amorphous As Se;—x
The IR spectrum of the nearly stoichiometric layer The chemical composition of the £8g _, films ob-
(x=0.42) clearly manifests a strong absorption mode atained for the various gas ratios is listed in Table I. All com-
311 cm !, which corresponds to an asymmetric stretchingpositions were in the Se-rich side compared to the stoichio-
vibration in a As$ pyramid, the structural unit in crystalline metric composition Ag,S&60. AN increase of the
As,S;. In layers richer in As X>0.42) two strong absorp- AsHs/H,Se ratio from 1/2 to 2/1 did not yield the expected
tion bands at 341 and 374 ¢rh become dominant. The IR increase in As content. A decrease of the rf power from 60 to
spectra of the crystalline modifications of /& and AsS; 30 W had a minor effect on the chemical composition.
show absorption bands close to those observed in our spec- Information concerning the structure of the films was
tra: 346 and 374cm in an AsS, crystal; 341 and obtained from Raman spectroscopy. Based on the work of
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FIG. 5. Raman spectra of amorphous,8g _, films: a — pure Se; b —
AS.205@.80; € — ASy 315,60, d — ASH 365,64

chains. Thus, for concentrations in the chalcogen-rich regime
(x<<0.40) Se—As and Se—Se bonds occur but As—As bonds
are excluded. With increasing Se content, the number of
Se-Se units grows, leading to large atomic clusters of Se.
The analysis of the Raman spectra of the arsenic selenides is
complicated by the fact that the observed frequencies for the
chain of pure selenium and those for the pyramid and As—
Se—Se—As chains are close to one another.
! | 1 i 1 i

R T Flgure_ 5 shows the Raman spectra of amgrphous

Wavenumber, cm™" As,Sg _, films. The main features can be summarized as

follows. In pure Se an intense band occurs at 250 tmith

FIG. 4. Raman spectra of 48, _, layers withx=0.46 (a) and 0.78(b). a small shoulder at 235 cm. The band at 250 cimt has
been attributed by Lucovskyto stretching vibrations in a
Lucovsky? it is generally accepted that the structure Ofmea}nder|ng Se cham. The shoulder that appears at 2?.’5 cm
: ) A —_(typical of crystalline trigonal Secan be associated with a
amorphous Se consists of chains which include both hellca(l . g .
- J .. small fraction of helical chains. At 8 at. % As the peak at
chain-like and ring-like segments of Se atoms. A stoichio- VR : :
metric As 1S@,qo glass is considered to be built up by py- 250 cm * is still t?:l dominant spectral featl%r]le with a _small
ramidal AsSe units with the threefold coordinated As atom shoulder at 227 crr. A broad band at 227 cnt was attrib-

. . ted to an antisymmetric As—Se—As stretching vibration in
at the apex. The pyramids are interconnected by the twofold oichiometric Ag.,Se.q. AS the As content is increased

. {l
coordinated Se atoms. When extra Se atoms are added to tffo at. %, the band at 227 ciit grows steadily. The Raman

fr:(;lc:r:(;ﬁgtrlliﬁIfiﬁmaﬁzmonr;r?wtie dgforrr?glggr}l:: |2cr:1ciJSrpoirea:(tjeSd ;spectrum of 31 at. % As shows a broad band extending from
9 Py ' y ~200 to 290 cm?, which consists of a band at 227 th

replacement of the As—Se-As links with As—Se-Se-AS " increased intensity and a side band at 250 tmAt

36 at. % the broad band at 227 ti the signature of the

TABLE I. Chemical composition and optical bandgég at room tempera- ~ AsSe network, dominates the spectrum.
ture of amorphous ASeg , films deposited by PECVD.

Raman intensity, arb.units

AsH,/H,Se volume ratio Chemical composition Eg, eV D. Amorphous Ge ,S;_,
0/100 Se 1.95 The preparation of amorphous 8¢ , and GgSe
11/}275 290-085%-92 1-32 films by PECVD was discussed in previous publications.
Iy Az-zﬁg-s" 189 For the preparation of the Ge—S system, the @ebB was
o s aSer e, 183 varied from 1/6 to 1/96. The total gas pressure was held

constant at 0.1 mbar and the rf power input at 20 W. Figure
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FIG. 6. Ge content of amorphous (8, layers(a) and of GgSeg _, layers
(b) (z=10 mm: middle of the electrogidor various GeH/H,SeH,Se) gas
ratios.

6a shows the Ge content in at.% of layers deposited on thf?etrahedra T

grounded electrode as a function of the position of the mi
croprobe beam. Although the germanium chalcogenides ha
been studied extensively during the last fifteen years, th
knowledge of their structure is still ambiguous. Both amor-
phous Geg and GeSg have a tetrahedraX,-type local
structure. The ordering of these tetrahedral molecules was
explained by different models. Figure 7 shows IR spectra of
a G 305070 layer (a) and a Ggs50y 50 layer (c). The strong
absorption at about 370 cm is the most characteristic fea-
ture of the Ge—S system. It is usually assigned to the stretch-
ing vibration of the Gegtetrahedral unitff; mode. The IR
spectra of both samples recorded after exposure to air for
several weeks are also shown in Fig. 7b and 7e. The Ge-rich
film (Gey 505 50 (spectrum gshowed strong absorption in a
broad range originating from Ge—O vibrations. In the same
figure the IR absorption spectrum of crystalline Ge®rep-
resented(spectrum ¢ The GeQ units show three typical
vibrations at about 860, 550 and 330 ¢h By comparing

the spectra of the oxidized Ge-S films and the one of 5eO

it is clear that the absorption bands observed in the Ge-rich
film after air exposure are a consequence of the formation of
GeQ, units.

E. Amorphous Ge ,Se;_,

Figure 6b shows the Ge content of Se, _, layers pre-
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FIG. 7. IR spectra of Ge-S layera — Gg 305 70 as-deposited; b —
Gey 305 70 after air exposurec — Gey 505 50 as-depositedd — crystalline
GeO,; e — G 50550 after air-exposure.

at a pressure of 0.1 mbar and an rf power of 80 W. A broad
composition range can be achieved, which is of interest for a
study of photostructural changes in this system.

The IR spectra measured in a 3856 and a
Gey .58 3 layer (see Fig. 8 show a strong absorption band
at 260 cm'!, which is due to thev; mode of the GeSe
he Ge-rich films were also unstable in air and
showed in their IR spectra strong absorption bands of Ge-0O

\ﬁbrations, increasing in intensity when keeping them in air
for a long time.

Transmission
<

Il 1 1
400 J00 200
Wazvenumber,cm™?

i

pared with a GekfH,Se ratio which varies from 1/2 to 1/24 FIG. 8. IR spectra of Gg,S&,¢5 (8) and Gg 5.5 35 (b).



860 Semiconductors 32 (8), August 1998 P. Nagels

such as Sg-Ge—Ge-Sg® The peak at 188 cnt can be
associated with the vibration of selenium atoms in a tetrahe-
dral molecule in which a Se atom is replaces by a Ge &tom.
All these features indicate that homopolar Ge—{&wd prob-
ably Se—Sg bonds are present in the sample with slight
overstoichiometry of Ge.

The Gg 3,58 5 film was annealed at 300 °Crfd h in
nitrogen atmosphere. The Raman spectrum recorded after
heating(curve b in Fig. 9 suggests that structural changes
have occurred: the intensity of all the bands associated with
Ge—Ge bhonds has decreased. The new spectrum resembles
that of G ¢S 74 (curve 9, which is less Ge rich.

4. CONCLUSION

Raman intensity,arb. units

We have been able to prepare layers of amorphous Se,
and of the As and Ge chalcogenidés and Sg by using
plasma-enhanced chemical vapor deposition. The composi-
tion range of the binary systems which can be achieved by

I L L this technique is very broad.
300 200 100
Wavenumber,cm™!
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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 criticizd9989
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1. INTRODUCTION ered with annealind), since the illuminated state is thermo-

. - namically mor I he inset in Table.l
It is known that many substances exhibit structuraldy amically more stablesee, the inset ablg

changes when exposed to visible light. A well-known ex- The number of covalent bonds interchanged in the

. : . . . photo-crystallization processes seem to depend on the mate-
ample in physical science may be the photographic reactio ; . : .
) . I . o 4 . rlal of interest. For instance, in amorphous Se, which con-
in which migration of Ag ions is induced in Ag-halide

; > > sists of distorted chain molecul&&!’ interchange of a few
crystals by photoelectronic excitatidn. : - . .
) . atomic bonds - 1%) seems to be sufficient to align the dis-
Recently, it was found that amorphous semiconductor

exhibit a variety of photoinduced phenoménaThe follow- Yorted chains into hexagonal crystaldn contrast, in a ter-

ing three features peculiar to amorphous semiconductorsaY compound such as Ge—Sb~(Ref. 12, bond breakage

: . and reconstruction of a greater number 0% may be
appear to be responsible for the observationsvdlence . - .
electrons in semiconductors tend to be optically excited; 2_ne_eded to produce polycrystals_, since compositional disorder
electron-lattice interaction appears to be strong in flexibld> mherent n compo_uno_l materials. In Table |, _the_refo_re, the
networks; and Bamorphous materials can possess a numbe tomic density contrlbutlng_tec’) the_ photocrystalllza'_uon is rep-
of metastable structures. resented roughly as #¥cm 3. This phenomenon is under-

The phenomena observed in amorphous semiconductof)grcc)jc:;;i ;(i)nCagc;n;;;;rslyarsetru;:(‘:t)téruacle((:jhanges in the long-range
can be classified into two groups. One is bulk effects or ! ystais P ' .
Also observed in tetrahedral and chalcogenide systems

photoinduced phenomena in single amorphous pliaSes. re reversible phenomena involving sturctural changes at
The other is a kind of photochemical reaction such as thé'e reve b 8 . 3 9 9
atomic sites of 16/—10 cm™3, approximately ppm order.

photodoping, the photoinduced oxidation, etc., for which thel'he density is comparable to that of point defects in crystals,

reader may refer to some publicaticifs:® color centers in alkali halidésand it is far below a
In the present paper we describe the bulk photoinduce 9., color CE S . = :
etection limit of experimental techniques such as x-ray dif-

phenomena. First, unified views common to tetrahedral an raction, which can provide direct structural information. Ac-
chalcogenide systems are pointed out and then characteris faction, P . )
ordingly, mechanisms of these photoinduced phenomena

differences are discussed. Second, the reversible photodar%e laraelv speculative. specifically. when related sites are
ening and related phenomena induced in chalcogenid gely sp » SP Y,

glasses with illumination and annealing are considered. SR-mactn{e. The Staebler—Wr.onskl effec.t, W.h'Ch refers to
a degradation of photoconductive properties in amorphous
hydrogenated Si, is a reversible phenomenon which has been
2. PROMISING OUTLOOK FOR BULK PHOTOINDUCED studied extensivel?/.ln chalcogenide glasses held at low
PHENOMENA temperatures<Ty/2), illumination generates unpaired elec-
tron spins (photoinduced ESR which accompany an
increase in optical absorptiofphotoinduced mid-gap ab-

As shown in Table I, the bulk photoinduced phenomenasorption and decrease in the photoluminescence intensity
observed in tetrahedral and chalcogenide systems can lphotoinduced photoluminescence fatigi€€ommon to all
classified into some groups, depending on the densities dhese phenomena is that dangling bonds are assumed to be
atomic sites involved’ photocreated.

Photoinduced crystallization is the most dramatic phe- Between the high- and low-density photoinduced
nomenon observed in both tetrahedtaand chalcogenide phenomena described above, there exist several phenomena
amorphous semiconductdts'*The phenomena appear to be involving atomic sites of~1%. Interestingly, these kind
induced electronicalf?*and thermally:*?and the thermal of phenomena the demonstrated only in chalcogenide
process has been utlized as phase-change erasalglasses. In tetrahedral materials, such photostructural
memoriest? Clearly, the photocrystallization is irreversible, changes seem to be still speculati¥é® In these photoin-
in the sense that the initial amorphous state cannot be recoduced phenomena in chalcogenide glasses, some are irrevers-

2.1. Observations

1063-7826/98/32(8)/6/$15.00 861 © 1998 American Institute of Physics
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TABLE I. A classification of bulk photoinduced phenomena observed in tetrah@d®&itH) and chalcogenide amorphous semiconductors.
The atomic densities are representative. SRO. MRO. and LRO stand for short-. medium-. and lona-ranae orders.

. . _3 Material o
Atomic density, cm Structural change Reversibility
a-Si:H Chalcogenide
~ 102 LRO Photo-crystallization Photo-crystallization Irreversible
Giant photo-contraction
Photo-polymerization
Photo-decomposition
B
~ 10% MRO Photo-darkening Reversible
Photo-induced anisotropy
~ 10" Defective SRO Staebler—~Wronski Photo-induced ESR h
Anar

ible and others are reversible, and, in general, irreversibleange structural length in chalcogenide glas§é$éwe can
phenomena exhibit greater structural changes. A well-knowmnvisage one photoinduced defect in a crystalline structure
irreversible change is the photopolymerization phenomenowith a scale of 3 nm.
observed in as-evaporated /85 films.”® On the other hand, Why, then, should the site density of the photoinduced
at least, two reversible changes, i.e. the photodarkening arghngling bonds be less than'@m~3? The density may be
the photoinduced anisotropy, are known to eX®t® The related to the nature of nonequilibrium disordered
details will be discussed in Sec. 3. structures?
It may also be worthwhile to consider the photoinduced

phenomena from a chemical point of view. We note in Table

2.2. Discussion | that chalcogenide glasses exhibit a variety of photoinduced
It is interesting to note in Table | that all the photoin- Phenomena, while the tetrahedral material possesses a fewer.

duced phenomena involving atomic sites less or more thahlow can we understand these contrasting features?
~10%° cm™3, ~1% of the total atom density, are reversible The origin can be sought in the chemical bonding struc-
and irreversible. It can be understood that the irreversibldures. As illustrated in Fig. 1, chalcogenide glasses are
phenomena can involve greater atom numbers, since th@ssumed to consist of covalent clusters held together with
changes occur toward more stable atomic structysee Weak intermolecular forces of the van der Waals t%m
Table ). Why, then, should the atomic sites be less than 19®ther words, the glass possesses a dualistic bonding nature
in the reversible changes? and 2<Z7=3, whereZ is the covalent coordination number
This fact can be accounted as follows: The density of 1%@averaged over the constituent atothJhis flexible structure
reads one photoinduced atomic site per cube with a sidwith the low coordination number seems to cause many
length of 5-6 atoms, which is +3 nm, depending on the kinds of photoinduced phenomena. For instance, the photo-
atomic bonds involved, i.e., covalent and/or van der Waalgolymerization mentioned in 2.1 can occur because there ex-
bonds. This length implies that, in a reversible change, astintra- and inter-molecular bondé.We will also see in the
photoinduced atomic configuration can be metastable, proiext section that the photodarkening can be attributed to the
vided that produced strain is confined in this cube. It carexistence of strong and weak bonds. In contrast, the atomic
then be relaxed into a stable structure with thermal relaxatiotvond involved in the tetrahedral material is of one kind, i.e.,
induced by annealing. Alternatively, if more defective sitesonly covalent, and, accordingly, photoinduced changes are
were generated in the cube, interaction between the defectivestricted in variety. Actually, Shimizu argues that the
sites would be stronger, and hence cooperative relaxatioftaebler—Wronski effect could not occur if all Si atoms were
(annihilation might occur toward stable atomic configura- tetrahedrally bonded with each othét<4) (Ref. 5.
tions. We can thus assume that the defective atomic density Here, it is tempting to consider whether photoinduced
of 1% is the limit arising from the structures which can lo- phenomena appear in amorphous rare-gas solids. The mate-
calize photoinduced straifslt is interesting to note that the rial contains only van der Waals bond&=0), and it may
critical length of 1-3 nm is comparable to the medium- be very soft®?! Unfortunately, as we know, photoinduced
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FIG. 2. Photodarkening in deposited and bulk,®sat room temperature.
Solid and dashed lines show annealed and iluminated states. The film char-
acteristics are measured using the photothermal spectro$soplanaka,

Y. Ichimura, and K. Sindoh, J. Appl. Phy83, 1815(1988].

rials appear to be darkened. As shown in Fig. 2, this darken-
ing is caused by a reduction of the optical bandgap energy.
An increase in the refractive indexAf/n=0.03/2.6 in
As,S;) accompanies this absorption change. The electrical
change appears as an increase in the ac conductivihjle

dc conductivity change cannot be examined, since the mate-
rial is nearly insulating’ As for the photoelectrical change,
photoconductive degradation was found to occur as a result
of the spectral chang&?? It is not conclusive whether the

phenomena in such materials, have not been studied so fé_{}ple.mo.bilitggundergoes some modifications as a result of
However, it is plausible that only photoinduced crystalliza-lllUmination.”" The mechanical, chemical, and thermal
tion can occur, since the van der Waals bond is nondirecchanges imply 'tha5t the material becomes softer and unstable
tional and flexible. Phenomena similar to the Staebler-4PON |Ilum|nat|on. Also consistent with the§e rigidity
Wronski effect cannot appear, since there exist no covalerfianges is the volume expansioA\(/V=0.5% in A$S;)
bonds and local bistable configurations cannot be sustaine§Pon illumination. More surprisingly, Tanaket al. have
Summarizing these considerations, we conclude that thgémonstrated giant volume expansion with sub-bandgap il-
existence of two kinds of bonds in chalcogenide glasses i&imination, which can be utilized to produce microlenSes.

responsible for a variety of photoinduced phenomena. Ifiowever, the expansion does not occur if a sample is illu-
other words. the lowZ is essentiaf minated under hydrostatic compression, despite the appear-

ance of photodarkenimyWe assume therefore, that photo-
expansion and photodarkening are not directly rel&ted.
To obtain insight into microscopic structural changes ac-
companying the photodarkening, diffraction, extended x-ray
The photodarkening phenomenon observed in chalcoabsorption fine structuréEXAFS) and vibrational spectro-
genide glasses has so far attracted considerable interest, agebpic studies have been perfornieé However, it seems
the structural changes have been studied extensively. Belodifficult to extract a unified model for the structural change
we give a brief review of the photodarkening and relatedfrom these studies, since the structure itself s
phenomena, and then consider some structural modekontroversial®” In addition, as implied above, it is plau-
proposed so far. sible that different kinds of structural changes are induced by
illumination.
Diffraction studies using x-rays and neutrons have been

When a chalcogenide glass such as®s which has reported by some groups. Figure 3 shows an x-ray result
been annealed &t in advance, is illuminated at room tem- reported by the present author using bulk,3s glass?®
perature, or at temperatures substantially lower fignthe  lllumination and diffraction measurements have been per-
sample exhibits reversible changes in volume, optical, elecformed at room temperatuie situ, in order to exclude ther-
trical, photoelectrical, mechanical, chemical, and thermamal expansion effects and to detect minute changes. We see
propertiest -8 Here, the optical change includes the photo-that the x-ray intensity differenc@nnealed—illuminateds
darkening, which refers to the feature that illuminated matepositive at about the first sharp diffraction pe&kSDB),

FIG. 1. A schematic illustration of a chalcogenide glass consisting of four-
fold (Ge), threefold(As, Sh, and twofold(S, Se, T¢ coordianted atoms.

3. PHOTODARKENING AND RELATED STRUCTURAL
CHANGES

3.1. Observations
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FIG. 3. X-ray diffraction patterns of an AS; bulk glass before and after presume creation of some kind of defects and. in contrast
illumination. a — shows the annealed stateddn— shows the difference . . T !
obtained by subtracting the x-ray intensity of the illuminated pattern fromthe distortion modelséc) postulate that randomness increases
that of the annealed pattern. in normal bonding configurations.

which indicates photoinduced disordering in the medium-3.2.1. Defective structure models.
range order. This experimental result has been confirmed by
some researchefs,while the interpretation of the FSDP re-

mains controversid®!’ The author prefers the so-called

distorted-layer mode while others use three-dimensional

models, etc’

Some EXAFS studies have been reportéd?However,
the results reported for binary glasses are not necessari
consistent® Creation of homopolar bonds and fluctuation
enhancement of &~S—Asbond angles have been pointed
out2.4KoIobovet al.reportin situinvestigation for amorphous
Se!

Vibrational spectra have been obtained through Rama{‘he
and infrared(IR) studies*® In Raman scattering spectra of
illuminated AsS; films, a trace of As—As bonds has been
detected at 231 cit, and the intensity of the low-frequency
Raman peak located at25 cmi 1, the so-called boson peak,
is substantially reducet!’® No marked changes in the As—S
vibrational band centered at 340 chare reported. In con-
trast, in the IR spectroscopy, which may be more amenable
to quantitative evaluation, slight broadening of the As—S vi-
brational band has been detecfed.

Owen and others have emphasized through their Raman
scattering measurements that As—As bonds are formed in
illuminated stategFig. 43.>"® It is theoretically predicted
that As—As bonds provide electronic states in the
bandgap;!” and hence the photodarkening may appear if the
B/omopolar bonds are created. Nonetheless, the model cannot
e a universal explanation of the photoinduced change, since
the photodarkening appears in elemental materials, S and
Se® In addition, no evidence of photoinduced Ge—Ge bonds
is obtained throught Raman studfés.
Street and others have developed defective models using
charged-defect concept which was originally proposed by
Mott.> The charged defects are assumed to produce elec-
tronic states in the band-tail regiotfsand hence the band-
gap is reduced upon illumination. These defects with the
density of ~1% would manifest specific vibrational peaks,
which were investigated by Kolobaost al?®

3.2.2. Distorted structure models.

In the last model illustrated in Fig. 4, some kind of
photoinduced distortions in normal bonding configurations
are assumed. Since modifications of covalent bond lengths

How can we understand these macroscopic and microrequires substantial energy, and since the strained structures
scopic changes? Taking the reversible features into accounfay not be quasi-stable, such distortions cannot be envis-
we can assume a configuration-coordinate diagram such aged in the reversible photodarkening.

3.2. Discussion

shown in Table I(Ref. 5, in which an illuminated state is Plausible structural changes can then be sought in the
shown as quasi-stable. Then, the problem turns to the struclistortions in bond angles, dihedral angles, and van der
tural element involved. Waals distances. For instance, Utsugi and Mizushima em-

Here, as illustrated in Fig. 4, the structural models pro-phasize the angular distortion in the short-range order, on the
posed so far can be classified into two groups. In all modelshasis of their IR studie$ Angular fluctuation will increase
relatively ordered structures are assumed to be the anneal#te width of the conduction band, since the conduction band
state. For the illuminated state, the defect modalsnd (b) in chalcogenide glasses consists of the antibonding state of
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covalent bondd®’ As a result, the photodarkening can ap- reversible phenomena cannot accompany structural changes
pear. at atomic sites more thar 1% of the total atom density.

On the other hand, distortions in the dihedral angle and-rom a chemical point of view, the reason why chalcogenide
the van der Waals distance enhance the randomness in théasses exhibit a variety of phenomena can be sought in the
medium-range structural order. Pfeiffefral, assume distor- dualistic bonding nature which involves covalent and van der
tion of dihedral angles on the basis of their EXAFS studies. Waals bonds.

In contrast, the present author has proposed the intermolecu- The photodarkening and related phenomena are critically
lar distortion through bond-twisting motion of chalcogen reviewed. Many macroscopic features have been revealed,
atom?® These two kinds of structural changes appear to bavhile the mechanism remains speculative. This is because
consistent with the FSDP weakening and broadening, showtine structural changes appear to extend to medium-range
in Fig. 3. The structural changes will modify the width of the scales, for which no convincing experimental tools are yet

valence band, since the width of the valence band is stronglgvailable. In contrast, the phenomena appear to be promising
influenced by the interaction between lone-ppiorbital  for fabrication of functional devices®

electrons of chalcogen atortfs!’ This article is dedicated to Professor Kolomiets, who is

At present, it difficult to determine which structural undoubtedly the founder of amorphous semiconductor phys-
change is the most responsible. We expect that further inics. He also brought up many able scientists such as Profes-
sight can be provided if it is disclosed that photodarkening issor Lyubin and Dr. Kolobov. | cannot forget his strength and
caused by the changes in the bottom of the conduction bandarmth at the loffe Institute in 1987.
and/or in the top of the valence band. However, the accuracy
of the photoelectron spectroscopy, which is capable to deter-
mine the position of the band edges, is not sufficient to ey , _ _

. - e phase-change process can be reversible with thermal annealing and
solve a shift of~50 meV. Altemat'_vely' we can E_issume that guenching, which are induced with pulsed illumination at different light
the three structural changes are interrelated, since the struGntensities and different pulse widths. In the reversible photoamorphization
tural relaxation is characteristic of chalcogenide glasses thabf crystalline AgSey, films, substrates are responsible for the peculiar
ppssess lowz. I-n Other \-Nords’ if an intermOIe-CU|ar- bond is Z)Etlsglgirr]\qgerl)c;nc':ovalent bonds and reptile motion of chain fragments are
dISt_Ot’ted upon |_Ilum|nat|on, structural re!axatlon will ne_ces- probably needed, like the crystallization process in chain polyr(e=s
sarily occur, which would lead to appreciable angular distor- ret. 1.

tions. 9In order to confirm this speculation, however, lattice dynamical calculation
in large amorphous networks is needed.
“In this sense, photoinduced phenomema can appear also in oxide glasses,
as they do. Nonetheless, the atomic bond is more ionic, and the dualistic
3.2.3. Miscellaneous. bonding nature is not prominent. Accordingly, they exhibit fewer kinds of

. . . . hotoinduced phenomena, likeSi : H.
When dealing with the photodarkening in /5 and P P

similar materials, we should note characteristic differences——
and similarities between the bulk and the annealed films. In
general, structures of the bulk and the annealed films aréN. F. Mott and R. W. GurneyElectronic Processes in lonic Crystals
assumed to be similar, while it has been demonstrated tha}(D%/e}Qoll\ldg&v 1::3'5 R. Ellott, Adv. Physi0, 625 (1993
the annealed film still gomams an appreciable nl'Irnb(:"r3G. P. Pfeiffer, M. A. Paesler, and S. C. Agarwal, J. Non-Cryst. SAIRs
(~1%) of As—As bonds:® In fact, Fig. 2 shows that the 111 (1991.
absorption edges of an annealed film and the correspondingY- Utsugi and Y. Mizushima, Jpn. J. Appl. Phy&l, 3922(1992.

: f K. Shimakawa, A. Kolobov, and S. R. Elliott, Adv. Phy®l, 475(1995.
bu'!( ﬁre Clee.lrly different. Wrong bomﬂbom()p?]larc??fnds in 6K. Tanaka,Current Opinion in Sol. St. and Mater. Sdi, 567 (1996.
stoic _|o_metr|c compoundsseem_ to cause t e difference. 7y | mikia, J. Phys.: Condens. Matt@ 429 (1996.
Surprisingly, however, the photoinduced red-shifts are nearly®m. Frumar, M. Vicek, Z. Cernosek, Z. Polak, and T. Wagner,
the same~50 meV, in both materials. J. Non-Cryst. Solid213&214, 215(1997).

9 . —
; e G. Dale, A. E. Owen, and P. J. S. Ewen,Rhysics and Applications of
We should also note that when /5 is exposed to lin Non-Crystalline  Semiconductors in  Optoelectronicsedited by
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1. INTRODUCTION processes, in particular, in the transport phenomenon and in
the optical and photoelectric processes.

Professor B. T. Kolomiets was one of the discoverers of  For example, in the chalcogenide glass semiconductors
electronical semiconductor properties of chalcogenidehe mobility of the charge carriers may differ from the mo-
glasses. He developed a complex investigation of the strudsility of crystals by a million or more orders of magnitude.
ture and physical properties of a large group of chalcogenide If the crystals with hard crystal structures do not permit
glasses. He often stressed the importance of this class eémoving the atoms from their fixed position in the network,
materials for the understanding of noncrystalline solid physthe chalcogenide glasses, and other disordered materials with
ics. This can be found, for example, in one of the last of hisa more labile structure make it possible to change the posi-
summary papers entitled “Chalcogenide glasses,” written bytion of the neighbor atoms already on the insignificant ener-
him in 1981 on the occasion of the jubilee of St. Petersburgetic influence by means of optical ameray radiation or
Physical-Technical Institute. In that paper the main attentiorelectron beam.
was given to describing the unique features of the glassy Comparing the properties of crystals and glasses, the
semiconductors, the the new phenomena, first theoretical n@numeration of these peculiarities of the chalcogenide
tions and potentialities for practical applications were men-glasses may be continued, but probably, even those men-
tioned. Professor Kolomiets was reminiscent and noted iioned above are quite sufficient for stressing the originality
that article the contribution of Professor A.F. loffe and of the properties of chalcogenide glasses, allowing us to
Professor N.A. Goriunova in the discovery of the new grouppropose the above-mentioned class of materials for wide
of semiconductors — glassy semiconductors. application.

| am happy that my scientific activity began in the fa- We will restrict the discussion confine ourselves to pre-
mous laboratory of Prof. B.T. Kolomiets in 1959 where thesenting only a short information concerning the peculiarities
first research of the chalcogenide glasses was developed, é¥-the energetic spectrum and its contribution to the photo-
pecially research concerning optical, electrical, photoelectriinduced phenomena. Some results of application of this
cal phenomena. | remain grateful to Prof. B.T. Kolomiets forgroup of materials in optoelectronics will be also presented.
giving me the opportunity to work in his laboratory and to
deal with the new class of noncrystalline semiconductors

which became then materials of great interest in many labo?: PECULIARITIES OF THE DISTRIBUTION OF LOCALIZED

. ELECTRON STATES
ratories of the world.

This is why it is a particular pleasure for me to contrib- A few models for the distribution of localized states in
ute this article in honor of Professor B.T. Kolomiets’s nine- noncrystalline solids were formulated in Refs, 1-7. The key
tieth birthday. First of all, it is worth to noting the reason for point of these models is the quasicontinuous distribution of
mentioning that class of materials. The main reason for théocalized states in the band gap, which arise as a result of the
interest in the scientific community in this class of materialsstructural disorder in noncrystalline solids.
is the fact that this class of glassy semiconductors success- According to Gubano¥,the absence of further order in
fully complements the properties of well known groups ofthe distribution of atoms leads to the blurring of allowed
crystalline semiconductors. band edges and to the appearance of fluctuation levels.

If an insignificant change in the composition or the con-Cohen, Frizsche, and Ovshinskyave proposed a model of
tent of the crystals is sufficient for achieving a markedtail density of electron states which are spread in the band-
change of physical parameters, then chalcogenide glassgap. In the dependence of the degree of order of the semi-
have a smooth change of the properties even in the case ofcanductor the tail density of states are distributed near the
considerable change in the composition or the strong alloy.edges of allowed bands or are spread deeply in the bandgap

If many electronic processes in the crystals are conup to their mutual overlap. In the models by Mott and Davis
trolled by the redistribution of charge carriers on the sepabesides tails of allowed bands near the middle of bandgap
rate, discrete local levels, then in the chalcogenide semicorthe existence of rather narrow band Q.1 eV) of the local-
ductors a quasicontinous distribution of localized states willized state is assumed. According to Ref. 4, in vitreous semi-
be seen.This which generates a great peculiarity of electroniconductors against the background monotone levels distribu-

1063-7826/98/32(8)/6/$15.00 867 © 1998 American Institute of Physics
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tion zones with heightened state density can be observed. 1.2}
Marshall and Owehlocalize the zones with heightened den- ‘
sity of localized state both in the upper and lower half of the B R °
bandgap. It was demonstrated by Bonch-Brue¥ittat in . 1/-/ 2
the bandgap of an unregulated semiconductor there can be P
peaks of density of localized states, conditioned by the pres- 3z oS o5
. e . . . o ooB® ©
ence on impurities of other defects, which with assumptions ;0.8 o o °
can be called discrete localized levels. The nature of local- W ./
ized states in vitreous semiconductors have not yet been w '\/ ~
studied sufficiently. In some studies it is connected with the 0.6k \.‘2 )3
presence of defects. The first study of this kind is the article ) \, Y
by Street and Moftwhere the localized states, by broken - \ ‘\\\
bonds, are analyzed. These states, depending on the level of a4l "\ ‘\,
engaged condition of electron bonds, correspond to the neu- : R T RO S A
tral, positive, or negative charged centers. 0% 107 0® 70
We have applied many experimental methods to obtain //(5),01,.‘3 ev!

the adequate distribution of localized states in the gap: ther-
mostimulated currents, thermostimulated electrical depolarf!G. 1. Sketch of the localized density-of-states distribution in the gap of

ot o : ; ; i,_a-As,Se;, according to the data of Ref. @), [D. Momroe and M.A.
ization, spectral distribution and kinetics of photoconductiv Kastner, Phys. Rev. B3, 8881(1986] (2), [R.P. Barclay, J.M. Marshall,

ity, transport phenomena, photoinduced absorption; etc.  ang c. Main, J. Non-Cryst. So7 & 78, 1269(1985] (3) and 10(circles.
On the basis of these experiments, we have not only

confirmed the quasicontinous distribution of localized states
in the gap with some portions of states with greater density 1o a3 concerning the spectral distribution of localized

but we even were able to calculate in some energy range thges ghtained by different authors are shown in Fig. 1. As

precise parameters of the energy distribution. o was shown the density of states has a broad maximum about
For example, the parameters of energy distribution of6><1019 cm 3.eV1 at 1.15 eV, after which it rapidly de-

localized stateN(E) in As,S; and AsSe; thin films were cays toward the middle of the gap to'@m3.ev~* (Ref.

studied by the method of electrophotography spectroscopy Olf7). The concentration mentioned last was confirmed in
deep levels. For a long period of time, there was a discrepr-nany previous papers

ancy between data of the energy distribution of localized

states obtained from different experiments. The transit time

method and the photoinduced absorption mettfothere- 3 opTiICAL PROPERTIES

fore, indicate the exponential type of distribution of localized _ _ _

states. The other methods such as temperature dependencégf Photoinduced absorption on the basis of electron

photocurrent!  photoluminescenc¥, thermostimulated processes

depolarizatio®® indicate the presence of groups of relative As was mentioned above, disorder in noncrystalline sol-

discrete levels. The indicated discrepancy can be eliminateidls causes a quasicontinuous distribution of localized states

in the case of electrophotography spectroscopy deep leveis the band gap. While the ChG samples are excited by light

proposed dy Abkowitz? This method allows us to deter- with energy ofhy> Ey, nonequilibrium carriers appearing

mine the concentration of deep filled traps and their energyn the free bands are very quickly captured by the localized

distribution. As was found in Ref. 15, the energy distributionstates and participate in the photoinduced absorption at the

of traps in AsSe; and A$S; has the region of discrete levels energiesE<E, (Fig. 2).

in the range 0.550.6 eV for AsSe; and 0.75-0.80 eV for As was approved by many experiments, the characteris-

As,S;. This confirms the data obtained in Refs 11 and 13tic time of the photoinduced processes can be in a wide range

The total concentration of traps was in the range-§) of values from~10 ?to 10 s.

X 10 cm™3.ev 1. The long-lived photoinduced processes are connected
Using the charging and discharging characteristicavith the change of the physicochemical properties of the

of  metal-ChG-semiconductor—dielectric—semiconductoChG and are called as photostructural transformations in sci-

structure Me—AsS;(As,Se)—SiO,—Si the author$ deter-  entific literature. As a rule, the photostructural transforma-

mined that the energy distribution of the filled traps is qua-tions are observed in these glass films and they are accom-

sicontinous with the asymmetrical maximum in the energypanied by a shift of the absorption edge to the lower energy,

range 0.76-0.90eV for AsSe; and 0.85-0.15eV for by a decrease in the steepness of the edge and, by a change

As,S; (Fig. 1). of the observed dynamic reversible change of the optical
Studying the change with time of the transient capaci-parameter§.

tance of the space charge region at a Shottky barrier due to The use of fiber samples rather than thin film or bulk

thermal relaxation of localized centers preliminary filled by asamples enabled us to better observe the small changes in the

pulse of zero bias, the authdfsletermined the density—of— mid-gap optical absorption at low intensity of exciting light

states distribution in the upper half of the gap of,8g in because of the longer optical path of probing light in the

the interval of 0.35 eV above the Fermi level. fiber.
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% FIG. 4. Intensity dependence of the PA steady—state coefficient,if;Aa)
f and As—S-S¢b) fibers at room temperature for various probing light pho-
N, < é ton energies eVl — 0.7,2 — 0.8,3 — 0.954 — 0.98,5 — 1.08,6 — 1.2,
2 4 7 — 1.3. The wavelength of exciting lightg,.=0.35-0.75um.
g ko,
% We note that the character of ther(hv) dependence is
/ exponential for a rather large energy range. lllumination of
£ the fiber at a lower temperatu(@7 K) leads to a significant

increase of PA with respect to room-temperature
FIG. 2. The steady-state excess carrier distribution in the exponential tail oill|uminaﬂ0n-18
the localized states. The intensity dependence of the PA coefficient exhibits a
power-law behaviorAa~P},., when the intensity of the
exciting light (P is varied by about four orders of mag-
nitude (10°—10"2W/cn?) (Fig. 4. The value of
n changes with probing light photon energy in the range
.3-0.5.
Experimental results can be interpreted in terms of the
model with carrier multiple trapping in localized stait€sg.
), distributed continuously in the gdplllumination of the
%iber with bandgap light leads to excitation of non-bonding
electron states and injection of excess carriers into the con-
lows: Aa=L "~ In(ly/1), whereL is the length of the illumi- duction band. $hortly after exqitation the elgctrong are cap-
' . tured by the tail states proportionally to their density, since
nated segment of the fiber. In should be noted that the Inter{'he capture coefficient is assumed to be the same for different
sity of the probing light in the PA measurements was chosen .
.values of the trap enerdy. The appearance of excess carri-

to be so wealtk.that it did not cause any significant change Ir(l.rs in the localized states in the gap leads to an additional
the PA coefficient.

The main feature of the PA in our experiments is a fullﬁgsflrzpt'on of probing light in a wide energy range,
g-

[ f the minimal optical i h - : .
restoration of the minimal optical transmittance after the ces The fact that the dependence of photoinduced absorption

sation of illumination. The restoration rate depends on th(—:r‘1 . .
) o - L as a power law character following the square-root function
illumination conditions and the glass composition. The spec-

tral distribution of the PA coefficient measured in the energ confirms that cariers excited in the process of photoabsorp-

L i R tion, as well as carriers participating in photoconductivity,
range of probing light 0.6 1.9 eV'is presented in Fig. 3. recombine according to the bimolecular mechanism. As was

shown in Ref. 19, this can be used for determining the mag-
nitude of the bimolecular coefficient from photoinduced
absorption data and to calculate on this basis the magnitude
of the drift mobility. This is very important in the case of
highly resistive semiconductors such as,8sand AsSe

The probing light with photon energyv<E4 from the
mid-gap energy range was launched into the input face of th
fiber. At the output of the fiber we measured the intensity o
probing light transmitted through the fiber. When illuminat-
ing the fiber lateral surface with continous bandgap light, th
intensity of probing light at the output of the fiber decrease
from its initial value (in the darK 1, to a new onel. The
photoinduced absorption coefficiehty is determined as fol-

oS N b
T
\

o
[}
5 glasses.
3 2r
‘:’ -4+ ! 3.2. Photoinduced absorption on the basis of phase change
—
-6 L Ly Some challogenides have two or more distinct atomic
06 10 14 1.8 0.6 10 1.4 structural states characterized by different amounts of

hv,ev disorder?® An energy barrier, as suggested in Ref. 20 sepa-

o o rates the structural states, thereby providing the temporal
FIG. 3. Spectral distribution of PA steady—state coefficikatin As,S; (a)

and As—S-Sdqb) fibers after irradiation with Ar-laser light\g,.=0.46 Stabll_lty req_uwed _by a memory (_jeVICe' The change in the
—052um). The intensity of exciting lighP,,.=10 mw/cnf, 1 — 300K, ~ atomic configuration can be realized by exposure to a laser

2—T7K. beam, electron beam or electrical field. Incidentally, a laser
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beam can be used not only for recording but also for erasing
and rewriting processes, each of which occurring at different
levels of intensity of the beam. Selecting the compositions of
the ChG, it is possible to produce transformation between
amorphous and crystalline structural states. An example of
such materials are materials from the pseudobinary syStem
GeTe and Sfre;. The phase-change materials were suc-
cessfully used for optical memory disks with 650-Mbyte
capacity and the next product to be introduced will be
2.6-Gbyte DVD—RAM disi®
Studying the process of Ag-migration in
Ag—As(Ge—S(Se glasses, Yoshida and Tandkaroposed
the mechanism of photo- and electron-induced chemical
modifications. As was shown, light illumination and electron b ! 2' 1 “* L f : é 1 1’0
beams accelerated at low voltages can induce Ag-gathering Time,s
effects. The mechanism is assumed to be caused by interval
electric fields built up by photoexcited carriers and byFIG. 5. The kinetics of diffraction efficiency of the microholograms re-
electron? corded in the Al-IpS;/As,Se;—Al heterostructure when a series of negative
Studying the physico-mechanical and structural modifi—and positive(* " and * + in the figure) voltage pulses is applied.
cations induced by UV — light in GAs,_,Sgo amorphous
films, Popesctet al?® observed that irradiation is accompa-

nied by a significant release of sulfur, which leads to a gianementary holograms recorded on the Me;SytAs,Se;—Al
film contraction. when negative and positive voltage impulses are applied is

shown in Fig. 5.
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3.4. Optical hysteresis and nonlinear absorption laser
3.3. Electrically controlled photoinduced absorption pulses in ChG

The change in the surface relief by means of mechanical The interest in the study of nonlinear propagation pecu-
residual deformations under the simultaneous action of illufiarities of the laser radiation in noncrystalline semiconduc-
mination and applied electric field was established Refstors is determined not only by the new fundamental physical
24-26 by using the thin-film structure Me—ChG—-Me. Themechanisms in these materials, which can appear in the
nature of the electrostimulated and photoinduced surface mstrong laser pumping fields, but also by a wide spectrum of
crodeformations can be explained by a rapid increase in thpossible applications in the optoelectronic devices and pho-
density of the photocurrent in the illuminated portions of thetonic switching. The promising effects are the optical bista-
sample and by a strong heating of the GhG up ,dem-  bility and optical hysteresis, on the basis of which it is pos-
perature. As a result, the viscous forces in the illuminatedsible to build fast-acting, all-optical switching and logical
portions are relaxed under the action of the electrostatielementgsee, for example, Ref. 8 and the bibliography cited
forces of the conductor, causing the optical properties of the¢here.
structure to change. We therefore obtain the effect of optical ~ Thin-film samples of chalcogenide glass semiconductors
image recording, which is manifested through changing ofAs—S, As—Se, Ge—Se, As—S—Ge, akers(0.2 to 5.0um
transmittance and reflectance. It is important to note thathicknes$ have been obtained by the vacuum thermal sput-
when an interference picture is projected on the surface of tering method. It was shown that when the input light pulse
sample, the deformation grains lie strongly along the illumi-(with hv=E,) intensity is relatively low, the transmission of
nated bands, making it possible to record holographic inforthe thin ChG films decreases according to the usual exponen-
mation. When the illumination of the structure rapidly devel-tial law with the corresponding linear light absorption coef-
ops deformations, it is necessary to apply an electric fieldicient for the given wavelength. However, on increasing the
with less intensity. In this case, the value of the recordingncident light intensity in the ragne of some threshold values
light intensity is a photographic characteristic of the record<l,) leads to a nonlinear character of the light transmission
ing structure. It was shown that the recording procesdy the ChG filmst! The characteristic value of the threshold
strongly correlates with the photoconductivity, its kinetics, light intensity depends on the ChG film composition, excita-
and the dependence of spectrum or light intensity. This altion wavelength, temperature, and laser pulse duration.
lowed the authof to utilize the heterostructures As a result of nonlinear light absorption, a change in the
Me—In,S;(In,Se)/As,Ses—Al as a recording medium which time profile of the laser pulses is observed. This leads to a
had better photoconductivity parameters and consequentlyysteresis-line dependence of the output light intensity of the
better photographic characteristics. On the basis of the pheorresponding value of the input intensity.
nomenon and heterostructures mentioned above, the new Nonlinear absorption in chalcogenide glasses was ob-
photographic process and new meterials were proposed feerved even in the femtosecond range, which is due to either
its realization. The diffraction efficiency growth of the el- intraband or interband transitioRS.
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Me Si 510, As,S; Me Light the optical information using ChG thin-film heterostructures,

S IR I phototermoplastic structures, thin waveguides, and fibers.
:| R S o— The Me-chalcogenide glassy semiconductor—dielectric—

% - TFTF I3 7557 semiconductor ChDS (Me—AS;—Si0O,—Si) structure al-

ey +o lows writing and readout processes of the optical images

l& IR ERRIIR 1227 with high resolutior?. The structure makes the positive and
o= =2 == negative images possible. The device works in regimes of
——e— small-signal accumulation and real time. The space func-
ol tional separation of the recording and readout allows carry-

ing out undestroyed repetition readout of the image and other
operationgFig. 6).

Photoinduced phenomena in chalcogenide glass fibers
were utilized in order to propose a novel type of variable
fiber-optic attenuatdt.It can be used in visible and near-
infrared range of the spectrum for continuous change of light
intensity in fiber-optic circuits. If the lateral surface of chal-
cogenide glass fiber is illuminated by light with photoenergy
near the glass bandgap, a strong decrease of the fiber-

\\\'.\ VLLLY Gy
‘\\\\.\3\.\’\{‘\\4“\‘
—/ attenuating light at the output and of the fiber occurs. This
process changes the optical signal from its initial valye

FIG. 6. The schematic energy-band diagram of Me—ChDS structure during(;m the dark to a new one:
the positive charge writing process and the scheme of writing and readout of

image.1 — He—Ne-laser (0.632@m); 2 — modulator,3 — condensers; =1y exp(Aal),

4, 5— galvanometer mirrorss — mask(objecd; 7 — illumination source;

8 — Me—ChDS structurea — semitransparent Al electrode, —As,S;

layer,c — SiO, layer,d — Si. whereL is the length of the illuminated segment of the fiber,

and A « is the photoabsorption. The proposed fiber-optic at-
tenuator provides the attenuation in the range20 dB in
4. DEVICES BASED ON ChG the 0.8 to 1.8em wavelength range.
) ) ) ) Chalcogenide glass thin films are promising materials
The function of many devices is based on ChG, whichg, the integrated optic devices such as lenses, gratings, op-
can change their electrical and optical parameters by applyc filters, multiplexor and demultiplexor optical scanners,

ing an electrical field, by exposing them to light, to an elec-pinter heads, multiple-output logical elements, and other
tron beam, x-irradiation, etc. At the same they manifest regeoyices

sistance to nuclear radiation. In addition, that, ChG could be
obtained using very simple technologies and in many cases
(but not in all casesthey do not need very high purity. It
makes it possible to produce industrial electrical switches,'N- Motlt (ﬁlnd E. A DeViSL}EleCtroniC Processes in Noncrystalline
; : ; ; Materials (Mir, Moscow, 1974.
lxerogrre]lphlc ?jnd thetrm(l)?.lltasuc m?.dlal’f%h()torestl_ﬁalnt and hoz-A. I. Gubanov,Quantumelectron Theory of Amorphous Semiconductors
ographic media, optical filters, optical fibers, optical sensors, (nauka, Moscow-Leningrad, 1953
thin-film waveguides, nonlinear elements, and other devices®M. H. Cohen, H. Fritzsche, and S. R. Ovshinsky, Phys. Rev. 1t.
In the 1960s, considerable attention was given to thresh-1965(1969. , _
old switchina elements. which were able under volta e“B. T. Kolomiets, inProceedings of the IX International Conference on
g ! . . R g Physics of Semiconducto¢sSlauka, Moscow—Leningrad, 196%. 1335.
pulsed to pass from a state with a very high resistivity in as; m. Marshall and A. E. Owen, Philos. Mag4, 1281 (1971.
state with low resistivity?° V. L. Bonch-Bruevich, JETR1, 1168(1973.
The industrial technology was developed by R.S. R-A Steetand N.F.Mott, Phys. Rev. Les6, 1293(1975.

Ovshinsch who called the optimized element ovonic 8M. Popescu, A. Andriesh, V. Chimas, M. lovu, S. Sutov, and D. Tiuleanu,
Y p Physics of Chalcogenide Glasstiinta, Chisinau, 1996

i 20

threshold switching’ 9J. Orenstein and M. Kastner, Phys. Rev. L6, 1421(1981).
The switching process is very short, less than 10 nanoD. Monroe and M. Kastner, Phys. Rev.33, 8881(1986.

seconds. 11G. J. Adriaenssens, Philos. Mag.68, 79 (1990.

L - 123, P. Depinna, B. C. C tt, and W. E. Lamb, Philos. Mag.7B99
The ChG thin films were very successfully utilized as (1983. epinna ovenetl, an am llos. Magi7B

the target for vidicon image tubdor TV cameras 13A. M. Andriesh, M. S. lovu, D. I. Tsiuleanu, and S. D. ShutMitreous
Another successful application was the use of ChG thiqAQrSZBikcumtSulpg\ige Jn;\iﬂ its AIIIOYﬁf;iPS]@lnau, N?tiint; 133%1(1984

films in photocopying electrophotography machines. Thins," " e £ ™ oy, and v. I Verlan, Semiconductas 1319

films of Se, A3Se;, and other materials store the charge (jgg5

distribution produced by the image projected onto it. Thea. M. Andriesh, S. A. Malkov, V. I. Verlan, and N. A. Gumeniuk, Phys.

image presented by the charge distribution is transferred tggtatus Solidi A K39(1991).

the paper using electrostatic metHod. . D. Shutov and A. A. Simashkevich, J. Non-Cryst. Solid&8 253

. . (1994.
Observed photoinduced phenomena in ChG allowed u$a . andriesh, I. P. Culeac, and V. M. Loghin, Pure Appl. Oft.91

to use these materials as recording media for registration of (1992.
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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 polarizedaser 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.
[S1063-782628)01408-2

1. INTRODUCTION In this paper we explore the influence on the electronic
structure and the photoinduced effects of introducing small
Almost from the beginning of experimental studies of concentrations of Cu into the arsenic chalcogenide glasses. It
vitreous chalcogenide semiconductors in the laboratory ofs known that the presence of 1% Cu in bulk,&sor 5% Cu
Professor Kolomiets, the effects of adding nonmetallic andn bulk As,Se; eliminates the photodarkening that is nor-
metallic elements to the glasses were investigated. This earlyally observed in those materid@lSuch Cu-modified com-
interest was undoubtedly generated by the desire to find agounds should therefore be good candidates for studying the
propriate dopants for the amorphous semiconductors, and $tructure of the glasses, as revealed by x-ray-induced photo-
explains why most attention was given to the changes irelectron spectroscop¢XPS) and x-ray emission spectros-
electrical properties of the samples. A review of these resultsopy (XES), in relation to the appearance or disappearance
can be found in Ref. 1. Subsequently, the interest in thef the photodarkening. The same samples can also be used to
chalcogenides shifted to their optical properties, especiallyest the links that have been sugge$témttween, on the one
their ability to sustain reversible photoinduced changes tdand, the centers which are responsible for the photodarken-
these properties Much attention was given to the photoin- ing and, on the other hand, the soft potential sites of the
duced shifts of the optical absorption edge of the gladseslattice which give rise to the low-temperature anomalies in
the so-called photodarkening and photobleaching, and latéhe phonon spectrum of amorphous materials. The latter can
to the optical anisotropies that are induced by polarized lighbe identified through the low-energy tunneling staf€s),
beams' These two types of effects became known as thavhich can be detected in a backward-wave phonon echo
scalar and vector phenomena. These photoinduced chang@WVE) experiment at 0.4 K. Such BWEs from Cu-free and
in the optical parameters were found to be the result of strucCu-containing samples will be compared. Finally, we will
tural changes in the amorphous latfigehich can even result also examine the relationship between the scalar and the vec-
in macroscopic deformations of the chalcogenide matetialstoral photoinduced effects in the light of the influence of Cu
A wide range of models has already been proposed to a®@n the photodarkening.
count for the effects, but most deal with part of the observa-
tions only. Although some models attempt to link scalar and
vectoral effects, not a single one of those models has so far
been able to show wide-spread agreement. Recent review ExpPERIMENTAL PROCEDURE
articles of experimental observations and of the proposed
models were published by Shimakawa, Kolobov, and Elliot Bulk samples of Cu-modified AS; or As,Se; were pre-
and by Tanak&.Examination of those reviews clearly shows pared by the standard procedure of melt quenching after al-
that more experimental data will be required to make somdoying of the pure compounds with copper at 900 °C for 20 h
progress in resolving the physical mechanisms underlyingn a rocking furnace. A few samples prepared in the group of
the photoinduced structural changes. Prof. P.C. Taylor at the University of Utah were used for

1063-7826/98/32(8)/6/$15.00 873 © 1998 American Institute of Physics
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comparison; no differences were observed. Films for opticate-entrant cavity. Via the surface-excitation method a
measurements were prepared for some compositions by theirward-propagating hypersonic wave is generated by the

mal evaporation of the ground compound. first pulse.(A coating of ZnO powder suspended in glyptol
varnish is used in our experiments as a piezoelectric trans-
2.1. X-ray photoelectron and x-ray emission spectroscopies ducer) A reversal of the wave vectokk(~ —k) is induced

XPS and XES are complementary techniques for obtainlh,rough the intergctiqn between the hypersonic wave and the
ing information on the electronic structure of the amorphougnicrowave electric field of the second pulse at some non-
compoundg? From XPS we determine the energy levels of inéar entities. At the time 2, this backward propagating
the core electrons and the global energy distribution of thévave reaches the transducer again and gives rise to an echo.
valence band states, while XES provides information con- I chalcogenides the nonlinear coupling between the
cerning the bonding arrangements of valence electrons near€ectric field and the acoustic wave is due to the tunneling
particular atomic site. systems present in these materials. Indeed, later studies have

For this study we have analyzed the XPS specta of théndicated that TS act as such nonlinearifid€Experimen-

S 2p and As 3,3d core levels, and we obtained the total tally, the intensity of the echo will increase with increasing
valence band statg®B) modulated by the photoionization intensity,l,, of the acoustic wave until the TS become satu-
cross sections. The spectra were excited by means of a stai#ted; i.e., the populations of the tunneling levels have been
dard MgKa x-ray source withhry=1253.6 eV. In our ex- €qualized at the critical asoustic intensity,. Theoretical
periment, the total instrumental broadening is estimated to beonsideration$ then allow us to distinguish two regions
0.6 eV for core levels and 1.0 eV for VB. The core level in the behavior of the echo intensily: as a function of
spectra are scanned in 0.1-eV steps and the XPS VB data the incident power P;,, depending on the value of
0.2-eV steps. In the case of nonconductive samples, such ¥s=1a/lca:

the arsenic chalcogenides, a charging effect of the sample 1. If Y,<1 (TS are unsaturatgdthenl g~ P2, .

can be observed in the data. In order to take this effect into 2. If Y,>1 (TS are saturatgdthenl| ¢ is independent of
account, we calibrated the binding energy scale by referinghe incident powerl g shows a plateau, where the saturation
to the C I line observed from hydrocarbonated valueP., is a measure of the number of tunneling states in
species,which are always present at the surface of thdéne sample.

sample. The C 4 line is set at 285.0 eV. The interpretation We have measured the input power dependence of the
of the core level lines is based on a reconstruction of eachackward-wave echo power in pure and Cu-modifiedSAs
spectral distribution into Voigt functions. In the case of theand As$Se; compounds. The bulk samples were prepared
valence band, the spectra are superimposed against the baflom melt-quenched glasses, out of which cylindrical
ground due to the inelastic electron scattering; since no cosamples of 3-mm diameter by 10-mm length were drilled to
rection for this effect was made, the spectra contain a norfit the cylindrical microwave cavity. Our measurements were
constant background. We should mention that the samplearried out at a frequency of 9.3 GHz and at a constant tem-
thickness which contributes to the XPS spectra is limited byperature of 0.37 K. Since the tunneling systems envisioned
the mean free path of the electrons and is estimated to bigere are indeed those of the soft-potential mo@PM),
1-3 nm in our cases. which has been deduced from the low-temperature anomalies

The XES measurements conceriKg band, which cor-  that are characteristic of all glassésye have to study them
responds to the electronic transitiop=31s. They are ana- pelow 1 K to obtain sufficient sensitivity.

lyzed by means of a cylindrical bent-crystal vacuum spec-
trometer (radius 250 mm The monochromator is a 101
quartz crystal (8=0.66855 nm) used in first order reflec-
tion. The spectra are excited with a 5-kV, 5-mA electron
beam, and the detector is a proportional Ar[Qidunter. The 2 3. photodarkening and photoinduced dichroism
energy resulution of the instrument is estimated td?be

1.0 eV. The x-ray spectra are measured as a function of the The 514_1.5-nm beam qf a polarize(_d Aaser was USEd_
photon energy corresponding to the transiti@(S 1s) for measuring the photoinduced optical effects. Relative

—E(S 3p). On this energy scale, the Fermi level position changes in optical transmission caused by the illumination

corresponds to the binding enerByS 1s); it is obtained by were recorded to compare the degree of photodarkening in

combining the XPS data for the $g, binding energy and both unmodified and Cu-containing samples. The values for

the XES determination of the I8, _ (2P 35— 15) x-ray the linear photoinduced dichroism—this is the difference in
1,2 '

. L optical absorption coefficients; —a), wherea, | are the
. = + . ; . : o |
transition energy. Therk(S 1) =E(S K”‘l) E(S 231) absorption coefficients in the direction perpendicular to and

Consequently, the XPS and XES spectra can be obtained of e to the direction of the polarization of the inducing

a common energy scale with the Fermi level as the referencgeam_Were obtained by measuring transmitted light inten-

point. sities 1, and I} by standard lock-in detection techniques
when the polarization of a probe beam is modulated between
the parallel and orthogonal directions at a frequency of

In a backward-wave echo experiment two microwavel kHz by means of an electrooptic modulator and then mak-
pulses, separated by a timeare applied to the sample in a ing use of the relation that was derived in Ref. 16:

2.2. Backward-wave echoes
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whereh is the thickness of the sample.
0.8

3. RESULTS

The addition of Cu to the arsenic chalcogenides modified 0.6
some characteristics while leaving others unchanged. We
will first summarize the results, technique by technique, 0.4

before attempting an encompassing interpretation.
0.2

3.1. Electronic energy levels

The core levels S, As 3p and As 3 were examined
by XPS for a pure AsS; sample and for one which con-
tained 6% of Cu. We observed virtually no shift for the As
lines, with 3p,,, at 146.2 eV, P53, at 141.2 eV, and s, at
41.7 eV. For S Py, (163.6 eV and S D3 (162.5eV, a
broadening of the line is observed when Cu is added. This
broadening is asymmetric and occurs toward the lower bind-
ing energiedBE). It reveals a shift of~0.2 eV toward low
BE in the presence of Cu. Figure 1 shows thepSspectra

i
(]
L] o

10

Intensity, arb.units
-
[\

and their decomposition into the spin-orbit splittel, 2 and 0.8
2p3, lines.
The XPS valence band spectra observed foySAsand 06
As,S;(Cu) are shown in Fig. 2. Both spectra exhibit a wide
peak betweelk: and about 8 eV, followed by a broad band 041
from ~8 to~17 eV. It is knowr’ that the structure which is
seen in the first peak of AS; consists of a leading feature at 02¢
about 3 eV, which is associated with the lone pa@lectrons
of the chalcogen atoms, and a second contribution centered gk
around 6 eV, which is related to the bondipgstates. A
strong minimum separates tipestates of the first peak from -0.2 ! l { 1
the deeper-lying broad band, which consistsaftates and 168 66 164 162 160 158
also shows some structure. In /&5(Cu), the width of thep Binding energy,ev

band is approximately the same as in,8gbut strong modi-
fications occur at the top of the valence band, with the 3-e
peak becoming more prominent. Differences in shieands
of As,S; and AsS;(Cu) are less pronounced.

The S 3 valence band states were also examined
through the XES sulfuk ; spectrum. As explained in the
previous section, these x-ray spectra were obtained in the BESults of the measurements of the backward-wave echo
scale WithEr as the origin. The results for the two types of POWer as a function of input power for the selenide and sul-
samples are shown in Fig. 3. Thek$ spectrum exhibits an fide g!asses, respectively, Thg lowest echo powers given in
asymmetric distribution with the steep edge toward the lowP0th figures represent the minimum power that could be de-
BE. The most prominent feature is again due to the lone paifected, and the other values are given relative to that one.
electrons, while the adjoining shoulder on the high BE side _ While the data sets are obviously not identical, no sig-
marks the position of the bonding sulfprstates. These B, nlflca_nt dlffer_ence in the behavior of the echo power as a
spectra correspond to earlier ones reported in Ref. 18 founction of input power can be seen between the Cu-
As,S,. For our two compositions the low BE edge is ob- modlfle_d and the L{nmod.med chalcogenides. Specifically, the
served in the same energy position and the slope of the edg&turation, which is a signature of the presence of(digl
is the same. However, a significant broadening is observed &€nce soft potentials is equally prominent in all cases.

about 5 eV fronEg in the AsS;(Cu) sample as compared to However, the magnitude of the backward-wave gcho de-
AS,S,. pends on experimental factors such as the bonding of the

transducer and the quality factor of the cavity. Since these
are different for the different samples, the saturation value of
the echo powelP.,, and the number of TS, unfortunately
We have studied the BWEs from #Se; and cannot be compared for the different samples. In fact, in-
Cus(As,Sey) o5 glasses, as well as for AS;, Cu;(AS,S3) g9, creasing Cu content increases the conductivity of the
and Cy 5(As,S;) g5 5 glasses. Figure 4 and Fig. 5 show the samples, thereby decreasing Qevalue of the cavity to the

\fIG. 1. XPS binding energy spectrum of $ 2ore electrons irfa) As,S;
and (b) Cus(As,S;3)q4, together with a decomposition into theip22 and
2p5, components.

B. Tunneling states
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extent that measurements become impossible. This happens The photoinduced dichroism was also measured for the

sooner for the sulfur chalcogenides than for the seleniunabove films, and here no significant differences could be ob-

chalcogenides. served. We found that the total reversible variation in the
dichroism, when the polarization direction of the inducing

beam is changed between orthogonal directions, does not
C. Photoinduced changes

Thermally evaporated films were used for these mea-
surements. The results reported here originate withuan2- B vessessses
thick film evaporated from pure AS; and with a 3.8um- 3ds| oe*® ; gogooooo
thick one prepared on the basis of {As,S;) g glass. Pro- 3§ T- o* Ch
gressive photodarkening under continuous illumination was g% [~ ) 8
measured for both films, in contrast with the observationson & [ ¢ o
bulk glasseswhere the 4% Cu would have prevented the g_ = a
photodarkening. It has already been reported, however, thaLg — a *1
in the corresponding evaporated films the photodarkening is§ * © o
not eliminated® We, nevertheless, observed a clear differ- e 5
ence between the two materials: while in the As : S films the L L 1 I L ] i
measured transmission drops below 10% of its initial value, 28 2% ~40 ~# -2 <8 -4 -0
the drop is only to~30% in the As:S: Cufilms. These Input power F,, ,d8

numbers S“ghtly, decr.easte with Increa,‘SIng !Ight Int(,enSIty'FlG. 4. The BWE power as a function of the microwave power for the
The photodarkgnlng !<|net|cs speed up in s_|m|l_ar fashion folsejenide glasses at 0.37 K: /&=, (1) and Cu(As,S&)es (2). 0 dB corre-
both types of films with more intense illumination. sponds to a peak power of 1.2 W.
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‘ When we take a closer look now at the BWE results, we
sasl 7 notice that there is a decrease of the slope at low input pow-
) f: A2 el ers for the Cu containing samples with respect to the stan-
'::' L o3 ..o'.;AAAAAA dard chalcogenides. In a previous sttfdye found a corre-
5 ~ Sl lation between these different slopes and the mean
§ B a0 ,0o2e0ee coordination number of the lattice. The third powe?3()
s A q0° ° predicted by the theory holds for the compositions with mean
LEJ - 4 ao” coordination (r)<2.4. According to Thorpé® these net-
B ': o works are all floppy. The rigid samples, those with a higher
C { L, 4 1 L 1 ! value of(r), are found to have a lower slope. As a result, the
=28 2% -~20 -1 -1 -8 -4 0 input power dependence of the echo power deviates from the
Input power £, ,d8 theory. In addition, Thorpe predicts that the number of TS
FIG. 5. The BWE power as a function of the microwave power for the should be smaller in a rigid glass that in a floppy glass.
sulfide glasses at 0.37 K: AS; (1), Cuy(As,;S3) g0 (2) and Cy 5(As,S3) g5 The BWE results presented here and the lower slope of
(3). 0.dB corresponds to a peak power of 1.2 W. the Cu-containing samples thus agree with a forfold coordi-

nation of the Cu atoms, which results in a higher average

lattice coordination. The effect on the average coordination
change by more than 10% among the various As:S andf group | metals such as Cu is described by a general model
As : S : Cufilms, in contrast with the photodarkening, where proposed by Liu and Tayl6”r for a wide range of semicon-
the changes are stronger by a factor of 3 in films without Cujuctor glasses, including the As:Se and As:S systems.
with respect to films which contain Cu. Their model for the bonding in glasses is based on analogies
with bonding in minerals of the Cu: As : S system. In these
minerals Cu is fourfold coordinated, As threefold coordi-
nated for low enough Cu concentratioxn<(31.6%9, and S is

Some of the questions that were raised in the introduceither twofold or fourfold coordinated. Further on, only
tion were answered directly by the results in the previouscu—S and As—S bonds are present. Liu and Taylor assume
section. It is clear, for example, that photodarkening andhat the same rules hold for the Cu:As:S and Cu:As: Se
photoinduced anisotropy do not have a common origin; theylasses. They calculated the coordination number for glasses
former is strongly influenced by the presence of Cu, the lattein the systems CuAsy sS€S)g¢)1—x and the following rela-
is not influenced in a significant way. Also the proposed linktion was found{r)=2.4+4.6x. The excellent agreement of
between centers, which are responsible for the photostrughe predictions for the average coordination number with
tural changes in the chalcogenide glasses, and the soft atomiqray radial distribution dat@ confirms that the local bond-
potentials, which are implicated in the low-temperatureing configurations are very well understood. Using this
anomalies, can be ruled out. Indeed, the results for the backyediciton, the average coordination of our Cu-modified
ward wave echo measurements confirm the presence of aamples will be larger than 2.4, which means that the
essentially unchanged number of tunneling systems in a resamples are rigid. This confirms our interpretation for the
gion where the photodarkening has disappeared from thg,qceqd slope of the echo power as a function of the input
bulk glasses. In other words, while the presence of Cu inhiby e found in these materials. Notice that the decrease of

its the photodarkening, it leaves other characteristic prope the slope appears at a smaller concentration of Cu atoms for

t|e§ of the chalcogenide gla}sse§ SUCh. as t.he photomduc%ie sulfide than for the selenide glasses. This is not surprising
anisotropy or the soft-potential sites unimpaired.

our results from XPS, XES, and BWE show that the Cubecause the same effect is seen for other phenomena such as

. : the photodarkening and the conductivity of these systems.
atoms become an integral part of the amorphous lattice to ) i . .
It is widely assumed that the arsenic chalcogenide

f | alloy. | ing theKg XE f
orm & real alloy. Indeed comparing the XES spectra o glasses still exhibit much of the layered structure of their

Fig. 3 with a corresponding one from Cy¢Ref. 20, we see : :
that the added intensity near 6 eV in the AS : Cusample crystalline phase in the amorphous one. However, fourfold
coordinated Cu atoms could easily link adjacent layers and

agrees with the position of the main $ 8ensity in the CuS - o
bond. The changes in the distribution pfstates in the va- thus modify the characteristics of the glass. Exactly such

lence band XPS spectra primarily result in a sharper definiéffect has recently been proposed by Shimakatval *° to

tion of the lone-pair component, as is normally seen inexplain the role of Cu in the inhibiting of photodarkening,
chalcogen-rich compounds. This need not be interpreted aghich in their model is related to a relative sliding motion of
evidence for a somewhat increased density of S—S b@wis adjoining lattice planes. Other phenomena, which do not de-
would occur when the Cu mostly bonds to)Abut probably ~ pend on that motion, should then not be affected by the pres-
just reflects the change in the average bonding angle at the@hce of the Cu cross-links. That would be the case for the
when a Cu atom substitutes for As. From early EXAFSphotoinduced anisotropy, where the intrinsic charged defects
studied* we know that Cu is fourfold coordinated in the of the chalcogenide glasses have been proposed as the active
arsenic chalcogenide glasses, while a normal As site is aflements$’ and for the soft potential sites that generate the
course only threefold coordinated. tunneling systems seen through the low-temperature BWEs.

4. DISCUSSION
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Chalcogenide glasses that contain sufficient concentrations of metal atoms pagyfdeedoped.
This doping results in part because the local structural order is tetrahedral at the metal and
the chalcogen sites in these glasses. At concentrations exceedihgni®, 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
10*° cm™3, the conductivity is independent of oxygen, and therefore is controlled by other
mechanisms. The compositions 2i$,Sg and CyAs,Se, are studied, because at these
compositions the $or Se and Cu atoms are all tetrahedrally coordinated and there exist only
Cu-S and As—%or Cu-Se and As—3édonds. © 1998 American Institute of Physics.
[S1063-782608)01508-7

INTRODUCTION tions are so strong that the characteristic defects possess
negative effective electron-electron correlation energies
There is strong experimental evideficé that many  (negativeU®™ that make the glasses impossible to dope. The
metal atoms, such as copper, are incorporated in chalcogetwofold coordination of the chalcogens results in nonbonding
ide glasses at tetrahedral sites. Based on the covalent natyseorbitals that form the highest-lying states in the valence
of the local bonding, models of these glass strucflifesug-  band.
gest that the chalcogen atoms also exist at tetrahedral sites As far as the electronic states are concerned, the major
when the metal concentrations are large enough. In ternanfifference between AS; or As,Se; and CyAs,S, or
metal chalcogenide systems, such as Cu—As-S and Cu-A<Cy;As,Se is that the highest-lying states in the valence
Se, chemical orderingCu—S and As—S bonds only, for ex- band in the latter compositions are made frep? hybrids
ample is preserved along a specific tie line in the ternaryon the tetrahedrally coordinated Cu and chalcogen atoms. A
phase diagram. For the Cu—As-S and Cu—As—Se systemgcond importrant distinction is that, because of the large
these tie lines are (GMS;3)x(ASysS3s)1-x and  increase in average, local coordination number, the flexibility
(CuysSia)x(AsysSeys) -« provided that x<9/19. At  of the lattice is drastically reduced for the compositions,
x=9/19 the stoichiometry is particularly simple: copper andCuzAs,Sy or Cy;As,Se,. In CuAs,Sy or CusAs,Se, the
chalcogen atoms are fourfold coordinated, arsenic atoms akgverage local coordination numberris- 3.8, which is simi-
threefold coordinated, and there exist only Cu-chalcogen anthr to that of the hydrogenated amorphous silicarSj:H)
As-chalcogen bonds. This composition, which can be exalloys used in thin-film transistors and solar cells. As a re-
pressed as Gls,Sy or CusAs,Se, corresponds to a well-  sult, as ina-Si:H lattice relaxation plays little role for the
known crystalline structure, a natural mineral called sinnercharacteristic defects in Gas,Sy or Cu;As,Se, where the
ite, where the numbers of nearest neighbtwsal coordina- important defect identified with the doping site possesses a
tion numbersare also 4, 3, and 4 for the copper, arsenic, angositive value folU®" (Refs. 9 and 18 This defect has been
sulfur atoms, respectivefyAt even higher copper concen- attributed to an electron trapped at a dangling sulfur or sele-
trations, there are two well-studied crystalline structures imium bond at a tetrahedral chalcogen Sit&12 Presumably
the sulfur system that also occur as natural mineralsthe wave function for this paramagnetic defect is predomi-
enargit€ and luzonité® Enargite exhibits the wurtzite struc- nantly sp®, as is the case for the silicon dangling bond at a
ture and luzonite the zincblend structure. For all of theseetrahedral silicon site ia-Si:H.
reasons, one may be reasonably confident that the nearest- Oxygen is a pervasive impurity in most chalcogenide
neighbor order in the glasses §$,S; and CyAs,Se is  glasses, and the glassesg88,S; and CyAs,Se are no
well understood. exception. As will be shown below, addition of oxygen to
Although the local structural order in the glasses,these glasses increases the conductivities by more than three
CusAs,S; and CuyAs,Se, is reasonably well understood, orders of magnitud&”!! The conductivity appears to be
much less is known about the electronic defects, especiallthrough extended stated and not simply a hopping conduc-
those that contribute to large changesitype conductivity tivity in a defect band introduced by the oxyg€Hrhe dop-
that have been observéd:?In the prototypical chalcogenide ing sites have been attributeth the analog of cation vacan-
glasses, such as A3; and AsSe;, the chalcogens are two cies that are known to produgetype conductivity in ABY!
fold coordinated and the defects are dramatically influencedrystals. One must be careful with this analogy since the
by strong electron-lattice interactions. In fact, these interaceoncert of “missing Cu atoms at Cu sites” does not have the

1063-7826/98/32(8)/5/$15.00 879 © 1998 American Institute of Physics
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FIG. 1. Electrical conductivity plotted as a function of inverse temperature in a seri@s@f;As,S, glasses anth) CusAs,Se, glasses with varying oxygen
concentration$O]. Electrical activation energies can be determined from the higher temperature portions of the curves. The three low@obdries,
dashed line, dot-dashed linm (b) represent conductivities for (GuSe,3) o 14 AS,556y5) 0 86 9lasses with 0.2, 10 and 30 at. % oxygen, respectively.

precise meaning that it does in crystalline solids. Since esand nominally undoped GAs,S; and CyAs,Se, glasses.
sentially all that is preserved in the amorphous solid iswe discuss the evidence for tipetype conduction process,

nearest-neighbor order, the signature of a “missing Cu at @and we present a microscopic picture for the defects that
Cu site” is the presence in the nominally stoichiometric produce the doping effect.

glass of chalcogen—chalcogen bonds and chalcogen dangling
bonds. These bonding configurations represent analogs in the
glass to the reconstructe(Ge—Se bondsand unrecon-
structed (Se dangling bondsnearest-neighbors of a Cu
vacancy in the crystalline phase. Because the glass-forming regions in the Cu—As—S and

This kind of reasoning leads to the attribution of the Cu—As—Se systems do not include the g8&s,Sy and
doping site in CyAs,Sy or CusAs,Se glasses to chalcogen CugAs,Se compositions, all samples studied were prepared
dangling bonds at tetrahedral chalcogen sites. Electron spioy sputtering. Normally, the films were deposited on glass or
resonamcéESR measurements®3on both CyAs,S; and  ESR-grade quartz substrates. Sputtering targets were made
CusAs,Se, are consistent with this interpretation. The ESRfrom ceramic samples of the appropriate composition. Bulk
spectra are attributed to paramagnetic spins located on chaamples were powdered and pressed at 6000 psi and 200 °C.
cogen atoms, and the lineshapes are different from those dtiltrahigh purity argon was used as the sputtering gas, and
tributed to spins on chalcogen atoms at sites that are noexygen was introduced to produce intentionally doped
mally twofold coordinated, such as those that occur ipSys samples. Details of the sputtering procedures are available
and AsSe;. elsewheré!* Typical sample thicknesses were 1 tqun.

The energy levels in the gap for the chalcogen, danglingGlass compositions were measured using electron micro-
bond defects that generate the doping are not well knowrprobe analysis, and impurity concentrations using secondary
but optical absorption measuremerifsshow an absorption ion mass spectroscopySIMS). Electrical measurements
below the optical gap that scales with the electrical conducwere performed using evaporated gold contacts. Variable
tivity. This absorption rises at about 0.4 eV in {&$,Sy  temperatures were obtained using standard He-flow
(Ref. 12 and at about 0.2 eV in GAs,Sg (Ref. 9. cryostats. Optical absorption experiments employed standard

It this paper we review the measurements of electricalnfrared and visible spectrometers. ESR measurements were
conductivity, optical absorption, and ESR in oxygen-dopednade using a 9-GHz spectromet@ruker ER200D-SRL

EXPERIMENTAL DETAILS
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FIG. 2. Electrical conductivity at 300 Kaz7) as a function of oxygen undoped films, respectively.

concentration([O]) in CuzAs,Sy glasses. Closed and open circles represent
intentionally oxygen-doped and nominally undoped films, respectively.

with the oxygen content. This behavior is shown for

and standard techniques to obtain variable temperatures. DEUsAS,Sy glasses in Fig. 2. For oxygen concentrations below
tails of the measurement apparatus and techniques are avadix 10'° cm™3, the conductivity becomes insensitive to oxy-
able elsewherd? gen content. Therefore, below this critical value of oxygen
concentration another mechanism determines the number of
defects that control the doping in the glass. It is probable that
at these low oxygen levels the defect formation is determined

The variations of the electrical conductivities in by kinetics during growth, as is often the case for the densi-
CusAs,S, and CyAs,Se, glasses with oxygen concentration ties of vacancies and intersitials during the growth 88X
are shown in Figs. 1a and 1b, respectively. From this figure itrystals.
is clear that oxygen dramatically changes the temperature A second example of the lack of correlation between
dependence of the electrical conductivity and hence the amxygen concentration and electrical conductivity for low
tivation energies extracted from the data. The trends are olexygen concentrations is shown in Fig. 3. In this figure the
vious. The conductivity at a given temperature increases drazonductivities are plotted as a function of the measured ac-
matically with oxygen concentration and the activationtivation energies. The data in Fig. 3 follow the usual trend
energy decraeses correspondingRhe rapid rise in conduc- that the activation energy scales inversely with the log of the
tivity at high temperatures for the sample of glassyelectrical conductivity at a given temparature. A comparison
CusAs,Se, with 30 at. % oxygen is due to crystallization of with Fig. 2 shows that the oxygen concentrations differ by an
the sampleg. Although the breaks in the slopes at low tem- order of magnitude for the two glasses with activation ener-
peratures may be evidence for hopping conductivity, the valgies between 0.38 and 0.40 eV.
ues of the prefactors for the thermally activated conductivi-  There exists an optical absorption band that scales with
ties at higher temperatures are consistent with conductiothe electrical conductivity and with the oxygen concentration
involving extended states. for high oxygen content¥3x 10'° cm™3). This absorption

Figure 1b also shows data for a sample of Cu—As—Seis shown for CyAs,Sg glass in Fig. 4. A similar plot exists
where the copper concentration is 21 at. %, which is lowefor CusAs,Se, glass>'? except that the absorption for the
than in C4As,Se, (where the Cu concentration is nominally selenium glasses rises near 0.2 eV while for the sulfur
31.5 at. %. For this lower copper concentration, shown by glasses shown in Fig. 4 the absorption rises near 0.4 eV. For
the lines without data points in Fig. 1b, simple bonding mod-oxygen concentrations belowx3L0™® cm™3, the absorption
els, such as the formal valence shell or FVS m3dedug-  cannot be distinguished from the exponential band-gap ab-
gest that the copper and arsenic remain four- and threefolsorption that is always present. The fact that this absorption
coordinated, respectively, but that the chalcogen is essemscales with the electrical conductivity suggests that the on-
tially threefold coordinated.The average local coordination sets(0.2 and 0.4 eV in the selenium and sulfur glasses, re-
number for selenium at this composition is calculated to bespectively can be associated with the energies of the accep-
3.2). It is clear from Fig. 1b that for the glass where thetor levels with respect to the valence band mobility edge.
chalcogen is mostly threefold coordinated, there is little if ~ The microscopic nature of these doping sites can be elu-
any doping generated by the presence of oxygen. One thereidated by measuring the ESR spectra ofs&31S; and
fore requires tetrahedral coordination of the chalcogen foCusAs,Se, glasses with varying electrical conductivities. As
the p-type doping process to occur. mentioned above, the lineshapes of the ESR spectra indicate

For oxygen concentrations above about B0'° cm™ 3, that the electronic states are closely associated with the chal-
the dark conductivity at a given temperature scales linearlgogen atoms. In particular, these lineshapes have been

RESULTS
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[Ty rr v 1 rrrrrrr 1 rorrt assumption is correct. It is interesting to note that although
v p
the conductivity does not scale with oxygen concentration at
4 Yoo
0= e ag s 5;’ B low oxygen concentrations, the conductivity does scale with
o B n@"ﬁ 8 g &t ng k the ESR for all oxygen levels. This result means that al-
'% - o ol 1 though oxygen does not determine the densities of defects
< | cnsuagn® 'ogg i when the oxygen concentrations are low, the defects that are
“é r 9% formed and measured by ESR control the conductivity. Be-
":, 0’ — _-' 8!2. - cause the ESR lineshape does not change, the same defects
‘E = " vvg. 4 (holes trapped at threefold coordinated chalcogen )sites
§ - . vvg‘,ﬁoi" ~ determine the conductivities in all samples.
= i va33" o ? Also plotted in Fig. 5 are metastable, photoinduced in-
;§ V:.v' oc.' 1 creases in the ESR spin densities; similarly the photoinduced
R 2 - oo,' :; - ESR is observed in glassy 4S; and AsSe; at low tempera-
_§ B 00 e v3 ] tures. However, in this case the photo-induced ESR results in
< 5 0°° o° J a concomitant increase in the dark conductivisp-called
® v &4
o*® .5 persistent photoconductivity at low temperatureS as
™ af h would be expected since these sites contribute to the electri-
v I B I SR S cal conductivity in the CgAs,Sy and CyAs,Se glasses.
0.0 0.5 1.0 1.5 2.0 The mechanism for optically activating these additional
p g

Energy (eV) acceptor sites is not known at present.

FIG. 4. Optical absorption coefficient as a function of energy for glassy

CuAs, S, films. Oxygen concentratiof®], 10°cm 3 1 —3.0,2 — 4.4,
3—854—0985— 18 6— 45. DISCUSSION

From the data presented in the previous section, a con-
attributed1%%3to holes trapped at sulfur or selenium “dan- ;istent model emerges tq explain the elegtrical conductivity
gling bonds” where the site symmetries remain essentiall))n the tetrahedrally coordinated chalcogenide glasses. When
tetrahedral. If this is the case, then the unpaired spin resid&etalS_' such as the group | metal—copper, are _added to chal-
predominantly in ansp® hybrid orbital on the chalcogen cogenide glass_es, the average Iocal coordination number of
atom much as is the case for the silicon dangling bond ifhe (_:halcog_en Increases to 4_from its usual value of 2 C.OF"
a-Si anda-Si:H. Figure 5 shows the intensity of this ESR com|tant_W|th ks Increase n average _Iocal coordination
signal in CyAs,S; glass as a function of the electrical con- number is a change n the” cha}rac_terlst|c defects that are
ductivity. For technical reasons, the ESR is measured at |O\Iprmed. In place of the “soft” lattice in AgS; or As,Se is

temperatureg20 K) while the conductivity is measured at a “hard” lattice in CUGAS“:SQ. or ClgAs,Sg. This Change
room temperature~ 300 K), but this detail should not af- means that the characteristic defects possess a positive, ef-

fect the proportionality between the two measurements, prof_ectlve, electron-electron correlation energy, and if the defect

vided that the electronic levels contributing to thetype energies are close enough to the valence or conduction band

o - dges, then doping can occur.
conductivity are the paramagnetic centers measured by ESKS .
From the data of Fig. Sfilled circles it appears that this , " 91assy CAS,S or ClsAS,Se the characteristic de-
fect is found to be a hole trapped at a tetrahedral chalcogen

site, because one of the four nearest-neighbor bonds is miss-
n* 19 ing. The production of these defects can be enhanced by the

8 o esk ’ o A 1: incorpora}tion of oxygen in the glasses, but there appears to
o LESR = be a basic, lower level for these defects that is controlled by
= 6 . {6 g the kinetics during growth.
g < An analogy between the doping in"BY' crystals by
2 4r ¢ 44 *g’ vacancies and interstitials and the doping ing&aSy and
5 0° 8 CusAs,Se glasses is useful. This analogy makes some sense
K P ° = because in both the crystals and the glasses the structure is
8 ,L ° .o ﬁ strongly influenced by the covalent nature of the bonds, but
& 42z .; the defects are dominated by ionic considerations. '18'A
"5 ° . 2 crystals one type of vacancy or vacancy-interstitial pair tends
S0 < to dominate in a specific crystal. Therefore, 4BX' crystal
L A B tends to be eithep-type orn-type, and it is very difficult to
e ; L ; : bi : é lﬂI]—J 2'70 change the carrier type. This trend occurs because one type

of vacancy(cation or anion dominates in any given crystal
and because cation vacancies genegatype conduction

FIG. 5. ESR spin densities at 20 K as a function of electrical conductivity atWhIIe anion vacancies ggneratetype conduction.
300K ogy) in various films of glassy GiAs,S,. Filled and open circles To the extent that this analogy holds, one would expect

represent dark and metastable, photo-induced spin densities, respectivelythatn-type conductivity would be very difficult to achieve in

e
Cor (R2-cm)
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glassy CyAs,Sy or Cu;As,Se. To date, this expectation pected, the doping sites in glassyB8,Sy and CyAs,Se

has been fulfilled since attempts to co-dope with other elepossess positive, effective, electron-electron correlation
ments or to compensate for the chalcogen-based acceptd@8ergies.

have all failed. Assuming that substitutional doping is as  This research was supported by the National Science
difficult to achieve in the tetrahedrally coordinated chalco-Foundation under Grant DMR-9704946. This work greatly
genide glasses as it is in thé¢ BY' crystals, one might expect benefitted from previous collaborations with J. Hautala, J. Z.
that the only hope to produce-type conductivity is to Liu, B. Moosman, Z.M. Saleh, and R.E. Shirey. The authors
change the host lattice. Again by analogy with théBX' express their sincere appreciation for the seminal contribu-
crystals, the production of anion vacancies is promoted byions of Professor B.T. Kolomiets to the research on the
decreasing the size of the anion with respect to the cation. Tehalcogenide glasses. His efforts inspired much of the
date, attempts to do the same in the tetrahedrally coordinategbsequent research in this field.

chalcogenide glasses have also failed perhaps because the

larger cationgmetalg tend to form fewer than four bonds in

the glasses. 1 . .
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Luminescence of erbium in amorphous hydrogenated silicon obtained
by the glow-discharge method

E. I. Terukov, O. I. Kon’kov, V. Kh. Kudoyarova, and O. B. Gusev
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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 PhysidsS1063-782808)01608-1

The considerable current interest in the investigation ofpowder heated to a temperature above 160 °C. The growth
the luminescence of erbium in different semiconductor marate of thea-Si:H(Er) film was equal t@.02 wm/min. The
trices is attributable to the possibility of electronic pumpingfilms studied by us were on the order ofulm thick. The
of the luminescence of rare-earth met®EM) ions!?  composition of these films, i.e., the erbium, oxygen, and car-
Erbium-doped silicon attracts greatest interest because of i3on concentrations, was investigated by Rutherford back-
promising future in the development of light-emitting diodes scattering(RBS) with the films irradiated by accelerated
and lasers operating at the wavelengjtb4 um, which falls ~ 3.17-MeV « particles. The Er and O densities were equal to
at the absorption minimum of optical fibers. The main2.1X10°° and 1.4 10** cm™®, respectively.
method of introducing erbium into crystalline silicon is im-  The structure of tha-Si:H(Er) films was investigated
plantation. The intensity of the photoluminescence of erbiunPy Raman and infrared spectroscopy methods. The Raman
in this matrix falls off by more than an order of magnitude SPectra were obtained on an U-1000 spectrometer in the re-
when the temperature is increased from liquid-nitrogen temflection geometry. The wavelength of the incident radiation
perature to room temperatuté.This behavior is due to the WasA =514.5nm and the power level was=100 W.

; ; ~1 ~1
deactivation of excitons bound on relatively shallow donor-nes corresg?ndlng to TA150 C”ll)' LA (310 cm ™),
levels. LO (380 cm ), and TO (475 cm~) phonons were ob-

The 1.54um photoluminescence of erbium was re- served in the Raman spectra of the films. The line positions

cently observed in amorphous hydrogenated sildn. are typical positions for films of amorphous hydrogenated

Amorphous silicon films were obtained by cosputtering SiIi_S|I|con. The difference from the Raman spectrum of undoped

con and metallic erbium from a mosaic target using thea—Sle obtained by the same method is a small increase in

magnetrof or the MASD method. It is known that the tem- the half-width of the TO peak. The latter can be explained by

: . o the increase in the compositional and structural disorder as a
perature quenching of the luminescence of erbium in a crys-

talline matrix differs considerably from that in an amorphous
matrix because of the difference in the mechanisms for the
excitation of erbiun?® The intensity of the erbium lumines-
cence in amorphous silicon is essentially temperature-
independent right up to room temperature. For this reason,
the search for new methods of producing amorphous silicon
that contains erbium is an important task in the technology of
producing optoelectronic devices.

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

The films of erbium-doped amorphous hydrogenated
silicon (a-Si:H(Er)) were grown on quartz or crystal silicon
substrates by decomposition of silane in an argon atmo-
sphere. The substrates were placed on an rf electrode at roQf;. 1. photoluminescend®L) spectra of erbium in ETMHD), powder
temperature. The erbium source consisted ofTEIHD), (1) and in ana-Si:H(Er) film before annealing2).

PL intensity, arb. units
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FIG. 2. Infrared spectra &d-Si:H (1) anda-Si:H(Er) samples beforé2) and after(3) annealing.

result of the incorporation of the impuriti€gr, O, Q into  of a large quantity of carbon in the powder employed for

the amorphous hydrogenated silicon matrix. introducing erbium; according to the RBS data, the carbon
The infrared(IR) spectra were measured at room tem-content in the film is 10-15 at. %.

perature on an UR-20 two-beam spectrophotometer in the It should be noted that, despite the high oxygen concen-

spectral range from 400 to 5000 ch tration, lines corresponding to vibrations of the bonds Si—
The photoluminescence spectra were measured with eX3—Si (980 cm'!) and C—O (1710 cm') were not observed

citation by a 30-mW argon laser at=488 nm using a in the experimental films; this can be explained by the fact

liquid-nitrogen-cooled germanium detector. Figure 1 showghat oxygen is bound mainly with erbium ions.

the photoluminescence spectra of (BIHD); powder A change is observed in the IR spectra after annealing;
(spectrum 1 and an a-Si:H(Er) film before annealing specifically, the intensity of the CHand CH modes de-
(spectrum 2 creases and the bands corresponding to vibrations of C-C

Worth noting is that the photoluminescen@@l) spec- bonds vanish. Structural rearrangement leads to the observed
trum of the powder differs markedly from that of theSi:H  increase in the photoluminescence intensity.
film. The characteristic lines of erbium in the powder are  In summary, intense room-temperature photolumines-
strongly broadened, and their position is different from thatcence of erbium has been observed for the first time in
in amorphous silicon films. This indicates that the local en-a-Si:H(Er) samples obtained by the glow-discharge method.
vironment surrounding the erbium ions in these matricesThere is the hope that this technology can be used to produce
is different, i.e., it reflects the result of the incorporation light-emitting diodes at the wavelength 1.54n.
of the Er atoms into the-Si:H matrix by the technology We thank the Ministry of Science of Rusgiaroject 97-
used by us. 1036, the Russian Fund for Fundamental Resedfghant

We note that the intensity of the erbium photolumines-96-02-16931-g the Volkswagen FoundatioriProject 1/
cence of the synthesized samples is comparable in magnitudd 649, and INCO-COPERNICUS(Grant 977048-SIER
to that of a-Si:H{Er) samples obtained by the MASD for financial support.
method and optimized with respect to the erbium and oxygen
concentration§.Vacuum annealing of the samples under a 1G. s. Pomrenke, P. B. Klein, and D. W. LangEds], Rare-Earth Doped
residual pressure of less than~f0Torr at 300 °C for 1 h Semiconductors Mater. Res. Soc. Proc., Vol. 301, Pittsburgh, PA, 1991.

, :
increased the intensity of the erbium PL by more than an’ S: Coffa, A. Polman, and R. N. Schwaftzds], Rare-Earth Doped Semi-
y y conductors 1) Mater. Res. Soc. Proc., Vol. 422, Pittsburgh, PA, 1996.

Order. of magn'tUde- ) ) 31. N. Yassievich and L. C. Kimerling, Semicond. Sci. Techr@l.718
Figure 2 shows the IR spectra of tlaeSi:H(Er) films (1993.
before annealingspectrum 2 and after vacuum annealing 4S. Coffa, G. Franzo, F. Priolo, A. Polman, and R. Serna, Phys. Ré®, B

o : 16 313(19949.
at 300 °C for 1 h(SpeCtrum 3 The flgure also shows for 5T. Oesterreich, G. Swiatkowski, and . Broser, Appl. Phys. L%#t.446

comparison the IR spectrum of an undopadi:H film (1990.
(spectrum L 6M. S. Bresler, O. B. Gusev, V. Kh. Kudoyarova, A. N. Kuznetsov, P. E.
We call attention to the following features: Pak, E. I. Terukov, I. N. Yassievich, B. P. Zakharchenya, W. Fuhs, and

_ A. Sturm, Appl. Phys. Lett67, 3599(1995.
the presence of the modes of §HCH;, and "A.R. Zanatta, L. A. O. Nunes, and L. R. Tessler, Appl. Phys. 17511

(Si—H;), which indicates the existence of a polymer com- (1997,
ponent in the film structure; this corresponds to the prepara®Ww. Fuhs, 1. Ulber, G. Weiser, M. S. Bresler, O. B. Gusev, A. N.
tion conditions (low temperature and placement of the Kuznetsov, V. Kh. Kudoyarova, E. |. Terukov, and I. N. Yassievich,
substrates on the rf electrogde Phys. Rev. B56, 9545(1997.

— presence of C—C bonds, which is due to the presenceranslated by M. E. Alferieff
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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. 1®98 American Institute of Physics.
[S1063-782608)01708-9

1. INTRODUCTION solution of ammonium fluoride NHF with a controllable pH

The unabating interest in porous semiconductors stem&as used. Such an electrolyte is used to obtain porous
from the attractiveness of the relatively simple electrochemid@llium phosphide layers with high optical uniformity of the
cal methods of obtaining nanosize objects and from the prosiurface? The porous layers wer€l) 25-30um and (2)
pects for producing combined optomicroelectronic devices10—15xm thick and the porosity was on the order of 60%.

The impressive progress made recently in the study of the 0N irradiation of samples containing porous sections
properties of porous silicofsee the review articles in Refs. 1 @nd single-crystal control sections was performed in a High

and 2) has stimulated similar investigations for Ill-V semi- Voltage Engineering Europa accelerator at room tempera-
conductor compounds. The as yet few studies in this fieldU'e- Argon ions with an energy of 700 keV amainflux
have mostly involved GaP, and actually their goal was to tesp X 10*~5% 10" cm™? were used to study radiation-

the technological regimes for preparation of porous layerdlduced defect formagion in parougzlayers, while Yb ions
and to obtain the first data on their structure and prop{350-680 keV, x10°-1x10" cm?) were used to in-

erties3~8 Just as for porougpor-) Si, here a controversy is vestigate the characteristic features of ion doping. In the
beginning to appear concerning the role of quantum-wel!atter case the intent was also to study the structure and
effects and surface effects in the observed phenomena ~ Impurity-defect composition of porous layers using a rare-
In this paper we report the results of an experimentaf@rth “luminescence probe(See below. Thermal annealing
study of the effect of ion implantation on the properties ofn hydrogen with addmcn.al |II'um|nat|on by radlat!op from a
por-GaP, including questions concerning radiation-induced®?KSSH3000 lamp, emitting in the ultraviolet, visible, and
defect formation, thermal annealing of defects, and doping of€ar-IR regions of the spectrum, was used to restore the crys-

porous layers. Conclusions about the structureafGaP tal structure and to activate the implanted impurity. The
are drawn on the basis of the experimental data. properties of the samples were investigated by Raman scat-
tering and photoluminescence. Most spectra were obtained at

room temperature on an U-1000 spectrometer at normal in-
cidence of 488 nm exciting radiation from an ILA-120 argon
The starting material consisted of Czochralski-grownlaser. The Yb impurity radiation was monitored with a
single-crystah-GaP. Two types of porous layers were inves-DFS-12 spectrometer excitation by a DKsSH-1000 xenon
tigated: 1 layers obtained by anodization of thE00) n-type  lamp atT=77 K in the spectral region 400—600 nm.
GaP:Te 6=3x10" cm™3) wafers in a water solution of
NH4F (0.2 moles/liter, pH= 3.2), anodization current
density j=120-20 mA/cn?, and anodization time
7=10—-20 min and 2 layers obtained by anodization of Amorphization and annealing of implanted layeFig-
(111 n-GaP wafers 1i=3x 10 cm %) in the electrolyte ure 1 shows the Raman and luminescence spectra of the
HF(49%) : C,HsOH=1:1, j=80 mA/cn?, and =7 min.  starting samples. The lines ofO (365cm'!) and LO
We note that, besides the standard HF-based electrdhae, (402 cm') phonons were observed in the Raman spectra,

2. EXPERIMENTAL PROCEDURE

3. EXPERIMENTAL RESULTS

1063-7826/98/32(8)/5/$15.00 886 © 1998 American Institute of Physics
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in c- andpor-GaP. Forpor-GaP the material density, which
¢- GaP , @ decreased to 40%n accordance with the indicated porogity
==== por-GalP ,‘l of the value forc-GaP, was used in the calculations. Accord-
ing to the results of these calculations the implanted Ar
atoms penetrated to 0/©m in c-GaP and 2.2t:m in por-
GaP. Clearly, these values can be viewed as an estimate of
the depth of radiation-induced defect formation in this case.
In the case of Ar ion implantation, the threshold for
amorphization of GaP is~2x 10" cm 2. In a previous
study*®> we observed that the amorphization @ér-Si first
appears at much highéby 1.5—-2 orders of magnitugléon
fluxes than inc-Si, which is attributable to the efficient flow
of radiation-induced defects to the extremely extended inner
surface of the porous layers. In contrast, in our study, Raman
and luminescence spectral lines foor-GaP, just as for the
control c-GaP, were not observed even at the lowest flux
5x 104 cm™2, which apparently indicates that the skin layer
of the test material becomes disordered. In contrast with
por-Si, the por-GaP investigated by us therefore does not
exhibit high radiation hardness as compared with bulk single
¢-GaP crystals.
---- por-GaP b Different forms of thermal annealing are used to restore
the crystal lattice and to anneal the radiation-induced defects.
I The density of thermal defects, whose source is the anneal-
/ ‘\ ing procedure itself, must be minimal. Our proced(ae-
! \ nealing in hydrogen with additional illuminatipndoes
\ not require protective insulating coatings and has been
! used successfully before to anneal ion-implanted IlI-V
] \ semiconductor$>*4In our case the effectiveness of the pro-
/ cedure was indicated by the fact that as the annealing tem-
/ \ perature T, was raised to 720 °C, the intensities of the
;’\‘“«»«J \ Raman lines and the edge luminescence band otiGaP

! \ and por-GaP control(not subjected to ion implantatipn
J ' samples surprisingly did not decrease, but instead increased.
- This behavior occurs when the correct procedure is used for

[ 1 L

500 600 700 600 900 heat treatment of the samples, because the nonradiative re-

Wavelength , nm combination centers decrease in the skin layer as a result of
FIG. 1. Raman scatterin@) and photoluminescendg®) spectra forc-GaP the action of surface getters.
(100 and type-1por-GaP. To investigate the characteristic features of the recrystal-

lization of porous layers, isochronous anneal{h§ min of
implanted samples was performed at temperatures 350, 550,
obtained under normal incidence, of the crysta) andpor-  and 720 °C. These values correspond to certain stages of the
GaP. For the porous material, the 397-cmsurface mode restoration of the crystal structure of the amorphized mate-
was also observetiThe edgg550 nm and “red” (740 nm) rial. In GaP restoration of the crystal structure as a whole
bands are presented in the luminescence spectra. Becauseooturs atT,=350 °C, but the samples contain many ex-
their strong broadening at 300 K, it is difficult to make antended and point defects. The temperatiite=550 °C is
accurate identification of the corresponding radiative transisufficient for annealing extended defects. TAt>700 °C the
tions, but there is no doubt that dondf O and acceptors defect density is reduced to a minimum, the implanted im-
(C, Zn, Si, Cd participate in thent® The following charac- purities are activated, and the intensities of the optical bands
teristic changes were observed on switching from the crystaleach their maximum values, which are determined by the
to the porous materidl:an increase in the relative intensity residual radiation-induced and thermal defects. As the an-
of the RamanTO phonons, appearance of a surface modenealing temperature was raised, the intensities of the Raman
and an overall increase in the intensities of the Raman linenes and luminescence bands of the implante@aP and
and the luminescence. In what follows questions concerningor-GaP gradually increasgavithout a change in the spec-
the generation and annealing of radiation-induced defects ittrum) in accordance with the gradual annealing of the
por-GaP will be examined for these samples, which are typi+adiation-induced defects contained in them. The data for the
cal in their class. Data on the ion implantationceaP will  c-GaP control correspond to the known order of annealing of
serve as the reference poit. this implanted material. The intensities of the Raman lines
Monte Carlo simulation was used to estimate ion rangesind luminescence bands of aiGaP samples implanted at

T

1500

b. wnits

§

500

Intensity , ar

i 1 i 1 i
J40 J60 3J80 400 420
Raman Shift, cm-?

g
S
¥

y o arb. units
S
S
)
2

]
-

2000

PL tntensit

T
P

1000




888 Semiconductors 32 (8), August 1998 Ushakov et al.

a 1000 p a
4000
-===2
-_—1
001
3000 -—--- 12 8
--—- 3
h
2000 ¢ j"-" \ 6001
N\ ]
© {
= - e Ao
§ 1000 £1 400t
. — A e s m e N
o HES
é 0 . seccacees vonee® *tecnne asesesvonns® i §
- ] ] 1 /] i § 200 -
I . Iy Y
g s000F ____ 2 L] -&--.,M&'.“,,:-".
1; L 0 = 88,008 00 ¢
ey _—- 3 .g’ i i i ) ]
i
gooop v 5 o000F b —
5 —— 2
g 3
40001 40001 .
LN N 4
20001 / L . .
PR e IA\__ - 5000 B
______ [ SV ) SO
0,. esesssncscass e, oen PEY o TP,
| 1 1 L ]
340 360 Ja0 490 420 2000
Raman Shift, em~7
FIG. 2. Raman scattering spectra ©GaP (a) and type-1por-GaP (b) 7 .
irradiated with different Ar ion doses and annealed at 720 °C. Irradiation 1000+ I, adaed AW
doses, cm? 2 —5x 10 3 — 1x10', 4 — 5x10'°. 1 — Spectra of the [ \'\.\\
initial samples. ,'-'I T O N
/ o **tee, AN
J/ e ':'\\"'e-
(1] S 1 ] i L
T,=720 °C were equal to 40-50% of the corresponding 500 600 700 800 900
values for the nonimplanted control samgéxcept for the Wavelength , nm

gdge luminescence ba)ndThey ther,efor,e indicate a rela- FIG. 3. Photoluminescence spectramtaP (a) and type-1por-GaP (b)
tively low level of unannealed radiation-induced defes&e  jiradiated with different Ar ion doses and annealed at 720 °C. Irradiation
Figs. 2a and 3a At each stage of annealing the porousdoses, cri?: 2 —5x 104 3 — 1x 105, 4 — 5x 10'%. 1 — Spectra of the
samples “lagged behind” the corresponding control bulkinitial samples.
samples. As one can see in Fig. 2b, eveii at 720 °C the
intensities of the Raman bands foor-GaP remain at a much
lower level, thereby indicating a much higher density of re-tion of a previously synthesized typegdr-GaP sample fol-
sidual defects. Since the material has a porous structure, thiswed by annealing at 720 °C for 15 min. The second
can probably be attributed to the absence of a good crystahethod consisted of two stages. FitstGaP:Yb was synthe-
base(substratgfor solid-phase epitaxial processes which re-sized by the standard procedure of ion implantation of Yb
store the structure as a result of annealing of the amorphizefdllowed by annealing. Next, type-1 porous layers were pre-
layers. Nonetheless, as the data in Fig. 3b show, appreciabared from this material. Ytterbium ion doping pbr-GaP
recovery of the luminescence properties of the irradiatedvas performed, on the one hand, to determine the character-
samples is still possible under favorable annealing condiistics of ion implantation of porous IlI-V semiconductors
tions. and, on the other hand, to use Yb centers as “luminescence
lon doping. eGaP of both initial types was used in these probes” to investigate the structure and composition of the
investigations. Two methods were used to dgue-GaP  porous layers. Knowing the characteristic form of the spec-
samples with YB. The first method employed ion implanta-tra, the narrowness of the lines, and the effective interaction
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the experimental bulk crystal layers and porous layers ob-
tained by different methods are subject to identical condi-
tions. Since, as was investigated in detail earlier, the Yb
introduced into GaP by ion implantation does not become
segregated on the surface but rather fills the volume of the
crystals, according to the statistics of implanted ranges and
the conditions of postimplantation annealitigt can be con-
cluded that even in thpor-GaP studied by us most of the
implanted Yb does not “feel” the surface. This condition
evidently must be satisfied when the structural elements of
the porous layers are relatively large. This is already indi-
cated by the fact that the rare-earth “probe” Yb showed no

10

:0:3 evidence of quantum-well restrictions, whose influence on
§ the properties of strongly localizedi and f electronic sys-
" tems (as a result of the intensification of hybridization of
5 c-GaP local and itinerant statgsvas investigated theoretically by

- Kikoin and Manakov&’
2 ot L I According to data obtained from optical measurements
5 960 1000 1020 and scanning electron microscob§on the whole, the struc-
L] ture ofpor-GaP can terefore be characterized as intermediate
S10 between nanoporousizes of the voids and nonetched sec-
3 tions are typically on the order of several nhanometarsd

microporous(size scale on the order of a micporSuch a
structure can be called mesoporous. The inner surface of
mesoporougpor-GaP, which is less extended than that of
nonoporouspor-Si, does not give equally efficient draining
of defects as a result of exposure to radiation.

4. CONCLUSIONS

x0.3 1. Data on radiation-induced defect formation and from
a study of the properties gdor-GaP using a rare-earth Yb
luminescence probe indicate that the test material has a me-
soporous rather than nanoporous structure. The Raman and
¢ - GaP luminescence spectra presented in this paper correspond to
this conclusion.
or \ e 2. In contrast with nanoporougor-Si, mesoporous
980 1000 1020 por-GaP does not exhibit higher radiation hardness.
Wavelength , nm 3. Thermal annealing of radiation-induced defects in
FIG. 4. Luminescence spectrd£ 77 K) of Yb centers irc-GaP andpor- por—GaP IS mUCh. more complicated than in the case of bulk
GaP for samples obtainey b — implantation of Yb in a porous layéype  Crystalline material because of the absencpanGaP of a
2) and b — formation of a porous layéype 1) from c-GaP:Yb. good single crystal bagsubstratgfor solid-phase, structure-
restoring epitaxial processes. Despite this circumstance, the
luminescence properties of the irradiated samples can still be

. . . .recovered appreciably under favorable annealing conditions.
of the rare-earth ions with defects and background impuri- We thank V. M. Konnov and T. V. Larikova for assist-

ties, this method has been used succeefully to characterize

ion-implanted semiconductot&!® Figure 4 shows the Yb 9 " the measurements of the Yb luminescence.
L . . . This work was performed as part of the Russian Fund for
radiation (intracenterf—f electronic transitionsfor different

. i Fundamental Research Projects 96-02-17219 and 95-02-
¢-GaP angpor-GaP samples synthesized by us. 'T‘ a.dd't'o.n.t004510 and with the partial support from the Interdisciplinary

and defects, which are often present in excess quantities %mence and Technology Program “Solid-state nanostruc-

GaP. In particular, the data from “spectral analysis®®in- tres” (projects 97-1037 and 1-066/3

dicated that associations of Yb with group IV, V, and VI

elements, including the dopants($014 an) and Te(998 3Fax: (095 1357880; E-Mail: ushakov@sci.lpi.msk.su

nm) and also the background $£008 nm), were present in

the experimental samples. The obvious conclusion, which is;Y- Kanemitsu, Phys. Re[263 3 (1995.
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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 projectiaﬁﬁ’%) of the dipole moment per unit volume on the

polarization axis of the radiation. The evolution(@#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. €998 American Institute of Physid§1063-78268)01808-0

Photostimulated processes in glassy semiconductoggole moment, which also varies during the evolution of a
(photoinduced anisotropy, photodarkening, photodichrbismpair. When a sample is illuminated by unpolarized light, all
have recently been attracting increasing attention of investidirections of initial separation of the hot carriers in a plane
gators in view of the prospects of using these phenomena fgrerpendicular to the wave vector are equally likely and the
writing and processing optical information in fiber-optic dipole moments of the pairs are oriented in this plane abso-
communication systems® Photoinduced changes of the op- lutely randomly. However, if the pairs are generated by lin-
tical characteristics of glasses are often associated with ceearly polarized light, then the above-mentioned symmetry of
tain changes in the structure of these materials, generallgeparation of the carriers is destroyed, a predominant direc-
with the appearance of new light-induced point defects or dion of initial orientation of the dipole moments of the gemi-
change in the state of existing point defects. In particularpate pairs arises, and a macroscopic photostimulated polar-
many investigators explain photoinduced anisotropy byization arises in the sample and in turn can give rise to
light-induced restructuring of the intrinsic defeétén this  optical anisotropy. Thus, the model under consideration as-
model it is assumed that exposure to polarized light results isociates the kinetics of photostimulated anisotropy with the
the appearance of an anisotropic state of the glass due &yolution of dipole moments of geminate pairs.
rotations of the intrinsic dipole moments of the defects. For  Let us consider a glassy semiconductor sample which,
the effect to appear the photon energy must not be less thastarting at timet=0, is exposed to linearly polarized light
the activation energy of rotation of the dipoles. The experi-(anisotropizing radiation The radiation generates geminate
mental results show that the red edge of the photostimulateelectron-hole(Onsager pairs in the sample. Let us assume
anisotropy is close to the red edge of the photoconthat under the action of the polarized light the carriers
ductivity >® This suggests that an electronic mechanism ofmerge mainly along one axithe z axis), whose direction is
anisotropy is possible. Nonequilibrium carriers must be gendetermined by the polarization of the light wave. It is clear
erated for the anisotropy to appear. Photogeneration of norfrom symmetry considerations that the carriers are equally
equilibrium electron-hole pairs is considered to be an interlikely to emerge in both the positive and negative directions
mediate stage of the formation of photoinduced structurahlong thez axis. For this reason, the average dipole moment
defects. In view of this circumstance, we note that a shortP) per unit volume, just as the average projection of the
thermalization length of hot photoionized carriers is characdipole moment onto any axis, remain equal to zero even after
teristic of disordered semiconductors, so that photogenerghotoexcitation of the sample. Therefore, the photostimu-
tion of nonequilibrium carriers involves the formation of lated anisotropyA must be determined by the maximum dif-
geminate pairs. ference in the mean-square projections of the dipole moment

A geminate pair consists of an electron and a hole whictonto two mutually perpendicular axes. In the case at hand,
are produced in the same photoionization event and arsuch axes clearly are tlzeaxis and any axis perpendicular to
bound by their intrinsic Coulomb field. The subsequent fateit: A~(P2)—(P?) (P, and P, are the corresponding pro-
of the carriers that form a geminate pair is determined by thgections of the dipole momentAs already mentioned above,
competition between diffusion and drift processes in the inthe evolution of this quantity is determined by the kinetics of
trinsic field. The carriers can either come together under thdrift, diffusion, and recombination of carriers in geminate
action of the field and recombine or separate from one anpairs. In the present paper we shall study this kinetics at low
other in the process of diffusion and become completely intemperatures, where the effects of photoinduced anisotropy
dependent. Geminate pairs evidently possess an intrinsic dire most pronounced. Under these conditions carrier diffu-

1063-7826/98/32(8)/5/$15.00 891 © 1998 American Institute of Physics
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sion can be ignored and it can be assumed that the relaxatidntegrating Eq(4) with respect to time and then with respect
of the dipole moments of geminate pairs is entirely due tao energy, and allowing for the fact that before thermal equi-
drift of the carriers in the Coulomb field which binds them. librium is established virtually all carriers are located in deep
As is well known, the kinetics of nonequilibrium carriers traps, we obtain
in disordered materials is controlled by capture of the carri-
. . : DN Ng [t
ers in localized states with a distribution of enerdiédn f(r,t)= _f dt’fo(r,t"), (5)
this case, at each momentthe carriers form two groups. 7oNtJo

Most carriers are captL_Jred in localized states and are _imeNhere Ng(t)=f5dEgy(E,t) is the total density of deep
b|Ie._Charge_ tranqurt is effegtuated by a smgller fractpn Ofraps. Introducing the notation(t) = 7o[ N, /N4(t)] and dif-
mobile carriers, which at this moment are in delocalizedserentiating expressio(b) with respect to time, we establish
(conducting states. We note that under real conditions thejhe relationship between the distribution functions of the to-

contribution of mobile carriers to their total density is negli- 15| carrier density and the density of carriers in conducting
gible, and the distribution functioh for the total density is  gtates:

virtually identical to the distribution functiof, of localized
carriers. Accordingly, the kinetics of carriers in geminate
pairs is described in the absence of diffusion by the
Smoluchowski equation for the distribution functions of the
total density and the densifi, of mobile carriers:

d
fe(r,)=—=[7(OT(r,D]. (6)

Equation(6) is the basic equation describing nonequilibrium
(dispersive transport. Let us now turn to the calculation of

af(r,t) e r the functionr(t), i.e., the time dependence of the total den-
&t' — etV z—— = fe(r ) [ =G(r 1), (1)  sity of deep traps.
Teso ¥ A localized state with energlf remains, by definition, a

wherer are the coordinates relative to the position of thed®ep trap up to the timeif a carrier does not escape from
immobile carrier(for example, the electronG(r,t) is the  this state before that time. The probabiliy(E,t) that a
generation rate of geminate paifs, is the mobility of car- ~ Carrier remains localized in a state with enefgyp to the
riers in delocalized states, is the carrier charges, is the ~ UMetIs described by the Poisson distribution
permittivity of free space, and is the dielectric constant. E
Equation(1) describes the drift of charge carriers toward ~ W(E,t)= EXI{ - VoteXF< - k_T)
their partners. The presence of a singularity in the Coulomb
field atr=0 has the effect that the carrier fldx, wherewy is the frequency of escape attemplsis the tem-
perature, andk is Boltzmann's constant. Multiplying the
probability w by the energy distribution of the total density
of localized stateg(E) and integrating over the energy, we

obtain the time dependence of the total density of deep traps
through a spherés of arbitrarily small radius centered at and therefore the function(t)
r=0 is nonvanishing:

o E -1
()= N[ dEg(E)exp{— texp( ——)“ .
o=t op). 3) T fo ro KT
€gg (8)

Carriers that approach their partners recombine with thenWe use the equation for dispersive transport to describe the

and therefore Eq(3) gives the time dependence of the re- evolution of the dipole moment of geminate pairs. Substitut-

combination rate. ing Eqg.(6) into Eq. (1) and integrating over time, we obtain
The wide energy spectrum(E) of localized states in the dispersive form of the Smoluchowski equation

amorphous semiconductors accounts for the fact that charge

transport continues for some time under the conditions of a f(r,t)— wer(t)div

nonstationary equilibrium energy distribution of localized

carriers. Under these conditions most carriers are captured in .

deep states, thermal escape from which at the tiriseun- :f(r,o)Jrf dt'G(r,t"), 9)

likely. Recall thatt=0 corresponds to the time at which the 0

carriers are generated. Clearly, the dengiff.t) of "deep  \yhere the functiorf(r,0) describes the initial carrier density

traps de_termmed_m this manner depends on the time. SINCYistribution in a geminate pair generated by anisotropizing

the density of carriers captured in deep traps changes only a54iation. Using the relation) and (3), we find an expres-

a result of capture, the energy distribution function of thesejqp, for the recombination rate of geminate partners in terms
carriers satisfies the equation of the total density distribution function:

(,Dd(E,r,t) 1 c d d
9a(ED | ol et @ @(t)z—:’s‘oa[r(t)f(&t)]:—Rawt)f(o,t)],

where 7 is the lifetime of carriers in conducting states be-
fore capture, andN, is the total density of localized states. whereR is the Langevin recombination constant.

, )

d=— jgdS,u,c
S

Tt @
—_— r,t),
4areegrs ¢

r
dmeeg r_3f(r’t)

a
ot

(10



Semiconductors 32 (8), August 1998

The initial carrier density distribution in a geminate pair
is formed in the process of thermalization of hot photoex- 70
cited carriers(To avoid confusion, we note that in our case
we are dealing with the thermalization of carriers in a band
of conducting states before capture in a tydfhe thermali-
zation length depends on the excess energy of a hot carrier
while the latter is determined by the wavelength of the gen- ® 7
erating radiation. If pairs are generated by a pulse of mono-

chromatic, linearly polarized lightG(r,t) ~ &8(t)], then the 0+

thermalization lengttry and the direction of separation of
the carriers can be assumed to be the same for all pairs .
Using these approximations, we can write the initial distri- %@

0é-

—4
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—§

bution in spherical coordinates with polar axiss follows:

f(r,00=(1/47mr3) 8(r —rg)[ 8(cosd— 1)+ &(cosd+1)],
(11

0 v 0 Vi
1,8

FIG. 1. Time dependence of the geminate pair density under pulsed action
of polarizing light for different values of the dispersion parameter

whered is the polar angle. The boundary conditions are that-kT/Eo: 1 — 0.2;2 — 0.4;3 — 0.6;4 — 0.8. 7lo=1F 5%, ro=5

the distribution function is bounded a0 and there are no

geminate partners at infinite separation:
f(0t)<o, f(eo,t)=0. (12

Solving Eq.(9) with the initial and boundary condition41)
and (12), we obtain

£0€ 44#808(r3—rg)}

f(r,9,t)=

weer(D) T Bucer(t)
X[1=0O(r—rg)][6(cosd—1)+ &(cosd+1)],
(13
where® is the unit step function,
1, r>ryg,
@(r—ro)=(0’ r<ro. (149

Integrating the distribution functiofil3) over the coor-
dinates, we obtain the time dependence of the dengtiyof
pairs which have escaped recombination up to the time

n(t)=ne[1—exp—2y)],

where n, is the initial density of geminate pairs, and

Zp= [477808/3/.Lc97(t)]r8.

X107°% M, 7o=10"1 571,

We shall illustrate the time dependence of the function
(P2)(t) for the example of an exponential energy distribu-
tion of localized states which is typical for many glassy
semiconductors:

oo )

g(E)—EOeX L
where Eq is the characteristic energy of the spectrum. In
this case the functionr(t) is a power-law function,
7(t) = 79(vot)*, a=kT/Ey, and correspondingly the relax-
ation of the photoinduced anisotropy at long times also fol-
lows a power lawy{P2)(t)=t~“. For materials with an ex-
ponential spectrum of localized statéky) the behavior of
the functionsn(t) and(P2)(t) after the action of a pulse of
polarizing light is illustrated by the curves in Figs. 1 and 2.

We have already mentioned above that the appearance of
photoinduced anisotropy is often associated with intrinsic de-
fects in the glass. In what follows we shall analyze the time
dependence of the anisotropy in a prolonged irradiation

17

Since in our case the projection of the dipole moment

onto any axis perpendicular to tteaxis equals zero, the

anisotropy is simply proportional toP2):

(PE)(t)=noe227rf drrZrZJ' d9sind(cosd)?f(r,d,t)
0 0

213 47Tsosr8
3ucer(t)

3ucer(t)

4eqe

2

= noe

fzodzzz’:"exr(z).
0

(19

The function (P2)(t) described by Eq.(15) has simple
asymptotic behavior for short and long relaxation times:

drege

3uce

3.
ro,

(P2 (t)=nee%r3, (1)<

47T808r3
2\ (4) a2y 2 0
<PZ>(t) No€rg 5,U,ce7'(t),

4mrege

3n.e r3. (16

T(t)>
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FIG. 2. Time dependence of photostimulated anisotropy under pulsed action
of polarizing light for different values of the dispersion parameter
=KkT/Eq: 1 — 02,2 — 04;3 — 06,4 — 0.8.0l,=10F s %, r,=5
X107° M, 7p=10"1s2,
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regime, assuming that geminate pairs are generated only nea -
defects. Under these conditions we can write &.in the a8l
form C
e x t Sosp
f(r,t)— ur(t)div 4W880r—3f(r,t) —fodt G(r,t"), «E -
A D4F
(18) N%. :
where the functiorG(r,t) must be written in the form 02:
G(r,t)=(1/4mr2) 8(r —r)[ S(cosd—1) -

gk )
+ 8(cosd+1)]ol o[ Nger— N(1)]. (19 0t

t,s

Here o is the cross section for the photogeneration of a

geminate pair near a defett,is the intensity of the anisotro- FIG. 3. Time dependence of the photostimulated anisotropy under continu-
pizing radiation, andNy. is the density of defects. The solu- 2Us ac(;;‘)” of po(')"g‘”z'”g light with different intensitieslo, s™: 1— 10%

tion of Eqg.(18) for the distribution function has the form 2—1033—104—10,;5—1,6—10% 7— 10" 2=03.

| t
f(r,9,0)= 270 J d1'[Nger—n(t')] (P2(1))=Nge?ra[ 1—exp(— ol gt)],
mcer(t) 0
47780er

Arrege(rd— rg) ()< 3.6 (24)

X W[l—@)(r—ro)] K€
fe The subsequent behavior of the functi¢R2(t)) de-

X[ 8(cosd—1)+ 8(cosd+1)]. (20 pends on the ratio of the characteristic geminate recombina-

_ ) ) tion time and the total-ionization time of defects, while the
Integrating Eq(20) overr and ¥, we obtain an equation for |atter in turn is determined by the illumination intensity. If
the total density of geminate pairs geminate recombination starts before a significant fraction of

. defects is ionized, the time dependend@’(t)) is deter-
n(t):0-|0( f dt’[Ndef—n(t’)]][1—exp(—zo)]. (21 mined by the competition between generation and recombi-
0 nation of geminate pairs. As a res&?f(t)) increases as a

. . L sublinear function of time
The solution of this equation is

47T808rg t
(P(1))=0loNgerg———— ——

t 0 s
n(t)=crlONdef{l—eXF[—ZO(t)]}f dt’ Suce ()
0
Amregerd Ameqerd
¢ 3 <1, 3 olgt<1. (25)
X exp[ —alg f ,dt”{l—exp[—zo(t”)]}) . (22 mcer(t) meer(t)
! If the illumination is sufficiently intense so that essentially

Substituting Eq(22) into Eq. (20), multiplying the distribu- all defeqts are ionized before the' carriers havg time to as-
tion function by e?r2cod, and integrating over the angle semble in pairs and before geminate recombination com-

tati 2
and the coordinate, we obtain an expression for the meari€NCes, we see a quasistationary sectioR;(t))

square projection of the dipole moment onto thexis =NueE’r§ on the curve(P(t)) at times that safisfy the
conditions 7(t) <4meer3/3uce, t>1oly. In the limit of
(P2(1))=e?r3ol gNgef Zo(t) ]~ ?Pexd — zo(1)] long times, the mean-square projection of the dipole moment
onto the z axis reaches a steady-state val(u%i(t—wo)}
x{ fZO(t)ZZ/3eX[XZ)dZ] ftdt’ =(P2)4=(3/5)Nge€’r 2, which does not depend on the gen-
0 0 eration intensity, the temperature, or the specific form of the

. spectrum of localized states.
><exp[ — ol OJ dt”{l—exp[—zo(t”)]}] . The time dependences of the functidZ(t)) are shown
t/ in Figs. 3 and 4 for different values of the illumination in-
(23 tensity and dispersion parameter. At low intensity of the
anisotropizing radiation and high temperature., relatively
The time dependence described by E2B) has the follow- large dispersion parameterdhe quantity(PE(t)) increases
ing characteristic sections. At short times the drawing to-monotonically, reaching a steady-state value. If the radiation
gether of the carriers in pairs and the geminate recombinds sufficiently intense, and the dispersion parameter is small,
tion have not yet commenced, and the time dependence efhich corresponds to low temperatures, a quasistationary
the squared projection of the dipole moment is determinedection almost two times greater than the stationary value is
by the pair generation rate: observed on the curv(ePﬁ(t)). It should be noted that the



Semiconductors 32 (8), August 1998 E. V. Emel'yanova and V. I. Arkhipov 895

Nlef'

I 0° 0° 0* 0

v/

FIG. 4. Time dependence of the photostimulated anisotropy under the COM 1. 5. Time dependence of the geminate pair density under continuous
tinuous action of polarizing radiation for different values of the dispersion action of polarizing radiation with different intensitiesl o, s % 1 — 10%;

p?ranlt(a)tze;zizl:kT/Eo: 1—-012—023—034—045—05 5 103 124 105 16—10% 7 — 102 a=03.
olg= .

total density of geminate pairs is always a monotonically”E-Mail: via@scon.mephi.msk.su; @95 3242111

increasing function of timésee Fig. 5. The explosive char-
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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.

[S1063-782628)01908-3

1. INTRODUCTION orientation and resistivityp=10Q-cm]. A Teflon-type

Different nanostructural materials have recently beerPolymer, two-chamber electrochemical céhie area of the
attracting close attention because of the their unusual prog¥orking region was equal to about 1 &mwith platinum
erties. A characteristic example of such materials are layer8lectrodes was used for anodization. The electrolyte compo-
of porous siliconPS), which are ordinarily obtained by elec- sition was HE49%):C,HsOH in a 1:1 ratio. The anodization
trochemical etching of crystal wafers and which consist ofprocess was conducted in the dark at room temperature.
silicon particles, several nanometers in size, separated byorous silicon layers differing by the anodization current
voids!? A distinguishing feature of PS is a large shift of the density(from 5 to 80 mA and anodization timéfrom 1 to
fundamental absorption edge into the short-wavelengtidi2 min were prepared. After anodization the samples were
direction with respect to crystal Si and the presence of inwashed in an ethanol stream and dried in flowing air. Before
tense luminescence in the visible region of the spectrdm. the measurements were performed, all samples were held in
Several mutually exclusive models have been used to explaigir for one month under normal conditions.
the optical properties of P8&ee, for example, the review The photoacoustic measurements were performed with
articles in Refs. 2-b However, despite extensive studies, an updated PA spectromet@iodel 6001 manufactured by
the nature of these features of PS has yet to be conclusivetie Princeton Applied Research Corporation. The spectral
determined. This stems, in particular, from the fact that tthependences for the amp"tude and phase of the PA Signa|
properties of the PS obtained with even slightly differentyere recorded in the range from 200 to 1500 nm with a step
parameters of the electrochemical pro¢e3sor storage  of 4 nm. The spectral width of the light beam separated by
Cond'tloné’ differ considerably. the grating monochromator was 8 nm for UV and visible
_ The high sensitivity _of PS to d|ffe_rent external perturbe?-"ght and 32 nm in the infraredIR) range. To take into
tions makes the selection of experimental methods for it$,.cqnt the spectral characteristics of the light source em-
study very mportant. It has been shown.that thg met_hod OE)oned (1-KW ultrahigh-pressure xenon lajnall amplitude
photoacoustidPA) spectroscopy is effective for investigat- spectra were normalized to the PA spectrum obtained for

ing optical absor'ptlon n Iaygrs of porous S'I'Cfémn our ((:jarbon black, for which the spectral dependence of the ab-
study we used this method to investigate a specially prepare

) : . ?‘(t)rption can be assumed equivalent to the spectrum of an
series of PS samples and at the same time to analyze the lig .

: . absolute blackbodyThe light was modulated by means of a
reflection and photoluminescence spectra. . . . ;

mechanical interrupter with a frequency in the range

20~5000 Hz. The experimental samples were placed into a
hermetically sealed, stainless-steel cell filled with air at at-
The PS samples which we have studied were synthesizetospheric pressure.

as KDB-10 silicon wafergboron-doped silicon with(100 The reflectance of the samples under normal incidence

2. SAMPLE PREPARATION AND MEASUREMENT METHODS

1063-7826/98/32(8)/5/$15.00 896 © 1998 American Institute of Physics
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of light was also measured using the xenon lamp and grating
monochromator, which were part of a PA spectrometer. The
wavelength dependence, measured with a pyroelectric detec-
tor, of the intensity of the light passing through the mono-
chromator was used as the normalization spectrum.

The photoluminescend®L) and Raman scatteringRS)
spectra were obtained with an U1000 spectromélebin
Yvon) combined with an argon lasé488 nm) and Renishaw
spectrometer combined with a helium-neon lag&83-nm
line). Both spectrometers were equipped with microphoto-
metric attachments, which enabled micropositioning of the -§
samples as well as measurements with an approximately §
1.5-um probe-laser spot on the surface of the sample. The g
RS and PL observations were conducted in the standard §
geometry, where the laser beam and the scattered light or the L[
luminescence radiation were directed normal to the surface =<
of the silicon substrate, and also on a transverse cleavage
surface of the samples.

3. EXPERIMENTAL RESULTS AND DISCUSSION

The PS samples possessed a uniform, optically smooth i o
surface. The thickness of the PS layer measured with an R S
optical microscope on a transverse cleavage surface of the 3

samples depended on the anodization current density and 7 S e 7 eSS
duration and varied from 5 to 1&am. In all experimental o0 w40 80 {2,0 360 600
samples an intense RS lifisee Fig. 1 was present near the b, em
fundamental optical vibration of silicon (frequency FIG. 1. Characteristic examples of RS spedtga(») for porous silicon
v=520.5 cm'1). The asymmetric shape of this line and its samples obtained by electrochemical etching for 100 sec with 60KthA
shift in the low-frequency direction as compared with the RSand 30-mA(2) currents. Examples Qf t_he RS spectrum of the starting silic_on
spectra of the initial Si are ordinarily attributed to the spatial"/ae" (3) are also shown. The solid line shows the contour of the RS line
! . . - calculated in the model of spatial confinement of phoAdas 2, 3.5, and
confinement of phonons, which is observed for silicon crys—_nm silicon particles, respectively.
tallites several nanometers in size. The spectral profile of this
line, calculated in accordance with the indicated mddied
2, 3.5, and 9-nm silicon crystallites, is shown in Figsblid The PS thickness in turn was determined by the current and
curves, together with the experimentally obtained RS spec-anodization length — compare the spectra in Figs. 2d and 2e.
tra (dotg for PS layers grown with 60-mAcurve 1) and The obvious correlation between the spectral shape of
30-mA (curve2) currents with 100-s anodization and for the the PL band and the thickness of the porous layer was con-
initial silicon wafer(curve3). Curvelin Fig. 1 corresponds firmed by measurements of the light reflection speR{r),
to a PS film with thicknesd=12 um. In the entire series of which are shown in Fig. Zdotted line$. The oscillatory
experimental samples, the RS spectrum of this film differeccharacter of these curves indicates that light interference oc-
the most from that of the initial silicon wafer. This circum- curs in the thin PS film. Using the known values of the PS
stance enabled us to conclude that the size of the silicofilm thickness ¢I) and the spectral position of the neighbor-
particles in the experimental PS films lies in the range froming interference maxima and minima{ andX\,), we deter-
9to 2 nm. mined the refractive index of PS from the formula 2nd
The described features of the RS spectra were observed A \,/(A>,—\4). The values obtained for (in the interval
using an argon lasg@88- nm ling and helium-neon laser 1.65 to 1.75 for the range 700—800 nagree with the re-
(633- nm lind. However, in the second case the spectralsults of other investigatiorfss Comparing the spectra pre-
position of the RS line fell into the region of intense photo-sented in Fig. 2 shows that there is good agreement between
luminescence of PS, as one can see from Fig. 2, where thbe positions of the maxima in the reflectance and PL spec-
PL spectral p. (\) obtained for several of the experimental tra.
samples are presented as examfillee RS line of silicon is Direct measurements of the PL for the samples obtained
marked by an asterigk by cleaving a silicon wafer with a PS layer showed that the
It follows from Fig. 2 that pronounced features in the luminescence properties of the PS varied strongly for the
form of periodic modulation of the bell-shaped profile of regions of the film that are located at different distances from
Ip (N) with a different period for samples prepared underthe outer surface of the film. A detailed discussion of the
different conditions are observed in the spectral contour ofesults of these measurements is presented in Ref. 10. Here
the PL band. The PL spectra of samples, whose thickness @fe note only that the PL intensity decreased by two orders of
the porous layers was similar, were approximately the sameanagnitude from the region of the PS film near the surface to
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FIG. 2. Characteristic examples of light reflectiBg\) (dotted lineg and r
Ip (N) (solid lineg spectra measured with excitation by a He—Ne laser Y S . ] g
(633 nm for PS layers obtained by anodization. Anodization regime — 300 400 500 600 700
current, mA/time, sa — 15/100 b — 30/100Q ¢ — 60/6Q d — 15/240, e — A ,am

80/6Q f — 60/100. The thickness of the PS layer wa&p 7 (b); 9 (c); 12

(d, ®; and 15(f) pm. FIG. 3. Characteristic spectral dependences of the photoacoustic signal am-

plitude Apa(N) measured with a light modulation frequency of 90 Hz for PS
layers obtained by anodization. Anodization regime — current, mA/time, s:

regions at the interface with crystal silicon. Just as in thet — 15/100:2 — 15/240;3 — 5/720;4 — 30/100.
experiments described in Ref. 10, using instead of the
633-nm line of the helium-neon laser light with higher
energy(488-nm line of the argon lagefor excitation of PL  excited centers and, possibly, as a result of an increase in
resulted in virtually complete vanishing of the dependence ofheir quantum recombination efficien&yThe contrast of the
the PL intensity on the localization of the probe-laser spot orinterference oscillations decreases at the same time, since the
the transverse cleavage surface of the samples. Additionalljight source(PL) is distributed over the entire thickness of
for the 488-nm line the relative amplitude of the the film.
interference-induced oscillations in the PL spectrum was Let us now consider the results of a study of the optical
much smaller than for the He—Ne laser with comparableabsorption in PS carried out using photoacoustic spectros-
laser-beam intensities. The amplitude of these oscillationsopy. Figure 3 shows several characteristic spectral depen-
decreased rapidly with increasing laser intensity, and the difdences of the PA signal amplitude, (\), which is propor-
ferences in the shape of the PL spectra for samples obtaindibnal to the amount of heat released in the test material as a
with different anodization currents and durations becameesult of light absorption. Thus, the curvag, (\) character-
negligible. ize the spectral behavior of the absorption which accounts
Unfortunately, we did not have the technical capabilityonly for the nonradiative recombination of photoexcited
of measuring the PL excitation spectra. It was noted thatarriers>® The behavior of the absorption corresponding to
when the 488-nm line was used, the PL intensity recorded ithe spectra in Fig. 3 is typical of PS films obtained under the
the standard manner in a direction normal to the basal plananodization conditions indicated abcte® These spectral
of the sample was much higher than for the 633-nm line withdependences were obtained with a light modulation fre-
the same laser-beam power. This indicates that the PL excguency of 90 Hz. For all experimental samples the PA signal
tation efficiency decreases for light with lower energy andamplitude at a wavelength greater than 600 nm did not ex-
agrees with existing data on the PL excitation spect(see, ceed the noise level. Light absorption is much stronger in the
for example, Ref. b Moreover, the experimental data sug- blue-green region of the spectrum. This was manifested as an
gest that the PL centers located on the outer surface and increase in the PA signal amplitude. A comparison of the
the interior of the PS film have different excitation spectradata from PA measurements with the parameters of the an-
and different radiative recombination efficiencies. A result ofodization process and the thickness of the PS films showed
such differences is that when a helium-neon laser is usedhat the spectral dependence of the PA signal was determined
luminescence is observed only from a thin portion of the filmmainly by the thickness of the PS layer and was approxi-
near the surface. The interference oscillation arising in thignately the same for films which had the same thickness and
case in the PL spectrum has a high enough contrast. As thehich were synthesized at different current densities.
energy or intensity of the exciting light is raised, the PL As the modulation frequency increased to 1350 Hz or
increases as a result of an increase in the number of phottvigher, the spectral shape of the amplitude dependence of the
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~ 470 amplitude spectral dependen@gg. 4, curves3 and4).
. For low frequencies the thermal diffusion length and
- -1 60 hence the propagation time of a thermal disturbance in the
| ) 1 PS film increase. This increase is all the larger, the greater
-150 the light penetration depth in the experimental sample, i.e.,
= . the lower the light absorption. As a result, the amplitude and
140 phase spectral dependences at a modulation frequency of
B N 90 Hz differ appreciably, and this difference increases with
| 30 increasing wavelength of the liglfitompare curved and?2
T in Fig. 4). At the same time, such behavior of the spectral
L 120 dependenc&,(\) confirms our assumption that light ab-
- ] sorption occurs in the long-wavelength region of the spec-
75 - 170 - trum, right up to 800 nm, even though the absorption in this
3 1 = range is relatively low, as follows from the amplitude spectra
£ 7 3 Apa(N).
8 [ 12 &
:1 i
<Tr 1 4. CONCLUSIONS
] The photoacoustic spectroscopy data thus show that the
B 18 light absorption efficiency in PS films in the blue-green
= B region of the spectrum is approximately the same over the
14 thickness, while in the long-wavelength region the light ab-
i 1 sorption tends to increase in regions of PS located in the
— -14 interior layers of the film. At the same time, the lumines-
N 1 cence properties of the PS have an appreciably different
12 character and, if relatively long-wavelength radiation
B : - (633 nm is used for excitation, the highest PL efficiency is
30'0 ' 41')0 . 50'0“*“";00 o 0 observed on the outer surface of the porous layer. Keeping in
A, nm mind the fact that the photoacoustic effect is due only to the

portion of the absorbed light that is converted into heat, it
FIG. 4. AmplitudeAp,(\) and phasebpa(N) spectra of a PS sample ob- can be assumed that the system of centers that determines the
tained by anodization for 100 sec with a 60-mA currdnt3 — Apa()); 2, PL (or channels for transferring excitation to thehas dif-
4 — ®pa(A). Modulation frequency, Hz1, 2 — 90; 3, 4 — 1350. ferent excitation spectra. The recombination properties of the
centers whose highest excitation efficiency corresponds to

PA sianal ined v th b i Ei tﬁe blue-green region of the spectrum are distributed rela-
signal remained nearly the Same, as can be seen in Ig'tlvely uniformly over the entire film thickness, while the cen-
(curvesl and3). As is well known, the dominant contribu-

tion to the PA sianal is the liaht absorbed dist ters that absorb light in the red spectral region have a higher
lon 1o the signal 1S the light absorbed over a diStancq jiaiive recombination efficiendpr lower nonradiative re-

equal to the length of thermal diffusionu=(a/7v)"*  combination efficiencyin a thin region near the surface.

(wherea=k/pC, k is the thermal conductivityy is the den-  Thjs conclusion agrees with the notions that the PL centers

sity, C is the specific heat, and is the light modulation in PS are of a multiple character, as is confirmed by many

frequency whose whose magnitude decreases rapidly withexperimental results.

increasing modulation frequency. Preservation of the spectral  This work was supported in part by the program
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The magnetophonon resonance in a multimode crystal of the solid soluti@dgtg, _,_,Te
(x=0.08,y=0.11) 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 beh#gialuding cluster modeof 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 PhysidsS1063-782808)02008-0

1. INTRODUCTION phonong vibrations belonging to the HgTe- and CdTe-like
sublattices of the crystal. In addition, as it turned out, the

In addition to the solid solutions Ge-Si, quaternary sub1.O- and TO-phonon frequencies of one sublattice come
stitution solid solutions have recently been attracting in-closer to together as the content of the other increases. The
creased attention from investigators. These are solid soltimodality of CHT was later confirmed repeatedly in both
tions of three compounds with a common aniéfor ~ Raman scatterifg and optical measuremerisas well as
example, aluminum—gallium—indium arsenitjesr two ions by the splitting of the MPR peakd:8
and cations in pairgfor example, gallium—aluminum ars- In ZCHT there exist three sublattices, and one would
enides and phosphides Another example are solid solu- expect a trimode behavior of the phonon spectrum. However,
tions of  zinc—cadmium-mercury tellurides, i.e., this is not obvious. The multimodality is closely related to
Zn,Cd,Hg, x—,Te (ZCHT in what follows. Attention was the internal structure of the crystal and is a reflection of the
first drawn to this material, which could be an alternative tostochastically uniform distribution of substitutions of the cat-
Cd,Hg, _«Te (CHT) — the main material of infrared tech- ion atoms in the matrix by atoms of another metal. Otherwise
nology, by Rogalski and Piotrowskisee also Ref. ¥ The  one sees clusters of the initial binary compounds, whose re-
phase diagram and mechanical properties of ZCHT havélection are the composition-independent cluster modes.
been investigated by R. TribouletA series of studies of Other possibilities also exigsee, for example, the review in
these solid solutions has been performed at the A. F. loffRef. 19.
Physicotechnical Institut&:® Using the material obtained by In this article we report the results of a study of the MPR
the authors of Refs. 6-8, we have observed magnetophoneid Raman scattering from the standpoint of the multimode
resonancéMPR),” investigated with its help the temperature nature of ZCHT. A model is proposed for interpreting the
dependences of the band parametemd observed magne- structure of the MPR peaks, and the band parameters and
tophonon resonance from the difference in the phononheir temperature dependences are determined. The charac-
frequencies! first observed in CHT2 The uniqueness of the teristic features of electron transport in such a lattice are
physical properties of ZCHT is shown in Ref. 13. examined.

It seems to us that the multimode behavior of the phonon
spectrum of solid substituion solutions, where to each V|bra-2' DESCRIPTION OF THE SAMPLES
tional branch there corresponds more than one phonon fre-
guency associated with the vibrational spectrum of the initial ~ The solid solutions ZCHT were obtained by liquid-phase
crystals, is an extremely important problem. For examplegpitaxy on substrates consisting of high-quality cadmium
bimodality in CHT was observed in the well-known study by telluride with (111) orientation.
Baars and Sorgéf, who were first to show that there exist The parameters of the experimental samples are pre-
longitudinal opticakLO phonong and transverse opticffO  sented in Table I. We see that for the compositions IV and V

1063-7826/98/32(8)/9/$15.00 901 © 1998 American Institute of Physics
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TABLE |. Parameters of the experimental samples.

Electron
mobility,
10* c?/(V -s)

Electron
density,
10%cm—2

| 0.02 0.20 - -
Il 0.07 0.21 - -
] 0.12 0.17 - -
\Y 0.08 0.11 3.5 9.0
\Y 0.12 0.10 5.0 5.0
\ 0.17 0.08 2.0 25

Sample
No. X y

it was possible to obtain-type samples with comparatively
high carrier mobility. The temperature dependences of the
conductivity and Hall coefficient of these samples manifest
an obvious activational character.

Figure 1 shows the concentration profilglependences
of the component concentratio@son the deptth) of one of
the experimental ZCHT filméTable I, composition 1. The
profiles were obtained by means of x-ray microprobe analy-
sis (COMEBAX). We see that the uniform layer with depth-
independent component concentrations is aboutthick.
A transition layer(about 0.5um thick), where the cadmium
concentration increases sharply and the zinc and mercury
concentrations drop to zero, i.e., a transition to the substrate
is observed, is located at a greater depth.
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FIG. 2. Experimental dependena#?®p,.(B)/dB? for sample IV at tempera-
turesT, K: 1 — 115;2 — 124;3 — 146;4 — 158;5 — 165;6 — 172.

3. EXPERIMENTAL DATA ON THE MAGNETOPHONON
RESONANCE

A magnetophonon resonance was observed on three
ZCHT samplegsamples 1V, V, and V)l The measurements
were performed in pulsed magnetic fields upBte10 T in
the temperature range=77—200 K. The most detailed in-
vestigations were performed for the composition V. Figure
2 shows the resonance curves obtained for this sample at
different temperatures. The distinguishing feature of the
curves are the wide bands, which consist of several peaks,
observed in the regions 2.0-3.5 and 1.0-1.8 T. From general
considerations it can be concluded on the basis of the ampli-
tudes of the peaks and their positions in a magnetic field that
the wide peak in the region 2.0-3.5 T is due to transitions
between Landau levels 0 and 1, while the peak in the field
1.0-1.8 T is due to the transitions—2, etc. In the first
group of peaks, the peakl™ in the temperature interval
115-146 K stands out. As the temperature is raised, the
nearby pealkal™ intensifies and at 165 K it becomes domi-
nant. The pealka2 in the magnetic field range, where the
transitions 6-2 occur, corresponds to these two resonances,
since it occurs in a magnetic field approximately two times
weaker tharal™ or al™ (the peaksa3 anda4 are observed

FIG. 1. Concentration profile of sample IV. The concentration dlStI’IbutIOﬂSin magnetic fields which are three and four times, respec-

of three cations — mercuryHg), cadmium(Cd), and zinc(Zn) — were .
obtained using an x-ray microprobe by scanning over a natural cleavegvely'
surface.

weaker than in the cased ™ andal ™). The series of
peaksb, ¢, andk can be established in a similar manner.
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TABLE Il. Interpretation of RS lines.

Line positions, crm? Interpretation
Sample | Sample Il Sample 11l
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

curvel) or is very weak(7% ZnTe — curve?), is undoubt-
edly associated with the ZnTe-like sublattice. The weaker
lines at 180 and 197 cnt on curve Il nearly coincide with
1 the frequencies of the LO and TO phonons of the binary
compound ZnTe.

A very sharp line is observed at 118-chon curvesl
and3 (it is virtually absent on curv@). This frequency cor-

Reman intensily , arb. units

1 1 1
250 200 150 100 responds to the TO mode of the binary compound HYTE
Ramen shift , cm ™! A characteristic feature of the RS spectra is that in them
FIG. 3. Room-temperature Raman scattering spectra. Curv8scorre- the LO modes of the HQTe' and CdTe-like sublattices are
spond to samples I-Il{Table ). suppressed and essentially only the TO phonons are ob-

served. This could be explained by assuming that the polar-
ization oscillations are screened by electrons, but the CMT
The structures of the wide peaks, which are clearly seefines corresponding to LO phonons appear in RS very clearly

on the resonance curves in Fig. 2, correspond at first glandé some geometrie’s.Moreover, Sochinsket al?%, while in-
to four series of resonances, each of which is due to absorgestigating RS in CdTe, also observed, in unpolarized light
tion of phonons of its own kind. Since the seri@as the in backscattering from th€111) plane, TO-phonon peaks
highest amplitude and since the peaks in this series, conwhich were several times stronger than the LO-phonon
pared to the corresponding peaks of other series, are shiftggbaks"
in the direction of weaker magnetic fields, it is conceivable  The positions and interpretation of the above-discussed
that these resonances are due to transitions between Landines in the RS spectra for the three compositions investi-
levels with absorption of LA() phonons of the HgTe-like gated are presented in Table Il. It is important that the RS
sublattice, which has the lowest LD) phonon frequency, experiment confirm directly the trimodal character of the lat-
of the solid solution. However, the correct interpretation oftice of the solid solution ZfCd,Hg; ,_,Te. At the same
the MPR cannot be made without an independent study ofime, the existence of zinc telluride and mercury telluride
the phonon spectrum of the crystal. clusters was confirmed in these measurements.

4. RAMAN SCATTERING DATA 5. DETERMINATION OF THE LONGITUDINAL OPTICAL

Raman scatteringRS) was excited by 200-mW argon PHONON FREQUENCIES

laser light(wavelength\ =514.5 nm). The RS spectra were  Since it is impossible to determine the LO-phonon fre-
recorded with a Dilor XY spectrometer. The measurementguencies for the HgTe- and CdTe-like sublattices from the
were performed at room temperature with a spectral resoluRS spectra presented here, it is necessary to make use of a
tion of about 4 cm*. All spectra were obtained in back- well-known property of the dielectric function: The LO-
scattering geometry in unpolarized light. The latter was dughonon frequencies can be extracted as the roots of the equa-
to the weak RS signal. _tion Ree =0.22 In the multimode case this method was used

~ Figure 3 shows the RS spectra for three samples with, Ref. 23. Following Ref. 23, we construct the dielectric
increasing zinc contentsamples 1-11). We see that two functions as a sum of three oscillators, which correspond to

itorgngiSIglesialreCobservgd cf[?] all th_rt(re]e dCLt”V?S in the "€91%th6 three sublattices of the crystal of the solid solution. Using
N cm . L.omparing them wi ata from previous | srentzian for each oscillator, we obtain

studies of RS in the solid solutions CREPTand ZCT

(zinc—cadmium—telluriuny?® we can assume that the line Si(wipy— 0?) Sy(w20,— w?)
pairs 121 and 142 cnt (curve3) belong to the TO modes of gt — 52 2 2 2 22 2 2
: ) . (w01 W) T w7 y] (W5~ w) +w’y
the HgTe- and CdTe-like sublattices, respectively. TO1 1 TO2 2
At the same time, on the cun@the 163-cm? line (a 2 _ 2
. . . Z S3(wTpz— @)
very weak line can also be distinguished at 174 ¢ + =0. (1)

. h 2 2\2 2.2
which does not appear at very low zinc contét ZnTe — (0Toz— 0°) "+ 0%ys
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TABLE Ill. LO(T')-phonon frequencies and energies for compositions |
6o and VI.
wob HgTe- CdTe- ZnTe-
W like like like ZnTe-
= 1 Sample Parameter lattice lattice lattice cluster
20r I w0, cm ! 136.0 157.0 172.0 198.0
hoo, meV 16.8 19.4 21.4 24.5
. . A A el ‘ v o, cmt 137.0 156.0 171.5 198.0
0 V Y hoo, meV 17.0 19.3 21.3 24.5
-20‘;-
T Curve?2 in Fig. 4 represents the function Re(w), for
4or which the oscillator parameters were corrected to the com-
2 position IV with a somewhat lower cadmium content than
w 20F thg composition 11. Th(nT oscillator strengths_ and Fhe rf permit-
& tivity for the composition IV were determined in the same
AA/‘ way as for the composition Il, using the corresponding val-
0 : : y— . ues ofx andy. The values of the frequencies;q for the
three modes were changed according to the typical compo-
-20F sition dependences of the optical phonon frequentses
Refs. 14 and 20 It thus follows that a decrease in the molar
content of the binary compound in the solid solution draws
-400 5'0 1l|70 1&0 2",0 250 the frequencies of the longitudinal and transverse optical

@, cm-! phonons of its sublattice closer together and vice versa.
Therefore, decreasing the CdTe cont@atrrespondingly, in-

FIG. _4. Computed frequ_e_ncy dependences of the real_part of the dieIectriE.’r(;’,asing HgTe with constant ZnTshould slightly decrease
function for the compositions I{1) and IV (2). Computational parameters . . . .
1 — HgTelike latice: wrp=122 com?, S,=56x10fcm2 @10 for the HgTe-like sublattice and increase it for the
y,=6.6 cmT'L; CdTe-like lattice: wrp=143 cnl, S,=1.3x10* cm 2,  CdTe-like sublattice, leaving the frequency of the ZnTe
7,=55cnY; ZnTe-like lattice: wros=165cm ', $;=6720 cm?, transverse optical phonons the same or changing it very
¥3=55 Cmfl?fleleo-o- Solutions of Eq. (1) — zero points: |ittle. These changes itro on switching from the compo-
©1=1228cm , w,=136.2cm", w;=148.7cm°, ©,=156.9cm ., gitign || to the composition IV can be estimated on the basis
ws=167.1 cm~, wg=171.8 cm *. Computational parametefs— HgTe- . ..
like lattice: wroy=121 cnt !, S,=6.38x 10* cm 2, y,=6.6 cm % cdTe-  Of the composition dependences of the phonon frequencies in
like lattice: wrop=144 cnTl, S,=7790 cni?, y,=5.5 cmi %, znTedike ~ CHT} from which it follows that a 1% decrease of the
lattice: wroz=165 cn*, S;=7680 cm %, y;=5.5 cm ; 6, =105. Solu-  cadmium content should decrease the HgTe-like TO-phonon
tions of Eq. (1) — zero points: w,=121.6 cm*’, ,=137.1cm*,  frequency by approximately 0.1 cth and increase it by the
0s=150.2 cM™, w,=1558 cm ", ws=167.2 cM ", wg=171.4 cm . same amount for the CdTe-like sublattice. On this basis, the
frequencieswtg for the HgTe-, CdTe-, and ZnTe-like lat-
tices with the composition IV were assumed to be 121, 144,
and 165 cm?, respectively, and after substituting them into
Eq. (1) the corresponding values of the LO-phonon frequen-

cies were determined. The oscillator parameters used to cal-

The parameter§; and y; are the oscillator strength and the
damping factor of each mode, respectively, andis the rf
permittivity of the film. The quantitys;, was determined on
the basis of the oscillator strengths of the initial binary com- ~ -
pounds by means of the simple formulis=Sygre (1—x culate the curve R_e;(w) for the composmpn IV are pre-
~y), S,=Scqrey, and S;=S,eX. The oscillator sentgd, together with th_e solutions of'l?;m), in the caption
strengthsSyygre, Scares @aNdSzare for the binary lattices were of Fig. 4. Thg frequencies and energies of the LO phonons
taken from Refs. 14, 24, and 25. The valuesof can be for cqmposmon_ !V(the_ MPR measurer_nents_ are presented
determined from its composition dependence for the solidor this composition which were determined in this manner
solution CHT in Ref. 14, substituting+y for x (the cad- &€ Shown in Table Ill. For comparison, the valueswb
mium telluride content i.e., the total content of cadmium @nd#fw o for the composition I are also presented here.
and zinc tellurides in ZCHT, bearing in mind that the rf
permittivities of ZnTe and CdTe are virtually identical. 6. INTERPRETATION OF THE MAGNETOPHONON

Figure 4 shows the function Re(w), which we com- RESONANCE DATA
puted for the composition lcurvel). The oscillator param- As noted above, the peaksl™ andal~ in the reso-
eters used in the calculations are presented in the caption ohnce curves in Fig. 2 can be interpreted, on the basis of
the figure. The roots of Eq1) are also presented her@;  general considerations, as resonances due to the electronic
and w, are the frequencies of the longitudinal optical transitions 0 —1* and 0" — 1, respectively, with absorp-
phonons of the HgTe-like sublattice; and w, are for the tion of a HgTe-like LO phonon. The phonon frequency de-
CdTe-like sublattice, anés and wg are for the ZnTe-like termined above and the position of the MPR peak$ and
sublattice. al™ in a magnetic field make it possible to find, to a
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TABLE IV. Band-structure parameters of £gCdy 140, g1T€ (sample 1) Here Eg is the band gap, and,,= 0.4 is the correction for
for two temperatures. the nonlocality of the potential, determined for CHT in Ref.

Parameter T=146 K T=165 K 30.

Fitting the theoretical position in a magnetic field of the

Eg' 21\‘/3\/ 11982 21:%5 resonances due to the transitions-01* and 0 —1~ with

ylf' 33.7 31.8 absorption of a 137-cm* phonon ¢w=17.0 meV to the

yh=9k 15.6 14.6 positions of the peakal™ andal~, respectively, in the

Kt 13.6 12.6 curve in Fig. 2, for example, for a temperature of 146 K,

Z v —2-5 —2-5 gave the valu€Ey=190 meV. The next step is to calculate
, €

the theoretical position of the MPR for the transitions
0*—2*, 0 —27,0"—3"%, and 0 —3~ and to match the
computed positions with the peaks in theseries, i.e.a2

) L anda3. The refinedby minimizing the rms deviation of the
first approximation, the parameters of the band structuré : " .

: . . . experimental positions of the seriasresonances from the
of a given composition of the solid solution

theoretical positionsvalues ofE, and other parameters of
(Zng 0Cy 11HGo s1T€). P s 9 P

The calculations were performed by the method used ir%he band structure, which are shown in Table IV, make it

. . : . ible at the next st to interpret ndk series.
previous studie$??®~28je., it can be assumed, to an ad- possible at the next stage to interpret thec, andk series

equate degree of accuracy, that the matrix element of thgInCe the magnetic field values of the pealts c1, andkl

momentum with its energy equivaleR, and the spin-orbit Ihcrease gradually, it must be assumed that these resonances

splitting A do not depend on the composition and tempera-are due to transitions of electrons from the zeroth to the first

ture. The latter two quantities were assumed to be 18 and ::hi?g:;nlevi anézcaebso?f?rtéozeogc:-ecgo Spgzﬂ%gfl W'g]: ?:?jTe—
eV, respectively(just as in CHT%9. This approximation g s€q q » SP Y,

(temperature- and composition-independanaiso extends and ZnTe-like sublattices and a ZnTe cluster, respectively.
P P P The amplitude of the lines corresponding to the phonons of

o the curvature of the heavy-hole band and to the paramet%ese sublattices in the spectral Raman scattering c(sees

F, which determines the effect of the higher bands on th

curvature of the conduction band. The Luttinger parameter%?'rg)tec(;)rirfiﬂ?snoﬁatsn?éezmgl'tug_eﬁ_r?ef trgate)s_:oEgrr:gﬁs n-
were calculated using the formulas P 9. P

frequencies and energies used to interpret the MPR of

. Ep L L Ep sample VI are shown in Table Il
7123—Eg+2-5, V2= 73:6_Eg’ The positions of the MPR peaks of different series were
calculated on the basis of the phonon energieble IIl) and
K= k- 1 . 2 Yy 2 5 B (zy band structure parametefey are presented in Table IV for
3 3 3 4 two temperatureés The general interpretation of the observed

TABLE V. General interpretation of the MPR peaks.

Resonance field, T

T=146 K T=165 K
Designation Interpretation experiment calculation experiment calculation
a1t 0*—1%*, LO(T') HgTe-like lattice 2.24 2.30 241 2.42
al” 0" —1", LO(I') HgTe-like lattice 244 244 251 2.56
a2 0" —2%, LO(T") HgTe-like lattice 1.17 1.14 1.23 1.20
0~ —27, LO(I") HgTe-like lattice 1.16 1.22
a3 0*—3", LO(I') HgTe-like lattice 0.74 0.74 0.77 0.78
0~ —37, LO(I") HgTe-like lattice 0.76 0.80
a4 0*—4*, LO(T'") HgTe-like lattice 0.54 0.55 0.56 0.58
0~ —47, LO(I") HgTe-like lattice 0.56 0.59
b1* 0" —1%, LO(I') CdTe-like lattice 2.64 2.68 2.80 2.82
b1~ 0" —17, LO(I') CdTe-like lattice 2.87 2.90 3.08 3.04
b2 0" —2", LO(I') CdTe-like lattice 1.32 1.30 1.40 1.38
0" —27, LO(T") CdTe-like lattice 1.36 1.44
cl” 0" —1%, LO(I') ZnTe-like lattice 3.00 3.00 3.10 3.16
cl™ 0" —17, LO(I') ZnTe-like lattice 3.26 3.42
c2 0t —2", LO(I") ZnTe-like lattice 1.46 1.58 1.54
0" —27, LO(I') ZnTe-like lattice 1.52 1.60
k1* 0*—1", LO(I') ZnTe-cluster 3.62 3.60 3.76 3.78
k1~ 0" —1", LO(I') ZnTe-cluster 3.95 3.96 4.08 4.14
k2* 0*—2*, LO(I') ZnTe-cluster 1.74 1.74 1.89 1.82
k2~ 0" —27, LO(I") ZnTe-cluster 1.83 1.82 1.89 1.90

di* MPR at phonon frequency differeride 1.02 1.04 1.11 1.10




906 Semiconductors 32 (8), August 1998 Sheregil et al.

8T
0 1.0 2.0 3.0 4.0
T T T T
et ar b"’b‘f“* kr* ]11
w2t || R | }
{
@ | |1
b
< by !
~ ! A
"g ll t [ 1 l
é‘ I| | | : 1 | #1-
' TR
i | oy g 3
i ‘ R
| l 1 1 Il P | |
L N TR A | 3
4 ! q'l Ty n R4V
AR R RIS ¢ gy
s0.0f byt Mt I
f |
: \ : II :‘ l: :| : : : J | | 2- FIG. 5. Spectrum and electronic transitions at MPR.
) ! \ i || M | { | I ! Sample IV, T=146 K. The theoretical resonance
| 5 1 " |' I 'l /1 | ( I | o+ transitions between Landau levels are shou). (
! L] f I' l l | ! i ! | I The magnetic fields corresponding to the resonance
! $ \ Il l' I| II ! l | I peaks are presented in Table V.
60.0F oty "V A
Loy 4y |
ol ' 17°
' I | |
> | 0! [ 7T | :
: L T
' t | N 1*
W 4.0 ! | ' vAREE =
W o
4 n“a y
| i“| st
1 ; |l "
[ 0
20.0F / 4 III I L —
/ ‘| k1
Jotll
oAl T —
%‘!!-Eﬂ b1t 1’ kr”
= ez bz 2 ke, \ ]
(] 10 2.0 8. T 3.0 4.0
,

MPR peaks is shown in Table V, where the theoretical and'downward” transitions, in which a HgTe phonon is ab-
experimental resonance fields are given for two temperaturesorbed and a CdTe phonon is emitted, can predominate. In
— 146 and 165 K. The rms deviation between the experi-other words, energy is transferred from one sublattice to an-
mental and theoretical positions of the peaks equals 1.5% fasther and a larger number of phonons of the CdTe-like sub-
T=146 K and 2% forT =165 K (the experimental accuracy lattice can compensate for the lower molar percentage of
in determining the resonance fields is about)3%gures 5 cadmium telluride(there may not be enough time for the
and 6 illustrate the interpretation of the MPR peaks for theselifference in the sublattice temperatures to relax in the time
two temperatures: The experimental resonance curves adering which a magnetic field corresponding to single-
presented and the electron transitions between the Landghonon MPR — about 2 ms — is reachetonger pulses or
levels are shown in accordance with the data in Tablgheé  stationary magnetic fields must be used to verify this hypoth-
theoretical positions of the resonances esis.

It is interesting that the peaks due to MPR with partici-
pation of the CdTe LO) phonongthe series of peaks) at
high temperatureésee the resonance curves for 165 and 7. TEMPERATURE DEPENDENCES OF THE BAND

. . . PARAMETERS

172 K) become comparable to the peaks in the main series
[MPR due to HgTe LOI') phonons — seriea]. The expla- The parameters of the band structure of sample IV that
nation could lie hidden in the fact that simultaneously withwere determined above according to the position of the MPR
the conventional one-phonon MPRs, in weak magnetic fieldpeaks refer to conduction electrons, i.e., to the part of the
this crystal exhibits MPRs, studied in Ref. 11, at the differ-volume of the experimental epitaxial film where electronic
ences of the phonon frequencies. At high temperaturesonduction occurred.
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The composition profiles of the film, which are pre- form band structure. The band parameters determined from
sented in Fig. 1 on the basis of data from x-ray microanalyMPR refer to such a structure.
sis, show that the film has a uniform thickness of about High peaks of the potential, around which electrons
4 um. The oscillation spectréRS) investigated by us con- flow, are present near ZnTe clusters. These regions do not
firm that the dominant part of the lattice has a trimodal pho-ayticipate in conduction. However, the long-wavelength
non spectrum, which attests to the stochastically uniform d'srongitudinal optical oscillations of the long-range polariza-

trlbgtlon of tthrfete;] atomsm__) Zc)a:;oné-lg, Ctdf IZIr) mfthe tion fields which are excited here, of course, influence elec-
environment of the anionte). HOWever, It Tollows Tom ;e transport, penetrating into the portion of the lattice

the same phonon spectra that spatially bounded regions, In .

. o ; where it occurs, and electrons can be scattered by these os-
which an anion is surrounded predominantly by Zn aBms " "~ . . ) )
(ZnTe clustersor Hg atoms(HgTe clusters occupy a cer- cillations, both elastically and inelasticallfthe latter is
tain fraction of the volume. manifested in the MPR _ _

It is conceivable that electronic transport occurs in a  Deep electron-filled valleys of the potenti@lectronic
much larger portion of the volume where a stochasticallyj@kes, on the other hand, are present near HgTe clusters.
uniform distribution of cations is present. Here, undoubtedly,They are not coupled clusters, for otherwise conduction
large fluctuations of the potential can also occur. Such flucwould occur along them and would be of a nonactivational
tuations are mainly nullified by a sufficiently high electron character. The macrofields excited in them by LO phonons
density, and one can talk about an essentially spatially uniare screened here because of the locally high electron density
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240t values of the band gap determined from MR®ts in Fig.
7). This discrepancy is probably due to the deviation of the
compositions in the regions of the crystal of the solid solu-
tion where electronic transport occuet MPR, in particular

2 from the average composition measured by x-ray mi-

200+ croanalysis(the spatial resolution of such measurements is
greater than lum). Unconnected HgTe and ZnTe clusters

- 1 were formed by the departure of mercury and zinc from these

regions. The molar percentages of the HgTe and ZnTe which
form these clusters can be determined by fitting the depen-
160+ denceEgy(x,y,T) to the band gap values obtained from the
temperature shift of the MPR peaks. Figure 7 shows the de-
pendenceEy(T) (curve 2) calculated for the composition
with x=0.0775 andy=0.13. We obtain this composition of
the solid solution ZgCd Hg, ,,Te from the composition
120} IV (x=0.08 andy=0.11) by decreasing the ZnTe content by
1.5% and the HgTe content by 2.5%. Thus, agreement be-
, , , . tween the temperature dependences obtained for the band
40 80 120 160 200 gap from the temperature shift of the MPR and on the basis
T, K of the empirical dependendgy(x,y,T) is obtained if the
FIG. 7. Temperature dependences of the band gap. Dark squares — expeﬁpmpOSItlon in which the zinc te”L?“de Content,IS decrgased
mental values obtained from MPR for region IV. Solid lines — calculation Y 1.5% and that of mercury telluride by 2.5% is substituted
using the empirical functiorEy(x,y,T): 1 — Composition IV,x=0.08,  in the emiprical dependence. ZnTe and HgTe clusters, re-

y=0.11;2_— composition in Which_the ZnTe content is decreased by 1-5%spectively, should be expected to form from this amount of
and HgTe is decreased by 2.5%, ix= 0.0775 andy=0.13. material

£y, meV
|

and do not influence electron transport in the lattibey are
not manifested in MPR
The model proposed therefore correlates well with thes8. CONCLUSIONS
MPR data and with the RS spectra. The temperature depen-
dence of the band gap also fits logically into the model. Our investigations of the phonon subsystéRS) of
The temperature shift of the MPR peaks makes it poscomplex quaternary solid solutions ZCHT and of its interac-
sible to establish the temperature dependence of the band gtpn with the electronic subsyste(VPR) lead to the follow-
Eq in the temperature range investigated. The procedure, préag conclusions.
sented above, for determining the band parameters according This lattice, which consists of three catiofiég, Cd, Zn
to the position of the MPR peaks was applied to all resowith one common anioriTe) undoubtedly manifests trimo-
nance curves shown in Fig. 2. MPRs from the differences oflal behavior of the phonon spectrum. This corresponds to a
the phonon frequencies are more clearly evident at temperatochastically uniform distribution of cations.
tures below 115 K(see Ref. 1L Because of this circum- In a real crystal the stochastic uniformity can be de-
stance, the band parameters were determined at temperatustoyed and clusters in which the anion is surrounded mainly
77, 99, and 105 K. The dark squares in Fig. 7 show théby Zn atoms(ZnTe clusters or Hg atoms(HgTe clusters
values of the band gag,, which were determined from can appear.
MPR. Electronic transport in such a lattice evidently occurs
It is interesting to compare the temperature dependencalong high-mobility channeléypassing, for example, ZnTe
E4(T) which we observed with that computed using empiri-clustersg. This does not interfere with the interaction of elec-
cal formulas which are usually used for ternary solid solu-trons with long-range polarization fields of the entire spec-
tions, for the composition and temperature dependences &fum of long-wavelength longitudinal oscillatiofismcluding
the band gap. For our case of the quaterrfaiith a common  those in ZnTe clustefsAt least four kinds of LO phonons
anion solid solution ZpCdHg, ,_,Te (x=0.08, participate in the electron-phonon interaction in the solid so-
y=0.11) we shall employ the method proposed in Ref. 7 tdutions ZCHT.
calculateEy(x, y, T). In this method three empirical depen- The band-structure parameters obtained from MPR cor-
dencesEg(c,T) (c — concentration of one of the binary respond to the part of the crystal lattice of the solid solution
compounds are used: for CHP? for ZHT  in which the electronic transport occurs, and its composition
(zinc—mercury—telluriuny® and for ZCT’ which are aver- can differ somewhat from the average composition of the
aged with allowance for the statistical weight of each, assample.
determined by the composition. The dependelag€l) cal- Part of this work was supported by the Committee on
culated in this manner for composition IV is shown in Fig. 7 Scientific Investigations(KBN) of the Polish Republic
(curve 1). We see that the curve lies appreciably below the(Grant 2R03V1241Q
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The interaction of porous silicofpor-Si) with heavy water (DO) was investigated by means of
time-resolved photoluminescence and infrared Fourier spectroscopy. It is shown that

contact ofpor-Si with D,O leads to anomalously rapid oxidation of its surface — at a rate at
least an order of magnitude higher than the oxidation raf@oefSi in ordinary(protium)

water. The oxidation process transforms the chemical composition gfdh8i 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 Physid§1063-78268)02108-5

The study of the the effect of the surrounding medium1:1 mixture of HF and ethanol. The current density was
on the character of the photoluminescerifd) of por-Si 10—30 mA/cm. The duration of the electrolysis was 5—10
stands out among the many studies of the optical propertiesin. The samples were dried in air at temperature 40-50 °C.
of porous silicon(por-Si). These investigations are of great The por-Si was about 4—%m thick. To stabilize the optical
theoretical interest. Moreover, they are directly related to theroperties the samples were allowed to stand in air for at
problems of stability of gor-Si surface and with the use of least one day and then submerged in heavy water for a cer-
por-Si as gas sensors. tain period of time. Next, the samples were again dried for

It is well known that because of its strongly extended10—15 min and transmission spectra in the infrared region
surface, por-Si is very susceptible to different chemical (FTIR spectra and PL spectra were obtained. In parallel,
actions® The optical properties opor-Si, specifically, the similar samples were allowed to stand in ordinary water,
character of the PL, change substantially. Studies of the infrom which the dissolved oxygen was carefully removed
teraction ofpor-Si with water have made a large contribution beforehand. The FTIR spectra were recorded on a
to understanding the processes occurring Rete. BOMEMDA3.02 infrared Fourier spectrometer in the range

The work done in Refs. 6 an7 , where the PL opor-Si ~ 400—4000 cm?® with 1 cm ! resolution. The PL spectra
prepared by the conventional electrolytic method but with allwere obtained on a computerized setup based on a MDR-2
components of the electrolytélF, C,HsOH, H,0) replaced monochromator and a RE79 photomultiplier with pulsed
by the corresponding deuterium-containing compounds wasexcitation of the PL(radiation wavelengthh =337.1 nm,
studied, can be put into the same group. In those studies gulse timer=10 ns) in two regimes: at the maximum of the
appreciablelby ~70 nm “blue” shift of the maximum of laser pulse(so-called fast PL and with a~1 um delay.
the PL spectrum and a substantial slowing down of the degih the second case the PL spectra can be assumed to be
radation of the PL were observed. The authors concludeduasistationary.
that the character of the PL is influenced mainly by the  The residence gbor-Si samples in BO rapidly changes
changes in the surface structurepafr-Si, which are associ- the character of their emission, from red to bluish white. It is
ated with the adsorption of deuterium and with the influencesvident from Fig. 1 that as the residence timepof-Si in
of the adsorbate on quantum-well effectspior-Si. D,0 increases, the long-wavelength part of the quasistation-

The formation ofpor-Si in a deuterium-containing me- ary spectrum decreases in amplitfe curvesl-3), but the
dium can influence not only the surface properties of thantensity of the fast short-wavelength component increases at
silicon, but also change, to a certain extent, the morphologyhe same timéa, curvesl—3). Such changes in the PL spec-
of the entire volume opor-Si. For example, in Ref. 7 it was tra are characteristic of thernfiand liquicf oxidation of the
shown that the statistical-average diameters of the nanocrysurface. It follows from Fig. 1 that these processes are much
tallites are different. To rule out completely the possibility of faster in heavy water than in ordinary water. Two-hour resi-
such changes, we investigated the interactiopastSi, pre- dence in BO changes the PL spectrum more strongly than
pared in a standard electrolyte, with heavy wate; QP 18-hour residence in }D (curves2 and4).

Thepor-Si samples were prepared by anodizing compact  Figure 2 shows the FTIR spectra of the sample before
silicon in “protium” electrolyte. Single-crystalp- and (curve 1) and after(curve 2) residence in heavy water for
n-type (100 silicon with resistivity p=2—-5Q-cm was 18 h. For comparison, a portion of the same sample was held
used as the initial material. The electrolyte consisted of dor the same amount of time in ordinary wat@urve 3).

1063-7826/98/32(8)/3/$15.00 910 © 1998 American Institute of Physics
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We have observed a largmore than an order of mag-
nitude difference in the oxidation rates @or-Si in heavy
and ordinary water. A much more energetic release of hydro-
gen gaq\visible to the naked eydhan in H,O indicates that
the oxidation ofpor-Si in D,O occurs rapidly. It thus follows
that the oxidizing agents are hydrogen iofdeuterium
rather than some other oxidizers.

An unexpected result of the experiments was that lines
due to silicon—deuterium bonds were absent in FTIR spectra.
It was logical to expect that deuterium-protium exchange,
whose rate under our conditions should be quite Rigtl)

™o
|

Intensity, arb. units
-+
T

2 replace surface structures of the type Siby the corre-

sponding deuterium structures. In particular, a Stbplet

B was expected to appear in the region 1530—1540 't
ol Ll TN Instead, on curv® in Fig. 2 we see new lines — 1638 and

400 500 600 700 800 2254 cm L. The latter line was observed previou$iynd

Wavelength, nm attributed to O—Si—H or ©@-Si—H bonds. The 1638 cm

line could be a “deuterium” analog of the 2254 crhline. It
FIG. 1 Spe.ctra'of ffas(a) and quasistationaryb) photoluminescgncg of is known that the spectral positions of the Si—OH and
ﬂogsf'(')rHloédéng time in RO, h:1—0,2—2,3—18.4—Holdingin  g;_op |ines are in the ratie-1.38% In our case the ratio is
z ' 2254/1638-1.376, which confirms the assumption made
above.
One is forced to acknowledge that the oxidation rate of
Curve 1 shows absorption on different vibrations of the por-Siin heavy water is much higher than the rate of isotopic

Si—H, Si—H, and Si—H bonds(triplets near 2100, 910, and exchange between heavy water and the surface hydrogen
650 cm'1), which is characteristic of hydrogen passivation atoms.

of the silicon surface, whereas after residence in heavy water These conclusions are supported by experiments on the
the lines due to absorption oni-$—-Sibonds(450, 800, and interaction ofpor-Si with deuterated ethanol,850D (Fig.
1100 cni't) are brightest. Such a transformation of the spec2, curve4). Ethanol is a weaker oxidizer than water. For this
tra indicates oxidation of thpor-Si surface. reason, the results of isotopic exchange between hydrogen
Control experiments in which samples were held in or-and deuterium atoms — the lines 1534 and 1634 tm-
dinary water presaturated with oxygen were also performedcan be clearly seen against the background of the slower
No appreciable difference in the oxidation ratepwir-Si as  oxidation of por-Si. The first line is attributed to Si=D
compared with water without free oxygen was observedbonds, while the second line, as mentioned above, is attrib-
This rules out the possibility of rapid oxidation pbr-Si by  uted to O—Si—D. The peaks in the regions 2900-3000 and
oxygen dissolved in BD. 1360—1400 cm! are due to the interaction with carbon.
At present, only certain assumptions can be made about
the reasons for such energetic oxidationpof-Si in heavy
- water. It is known that the greatly extended surface of silicon
7 is capable of reacting intensely with water as a reult of oxi-

N dation of the surface by hydrogen iorisore accurately,
n H;O" or D;O" ions). However, as-growmor-Si layers are
2 protected from oxidation by a so-called passive hydrogen

film, which consists of hydrogen atoms directly bound to

®L silicon atoms (Si—kKbondg, and a monolayer of water mol-
§ ecules which are held at thmor-Si surface by electrostatic
3 J attraction forced? It is logical to assume that the isotopic
g M exchange affects primarily this hydrate shell and not the
5 hydrogen atoms that are directly bound to silicon.

Sy 4 Apparently, because of the differences in the effective

| radii of the protium and deuterium ions or in the vibrational
properties of their bonds with other atoms, this exchange
leads to crumbling of the protective passive film and to rapid
u oxidation ofpor-Si. In the process, the deuterium ions, hav-
N T Y T Y T Y ing undergone reduction, do not form new bonds with sili-

1600 2000 ._3'?00 #000 con, but rather unite with molecules of hydrogen gas which

Wavenumber , cm is released at thpor-Si surface. In the corresponding FTIR

FIG. 2. FTIR spectra opor-Si: Samples1 — Initial; 2-4 — after 18 h ~ SPectra(Fig. 1, curve2) there are therefore virtually no lines
residence in BO, H,0, and deuterated ethanol, respectively. that are responsible for bonds of the type Sj~D
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ERRATA

Erratum: Diffusion saturation of undoped hydrated amorphous silicon by tin
impurity [Semiconductors 32, 263-266 (March 1998)]

A. N. Kabalbin, V. B. Neimash, V. M. Tsmots’, and V. S. Shtym

Institute of Physics, Ukrainian National Academy of Sciences, 252650 Kiev, Ukraine
Fiz. Tekh. Poluprovodr32, 8, 1026(August 1998

[S1063-78208)02308-4 © 1998 American Institute of Physics.

A major correction was reported by tfgemiconductor&ditorial office in St. Petersburg. Specifically, the title was
incorrect. The correct title should read: Magnetic ordering of radiation defects in silicon.

1063-7826/98/32(8)/1/$15.00 916 © 1998 American Institute of Physics
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