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Distribution of hydrogen in silicon and silicon carbide following high-temperature
proton irradiation
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The distribution of hydrogen in Si and SiC following high-temperature proton irradiation
(Tirr5202700 °C! is studied by secondary-ion mass spectrometry. It is shown that the
hydrogen concentration profile in SiC depends weakly on irradiation temperature. In Si appreciable
alteration of the concentration profile is observed already atTirr.300 °C, and the profile
completely loses its concentration gradient atTirr.700 °C. © 1999 American Institute of Physics.
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The methods for the radiation-induced modification
semiconductor materials using proton beams have under
extensive development in the last decade.1–4 Semiconductors
are irradiated over a broad temperature range in such m
ods as proton-stimulated diffusion and doping with radiat
defects,1 precision separation of layers in semiconductor w
fers ~the smart-cut technology!,2 transmutation doping,3 and
ion-beam mixing.4 One very important factor in these mat
rial modification methods is the variation of the depth profi
of hydrogen in the semiconductor as a function of irradiat
temperature. Special investigations of this problem have
been carried out until now.

This paper describes a study of the hydrogen concen
tion depth profiles in the basic material and one of the m
promising materials in modern semiconductor electron
viz., silicon and silicon carbide, following irradiation~im-
plantation! by H1 ions in the broad temperature range fro
20 to 700 °C. Samples of KDB-40 silicon and silicon carbi
of the 6H polytype were irradiated in the accelerator of
NG-200U neutron generator. The proton energy was
keV, the beam current density was 5mA/cm2, the irradiation
time was 1200 s, and the implanted dose was 431016

cm22 . The irradiation was carried out in special device
which permitted establishment and monitoring of the tar
temperature during irradiation to within65 °C. The hydro-
gen concentration depth profiles were measured u
secondary-ion mass spectrometry~SIMS!.

Figure 1 shows some of the results obtained by us. A
seen from the figure, the position of the maximum on
hydrogen concentration depth profile in the irradiated cr
tals is virtually independent of the irradiation temperatu
and is located at a depthx.0.9mm in Si andx.0.65mm in
SiC for 100-keV protons. The position of the maxima
determined by the projected free path of the hydrogen ion
the semiconductor and is in good agreement with the pro
1261063-7826/99/33(12)/2/$15.00
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deceleration losses stipulated by the charge and mass of
con and carbon, as well as by the density of t
semiconductor.5 It is noteworthy that variation of the irradia

FIG. 1. Distribution of the concentration~N! in SiC ~a! and Si~b! following
irradiation with 100-keV protons to a dose of 431016 cm22 at various irra-
diation temperaturesTirr , °C: 1 — 20, 2 — 300,3 — 500,4 — 700.
5 © 1999 American Institute of Physics



s
on

to
p

tio
e
r
m

g
ro
ffu
k
le
ta
f
lle
a

ly
he
o
es

ic
ie
n

tio

li-
o
of
c

rr
tio
to

on
in

ion
he
eir
ta-
of
of
of
tor

in
or
en-

e
ics
l-

nd
.

s

s

1266 Semiconductors 33 (12), December 1999 V. V. Kozlovski  and V. A. Kozlov
tion temperatureTirr in the range from 20 to 700 °C ha
virtually no effect on the form of the hydrogen concentrati
depth profiles in SiC~Fig. 1a!, which maintain a ‘‘sharp’’
maximum even in the case of proton implantation atTirr

5700 °C. In contrast with SiC, the irradiation of Si leads
appreciable alteration of the hydrogen concentration de
profile already atT5300 °C ~Fig. 1b!, and collapse and
broadening of the maximum on the hydrogen concentra
depth profile toward the irradiated surface are observ
These changes intensify with increasing irradiation tempe
ture, and the hydrogen concentration depth profile co
pletely loses its gradient atTirr5700 °C ~Fig. 1b, curve4!.

Assuming that the redistribution of hydrogen durin
high-temperature implantation is caused by a diffusion p
cess and is described by Fick’s law, we estimated the di
sion coefficientD of hydrogen using the solution of the Fic
equation for a semi-infinite body with an impermeab
boundary.6 A comparison of the calculated and experimen
data showed that the value ofD in Si under the conditions o
high-temperature proton irradiation is several times sma
than the values obtained by studying ordinary therm
diffusion.7 For example, the value ofD in our case forTirr

5300 °C was onlyD55310212cm2/s, while in the case of
pure thermal diffusionD.10211cm2/s. Such a difference in
the values of the diffusion coefficient of H in Si is probab
due to the sensitivity of the migration of hydrogen to t
presence of defects in the crystal structure of the semic
ductor caused by the radiation damage appearing as a r
of proton implantation.

In conclusion, we should note the considerable pract
interest in the results which we have obtained. Our stud
demonstrate that the buried layers saturated with hydroge
Si and SiC crystals can be formed at elevated irradia
temperatures. These temperatures can be as high asTirr

.300 °C for silicon, while they can exceed 700 °C for si
con carbide. The use of such high-temperature prot
implantation regimes is promising for the fabrication
silicon-on-insulator and silicon-carbide-on-insulator stru
tures using the smart-cut technology. Since raising the i
diation temperature sharply reduces the number of radia
defects introduced into the semiconductor during pro
th
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irradiation,8 the use of high-temperature proton implantati
can sharply lower the defect density in the active layers
semiconductor-on-insulator structures, allowing moderat
of the conditions for the postimplantation annealing of t
radiation defects in such structures, and improving th
quality. These merits of high-temperature proton implan
tion should be displayed especially clearly in the case
silicon carbide, in which the postimplantation annealing
the radiation defects following proton irradiation is one
the key problems in creating silicon-carbide-on-insula
structures suitable for device applications.

We wish to thank R. Sh. Malkovich for assistance
solving the diffusion problems and Yu. A. Kudryavtsev f
performing the SIMS measurements of the hydrogen conc
tration depth profiles.
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The low-temperature synthesis of ZnGeP2 by a solid-phase reaction is carried out for the first
time, and photosensitive heterostructures based on it are obtained. The spectral
dependences of the photoluminescence of the crystals and the photoconversion quantum
efficiency of the heterostructures are investigated. Conclusions regarding the prospects of the
new technology for improving the optical quality of ZnGeP2 are drawn. ©1999
American Institute of Physics.@S1063-7826~99!00212-4#
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Expansion of the list of diamond-like substances in
cordance with the rules proposed by Goryunova for th
formation1,2 has led not only to the formation of a larg
arsenal of new semiconductors with fundamental parame
having a broad range of variation, but also to the disclos
of areas of application, where ternary and more complica
compounds no longer experience competition on the par
their simpler analogs~Ge, Si, III–V, etc.!. One of the most
important results of the investigations of multielement ma
rials was the discovery of record-high values of the nonlin
polarizability in some ternary compounds with a chalcopyr
lattice, which immediately placed them among the e
nonlinear-optical materials.3,4 There has recently been
surge of interest in such crystals, high laser-radiation
quency conversion efficiencies have been demonstrated
perimentally, and a further search for methods to impro
their optical quality has simultaneously been conducted5,6

This paper focuses on this area of research and reports
first results of experimental measurements of the electro
properties of crystals of one such material, viz., ZnGeP2, and
photosensitive structures based on it, which were obtaine
a new synthesis method at temperatures significantly be
the congruent melting point of the compound.

1. The new method for synthesizing ZnGeP2 is based on
the solid-phase reaction of germanium with a vapor phas
controlled composition. Germanium wafers with the~111!
crystallographic orientation served as the starting mate
for synthesizing the ternary phosphide. The reaction ta
place as a result of the thermal treatment of the german
wafers in vapors of zinc and phosphorus in the stability
gion of the solid phases of Ge and ZnGeP2 . Either a con-
tinuous layer of the compound or individual faceted cryst
are created on the surface of the Ge wafers by varying
parameters of the solid-phase reaction. Under illuminat
by white light, they differ in color from germanium and a
similar to ZnGeP2 . The outer surface of such layers is ge
1261063-7826/99/33(12)/5/$15.00
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erally rough, and individual crystallites measuring about
30.2 mm in the form of elongated prisms can be discern
on it. Both the layers and individual crystallites comprise
single entity with the substrate. When the wafer surface
illuminated after completion of the solid-phase reaction,
crystals formed reflect light as microfragments of a sin
crystal. This means that the spatially separated crys
formed during the solid-phase reaction of germanium w
the vapor phase comprise a system that is oriented identic
to the substrate.

2. X-ray diffractometric measurements reveal weak
flections from tiny crystals grown in a definite technologic
regime along with the strong reflections of the Ge substr
The intensity of the reflections is determined to a consid
able extent by the accommodation density of the crystall
and depends on the conditions under which the solid-ph
reaction is carried out. Estimates of the Bragg angles and
orientation of the reflecting planes of the crystals grown
germanium provide some basis to claim that ZnGeP2 forms
in the processes that we carried out. The majority, if not
of the ZnGeP2 crystals are oriented so that their~112! crys-
tallographic plane coincides with the substrate~111! plane,
and the@111# direction in it coincides with one of the equiva

lent directions in thê 112&Ge substrate:@ 1̄12#, @12̄2#, or

@ 2̄11#.
It was also established as a result of the experime

performed that under certain conditions the solid-phase re
tion also permits the synthesis of continuous layers
ZnGeP2 with thicknesses up to 2mm. According to the x-ray
measurements, such layers have a polycrystalline structu

3. Substrate/ZnGeP2 heterojunction structures were cre
ated to study the photoelectric properties of the crystals
layers which we obtained. The substrates used werep-type
germanium with a resistivityr'1V•cm at T5300 K. Ac-
cording to the data from thermopower measurements,
7 © 1999 American Institute of Physics
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ZnGeP2 layers exhibit hole conductivity, which is typical o
bulk ZnGeP2 crystals grown from a melt by the traditiona
method of directional solidification.4,7

The Ge/ZnGeP2 heterostructures which we obtained d
play clear-cut rectification~Fig. 1!. The direction for current
flow in such structures corresponds to negative polarity
the external bias on ZnGeP2, and the forward branch of thei
stationary current-voltage characteristics in the voltage ra
U.0.7 V obeys the relation

I 5~U2U0!/Rr , ~1!

where the cutoff voltagesU0'0.520.6 V, and the residua
resistanceRr'(125)3107V at T5300 K. Estimates of the
resistivity on the basis of the values ofRr obtained for such
heterostructures, with consideration of the fact that the
sidual resistance is determined mainly by the resistanc
the new phase that is formed, giver'1082109V•cm for
different samples. According to the value ofr, the compound
synthesized also corresponds to the known data for b
ZnGeP2 crystals grown by the traditional method from
melt. It is also noteworthy that at reverse biasesU&2 V the
reverse currents in the heterostructures do not exc
531029 A at T5300 K.

When the ZnGeP2 /Ge heterostructures are illuminate
from the ZnGeP2 side, they usually exhibit a broad-ban
photovoltaic effect. The ZnGeP2 layer is then negatively
charged, in accordance with the rectification direction
such heterostructures. Photosensitivity dominates when
heterostructures are illuminated from the side of their bro
band component, and it reaches 200 V/W atT5300 K in the
best of the heterostructures.

Figure 2 presents typical plots of the spectral dep
dence of the relative photoconversion quantum efficiench
for heterostructures consisting of an individual ZnGeP2 crys-
tallite on Ge ~curve 1! and a layer of ZnGeP2 on Ge in
comparison with the spectrum ofh for an In/ZnGeP2 struc-
ture fabricated on the basis of a ZnGeP2 single crystal grown
from a melt of stoichiometric composition, which has a

FIG. 1. Stationary current-voltage characteristic of a ZnGeP2 /Ge structure
at T5300 K. The direction of current flow corresponds to negative pola
of the external bias on ZnGeP2 .
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ready found application in the creation of nonlinear-optic
converters of laser radiation.9 It is seen that the spectral de
pendences ofh for the structures compared are close to o
another in the spectral region corresponding to the fun
mental absorption of ZnGeP2 . This provides additional evi-
dence that the use of the solid-phase reaction permits syn
sis as a result of the interaction of one of the component
the ternary phosphide~Ge! with the other two component
supplied from the vapor phase. It also follows from the sp
tra of h ~Fig. 2! that the heterostructures obtained can
employed as broad-band photodetectors in the range f
2.5 to 3.3 eV, which, in addition, are essentially ‘‘blind’’ t
radiation at photon energies\v,2.2 eV.

It also follows from Fig. 2 that the drop inh at \v,2.2
eV is sharper for the heterostructures obtained by the so
phase reaction than for the structures based on ZnG2

single crystals grown from a melt. With consideration
Refs. 10–12, this drop inh may be evidence that the signifi

FIG. 2. Spectral dependence of the relative photoconversion quantum
ciency of ZnGeP2 /Ge structures~1 — sample 1–1,2 — sample 2–1! and
In/ZnGeP2 structures~3 — sample supplied by Lockheed Sanders! at
T5300 K.
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FIG. 3. Spectral dependence of the intensity
the stationary photoluminescence of ZnGe2

crystals grown by the solid-phase reaction~1–3
and18! and by directional solidification of a mel
of stoichiometric composition~4 and 48! ~1 and
18 — sample 1–1,2 — sample 1–3,3 — sample
1–4, 4 and 48 — sample supplied by Lockheed
Sanders,\vexc53.7 eV.T, K: 1–4 — 77, 18 and
48 — 300. The spectral resolution is no poore
than 1 meV!.
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cant lowering of the synthesis temperature of ZnGeP2 is ac-
companied by a drop in the concentration of the lattice
fects responsible for photosensitivity in the near-ed
spectral region at\v,2.2 eV.

4. The spectral dependence of the stationary photolu
nescence~PL! was also investigated in the ZnGeP2 samples
synthesized for the first time by a solid-phase reaction. T
recombination luminescence was excited by the output o
argon laser (lexc5448 nm!, which is strongly absorbed in
ZnGeP2, atT577 and 300 K. The spectral resolution was
poorer than 1 meV. Typical plots of the spectral depende
of the PL for ZnGeP2 crystals obtained by the solid-phas
reaction and grown from a melt are presented in Fig. 3. T
principal results of these investigations are described be

The plots of the spectral dependence of the PL of all
ZnGeP2 samples obtained by the solid-phase reaction
similar to one another~Fig. 3, curves1–3! and usually con-
sist of two broad bands at 77 K: a long-wavelength ba
with a maximum at\v1 and a short-wavelength band
\v2 . The energetic position of\v1 for the reaction condi-
tions employed ranges from 1.29 to 1.33 eV, while the va
of \v2 for all the samples essentially coincides and
roughly equal to 2.0 eV. The widths of the PL bands
-
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half-maximum are fairly high:d1'0.3020.35 eV andd2

'0.47 eV. This finding indicates that they are not eleme
tary bands.

Scanning a ZnGeP2 surface by a focused PL-excitin
probe~with a diameter of about 0.2 mm! revealed that the PL
spectra are faithfully reproduced from point to point alo
the surface of the microcrystalline layers. This finding poin
out the high uniformity of the layers with respect to the
luminescence properties. In the case of the samples in w
a system of tiny, spatially separated ZnGeP2 crystals is dis-
persed in a thin, finely crystalline layer, the PL intensity
this layer in the vicinity of\v2 is 121.5 orders of magni-
tude smaller than the PL intensity of single crystals. Figur
~curve1–3! shows examples of the variation achieved in t
ratio between the intensities of the short- and lon
wavelength PL components. The brightest short-wavelen
PL was obtained specifically when single-crystal formatio
were excited~Fig. 3, curve1!. The PL spectrum of ZnGeP2

single crystals grown from a melt of stoichiometric comp
sition ~Fig. 3, curve4! also includes two components.11,13

However, in this case the long-wavelength band is bl
shifted relative to the band for the material obtained by
solid-phase reaction, while the short-wavelength compon
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FIG. 4. Spectral dependence of the intensity of the stationary PL of ZnGeP2 crystals on pump power at 77 K (\vexc53.7 eV.1–3 — sample 1–1,4 and
5 — sample 1–5.P/P0: 1 and4 — 1, 2 — 0.7, 3 and5 — 0.1.
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at \v2 is significantly weaker. For this reason, the photo
minescence of the material obtained by the solid-phase r
tion is visually displayed in the form of a bright orange l
minescence band, while the luminescence intensity of
crystals obtained from a melt at the same excitation leve
so weak that it is not manifested visually.

As the temperature is raised to 300 K, the sho
wavelength component becomes dominant in the PL spe
of the samples compared~Fig. 3, curves18 and48! due to the
faster quenching of the long-wavelength band with tempe
ture. In both types of samples the PL bands atT5300 K are
broadened relative to the bands at 77 K, and their wi
reachesd2'0.54 eV in the crystals obtained by low
temperature synthesis andd2'0.64 eV in the crystals grown
from a melt. These data once again reflect the nonelemen
character of the short-wavelength PL component. The
tures indicated in Fig. 3~curve18! coincide with the values
of the energies of the pseudodirect interband transition
electrons from the lower conduction band to subbands of
valence band split by the anisotropic crystal field and sp
orbit coupling.8 This is the primary manifestation of the non
elementary character of the short-wavelength PL band
T5300 K. It is significant that in the case of the crysta
grown from a melt~Fig. 3, curve48! the maximum at\v2

undergoes a red shift amounting to'10 meV, which may
indicate the decisive role of centers with shallow levels
the photoluminescence of such crystals, as is confirme
the spectra ofh ~Fig. 2, curve3!.

The PL intensity at the temperatures investigated dr
rapidly in the region of the direct transitions in the spec
~Fig. 3! of both the crystals obtained by the new method a
the crystals grown by the traditional high-temperatu
method of directional solidification,8,9 precluding the obser
vation of luminescence in the region of direct interband tr
sitions.
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Figure 4 presents plots of the spectral dependence o
PL as a function of the pump power for a single crystal a
a microcrystalline layer of ZnGeP2 obtained by the solid-
phase reaction. As the pump powerP is increased, the con
tribution of the short-wavelength PL component intensifi
~Fig. 4, curve 1–3!, and the maximum of the long
wavelength band at\v2 undergoes a red shift. The pum
power also has a similar influence on the long-wavelen
PL band in samples where the latter is decisive~Fig. 4,
curves4 and 5!. In fact, in such samples the maximum
\v1 and the wing of the band itself undergo red shifts asP
is increased. These laws allow us to assign the lo
wavelength PL component to donor-acceptor transitio
while the short-wavelength component can be assigne
quasi-interband photoluminescent transitions of electr
from the lower minimum of the conduction band to the sp
subbands of the valence band.8

Thus, the results presented from the first investigatio
of the electronic properties of crystals and structures
tained by a solid-phase reaction point out the improved p
fection of the ZnGeP2 crystals in comparison to the crysta
which are still grown from a melt by the convention
method of directional solidification.8,9
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Behavior of manganese impurities in Hg 3In2Te6
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The behavior of manganese impurities in Hg3In2Te6 is investigated. The carrier concentration
remains considerably smaller than the impurity concentration in the doped crystals. The
introduction of manganese into Hg3In2Te6 does not alter the position of the Fermi level, which is
located near the middle of the band gap of the material. The electrical conductivity remains
intrinsic down to 150 K. It is shown that manganese exists in the Mn21(3d5) charge state in the
Hg3In2Te6 lattice and does not lead to the appearance of new chemical bonds in the host,
but does influence the short-range structure. WhenNMn,9.231019cm23, Hg3In2Te6 has higher
values of the carrier mobility than does the undoped material. ©1999 American Institute
of Physics.@S1063-7826~99!00312-9#
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The interest in the study of Hg3In2Te6 is due to its prop-
erties, which are advantageous for practical use: its g
photoelectric characteristics, the heightened stability of
parameters toward the effects of ionizing radiation, the e
trical inactivity of impurities added to it, etc.1 The unusual
properties of Hg3In2Te6 are associated with the presence o
large number (;2.731021cm23) of vacant cation sites, o
so-called stoichiometric vacancies, in its sphalerite struct
The presence of stoichiometric vacancies in semiconduc
classified as defect-containing structures of the In2Te3 type is
due to the satisfaction of crystal-chemical conditions wh
result in the number of cations in the stoichiometric comp
sition being less than the number of anions. The spec
features of the crystal structure which distinguish semic
ductors with stoichiometric vacancies from II–VI, III–V
and IV–VI compounds include not only their radiation st
bility, but also the considerable solubility of the impuritie
and their intrinsic conductivity over a broad temperatu
range. Various models have been used to account for
absence of impurity conduction in doped In2Te3 . Koshkin
et al.2 proposed a thermodynamic model of the dissolution
impurities, according to which the impurity atoms are loc
ized in stoichiometric vacancies in the unionized state
therefore do not make a contribution to the electrical cond
tivity. The opponents of this model3,4 claim that the impuri-
ties introduced into the crystal dissolve in stoichiometric v
cancies and that they do not exist in the neutral state,
exhibit their own characteristic valence. The electrical in
tivity of metal impurities is then attributed to stabilization
the Fermi level resulting from the fact that the impurity shi
trivalent indium~in In2Te3) into another stable state. How
ever, the intrinsic character of the conductivity in In2Te3

does not rule out the possibility for the existence of lo
levels in the band gap. As was shown in Ref. 5, band-
states entirely determine the photoelectric properties
doped In2Te3 .

In the present paper we report the results of an ongo
investigation of the state and behavior of impurities in
semiconductor with stoichiometric vacancies that diffe
1271063-7826/99/33(12)/4/$15.00
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from In2Te3 in that some of the indium atoms are replac
by mercury atoms, viz., the compound Hg3In2Te6, in which
the structure of the energy bands is direct and the gap w
Eg at T5300 K is 0.74 eV. The purpose of this work is t
obtain results which would supplement the available inf
mation and help to elucidate the features of the propertie
impurity centers in Hg3In2Te3 .

Manganese was selected as the impurity, since its p
ence in a crystal can be detected by studying the impu
magnetism. Crystals of Hg3In2Te6, which were doped with
manganese during growth by the Bridgman–Stockbar
method, were used in the experiments. The concentra
NMn of the impurity introduced into the mixture varied in th
range 53101821021cm23 . X-ray powder diffraction analy-
sis showed that all the bars grown were homogeneous.
series of distinct diffraction lines on the x-ray diffractio
patterns correspond to a sphalerite structure with a lat
parameter forNMn,1019cm23 equal toa56.28960.001 Å,
which scarcely differs from the corresponding parameter
undoped samples. However, when the amount of manga
introduced was increased, the lattice parameter increase
a56.29460.001 Å atNMn5531020cm23 .

The experimental data on the magnetic susceptibi
~Fig. 1! provide evidence that the temperature dependenc
the paramagnetic contribution of the manganese impurity
the magnetic susceptibility is described by the Curie law6

xMn5NMnmB
2g2S~S11!~3kT!21, ~1!

wheremB is the Bohr magneton,S is the spin, andg is the
Landé factor. The observed course of the functionxMn

21

5 f (T) indicates that exchange interactions between
magnetic impurities in Hg3In2Te6 are not manifested within
the range of values ofNMn investigated. The mean concen
tration of manganese ions determined using formula~1! with
S55/2 andg52 for samples from different parts of a ba
coincides satisfactorily with the concentration of mangan
introduced into the mixture. Therefore, the manganese in
Hg3In2Te6 lattice exists in the Mn21 (3d5) charge state and
2 © 1999 American Institute of Physics
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is thus an isovalent impurity. This can occur in the case
replacement of the highly volatile component Hg by Mn
the host lattice.

Figure 2 presents the distribution of the manganese c
centration along bars with various values of the initial imp
rity concentration in the meltNMn

0 . The concentration pro
files obtained can be described by the following equati6

with the effective distribution coefficientkeff51.4:

NMn5keffNMn
0 ~12 f !keff21, ~2!

wheref is the fraction of the melt crystallized. A value of th
effective distribution coefficientkeff.1 means that the im
purity does not experience any ‘‘resistance’’ on the part
the host during crystallization and is drawn from the m
into the solid phase. In this case the form of the concen
tion profiles~Fig. 2! is determined by the chemical intera
tion between the host and impurity atoms.

The influence of the impurity on the short-range stru
ture was investigated by far-infrared spectroscopy. The in
red ~IR! transmission spectra obtained at 300 K are show
Fig. 3. Four IR absorption bands corresponding to vib

FIG. 1. Temperature dependence of the impurity magnetic susceptib
xMn for various values ofNMn , 1019 cm23: 1 — 4.1,2 —6.2,3 — 9.2,4 —
12.

FIG. 2. Distribution of Mn impurity atoms along Hg3In2Te6 bars ~points!
and calculated concentration profiles~solid lines! for keff51.4 and two val-
ues of the initial concentrationNMn

0 , 1019, cm23: 1 — 5, 2 — 10.
f
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tional modes of interatomic bonds are observed in the
quency range investigated. Doping does not lead to the
tablishment of chemical bonds in addition to those alrea
present. However, as can be seen from Table I, the mat
‘‘senses’’ the presence of manganese already at a do
level of 1019cm23, as is evidenced by the transformation
the vibrational characteristics of the spectrum. The first a
second high-frequency absorption bands at 176 and
cm21, which correspond to the shortest and strongest bo
do not react to the specific impurity concentration and
main unchanged up toNMn5531020cm23 . The third and
fourth bands, which are assigned to somewhat weaker bo
at first shift from their original frequency values of 154 an
120 cm21 to lower energy values, and then atNMn*1.2
31020cm23 they undergo shifts to higher values of the bo
energy. The latter are accompanied by broadening of
absorption bands. The direction of the frequency transform
tion of the absorption bands reveals that the initial slig
weakening of the least strongest interatomic bonds gives
to strengthening as the impurity concentration rises. The
served systematic displacement of the band with the low
frequency as a function of the doping level attests to al
ation of the short-range structure in Hg3In2Te6^Mn& crystals.

ty

FIG. 3. Far-infrared transmission spectra of undoped~1! and manganese-
doped Hg3In2Te6 with various values ofNMn , 1019 cm23: 2 — 1, 3 — 5.7,
4 — 12, 5 — 50. The maxima of the absorption bands in the vibration
spectra are marked~see Table I!.

TABLE I. Frequencies~in cm21) corresponding to the maxima of the ab
sorption bands in the vibrational spectra of Hg3In2Te6 as a function of the
manganese doping level.

NMn , cm23 Band 1 Band 2 Band 3 Band 4

0 180 166 154 120
1019 176 164 152 119
5.731019 176 164 151 119
1.231020 176 164 153 122
531020 176 164 156 125
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The investigations of the electrical properties show
that the presence of manganese in Hg3In2Te6 crystals does
not alter either then-type conduction or the Hall concentra
tion (nH.1013cm23 at 300 K!, which remains 628 orders
of magnitude below the concentration of the impurity intr
duced. As the temperature is lowered, the resistance of al
samples increases rapidly, making it difficult to perform lo
temperature (T,150 K! measurements. Appreciable d
creases in the slopes of the plots of the electrical conduc
ity log s(T) and the Hall coefficient logRH(T) were observed
as the temperature was lowered for both undoped and do
samples. It would be tempting to attribute the low
temperature portions of thes(T) and RH(T) curves to im-
purity conduction. However, an analysis of the experimen
plots of s(T), RH(T), and the thermoelectric powera(T)
using the model of a semiconductor with mixed conduct
showed that these kinetic coefficients can be descri
within the intrinsic conduction using the standard formula7

ni5~NcNv!1/2exp~2Eg/2kT!, ~3!

s5enimnb21~11b!, RH5e21ni
21~12b!~11b!21,

a5~ap2anb!~11b!21, ~4!

whereni5n5p is the concentration of intrinsic charge ca
riers, Nc and Nv are the effective densities of state in th
conduction and valence bands,an(ap) is the electron~hole!
thermopower, andb5mn /mp is the ratio between the elec
tron and hole mobilities. In the relations~4! the Hall factor
was assumed to be equal to unity, which is justified in o
case, since the mechanism of scattering on neutral stoic
metric vacancies is significant due to the high concentra
of stoichiometric vacancies. It was found that the mobil
ratio b5mn /mp depends on temperature for all the samp
~Fig. 4!. The temperature dependences ofmn andmp ~Figs. 5
and 6! obtained on the samples with different impurity co
centrations showed that up to certain concentrations the
purity not only does not diminish the mobility of the carrier
but, instead, leads to its increase, especially at low temp

FIG. 4. Temperature dependence of the mobility ratiob5mn /mp for un-
doped~1! and manganese-doped samples of Hg3In2Te6 with various values
of NMn , 1019 cm23: 2 — 4.1, 3 — 6.2, 4 — 9.2, 5 — 12.
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tures. Only at large manganese concentrations (NMn*9.2
31019cm23) does the electron mobility decrease at hi
temperatures because of the increase in scattering on the
tice defects. The variety of temperature dependences of
rier mobility in Hg3In2Te6 is specified by the values of th
mobility ratio b(T).

In fact, at low temperatures larger values ofmn andmp

correspond to smaller values of the Hall mobilitymH . The
decrease inb5mn /mp accounts for the low values ofmH at
low temperatures and its stronger temperature depende

FIG. 5. Temperature dependence of the electron mobilitymn for the same
samples as in Fig. 4.

FIG. 6. Temperature dependence of the hole mobilitymp for the same
samples as in Fig. 4.
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1275Semiconductors 33 (12), December 1999 Grushka et al.
sincemH5mn2mp in an intrinsic semiconductor. The gen
eral increase in carrier mobility is evidence that the mate
becomes more perfect when manganese is introduced u
certain concentrations. The Fermi levelF(T) was calculated
using the relation7 F52kT/ ln(n/Nc). The observed
temperature-dependent behavior of the Fermi energyF(T) is
characterized by a dependence that is consistent with
formulaF52Eg/21(kT/2)ln(Nv /Nc), which is valid for an
intrinsic semiconductor. SinceNc,Nv , the Fermi level is
slightly above the middle of the band gap.

As follows from the data obtained, the kinetic coef
cients of both the samples with the impurity and the samp
without it behave in a manner characteristic of heavily co
pensated semiconductors. The special features observe
attributed to the nature of the material itself. The number
stoichiometric vacancies is so great that variation of the fo
of the principal bands of the crystal with the resultant appe
ance of density-of-states tails on these energy bands oc
with preservation of the band structure in the energy sp
trum even in the absence of special doping. The presenc
such tails, which are associated with a large number of
ichiometric vacancies, is indicated by the exponential sp
tral dependence of the absorption coefficient, which is sp
fied by optical transitions involving the density-of-states ta
in the Urbach region of the fundamental absorption edg8

Introduction of the impurity in amounts which are sure to
smaller than the number of intrinsic structural defects can
significantly alter the spectrum of allowed states near
edges of the energy bands atE,Ec andE.Ev and lead to
the appearance of impurity conduction. This feature is
manifestation of the screening of the impurity potential. T
leading role in the screening can be played by the stoic
metric vacancies themselves, whose lone pairs can crea
additional electric field.

The transmission spectra of undoped samples in
transparency region are characterized by structureless t
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mission (T550255%! in the wavelength rangel52225
mm. Manganese doping does not alter the character of
T(l) curve, but it decreases the value of the transmissio
NMn.1020cm23 . The impurity light absorption observe
beyond the edge of the fundamental band, which does
have any structure, is evidence that the scattering inten
does not depend on wavelength and is proportional to
impurity concentration.

Thus, the mechanism underlying the doping
Hg3In2Te6, in which Mn atoms enter into the host lattice
the form of Mn21 ions by displacing mercury atoms int
stoichiometric vacancies, is accompanied by a s
compensation effect. As the temperature is lowered, the c
ductivity displays an intrinsic character down to 150 K. T
electrical inactivity of the manganese impurity ions is attr
uted to stabilization of the Fermi level near the middle of t
band gap, rather than their chemical inactivity.
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Photoelectric properties of Hg 12xCdxTe single crystals grown from the vapor phase
S. S. Varshava and I. V. Kurilo

‘‘L’vov Polytechnic’’ State University, 290013 L’vov, Ukraine

I. S. Virt and D. I. Tsyutsyura
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The electrical and photoelectric properties of Hg0.1Cd0.9Te crystals grown by chemical vapor
transport are investigated experimentally. The temperature dependences of the carrier concentration
and mobility are determined. The photoelectric properties of these crystals fit a model based
on the existence of fast and slow recombination centers. ©1999 American Institute of Physics.
@S1063-7826~99!00412-3#
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The number of publications on the properties
Hg12xCdxTe crystals with a large CdTe content (x.0.5) is
fairly small. There have been reports on the technology
growing such crystals1,2 and on the contact phenomena a
pearing at the boundary between a metal and the broad-
semiconductor Hg12xCdxTe (x.0.5). The electrical and es
pecially the photoelectric properties of crystals having
compositions indicated above have been studied extrem
inadequately, principally because of the difficulty in obta
ing homogeneous crystals withx.0.5 by the classical Bridg-
man or liquid-phase epitaxial methods.

In this paper we present the results of an investigation
the electrical and photoelectric properties of Hg12xCdxTe
(x50.9) single crystals grown from the vapor phase. W
have synthesized the compounds in advance from eleme
Cd, Hg, and Te. We have then synthesized platelike sin
crystals measuring 10310310 mm by chemical vapor trans
port in a closed Hg12xCdxTe–NH4Br system with tempera
tures in the source and crystallization zones equal to 953
833 K, respectively. Such crystallization regimes permit

FIG. 1. Temperature dependence of the concentrationp ~1!, the electrical
conductivity s ~2!, and the Hall mobility RHs ~3! for a sample of
2Hg0.1Cd0.9Te.
1271063-7826/99/33(12)/3/$15.00
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synthesis of structurally perfect single crystals. The elem
tal composition of the solid solution was determined by
Comebax x-ray analyzer at 20 points along the sample.
CdTe contentx varied within 0.01, and no inclusions of othe
phases were found.

The Hall coefficient~in a magnetic fieldH51 kOe! and
the electrical conductivity were measured in the tempera
range 300277 K. The surface of each sample was chem
cally polished in a Br–CH3OH solution. Contacts were ap
plied by sputter-depositing Au with patching by indium so
der. The stationary photoelectric properties were investiga
using an ISK-21 spectrometer with an F1 prism, and
nonstationary properties were studied using a pulsed N2 laser
~with a wavelength of 0.33mm! and a pulsed GaAs-base
light-emitting diode~with a wavelength of 0.9mm!.

The samples with the compositions indicated exhibi
p-type conductivity over the entire range of temperatureT
investigated. The hole concentration was determined
p(T)51/eR(T), wheree is the charge of an electron, an

FIG. 2. Spectral dependence of the photoresponseUpc of a sample of
Hg0.1Cd0.9Te at 77 K.
6 © 1999 American Institute of Physics
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1277Semiconductors 33 (12), December 1999 Varshava et al.
R(T) is the Hall coefficient. The carrier mobilitymp5sR at
T577 K was 400 cm2/(V•s), and the carrier concentratio
varied in the rangep5101621014cm23 from room tempera-
ture to liquid-nitrogen temperature. The growth of thep-type
concentration with temperature~Fig. 1! is specified by a ther-
mally activated process with an energyEi1554 meV in the
temperature range 30290 K, and thep(T) curve reaches
saturation atT,90 K. In this temperature range the carri
mobility varies according to a power law,m;m0T22, which
points out the decisive role of the phonon scattering mec
nism.

The spectral dependence of the photoresponseUpc(l) at
77 K ~Fig. 2! has a maximum at the wavelengthl5780 nm,
and the gap width determined from half of the decline of
long-wavelength edge isEg51.45 eV. In the surface excita
tion region~at ld.1) the photocurrent depends weakly o
l, and its substantial value~compared with the peak value!
attests to the small density of surface states. The impu
photocurrent exists up to a wavelength of 1250 nm; i.e.,
impurity level is located at a distanceEi250.45 eV from the

FIG. 3. Dependence of the photoresponseUpc at a wavelength of 0.9mm on
the excitation intensityF for a sample of Hg0.1Cd0.9Te.

FIG. 4. Temperature dependence of the characteristic photoresponse
ation timest of a Hg0.1Cd0.9Te sample for the slow~2! and fast~1! compo-
nents (t2 andt1), as well as of the amplitude of the photoresponseUpc ~3!.
a-

e

ty
e

edge of one of the allowed bands. The brightness-volt
characteristic for excitation at the maximum of the spec
characteristic has a sublinear character at high excitation
els: Upc;F2/3, whereF is the radiated power~Fig. 3!. The
analysis of this dependence was described in detail in Re
based on a model of the variation of the ratio between
concentrations of recombination and attachment centers
the nonequilibrium carriers as a function of the level of ill
mination.

In most cases with excitation of the samples by sh
light pulses~10 ns! the photocurrent relaxation curves ha
two components, viz., a fast component (t151025 s! and a

lax-

FIG. 5. Oscillograms of the variation of the photoresponseU with the time
t for a Hg0.1Cd0.9Te sample at 77 K~1, 2! and of the infrared photoconduc
tivity quenching process~3, 4!. 1 — exciting pulse duration equal to 10 ns
l50.33 mm; scales:U52 mV/division, t520 ms/division. 2 — exciting
pulse duration equal to 1 ms,l50.9 mm; scales:U51 mV/division, t51
ms/division.3 — without infrared illumination.4 — with infrared illumina-
tion at l51.1 mm; scales:U55 mV/division, t520 ms/division.
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slow component (t251024 s! ~Fig. 4!. The temperature de
pendences of the slow components pass through a maxim
in the temperature range 2002150 K with an activation en-
ergy Ei35702110 meV in different samples. The course
the stationary lifetime of the nonequilibrium carriers (tss

;Upc/mp) exhibits a sharp drop at low temperatures, atte
ing to the asymmetry of the electron and hole capture ra
This provides some basis to assume that in the case of e
tation by short pulses, recombination of the nonequilibriu
carriers, like the recombination observed in CdTe crystals
controlled by fast~s! and slow~r! centers4 ~Fig. 5, curve1!.
When the sample is illuminated by long pulses~Dt ;1 ms!,
only the slow component associated withr centers is
observed on the photoresponse relaxation curve~Fig. 5,
curve2!.

During infrared quenching of the photoresponse~l.1.1
mm! ~Fig. 5, curves3 and4!, both components persist, pro
viding evidence that the concentration ofr ands centers are
roughly equal (r /s;1), but the slowr energy levels are
m

t-
s.
ci-

is

attachment centers, which strongly influence the relaxa
processes in crystals of the compositions un
consideration.5

The proposed scheme of recombination phenom
qualitatively explains the temperature dependences of
photoconductivity relaxation processes in Hg12xCdxTe crys-
tals with high values ofx.

1S. S. Varshava, A. S. Ostrovs’ka, and G. M. Potapchuk, Ukr. Fiz. Zh.38,
398 ~1993!.

2I. V. Kurilo, S. P. Pavlishin, S. N. Bekesha, G. A. Il’chuk, and Yu. G
Akhromenko, Izv. Akad. Nauk SSSR, Neorg. Mater.23, 228 ~1987!.

3A. Rose, Concepts in Photoconductivity and Allied Problems@Inter-
science, New York, 1963; Mir, Moscow, 1966#.

4V. E. Lashkarev, A. V. Lyubchenko, and A. V. She�nkman,Nonequilib-
rium Processes in Photoconductors@in Russian#, Naukova Dumka, Kiev,
1981.

5V. E. Lashkarev, A. V. Lyubchenko, and M. K. She�nkman, Fiz. Tverd.
Tela ~Leningrad! 7, 1727~1965! @Sov. Phys. Solid State7, 1388~1965!#.
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Nature of the nuclei for thermal donor formation in silicon „or another variant
of accelerated oxygen diffusion …

V. B. Ne mash,* ) E. A. Puzenko, A. N. Kabaldin, A. N. Kra chinski , and N. N. Kras’ko

Institute of Physics, Ukrainian National Academy of Sciences, 252650 Kiev, Ukraine
~Submitted July 21, 1998; accepted for publication May 19, 1999!
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The influence of preliminary heat treatment at 800 °C on the accumulation and annealing kinetics
of thermal donors formed at 450 °C in silicon single crystals is investigated by performing
four-point measurements of the electrical resistivity. The activation energies for the generation and
annealing of thermal donors were found to increase appreciably after preliminary heat
treatment at 800 °C. The experimental results are discussed with consideration of the role of the
various phase states of oxygen in as-grown Si. An interpretation is proposed with allowance
for the effect of the internal elastic stresses created by microfluctuations of the oxygen and thermal
donor concentrations in the Si lattice on the diffusion coefficient of oxygen atoms. A
quantitative estimation of the dimensions of the microfluctuations gives a value on the order of
hundreds of angstroms. The generation and annealing kinetics of thermal donors are
described within the Kaizer–Frisch–Reiss model with allowance for the locally accelerated
~within the microfluctuations! diffusion of oxygen. The microfluctuations contain roughly 123%
of the total number of oxygen atoms in the crystal. This low percentage complicates the
observation of the accelerated diffusion of oxygen by direct methods, but is sufficient for thermal
donor generation. ©1999 American Institute of Physics.@S1063-7826~99!00512-8#
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The efficiency of the formation of oxygen-related the
mal donors~oxygen thermal donors! at 450 °C exhibits a
significant dependence on the preliminary heat treatmen
silicon crystals.1,2 One of the reasons for it may be the di
solution of any thermal-donor nuclei, which are alwa
present in an as-grown crystal, during preliminary h
treatment.3 In the Kaizer–Frisch–Reiss~KFR! model4 the
nuclei for the thermal donor complexes SiOm are SiOm21

complexes, which are their direct precursors. However
450 °C a diffusion constant (D0) of oxygen in Si severa
orders of magnitude higher than the real value is required
the formation of even the complex withm52. Moreover, it
is difficult to account for the existence of the microcluste
of oxygen thermal donors observed in Refs. 5–8. One p
sible explanation may be based on the assumption that t
are microfluctuations of the oxygen impurity concentratio
where the local concentration of oxygen atoms (Oi) signifi-
cantly exceeds the mean value, in as-grown Si.9 In this case
the Oi atoms can initially be close enough to one another t
complexes can form. In addition, the diffusion coefficientD0

in the strongly stressed regions of the crystals affected
these microfluctuations can differ greatly from the value
D0 in the remaining volume. Thus, the microfluctuations c
also be associated with the concept of nuclei for therm
donors. However, their influence on the accumulation a
annealing kinetics of oxygen thermal donors following p
liminary high-temperature treatment can differ significan
from the influence of nuclei in the form of SiOm21 precipi-
tates.

In this paper we describe the results of an experime
study of the generation and annealing of oxygen-related t
1271063-7826/99/33(12)/5/$15.00
of

t

at

r

s-
re
,

t

y
f
n
l
d
-

al
r-

mal donors at 450 °C~450 °C oxygen thermal donors! in Si
preliminarily heat-treated at 800 °C for the purpose of asc
taining which of the two models of the nuclei just describ
corresponds to experiment.

Samples of dislocation-free Si with an as-grown resist
ity r525240V•cm prepared without any heat treatment a
ter growth were used. The spread of initial values ofr is due
to the different local concentrations of oxygen thermal d
nors in different parts of the crystal

n05nP1nGTD,

wheren0 is the free-electron concentration in the as-gro
samples,nP is the phosphorus impurity concentration,nGTD

is the concentration of growth thermal donors, a
nP/nGTD5122. The concentrations of oxygen and carb
impurities determined from the infrared absorption at wa
lengths of 9.1 and 16.5mm in a light beam measuring 1033
mm were equal to (8210)31017cm23 and less than 5
31016cm23 , respectively. The measurements ofr were per-
formed by the four-point probe technique at room tempe
ture. The free-electron concentration (ne) was determined
from the values ofr under the assumption thatm51350
cm2/(s•V). The total concentration of all the types of the
mal donors (NTD) was determined from the differenceni

2n0 (n0 and ni are the free-electron concentrations in t
as-grown and heat-treated samples, respectively! without al-
lowance for the thermal acceptors, which form at 800
after 30 min, since their concentrationna,331013cm23 .
The distance between the probes was 1 mm. Sample
identical asymmetric shape were fixed during the meas
ments in a special socket, which ensured repeated place
9 © 1999 American Institute of Physics
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of the probes on a sample to within 0.3 mm. The nonunif
mity of the distribution ofr on the scale of the distanc
between the probes in the radial direction in an ingot w
37–40%. Heat treatment at 800 °C for 30 min reduced
nonuniformity to 16–22%. This means that the nonunif
mity of r is largely due to the nonuniform distribution of th
growth thermal donors. The nonuniformity of the distrib
tion of the growth thermal donors, in turn, is naturally ass
ciated with the nonuniform distribution of Oi during crystal
growth.

The samples were sorted into three groups on the b
of the as-grown values ofr: I — 25 V•cm, II — 30 V•cm,
III — 40 V•cm. All the heat treatments and measureme
were carried out on sets of samples containing one sam
from each group. Isothermal heat treatment at 45061 °C in
air was employed to generate thermal donors. The dura
of each heat-treatment step was 5–20 min. After each h
treatment step,r was measured at the same place on
sample.

Figure 1 shows typical plots ofNTD , and Fig. 2 shows
plots of dNTD /dt versus the heat-treatment time at 450
(tann

450) for as-grown samples~1! and samples preliminarily
treated at 800 °C for 30 min~2!. It is seen that thermal dono
generation is slowed significantly after preliminary he
treatment at 800 °C, while the IR absorption band of Oi re-
mains almost unchanged after such heat treatment. Th
evidence that only slight changes occur in the phase sta
the bulk of the oxygen atoms in the crystals investigated. T
rate of thermal donor generation (dNTD /dt) in all cases var-
ies with the heat-treatment time at 450 °C. This variation

FIG. 1. Dependence of the thermal donor densityNTD on the heat-treatmen
time at 450 °C (tann

450) for different samples:1 — Ia , as-grown sample;2 —
Ib , sample preliminarily treated at 800 °C for 30 min.
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more rapid in the earliest stages of the heat treatment
contradiction to the kinetics of homogeneous precipitat
according to the KFR model. The fundamental change in
course of the dependence ofdNTD /dt on the heat-treatmen
time at 450 °C is significant. While the rate of thermal don
generation decreases relative to the initial rate in the
grown samples, it increases after preliminary heat treatm
at 800 °C.

This finding is similar to the behavior observed in Re
2 and 10 and can be attributed to the equally successfu
fluence of preliminary heat treatment at 800 °C on the nu
for the complexes of both types discussed above. In one
this influence reduces to the dissolution of SiOm21 precipi-
tates. In the other case it reduces to ‘‘resorption’’ of t
microfluctuations as a result of the diffusion and precipi
tion of Oi atoms in the densest central parts of the micr
luctuations.

Preference for a particular type of nuclei for the com
plexes can be indicated by an experiment on the influenc
preliminary heat treatment at 800 °C on the annealing of o
gen thermal donors. In fact, if the nuclei are uniformly d
tributed SiOm21 precipitates, preliminary heat treatment
800 °C can only reduce their number~and, accordingly, the
rate of thermal donor generation!, but is incapable of influ-
encing the annealing of the oxygen thermal donors. If
nuclei are microfluctuations, an influence of preliminary he
treatment at 800 °C on the annealing kinetics of oxygen th
mal donors can be expected on the basis of their mu
influence. In fact, according to this model oxygen therm

FIG. 2. Dependence of the rate of thermal donor generationdNTD /dt on the
heat-treatment time at 450 °C (tann

450) for different samples:1 — IIa , as-
grown sample,2 — IIb , sample preliminarily annealed at 800 °C for 3
min.
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donors are found in microclusters with a large local conc
tration at the sites of microfluctuations in an as-gro
crystal.5 Point defects located in the deformation field
other defects~for example,A centers in regions of disorde
following neutron irradiation or near dislocations! can sig-
nificantly alter the parameters of their annealing.12 Prelimi-
nary heat treatment at 800 °C is capable of lowering the lo
concentration of Oi in microfluctuations and, thus, the loc
concentration of oxygen thermal donors in the microcluste
Therefore, alteration of the annealing kinetics of oxyg
thermal donors can be expected after preliminary heat tr
ment at 800 °C, since the mutual influence of the oxyg
thermal donors weakens.

The annealing of oxygen thermal donors formed
450 °C was studied in our work at two temperatur
T5510 and 515 °C. At these temperatures the annealin
450 °C oxygen thermal donors is accompanied by the for
tion of other species of thermal donors~although it is signifi-
cantly slower than at 450 °C!. However, the effective rate o
their generation is at least 5 times smaller than the annea
rate of 450 °C oxygen thermal donors. Therefore, their c
tribution to the kinetics of the electron density during t
annealing of 450 °C oxygen thermal donors can be dis
garded.

As an example, Fig. 3 shows plots of the dependenc
the thermal donor concentrationNTD on the annealing time a
515 °C (tann

515) for samples with thermal donors generated
450 °C without preliminary heat treatment~1! and for
samples after preliminary heat treatment at 800 °C~2!. Simi-
lar plots were constructed for annealing at 510 °C, for

FIG. 3. Dependence ofNTD on the annealing time at 515 °C (tann
515) for

different samples:1 — after annealing at 450 °C,2 — sample subjected, in
addition, to preliminary heat treatment at 800 °C. Dashed lines — appr
mation of the formy5A0exp(2t/t).
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nealing of the thermal donors generated at 450 °C with
preliminary heat treatment and thermal donors generate
450 °C after preliminary heat treatment at 800 °C. The pl
thus obtained of the dependence of the concentration
450 °C oxygen thermal donors on the annealing time
510 °C have a form qualitatively similar to the plots show
in Fig. 3.

In Fig. 3 the points correspond to experimental data, a
the dashed lines represent a computer approximation o
exponential function of the formy5A0exp(2t/t). It is seen
that the experiment is faithfully described by a single exp
nential function. This occurs in all twelve samples. The co
clusion drawn in Ref. 11 regarding the two-step annealing
450 °C oxygen thermal donors is probably due to the sm
number of experimental points. Thus, preliminary heat tre
ment at 800 °C significantly slows the annealing of 450
oxygen thermal donors atT5510 and 515 °C. As was note
above, this finding can support the second theory regard
the nature of the nuclei for thermal donor formation~microf-
luctuations of the oxygen impurity concentration!, i.e., the
increased uniformity of the spatial distribution of the oxyg
impurities as a result of the preliminary heat treatment
800 °C leads to a more uniform distribution of the therm
donors themselves and, accordingly, to weakening of th
mutual influence through deformation fields, which slow
their annealing. In other words, the microclusters of therm
donors formed in crystals preliminarily heat-treated at 800
become looser. Thus, the mutual influence of the ther
donors comprising them weakens, and the facilitated ann
ing of the defects in clusters subsides. In fact, the activa
energy for annealing (Ea) and the annealing frequency facto
~n!, which we determined from experiments on the anneal
of 450 °C oxygen thermal donors atT5510 and 515 °C, in-
crease significantly after preliminary heat treatment
800 °C. For different groups of samples we obtainedEa

51.6421.88 eV, n56.3310822.33107 s21 without pre-
liminary heat treatment andEa52.322.47 eV, n51.8
3101122.431012s21 after preliminary heat treatment a
800 °C. Moreover, the fairly broad ranges of values for th
parameters with measurement errors amounting toDEa

560.05 eV andDn56531010s21 in both cases are prob
ably due to the already macroscopically inhomogene
~with a scale equal to the probe spacing! distribution of the
microfluctuations themselves. This is supported by the
lowing fact. The rate of thermal donor generation in samp
with differences in the integral Oi concentration amounting
to less than 20% (NO was determined from the absorption
infrared radiation in a light beam with a cross section m
suring 1033 mm! can differ by a factor of 4~when the
measurements are performed by the four-point probe te
nique with a distance between the measuring probes equ
1 mm!. The results of measurements performed on a gr
of 12 samples unequivocally attest to a general tendency
increases in the activation energy and the frequency fa
for the annealing of 450 °C oxygen thermal donors after p
liminary heat treatment at 800 °C. It is difficult to attribu
such an increase to a decrease in the concentration of n
in the form of SiOm21 precipitates during the preliminar
heat treatment at 800 °C. Assuming that the nuclei are

i-
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crofluctuations, we can attribute the variation of the anne
ing parameters to the influence of elastic stresses in the
tice, which are created by the microfluctuations and
corresponding clusters of thermal donors. A similar appro
was used in Ref. 12, in which the influence of dislocations
the parameters of the annealing of radiation defects in Si
considered.

In the KFR model the diffusion of oxygen atoms is th
main factor limiting both the formation of thermal dono
and their annealing. Therefore, a change inEa can charac-
terize a change in the conditions for the diffusion of Oi to a
certain extent. Then the increase inEa following preliminary
heat treatment at 800 °C signifies slowing of the diffusion
Oi in the vicinity of thermal donor complexes. The reas
for this may be a decrease in the local elastic stresses o
crystal within the thermal-donor clusters due to loosening
the clusters as a consequence of the ‘‘resorption’’ of
as-grown microfluctuations of the Oi concentration during
the preliminary heat treatment at 800 °C. As can be s
from the results presented, the activation energyEa52.3
22.47 eV for the ‘‘slowed’’ ~after preliminary heat treat
ment at 800 °C! diffusion is close to the value of the activa
tion energy for dispersed Oi ~Ref. 13!. For the samples with-
out preliminary heat treatment at 800 °C we haveEa51.64
21.88 eV, which corresponds to the activation energy
the generation of 450 °C oxygen thermal donors known fr
the reports of other investigators,14 which was explained by
advancing the hypothesis of the ‘‘accelerated’’ diffusion
Oi . Based on the results obtained, we can assume tha
‘‘accelerated’’ diffusion of Oi during thermal donor genera
tion is characteristic only of oxygen atoms which are
stressed regions of the crystal within microfluctuations w
high values ofNO. Their fraction out of the total number o
Oi atoms probably does not exceed 122% ~Ref. 9!. How-
ever, it is fully sufficient for explaining the real rates o
thermal donor generation in the initial stages. We shall n
quantitatively analyze the experimental results obtained
ing such an approach.

Let us consider the annealing atT5510°C of samples
which underwent preliminary heat treatment at 800 °C bef
the heat treatment at 450 °C. The annealing of 450 °C oxy
thermal donors~we assume that they are SiOm complexes! at
510 °C occurs mainly by means of dissociation, since
limiting size of the oxygen precipitates in silicon at 450 °C
smaller than the critical size of precipitation nuclei at 510
~Ref. 15!.

The annealing kinetics of defects can be written in
relaxation time approximation:

dN

dt
52

N

t
, ~1!

1

t
5nexp~2Ea /kT!, ~2!

whereN is the defect density at the timet.
In the case of the annealing of a thermal-donor comp

via dissociation, an oxygen atom must move away to a c
tain distanceDx in order not to be recaptured by the com
l-
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plex. The value ofDx can be determined from the relation

Dx5ADxt, ~3!

where Dx is the diffusion coefficient of dispersed oxyge
We can calculateDx for various values ofDx obtained by
different investigators. ForDx50.09 exp(22.4kT) from
Ref. 16 atT5510 °C the value ofDx equals 30 Å. ForDx

50.07exp(22.44kT) ~Ref. 17! Dx521 Å; for Dx50.02
3exp(22.42kT) ~Ref. 15! Dx513 Å; and for Dx50.17
3exp(22.54kT) ~Ref. 18! Dx516 Å.

Let us now consider the case of the annealing of 450
oxygen thermal donors without preliminary heat treatmen
800 °C. According to the data in Ref. 14, the activation e
ergy for the accumulation of 450 °C oxygen thermal don
is Ea51.760.1 eV. We obtained the same value ofEa from
the experiment on the annealing of 450 °C oxygen therm
donors without preliminary heat treatment. The equality b
tween the values of the activation energies for generation
annealing makes it possible to assume that the disappear
of thermal donors~during annealing at higher temperature!
is also limited by the diffusion of Oi . We can write a relation
similar to ~3!, in which Dx56.2631023exp(21.8kT) is the
diffusion coefficient of oxygen obtained from the experime
on the formation of 450 °C oxygen thermal donors in R
14. Substituting the corresponding experimental values ot,
we obtainDx5730 Å, i.e., we find that in the case of th
annealing of thermal donors generated without prelimin
heat treatment at 800 °C, the distanceDx increases by 40
fold with a considerable decrease in the activation energy
the process. The existence of deformation fields~with an
energy exceedingkT at T5510 °C! of such expanse would
be more plausible within microfluctuations of the oxyg
impurity concentration or thermal-donor clusters~with di-
mensions on the order of hundreds of angstroms and a l
concentration substantially exceeding the mean value! than
near nuclei in the form of SiOm21 precipitates.

Thus, the quantitative analysis of the experimental
sults obtained by us provides evidence in support of the
pothesis of the accelerated diffusion of oxygen within m
crofluctuations and microclusters of thermal donors. T
fraction of oxygen atoms located in microfluctuations do
not exceed several percent of their total number; therefor
would be difficult to detect the accelerated diffusion of Oi by
direct methods.

The foregoing analysis of the results has an approxim
character. However, in our opinion, it is sufficient for draw
ing the following conclusions.

1. In thermal donor generation the role of the ‘‘nucle
~in the sense of the additional factors stimulating the prec
tation of Oi) is played by microfluctuations of the concentr
tion of Oi extending over distances on the order of 700 Å

2. The generation and annealing of thermal donors
microclusters at the sites of as-grown microfluctuations
the oxygen impurity concentration are greatly facilitated
the accelerated diffusion of Oi in the elastic deformation
fields near and within microclusters of thermal donors a
microfluctuations.
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Donor-acceptor photoluminescence of weakly compensated GaN:Mg
V. Yu. Nekrasov, L. V. Belyakov, O. M. Sreseli,* ) and N. N. Zinov’ev
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~Submitted May 21, 1999; accepted for publication June 23, 1999!
Fiz. Tekh. Poluprovodn.33, 1428–1435~December 1999!

An analysis of the time-resolved photoluminescence spectra of magnesium-doped layers of
gallium nitride grown by molecular epitaxy on GaAs and sapphire substrates is presented. New
characteristic features of Mg impurities and their interaction with intrinsic defects, which
are manifested via a mechanism of donor-acceptor recombination, are discovered. The donor-
acceptor optical transitions in a doped, weakly compensated broad-band semiconductor
are considered theoretically under the assumption of a nonrandom distribution of the impurities.
A quantitative analysis of the donor-acceptor photoluminescence spectra of diverse samples
of GaN:Mg epilayers reveals depletion at short distances in the distribution of the donors and
acceptors and/or the presence of a predominant distance between impurities~singularities!,
depending on the growth conditions. The following are determined from a comparison of the
calculated and experimental dependences of the time-resolved photoluminescence: the
form of the interimpurity distribution function, the dopant concentration, and the binding energies
of the acceptors~Mg atoms! and active donors. ©1999 American Institute of Physics.
@S1063-7826~99!00612-2#
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1. INTRODUCTION

Despite the formidable advances in the practical dev
opment of light-emitting devices based on gallium nitrid
many points are still unclear in the mechanism underly
the influence of the doping of GaN on its luminescence pr
erties. GaN layers obtained without doping are character
by an electronic type of conduction. As in the case of ot
broad-band compounds, the doping of gallium nitride w
acceptor-like impurities is a complex subject. At present,
only dopant which provides relatively stable and reprod
ible p-type conductivity in GaN is magnesium. The introdu
tion of magnesium~as well as other impurity elements! is
accompanied by the generation of a considerable numbe
intrinsic defects and, possibly, by the appearance of imp
ties in the unionized state. The implantation of such cen
in a crystal obviously has a significant influence on the
tical and electrical properties of gallium nitride. In particula
the appearance of the broad band at 2.823.3 eV in the pho-
toluminescence~PL! spectrum of GaN is assigned to dono
acceptor~DA! recombination.1,2 The significant differences
discovered in the particular features of the donor-acceptor
spectrum of different samples of GaN:Mg~the spectral posi-
tion of the maximum, the lineshape, and the unusual de
kinetics for DA recombination!1–3 require a deeper under
standing of the doping processes and of the interaction o
acceptor-like impurity with intrinsic defects in gallium n
tride and further investigation of intrinsic DA recombinatio
under the conditions of an inhomogeneous distribution of
impurities.

The foundation of the theory and experiment in the a
of donor-acceptor recombination was laid long ago.4,5 It is
based on the model of a defect-free crystal with a rand
distribution of the impurities. The recombination of electro
1281063-7826/99/33(12)/7/$15.00
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and holes localized at spatially separated impurity center
determined by processes involving tunneling and
Coulomb interaction between individual impurities. On t
other hand, the donor-acceptor PL band is a result of a
aging of the contributions of radiative transitions betwe
individual centers. As a result, the measured DA recombi
tion band occupies a broad spectral range and can ha
complex form. The maximum of the band is located in t
interval between the energy specified by the total recom
nation energy of a donor-acceptor pair,

EDAP~`!5EG2~DED1DEA! ~1!

(EG is the gap width,DED andDEA are the ionization en-
ergies of the donor and acceptor centers!, which corresponds
to an infinite distance between the donors and acceptors,
the energy

EDAP5EDAP~`!1EC , ~2!

whereEC5e2/4p««0r . We note that the magnitude of th
Coulomb contributionEC does not depend on the type of D
pairs or on the mean distance between impurities, which
proportional tonD,A

1/3 (nD,A denotes the concentration of do
nors and acceptors! and is determined entirely by the rando
variable r, i.e., the distance between the donor and the
ceptor. As a consequence of the interaction between imp
ties and intrinsic defects during growth, definite correlatio
are possible in the relative positions of the impurities in t
lattice. If such impurity associations appear, they sho
have a decisive influence on the kinetics of donor-accep
recombination and can be characterized by investigating
kinetics of the PL of DA pairs. Such possibilities open u
new prospects, not accessible to other methods, for inve
gating a material.
4 © 1999 American Institute of Physics
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The large probability of radiative interband transitions
direct-gap semiconductors precludes achievement of
equilibrium values specified by~1! for the spectral position
of the donor-acceptor PL band. This is because a consi
able portion of the electrons and holes bound to impuri
recombine by means of tunneling transitions between nea
neighbors. In view of the nonequilibrium character of D
recombination noted, estimation of the characteristic reco
bination energies from the positions of the maxima of
lines for DA pairs using~1! can lead to erroneous identifica
tion of the impurity transitions in experiments performed u
der stationary excitation conditions.

Thus, not only the spectroscopic energies of the imp
ties, but also the correlation function in the positions of t
dopant and the intrinsic compensating defects can be d
mined from investigations of donor-acceptor PL. Accor
ingly, the kinetics of DA recombination take on special im
portance. In this paper we present the results of
experimental study of time-resolved PL spectra and the
cay kinetics of a pulse-excited PL flash in gallium nitrid
slightly doped with magnesium. Donor-acceptor PL is co
sidered phenomenologically under the conditions of a co
lation between the positions of the donors and acceptors
an arbitrary ratio between the Bohr radii of the donors a
acceptors. Several important numerical characteristics, s
as the concentration of the majority impurity, the bindi
energies of the impurities of both types, the character of
interimpurity correlations, the recombination probabilitie
etc., are determined by comparing calculated plots of
donor-acceptor PL kinetics and experimental results.

2. EXPERIMENTAL METHOD

We investigated samples of GaN lightly doped w
magnesium~the magnesium concentration was 1.531018

cm23 according to SIMS! with a concentration of ionized
acceptorsnA51.531017cm23, which was determined from
Hall measurements. Samples in the form of films of thic
ness 0.522.0mm were grown by molecular-beam epitaxy o
GaAs and sapphire substrates by Prof. Foxon’s team in
University of Nottingham. The growth technology was d
scribed elsewhere.6 The photoluminescence~PL! was inves-
tigated on combined spectroscopic instrumentation, wh
included single and double monochromators with diffract
gratings, a photon-counting system operating in a tim
resolved regime~using a boxcar integrator!, a cryostat with
temperature regulation from 4.2 to 300 K, and a control a
recording computer system. The PL was excited by a pu
nitrogen laser with a photon energyhn53.678 eV, a pulse
duration of 6 ns, and a frequency of;400 Hz. An excitation
level less than 1000 W/cm2 was provided when the diamete
of the laser beam on the sample was;1 mm. This enabled
us to avoid introducing the nonlinear effects associated w
a high excitation and stimulated-emission intensity. A se
calibrated neutral filters was used to vary the excitation
tensity. Auxiliary PL measurements were performed un
stationary conditions with excitation by a He–Cd laser (hn
53.8 eV! and recording of the signal in a phase-sensit
detection regime. The experimental spectral plots are
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sented with consideration of the spectral sensitivity of
measuring system~the photomultiplier and the monochro
mator!.

3. EXPERIMENTAL RESULTS

Figure 1 shows time-resolved PL spectra of a sample
lightly doped gallium nitride~p-GaN:Mg deposited on a
GaAs substrate!, which were obtained atT577 K. The tem-
peratureT577 K was chosen because the PL of DA pairs
weakly temperature-dependent atT,100 K and, at the same
time, the spectral features associated with exciton-impu
complexes do not mask the laws governing donor-acce
PL atT.40 K. In order to isolate the time dependence of t
spectral distribution of the PL, the spectra in Fig. 1 we
normalized to the PL intensity atEPL5EDAP(`) ~the heavy
arrow in Fig. 1!. The value ofEDAP(`) is discussed in detai
in Sec. 5.

We assign peak BB atEPL53.47 eV'EG to the inter-
band recombination of free carriers in two overlapping ch
nels: shallow-donor–valence-band and free-exciton recom
nation ~as was noted above, the emission of bound excit
is quenched at temperatures above 40250 K!. The FWHM
of the BB peak is;30 meV and decreases slowly as t
temperature is lowered. The small feature on the low-ene
side of the principal PL peak, peak DD, is caused, in o
opinion, by deep-donor–valence-band recombination an
discussed below in greater detail. As the delay time is

FIG. 1. Time-resolved photoluminescence~PL! spectra of weakly compen-
sated GaN:Mg on a GaAs substrate~sample mg521!. Delay time for record-
ing the spectrum relative to the excitation pulsetd , ns: a — 0, b — 10, c —
40, d — 200, e — 1000.
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creased, the energetic position of peak BB remains ne
constant, while its amplitude drops sharply during the first
ns after the excitation pulse.

The main feature distinguishing the spectra obtain
with short delays (td!1 ms! from the quasi-steady-state (td

.1 ms! and the steady-state spectra known from the lite
ture is the complex character of the band assigned to
recombination. As can be seen from Fig. 1, the DAP ba
consists of two peaks, viz., LE and HE. The low-energy~LE!
component depends only slightly on the recording time
the spectrum relative to the exciting pulse; nevertheles
small reproducible shift to lower energies is observed. C
versely, the parameters of the new high-energy~HE! compo-
nent depend strongly on the delay timetd . As td is in-
creased, the band red-shifts fairly quickly, and its amplitu
decreases considerably more rapidly than does the ampl
of the LE component. Only the LE band remains in the sp
tra recorded with large delays under the corresponding q
sistationary conditions~curvee in Fig. 1!.

Figure 2 shows the time-resolved spectra for anot
sample ofp-GaN:Mg, which had roughly the same degree
compensation, but was grown on a different substrate, v
Al2O3 . At first glance, the main features persist in the
spectra, i.e., there are two DA recombination bands (DA1

and DAP2), the edge band BB, and the low-energy shoul
DD. However, significant differences are observed in the
kinetics. Most importantly, the high-energy component
the donor-acceptor PL does not vanish when the spectru

FIG. 2. Time-resolved photoluminescence~PL! spectra of weakly compen
sated GaN:Mg on a sapphire substrate~sample mg389!. Delay time for
recording the spectrum relative to the excitation pulsetd , ns: a — 0, b —
50, c — 200, d — 2000.
ly
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measured with a large delay relative to the exciting pul
this component shifts slowly as the delay time is increas
and its kinetics are very similar to the behavior of the lo
energy band. The increase in the intensity of band DD va
from sample to sample. We associate the blue shift in
position of peak BB atEPL53.475 eV by;5 meV with the
different character of the stresses on the GaN/sapp
boundary than on the GaN–GaAs boundary. It should
noted that the behavior of the DA band noted above is ch
acteristic not just of the epilayers on sapphire. For exam
very complicated behavior was also observed for one of
GaN samples grown on a GaAs substrate.

Figure 3 shows kinetic plots of the decay of the intens
of the donor-acceptor PL band measured in the energy ra
from 3.05 to 3.37 eV for two samples. The differences o
tained are striking. While a segment of rapid PL decay
short times can be discerned for one sample~mg521!, the
time dependence of the other sample~mg389! is character-
ized by monotonic decay. The time dependence of the do
acceptor PL intensity has a strongly nonexponential, ne
power-law, character with an exponent of;~22! at large
times.

The investigations of the dependence of the tim
resolved spectra on the intensity of the exciting lightI exc

showed that the variation ofI exc within several orders weakly
influences the spectral features of DA recombination. Nev
theless, relative redistribution of the PL intensities in t

FIG. 3. Kinetics of the donor-acceptor photoluminescence~PL! band for
samples mg521 and mg389. Points — experimental data, solid curve
computer calculation for concentrations equal to 931017 cm23 ~1, 2! and
331018 cm23 ~3! and the distribution functionsG2(r ) ~1! andG1(r ) ~2, 3!.
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spectrum between donor-acceptor PL and interband PL
increasingI exc is observed perfectly clearly with the expect
dominance of band BB at high pump levels.

The experimental data presented demonstrate the
sensitivity of the donor-acceptor PL spectra to the charac
istic features of GaN epilayers that depend on the gro
characteristics and the nature of the substrate. Sample
GaN:Mg with roughly the same doping level exhibit tw
types of spectra in the donor-acceptor PL band with v
different kinetics.

4. RECOMBINATION UNDER THE CONDITIONS OF
INTERIMPURITY CORRELATIONS

The quantitative solution of the problem of the PL of D
pairs was considered in Refs. 4 and 5 in the approximatio
a uniform distribution of the impurities. The results of th
phenomenological theory qualitatively describe the beha
of DA recombination in a series of conventional semico
ductors ~IV, III–IV, and II–VI ! with crystal structures of
high perfection, although the comprehensive comparison
theory and experiment is essentially confined to Ref. 4. N
ertheless, it was noted in some cases that the experimen
observed features differ from the laws predicted by
theory.4 For GaN we note the observations in Ref. 3 th
were left unexplained and our experimental data, which w
presented in the preceding section.

In this section we examine the model of DA recombin
tion with the following significant generalizations, which di
fer from those considered in Ref. 4. First, we assume
arbitrary distribution of the impurities in the lattice and i
troduce the correlation functionG(r ), which specifies the
density of the distribution of the impurities~donors and ac-
ceptors! in the space of interimpurity distancesr. Second, we
assume an arbitrary ratio between the Bohr radii of the
nors (aD) and acceptors (aA) in the problem of the recom
bination of an electron and a hole localized on neighbor
centers. In fact, a rough estimate of the ratio between
Bohr radii in GaN suggestsaD;(325)aA , rather than
aD@aA .

Let us calculate the recombination rate of don
acceptor pairs, following the initial assumptions in Ref.
We assume that a neutral donor is found at the origin
coordinates in an environment ofNA acceptors located at th
positionsr i . Let NA.ND , i.e., let the acceptors be the m
jority dopant, and let the donors be the minority impuri
which compensates for the effect of doping by the accept
For each donor there areNA parallel channels for recombi
nation with acceptors, and the probability of recombinat
of an electron (e) located at a donor center with a hole (h)
bound to thei th acceptor center depends on the distancer i

between them. Denoting the filling factor of the donors w
electrons byQ and usingW(r i) to denote the probability for
the radiative recombination of a bounde2h pair separated
in space by the distancer i , we write the rate of variation o
the filling factor as

dQ

dt
52Q( W~r i !. ~3!
th
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This equation has the solution

Q~ t !5expF2( W~r i !t G . ~4!

We obtain the filling factor averaged over all possible int
impurity configurations, i.e., values ofr i , ^Q(t)& by multi-
plying ~4! by the probability of a given configuration an
summing over all possible configurations:

^Q~ t !&5F 1

VEV
G~r !exp@2W~r !t# d3r GNA

. ~5!

The quantityd3r /V is the probability of finding an impurity
in the volumed3r when the donors~acceptors! are uniformly
distributed in the volumeV, and the correlation function
G(r ) is the density of the probability distribution characte
izing the relative distribution of donor-acceptor pairs in t
space of interimpurity distancesr. Imposing the normaliza-
tion condition

4p

V E
0

`

G~r ! r 2dr51

on G(r ), after some simple transformations we obtain

^Q~ t !&5expF4pnAE
0

`

G~r !$exp@2W~r !t#21% r 2drG . ~6!

Here nA5NA /V. The PL intensity as a function of time
I PL(t), is determined by the rate of variation of^Q(t)&:

I PL~ t !52
d^Q~ t !&

dt
54pnAE

0

`

G~r !W~r !

3exp@2W~r !t# r 2dr expF4pnAE
0

`

G~r !

3$exp@2W~r !t#21% r 2drG . ~7!

It is noteworthy that Eq.~7! describes the variation of th
integrated PL of the DA pairs, rather than the intensity of
individual band in the PL spectrum. The latter can also
calculated with allowance for the fact that an individual p
separated by the distancer 1 emits a photon with the energ
E15e2/4p««0r 1, which is measured relative toEPL

0

5EDAP(`)5EG2(DED1DEA). Thus, the filling factor of
the state of a particular DA pair is defined as

QE1
~ t !5exp@2W~r 1!t#expF2(

iÞ1
W~r i !tG . ~8!

The subscript 1 in~8! denotes the pair singled out. The d
excitation rate of this particular state also determines
spectral PL intensity, which, after averaging over an e
semble of DA pairs, can be brought into the form

JE~ t !5W~r 1!exp@2W~r 1!t#expF2(
iÞ1

W~r i !tG
'W~r !exp@2W~r !t#•^Q~ t !&. ~9!

The difference between ensembles ofNA21 andNA pairs is
ignored in performing the averaging in~9!. This is valid in
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the approximation ofNA@1. After the averaging, if we omi
the subscript 1 (r 1⇒r ) and define the number of acceptors
the epilayer betweenr and r 1dr as dN5G(r )NA4pr 2dr,
we obtain the PL intensity in the energy band betweenE and
E1dE, which, after switching from the spatial coordinate
the recombination energyE using the relation r 5e2/
4p««0E5AC /E, can be expressed in the form

dIE~ t !

dE
54pnAAC

3 GS AC

E D 1

E4
WS AC

E D
3expF2WS AC

E D t G•^Q~ t !&. ~10!

To calculate the PL spectra within this model, we mu
find the functionW(r ), which, in turn, is defined by the
square of the overlap integral of the wave functions of
electron at a donor and a hole at an acceptor. In the prev
studies4,5 an expression obtained in a very simple appro
mation, in which the Bohr radii of the acceptor and don
differ strongly, served asW(r ). In that case W(r )
5W0exp(22r/rB), where r B5max(aD , aA) is the Bohr ra-
dius of the more weakly bound center. However, the B
radii of shallow hydrogen-like impurities generally differ b
only several factors. This situation significantly modifies t
values ofW(r ) in the most important region of variation ofr
from ;0 to max(aD ,aA). The behavior ofW(r ) in this region
is the main factor determining the entire kinetics of don
acceptor PL. Under the assumption that the ground state
electrons and holes at impurities can be described bys-type
functions, the overlap integral is given by the equality

I D2A~r !5
1

p~aD ,aB!3/2E0

`

expS 2
R

aA
DexpS uR2r u

aD
D d3R.

~11!

The calculation of this integral for an arbitrary ratio betwe
aD andaA leads to the following expression for the probab
ity of the tunneling recombination of a bound electron an
bound holeW(r ):

W5const•64H b3I Fb~12b2!14
b~12er!

r Ge2r

1F12b224
b~12ebr!

r Ge2brI 2

/~12b2!6J . ~12!

Here b5aA /aD , r5r /aA , and br5r /aD , respectively.
We note that const•64b3 is exactly equal toW0 in the ex-
pression forW(r ) used in Ref. 4 and in the ensuing studie

5. DISCUSSION OF THE EXPERIMENTAL RESULTS

Let us move on to a comparison of the dependen
calculated from~7!, ~10!, and~12! to the experimental data
The parameters in the calculation are the concentration o
majority impurity, nA , the Bohr radii of the donor and th
acceptor,aD andaA , respectively, and the correlation fun
tion G(r ). The analytic form of~7!, ~10!, and~12! allows us
to reduce the calculation problem to the dimensionless
rametersaA

3nA andb ~or W0) and the coordinater. Iterative
computer simulation of the PL spectra and the time dep
t
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dences was carried out according to the following se
consistent procedure to compare the theoretical results
experiment. The time dependences of the donor-accepto
~7! and spectral series of the time-resolved spectra~10! for
various values of the delay timetd with a typical number of
spectra in each series equal to;5210 were calculated si-
multaneously. The parametersaD , aA , b, andW0, which are
constants of the material, were set equal to constant va
for all the samples investigated in the final iterations. Th
the only variable parameters for different samples in the
stage of the calculation were the concentration of the ma
ity impurity nA and the distribution functionG(r ), which
were varied to achieve the closest fit between the theore
and experimental dependences.

Comparisons of the calculation and the experimen
spectra in the region of donor-acceptor PL shown in Figs
and 2 are made in Figs. 4 and 5, respectively. We note
only the good fit between the calculated curves and the
perimental dependences, but also the repetition of the
namics of the variation of peak HE with time for the samp
of the first type in the calculated curves. The complica
form of the donor-acceptor PL spectrum, as well as the
ferences in the transformation of the donor-acceptor PL sp
tra obtained for different GaN:Mg samples with time, are,
fact, specified by the distribution functionG(r ) ~Fig. 6!. The
presence of peak HE in the spectra of a number of sample
caused by the maximum ofG1(r ) at r .7 Å. In these
samples the relative fraction of impurities separated from
another by large distances is fairly small. The correlatio

FIG. 4. Calculated~solid curves! and experimental~points! time-resolved
donor-acceptor photoluminescence~PL! spectra of sample mg521 from th
first group~Fig. 1!. td , ns: a — 0, b — 10, c — 40, d — 200, e — 1000
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noted imply the appearance of a certain preferential sh
range order in the distribution of the impurities. The pre
ence of this maximum in the relative distribution of the im
purities is probably due to the unique self-compensat
mechanism of Mg, i.e., complexation with intrinsic defec

FIG. 5. Calculated~solid curves! and experimental~points! time-resolved
donor-acceptor photoluminescence~PL! spectra of sample mg389 from th
second group~Fig. 2!. td , ns: a — 0, b — 50, c — 100, d — 200, e — 500

FIG. 6. Distribution function of DA pairsG(r ) for GaN:Mg:G1 — sample
mg 521~Figs. 1 and 4!; G2 — sample mg389~Figs. 2 and 5!.
rt-
-

n

formed when the majority impurity is introduced. We no
that both the character and the magnitude of the s
compensation effect of the acceptor impurity introduced
pend on the growth parameters, i.e., in the final analysis
the level of nonstoichiometry.6 The correlation function
G2(r ) for the samples of the second type, which are char
terized by two bands of slow donor-acceptor PL, is likew
not constant at anyr. However, in contrast with the sample
of the first group, they exhibit depletion of the impurities
short distances~Fig. 6, curve2!. Such behavior signifies
weaker compensation by the implanted impurity as a re
of neutralization by intrinsic defects.

The fast component in the time dependence of
donor-acceptor PLI PL(t) of the sample of the first type
~mg521! at short times~Fig. 3! is also caused by the corre
lation between the positions of the acceptors and the c
pensating intrinsic defects~donors!. This feature, i.e., the fas
component ofI PL(t) at short times, was first observed in Re
3, but was left unexplained.

The data obtained on a large series of GaN:Mg samp
demonstrate the correspondence between the characte
features of the spectra and kinetic measurements in
samples for which the high-energy band in the PL spectr
does not vanish with large delay times and the fast com
nent is not observed in the decay kinetics of the don
acceptor PL~see Fig. 3, curve1!. The I PL(t) curve for such
samples is characterized by a power-law function. Thus,
features ofG(r ) are manifested both in series of time
resolved spectra and in the time dependence of the do
acceptor PL.

The values of the concentration determined
secondary-ion mass spectrometry~SIMS!, nMg

SIMS, in Ref. 6
are in reasonably good agreement with the values determ
by comparing the theoretical and experimental dependen
(nMg

PL ): nMg
PL /nMg

SIMS;122. The slight systematic upward de
viation of the values ofnMg

PL obtained by us in compariso
with the SIMS data6 can be attributed to some indefinitene
in the calibration of the SIMS spectrometer, which w
based on the use of a secondary, or ‘‘reference,’’ sample

Returning to the DA recombination spectra, we turn o
attention to the unique ‘‘doublet’’ structure, which is dis
played especially clearly in the second group of samples w
large delay times: in all the samples investigated the spec
distance between the peaks of the double maximum of
donor-acceptor PL band amounts to;80 meV. This is the
same energy which we observe as the energy gap betw
bands DD and BB. We associate the presence of two do
acceptor PL bands with two different families of DA pair
One forms from a shallow donor and a Mg acceptor, and
other forms from a deep donor and a Mg acceptor. Thus,
duplication of the DA band is due to the participation of tw
different donors in the donor-acceptor transitions. It
known that at moderately low temperatures the main con
bution to peak BB is made by the recombination of fr
excitons and of carriers in shallow-donor–valence-band tr
sitions. We assume that the center of gravity of line BB
located below the true conduction-band edge, being se
rated from it byDE;30 meV. HereDE;DED ,RX , where
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DED is the binding energy of the donor~shallow!, andRX is
the binding energy of free excitons in GaN.

All the spectra also display peak DD, which is locat
;80 meV below the principal peak. This peak has char
teristic decay times which are similar to those observed
peak BB and mimic the time-resolution limit of the syste
(;1029 s!. Such behavior of band DD is characteristic
impurity-band recombination. The optical energy of pe
DD can be assigned to the binding energy of a deep do
which we estimate asDEDD;(10063) meV. Such deep do
nors can be, for example, intrinsic defects. The relative a
plitude of peak DD with respect to the principal band B
varies from sample to sample, but it always remains dis
guishable against the background of the latter band. We
that the agreement achieved between the calculated an
perimental time dependences, which was demonstr
above in Figs. 4 and 5, was obtained for the following Bo
radii of a deep donor and an ordinary donor:aDD'14 Å and
aD'25 Å, respectively. It must be stressed that the sh
and character of the calculated time dependence are
sensitive to the values of these parameters. The donor B
radius thus determined corresponds to a donor binding
ergy DEDD;100 meV, which appreciably exceeds the bin
ing energy of a shallow hydrogen-like donor in GaN,7 but
corresponds well to the binding energy determined from
spectra for the deep donor participating in DA transitio
that is associated with the DD band. We can therefore e
mate the optical binding energies of the participating intr
sic donor defects in the following crude classificatio
DEDD;(10063) meV for the deep donor andDED;(30
63) meV for the shallow donor. Using the values obtain
for the energies of the donors participating in the DA tran
tions, we can determine the optical binding energies of
acceptor-like Mg centers that participate in the recombi
tion. First of all, the ‘‘zero’’ energyEPL5EDAP(`)5EG

2(DED1DEA) was determined from the limiting value o
the spectral position of the DA band fort→` in the calcu-
lated spectrum. The value ofDED was estimated on the bas
of the values ofaD andaDD that are determined and from th
positions of peaks BB and DD, respectively. Assuming t
the intrinsic defects appearing upon doping comprise
groups of donors with energies of;30 meV ~Ref. 7! and
;100 meV, we obtain the level of a Mg acceptorDEA

Mg

;(240610) meV, which fits the known values of the bind
ing energy of magnesium in GaN: 1502300 meV~see, for
example, Refs. 8–11!. We note that we determined thes
energies on the basis of a comparison of a series of ti
resolved PL spectra with spectra calculated from~12!, where
the ‘‘zero’’ energyEPL5EDAP(`)5EG2(DED1DEA) was
-
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selected on the basis of the limiting value of the spec
position of the DA band fort→` in the calculated spectrum

6. CONCLUSIONS

Time-resolved spectra and the kinetics of donor-accep
recombination in magnesium-doped gallium nitride w
p-type conduction have been investigated. The correla
spectrum of Mg-acceptor–intrinsic-defect complexes h
been determined by comparing experimental data with se
of calculated spectra and time dependences obtained on
basis of a modified version of the theory in Ref. 4 under
assumption of an arbitrary distribution of the impurities a
an arbitrary ratio between the Bohr radii of the donors a
acceptors. A method for determining the parameters of
dopant and its interaction with intrinsic defects has been
veloped. The binding energies of Mg acceptors~240 meV!
and two intrinsic donor defects, viz., a deep donor~100
meV! and a shallow donor~30 meV!, have been determined

This work was carried out with financial support fro
INTAS ~Grant 94-2608!.
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Cascade capture of electrons by dislocations in many-valley semiconductors
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The process of electron capture in many-valley semiconductors in a quantizing magnetic field is
investigated theoretically. An analytical expression is obtained for the cross section of
electron capture by dislocations. It is found that the electron capture cross section depends
substantially on the orientation of the valley relative to the magnetic field. ©1999 American
Institute of Physics.@S1063-7826~99!00712-7#
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The influence of charged edge dislocations on the pr
erties of semiconductors depends strongly on the interac
of the charge carriers with the dislocations, on the phys
situation, and also on the actual structure of the crysta1

The properties of charged dislocations have been mainly
vestigated experimentally in Ge and Si crystals, which
many-valley semiconductors. The constant-energy sur
for the electronic conductivity at theL and X points is a
prolate ellipsoid. In silicon there are six equivalent valle
located at theX points on thê 100& axis.2 In germanium the
valleys are located at theL points in the^111& direction and
the number of equivalent valleys is equal to four.

In the present paper we examine the cross section
electron capture by dislocation centers in many-valleyn-type
semiconductors in the presence of a quantizing magn
field. The electron capture cross sections is calculated on
the basis of the modified edge-dislocation model propo
by Shikin and Shikina.3 According to their model,3 the de-
formation potential of the dislocation creates a distinct p
tential well for the electrons, which increases the rate
capture of electrons.

Let us investigate the temperature range in which
electrons are scattered by acoustic phonons quasielastic
i.e., the case in which

kT@\vq;~\Vm's!1/2.

Here T is the lattice temperature,k is the Boltzmann con-
stant,\vq is the energy of an acoustic phonon,

V5eH/cmV ,
1

mV
2

5
cos2Q

m'
2

1
sin2Q

mim'

, ~1!

Q is the angle between the magnetic field vectorH and the
axis of rotation of the ellipsoid,mi andm' are the effective
masses of electrons moving along the rotation axis of
ellipsoid and in the plane perpendicular to it, respective
ands is the speed of sound in the crystal. Under these c
ditions, the electron loses energy in small amounts and
capture process can be described as a continuous trans
energy carriers from the region of positive energies to
region of negative energies. The electron is considered t
essentially captured when it drops down below the ene
level E52kT.
1291063-7826/99/33(12)/2/$15.00
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Let us consider the case of a small concentration of d
locations for which the Reed cylinders of individual disloc
tions do not intersect and act independently of one anothe
independent centers. Under these conditions, the elec
capture cross section is given by

s5J/n0^v&. ~2!

Here J is the electron flux per dislocation center,n0 is the
equilibrium electron density in the bulk of the semicondu
tor, and^v& is the thermal electron velocity. The fluxJ is
calculated as in Ref. 4. Following Ref. 4, we have fors

s5J/n0^v&5
AkT

^v& S E
2`

0

dEexp~E/kT!/B~E! D 21

, ~3!

where

A5
1

2a

~2p!3/2\2

m'mi
1/2V~kT!1/2

,

anda is the number of valleys in the conduction band. T
quantitykTB(E) is the diffusion coefficient in energy spac
and is defined by the relation

B~E!5
1

2kTvE d3ra(
i , j

Wi j ~« i2« j !
2d~E2« i2F~r !!,

~4!

whereF(r ) is the total potential energy of the electrosta
and deformation fields of the edge dislocation,2 the indicesi
and j denote the triples of quantum numbers of the electr
(n,kx ,kz) and (n8,kx8 ,kz8), andWi j is the transition probabil-
ity of the electron from thei th to thej th quantum state unde
interaction of the electrons with the acoustic phonons, an
the ultraquantum limit (n5n850) has the form

Wi j 5
2p

\ (
q,a

Eca
2 q\

2rsav
dkx ,k

x81qx
dkz ,k

z81qz

3expS 2
qx

21qy
2

2
rH

2 D @Nqd~« i2« j2\vq!

1~Nq11!d~« i2« j1\vq!#2, ~5!

« i5
\2kzi

2

2m'

1\VS n1
1

2D , ~6!
1 © 1999 American Institute of Physics
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r H5~\c/eH!1/2. ~7!

Here« i is the electron energy in thei th quantum state,r is
the density of the crystal, andNq5kT/\vq is the equilib-
rium distribution function of the phonons.

In this expression,a51 corresponds to the longitudina
branches,a52 corresponds to the transverse branches of
phonon spectrum, andEca can be represented in the form

Eca5H Sd1Su cos2b if a51,

Su sinb cosb if a52,
~8!

whereSa andSu are constants of the deformation potent
introduced by Hering, andb is the angle between the phono
wave vectorq and the rotation axis of the ellipsoid.

For the quantityB(E), after some straightforward bu
rather lengthy calculations we have

B~E!5
^Ec

4&b2l2

6p3\rU0
3 S eH

c\
D 3

~m'1mc!e
23uEu/U0

3H ln
U0

A\Vm's2
1

1

3
1

4U0

\V
C~Q!J

3cosh
3A\Vm's2

U0

, ~9!

C~Q!5
sin2Qcos2Q~mi2m'!21mz

2

m'@~mimz!
1/21mz#

, ~10!

^Ec
2&5S Sd

21
2

3
SdSu1

1

3
Su

2D , mz5m'
2 sin2Q1micos2Q.

Herel5~122n!/~12n!, n is the Poisson coefficient,b is the
Burgers dislocation vector,U052e2f /a0«, a0 is the lattice
constant,f is the filling coefficient of the dislocation by elec
trons, and« is the dielectric constant.

Substituting expression~9! into Eq. ~4!, after a straight-
forward integration, we obtain
e

l

s5
~2p!3/2

12p3

b2l2^Ec
4&

^v&rU0
3 S eH

\c
D 2

~m'1mc!

3H ln
U0

A\Vm's2
1

1

3
1

4U0

\V
C~Q!J

3cosh
3A\Vm's2

U0

. ~11!

As can be seen from expression~11!, the cross section for
capture in a magnetic field depends essentially on the or
tation of the valley relative to the magnetic field. Althoug
\V@kT, under certain physical conditions the ter
(U0 /\V)C(Q) can play an important role because at sm
values ofQ the factorC(Q) is much greater than 1. In thi
cases;H, and for values ofQ for which C(Q)&1 we have
s;H2 .

In conclusion, let us estimate the quantityA\Vm's2

and determine the region of applicability of formula~11!.
For f .0.1, H.105 Oe, and s.53105 m/s the quantity
A\Vm's2/U0.0.1. The values of the magnetic field fo
which formula~11! is valid are determined by the inequalit

~\Vm's2!1/2,kT!\V. ~12!

This inequality, on the one hand, ensures quasi-elasticity
electron scattering by acoustic phonons and, on the ot
that the electron energy spectrum is quantized in a str
magnetic field. Conditions~12! can be written in the form
1!(H/H* )!d21, whered5m's2/kT andH* .(m'c/\e)
3kT.kT/2mB (mB5e\/2m'c is the effective Bohr magne
ton!. For m.10228 g andT.300 K we haveH* .250 Oe.

1F. Mataze, J. Appl. Phys.56 ~15!, 2605~1984!.
2B. K. Ridley, Quantum Processes in Semiconductors, 2nd ed.~Oxford
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3V. B. Shikin and Yu. V. Shikina, Usp. Fiz. Nauk 165~8!, 887 ~1995!
@Phys. Usp.36, 655 ~1995!#.

4V. N. Abakumov and I. N. Yassievich, Zh. E´ksp. Teor. Fiz.71~2!, 657
~1976! @Sov. Phys. JETP44, 345 ~1976!#.
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Electrical properties of Hg 12xMnxTe-based photodiodes

L. A. Kosyachenko,* ) I. M. Rarenko, and O. A. Bodnaruk

Chernovtsy State University, 274012 Chernovtsy, Ukraine

Sun Weiguo

Institute of Optoelectronics, 471009 Loyan, China
~Submitted February 8, 1999; accepted for publication April 1, 1999!
Fiz. Tekh. Poluprovodn.33, 1438–1442~December 1999!

Electrical properties~at 80 K! of p2n junctions fabricated by ion milling ofp-type
Hg0.91Mn0.09Te are analyzed. The forward current-voltage characteristics at low biases is shown
to be governed by carrier recombination in the space charge region and at higher biases
its voltage dependence is deformed due to the voltage drop across the high-resistance layer in the
diode structure. Under reverse bias, carrier tunneling suppresses other transport mechanisms.
At higher reverse biases, impact ionization by high-energy carriers is responsible for the additional
increase in the diode current. ©1999 American Institute of Physics.@S1063-7826~99!00812-1#
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1. INTRODUCTION

Hg12xMnxTe is a promising material for infrared dete
tors whose use in comparison with Hg12xCdxTe allows one
to enhance the stability of device characteristics.1–3 For
x50.09 Hg12xMnxTe is a semiconductor with a wide ban
gapEg50.09 eV at 77 K, i.e., the sensitivity range of a dio
based on this material covers both atmosphe
‘‘windows’’—3 25 and 8213 mm. The p2n junctions,
which are suitable for practical use, are fabricated
HgMnTe by diffusion in saturated Hg vapor or by ion im
plantation with subsequent annealing to eliminate latt
defects.3–5

In this paper we report the results of an experimen
study of p2n junctions based on Hg0.91Mn0.09Te, prepared
by ion milling at low accelerating voltages compared w
those used in ion implantation.6 This technique in combina
tion with photolithography and surface passivation has m
it possible to fabricate multielement matrices of planar a
mesa photodiodes with reproducible and stable propertie7

2. SAMPLES

To fabricate the photodiodes we used single crystals
p-Hg0.91Mn0.09Te, obtained by a modified zone meltin
method.8 After an extended anneal~several weeks! of the bar
at ;200 °C, the hole density in the samples, which w
found from the Hall measurements, varied in the range
23)31016cm23 at 77 K. As a result of ion milling with Ar1

~ion energy 700 eV, current density 0.5 mA/cm2) for 222.5
min, the conductivity type in the skin layer of thep-HgMnTe
sample changes, and a high electron density is observ7

(;1018cm23). The HgMnTe surface was passivated
fluorides of Mn, Te, and Hg formed during anodization in
NH4F solution in ethylene glycol.9 A ZnS layer~;0.3 mm!
was also deposited above the fluoride surface~;0.03 mm!.
1291063-7826/99/33(12)/4/$15.00
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Ohmic contacts with the substrate and then-layer were cre-
ated by chemical deposition of Pd with subsequent vacu
sputtering of Cr~;0.05mm! followed by Au ~;1 mm!. The
ohmic contact to then-region, whose dimensions are 5
3100 mm, covers roughly half the active area of the dio
~Fig. 1!.

3. CHARGE TRANSPORT MECHANISM UNDER FORWARD
BIAS

Figure 2 shows a typical current–voltage (I 2V) charac-
teristic of one of the elements of the photodiode of the ma
at T580 K, illustrating the rectifying properties of the inves
tigatedp2n junctions~at 0.3 V the forward current exceed
the reverse current by more than two orders of magnitude!. A
distinguishing feature of theI 2V characteristic plotted in
semilog coordinates is the presence atV,0.1 V of a rectilin-
ear segment with slope nearly coincident withe/2kT ~e is the
charge of the electron,k is Boltzmann’s constant, andT is
the temperature!. This is evidence of a recombination mech
nism of the forward current, which for an asymmetricp2n

FIG. 1. Structure of a planar HgMnTe photodiode:1 — metal contacts to
the n andp regions,2 — passivating layer.
3 © 1999 American Institute of Physics
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junction for recombination through levels located near
middle of the band gap~the most efficient recombinatio
levels! andeV@kT is described by the formula10,11

I 5A
enid

t

kT

w02eV
expS eV

2kTD , ~1!

whereA is the area of the diode,ni is the intrinsic carrier
density,t is the effective lifetime of the carriers in the spa
charge region~SCR!, w0 is the height of the potential barrie
at thep2n junction,d5@2««0(w02eV)/e2(Na2Nd)#1/2 is
the width of the space charge region~in this case the spac
charge region is located in thep-type region, which is a
region of much higher resistance!, « is the relative dielectric
constant equal to 17.8 for Hg0.91Mn0.09Te ~Ref. 3!, «0 is the
permittivity of free space, andNa2Nd is the concentration
of the uncompensated acceptors in thep-type region.@The
factorkT/(w02eV), whose dependence onV can be ignored
in comparison with the exponential function, takes into a
count the fact that recombination does not take place
formly over the entire space charge region, but only in so
part of it.#

According to formula~1!, the cutoff on the current axis
~Fig. 2! gives the value Aed0kT/tw0, where d0

5@2««0w0 /e2(Na2Nd)#1/2 is the width of the space charg
region atV50. Assuming for our estimatew0'Eg50.09 eV
~the value ofEg was found from the optical transmissio
curve of the substrate! and (Na2Nd)5p5231016cm23 ,
we obtaind0.331025 cm. For the investigated diodesA
5531025 cm2 , and for Eg50.09 eV at 80 K ni.1014

cm23 ~Ref. 3!. In Eq.~1! the only unknown quantity is there
fore the lifetimet, which must be set equal to 631026 s in
order to obtain agreement with the experimental depende
~for V,0.1 V in Fig. 2!. This value is close to the value fo
t in HgCdTe, which was subjected to ion etching.6

The deviation from a straight line in Fig. 2 forV.0.1 V
can be explained by the drop of part of the voltage applied
the diode on the resistanceR0 connected in series with th
p2n junction. Such a resistance is always present in a di
structure. This shows up, in particular, in the fact that
large forward biases, when the contact potentialw0 /e is

FIG. 2. Current–voltage characteristic of a HgMnTe diode at 80 K. Po
— experimental data, solid lines — results of calculations using formu
~1! and ~2!.
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compensated by the external voltage, theI 2V characteristic
becomes linear~if R0 is a linear resistance!. That this is
indeed the case is confirmed by Fig. 3a, which plots
dependenceI (V) on regular Cartesian coordinates. As can
seen, whenI .50mA, the experimental dependence is repr
sented by a straight line.

4. ENERGY-LEVEL DIAGRAM OF A p 2n JUNCTION

Analysis of the results presented in Figs. 2 and 3a le
to the following conclusions.

1. The cutoff on the voltage axis in Fig. 3a gives t
value 0.28 V for the contact potential~0.2820.29 V for the
various samples!, which is much greater than the valu
Eg /e50.09 V. Such a large discrepancy is explained by
fact that then layer of the diode structure formed by io
etching is a degenerate semiconductor. In this case the F
level EF is located above the bottom of the conduction ba
Ec by the distanceEF2Ec5(h2/2me* )(3n/8p)2/3, whereme*
is the effective mass of the electron, andn is the electron
density. Settingme* 50.01m0 (m0 is the electron mass in
vacuum!,3 for n51018cm23 we obtain EF2Ec.0.03 eV,
which also explains the ‘‘anomalously’’ large value ofw0

that follows from Fig. 3a~taking into account the degenerac
of then regionw05EF2Ec1Eg2Dm, whereDm is the dis-
tance to the Fermi level from the valence band in thep re-
gion of the diode structure.

FIG. 3. Current–voltage characteristic of a HgMnTe diode in the region
large direct currents~a! and energy-level diagram of a diode structure bas
on HgMnTe~b!.
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2. The value ofR05DV/DI found from the slope of the
rectangular segment in Fig. 3a is equal to;280V, which is
close to the value of the resistance between the two oh
contacts to the substrate. Although the differential res
tances atV50 for different elements of the photodiode m
trix can differ considerably@in the limits (0.321)3106 V#
for large forward currents the values ofR05DV/DI nearly
coincide. Thus, the resistanceR0 found from Fig. 3a is the
resistance of the substrate. The voltage drop acrossR0 alters
the dependenceI (V), but has a noticeable effect only in th
regionV.0.2 V. In order to move the experimental points
Fig. 2 for voltages somewhat greater than~on the order of!
0.1 V to the straight line, the series resistance should
roughly two orders of magnitude greater thanR05280V. It
must be assumed that the investigated diode structure
tains a layer whose resistance greatly exceeds the subs
resistance, and that its conductivity~i.e., that of this layer!
grows considerably at large forward currents.

The observed features of theI 2V characteristic are ex
plainable if for the investigated diodes we posit an ener
level diagram corresponding to an12p22p structure simi-
lar to the one formed under ion implantation inp-HgCdTe
~Ref. 12! ~see Fig. 3b!. As is well known,3 the conductivity
of p-HgMnTe ~and likewise p-HgCdTe! is mainly deter-
mined by mercury vacancies, which act as acceptors. A
result of ion etching, there arises on the surface of the cry
an excess of Hg atoms, which by diffusing into the inter
of the crystal fill the Hg vacancies, thereby compensating
the acceptors. In the surface layer the concentration of ex
Hg atoms is large, which leads to strong overcompensa
of acceptors and a change in the conductivity type of
material (n1 layer, 122 mm!. Although the concentration o
diffused Hg atoms decreases monotonically with dista
from the surface, the Fermi level in some interval of var
tion of the Hg concentration is fixed at the level of the r
sidual acceptors (;1015cm23 in HgCdTe, Ref. 12!. As a
result, an extended~5210 mm! layer of p-type conductivity
with hole density less than in the substrate~p2 layer! is
formed. Under a forward bias the current is governed
recombination in then12p2 junction; however, with in-
crease of the bias, part of the applied voltage drops acros
high-resistancep2 layer and growth of the current with th
voltage ‘‘falls behind’’ the dependenceI;exp(eV/2kT) ~the
segmentV50.120.2 V in Fig. 2!. The injection of electrons
into thep2 layer occurs at the same time as the recombi
tion in the n12p2 junction ~diffusion current of minority
carriers!, which can decrease its resistance~if the diffusion
length of the electrons is comparable with or greater than
thickness of thep2 layer!. If the lifetime of the carrierst is
known, the diffusion length of the electrons can be found
Ln5(Dnt)1/2, where Dn is the diffusion of the electrons
which is related to their mobilitymn by the relation
eDn /kT5mn ~for a nondegenerate semiconductor, which
p2 layer is!. Assumingmn5105 cm2/(V•s) atT580 K, we
obtainDn.700 cm2/s andLn5(627)31022 cm. SinceLn

greatly exceeds the thickness of thep2 layer, its conductiv-
ity under electron injection is modulated considerably, i
the resistance is decreases. The electrons injected intop
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substrate cannot substantially alter its conductivity since
resistivity is relatively small.

5. REVERSE CURRENTS

One possible mechanism of charge transport under
verse bias of thep2n junction is generation in the spac
charge region. If the levels involved in generation~such as
recombination under a reverse bias! are located near the
middle of the band gap, the reverse current in an asymme
p2n junction10,11 is

I gen5A
enid

t

AEg/22eV2AEg/2

Aw02eV
, ~2!

where the last factor takes into account the nonuniformity
generation in the space charge region. As can be seen
current calculated for low bias voltages is less than the m
sured current by roughly an order of magnitude, and for la
biases—it is less than the current by several orders of m
nitude. The character of the dependenceI (V) also differs
qualitatively: the calculated current increases withV sublin-
early, and the measured current increases superline
There is reason to assume that the reverse current of
investigatedp2n junctions is governed by tunneling pro
cesses. The expression for the reverse current for an ab
p2n junction, in which the maximum intensity of the elec
tric field is equal to 2(w02eV)/ed, can be represented fo
interband tunneling in the form13

I tun5gA
eA2mr

2p2\2Eg
1/2d0

~w02eV!3/2

3expF2
4

3

Amr««0

\~Na2Nd!1/2

Eg
3/2

Aw02eV
G , ~3!

where mr5me* mh* /(me1mh* ) is the reduced mass of th
electron and the hole, andg is a constant which does no
depend onV and is introduced as a fitting parameter to co
pare with experiment since expression~3! assumes that the
electric field in thep2n junction is uniform and that its
intensity is equal to the maximum intensity of the field in
asymmetric junction 2(w02eV)/e2d @for g51 formula ~3!
overestimates the current#. In Fig. 4a the measured and ca
culated dependences of the current on the voltage are plo
in coordinates which, according to Eq.~3!, should give a
straight line. It can be seen that Eq.~3! describes the experi
mental dependence ofI (V) only for relatively low reverse
biasesuVu,0.3 V ~to ‘‘match’’ the calculated and experi
mental dependences it is necessary to setg50.32!. For larger
voltages the experimental points deviate noticeably upw
from the obtained values of the calculated reverse curr
This may be due to impact ionization of the atoms of t
crystalline lattice, which leads to a multiplication of charg
carriers. Of course, after tunneling an electron, like the ne
formed hole, finds itself in a region where it is under t
influence of a strong electric field and can therefore part
pate in avalanche processes. This conjecture is confirme
the curves plotted in Fig. 4b, which plot the voltage depe
dence of the photocurrentI ph arising under infrared irradia
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1296 Semiconductors 33 (12), December 1999 Kosyachenko et al.
tion of the investigatedp2n junction. In the diode structure
under consideration, the photocurrent is formed mainly a
result of an accumulation of carriers generated in then1

layer ~its thickness clearly is much less than the diffusi
length of the holes!, and therefore the photocurrent does n
depend on the voltage whenuVu,0.3 V. However, as soon a
the reverse bias exceeds 0.3 V, the photocurrent begin
grow quite abruptly, which is direct evidence of impact io
ization. At almost the same reverse bias the experime
points in Fig. 4a begin to deviate from the dependence
scribed by formula~3!.

It follows from the data plotted in Fig. 4b that the no
load voltage for irradiation of the diode (Voc) is equal to
0.09 V. Such a value ofVoc is impossible for a diode with
nondegeneratep2 andn regions sinceVoc cannot exceed the
contact potentialw0 /e, andw0,Eg50.09 eV. On the other
hand,Voc50.09 V is completely realistic for the investigate
n12p22p structure which has an1 region. Since the spac

FIG. 4. a — Comparison of calculation based on formula~3! with the
experimental voltage dependence of the reverse current. b — voltage depen-
dence of the dark currentI d and the photocurrentI ph .
a

t

to

al
e-

charge region in such a structure is located in the hi
resistancep2 region, we should setNa2Nd.1015cm23 in
formula ~3!. However, in order that the slope of the line
Fig. 4a coincide with the experimental dependence it is n
essary to setNa2Nd.(122)31016cm23 . The contradic-
tion is eliminated if we adopt the model according to whi
tunneling in diodes occurs with the participation of deep i
purity levels~defects!.3,5 In this case, in formula~3! we must
replaceEg by a smaller quantity, and then to preserve t
necessary slope of the rectilinear segment in Fig. 4a we m
correspondingly decreaseNa2Nd . For example, if tunneling
takes place through levels located in the middle of the b
gap, then we must decreaseNa2Nd by a factor of 2358. Of
course, this change inNa2Nd must also be taken into ac
count in the expressions for the generation–recombina
currents~1! and ~2!. However, this does not introduce an
major changes in the estimates for the lifetime and the
fusion length of the carriers since we must replacew0.Eg

by ;3 times this value as the width of the space cha
region is increased.

6. CONCLUSIONS

Ion etching ofp-Hg12xMnxTe has been used to obta
n12p22n structures with stable rectifying characteristic
The forward current of the investigated diodes is govern
by carrier recombination in the space charge region. Its v
age dependence for largeV includes a voltage drop on th
p2 layer, whose resistance decreases with growth of the
rent. The reverse current for low bias voltages is produced
tunneling processes, and it grows further as a result of
avalanche processes as the bias voltage is raised.
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Drag current for ionization of impurities by an electromagnetic wave in a semiconductor
superlattice

M. V. Vyazovski  and G. A. Syrodoev
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The drag current for ionization of a shallow impurity by a strong electromagnetic wave in a
semiconductor superlattice is found. It is shown that at low temperatures, when it is possible to
ignore the equilibrium carrier density, the dependence of the drag current on the intensity
of the electromagnetic wave is nonlinear and it oscillates with growth of the intensity of the
electromagnetic field. These oscillations are a consequence of the many-photon character
of absorption of the electromagnetic wave by the impurities and also of nonparabolicity of the
energy spectrum of the superlattice. A comparison is made of the contributions to the
drag current from the anisotropic part of the impurity ionization probability and from its isotropic
part, with allowance for modification of the distribution function by the electromagnetic
wave. It is found that for\v!D ~D is the width of the conduction miniband! the main contribution
to the drag current comes from the isotropic part of the ionization probability. ©1999
American Institute of Physics.@S1063-7826~99!00912-6#
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The drag current of conduction electrons in semiconduc
superlattices~SL’s! due to electromagnetic waves~EMW’s!
~both monochromatic and solitary! has been considered in
number of papers.1–4 In Refs. 5–7 the drag current in a ho
mogeneous semiconductor was found for two- and thr
photon interband absorption of light. Ionization of impuriti
in the superlattice, on the other hand, and its contribution
the drag current have been examined in less detail. In Re
the drag current caused by electromagnetic solitons in a
perlattice was found with allowance for only the anisotrop
nature of the probability for ionization of the impurity fo
one-photon absorption. As we will show below, when t
conditionsa/l !1, eEd/\v >1, and\v/D !1 are satisfied
~a is the Bohr radius of the impurity,l is the wavelength of
the electromagnetic wave,E is the electric field of the elec
tromagnetic wave,v is the frequency of the electromagnet
wave,D is the width of the conduction miniband, ande is the
electron charge!, the anisotropic part of the ionization prob
ability of the impurity can be disregarded, but the variati
of the electron distribution functionf (p,t) caused by the
field of the electromagnetic wave should be taken into
count. If the conditionseEd!D and \/tp !D are satisfied
(tp is the mean relaxation time of the electrons!, it is pos-
sible to solve the problem in the semiclassical and o
miniband approximation. We write the kinetic equation f
the distribution function in the form

] f

]t
1F•

] f

]p
52

f 2 f 0

tp
1N0G~p!2

f

t r
, ~1!

whereF52eE2 (e/c) v3H, f 0(p) is the equilibrium dis-
tribution function,N0 is the impurity concentration, andt r is
the mean electron and hole recombination time.

G~p!5 lim
T→`

d

dT
u E

2`

T

^kuĤ8un&e2 ivk,ttdtu2 ~2!
1291063-7826/99/33(12)/4/$15.00
r

e-

o
8

u-

-

-

is the transition~ionization! probability per unit time,

Ĥ5«S p̂1
e

c
A~ t ! D2«~ p̂! ~3!

is the effective Hamiltonian for the interaction of the ele
tromagnetic wave with an electron in the conduction mi
band,

«~p!5
p'

2

2m
1

D

2 S 12cosS pzd

\ D D ~4!

is the electron energy in this band,p5\k is the quasimo-
mentum,p̂52 i\¹, A(t) is the vector potential of the elec
tromagnetic wave,\vk,n5«(p)1I n , I n is the ionization en-
ergy of thenth impurity level, anduk& and un& are the wave
functions of the electron in the conduction miniband and
the bound state on the impurity.

In the kinetic equation we have dropped the term w
the spatial derivative since the mean velocity of the electr
is significantly less than the velocity of the electromagne
wave, and the mean free path is significantly less than
wavelength of the electromagnetic wave. We find the so
tion of Eq. ~1! by the method of characteristics9

f ~p,t !5
1

tp
E

2`

t

e2
t2t8

t f 0~p8~ t8,p,t !!dt8

1N0 E
2`

t

G~p8~ t8;p,t !!e2
t2t8

t dt8, ~5!

wheret5 tpt r /tp1t r , andp8 is found by solving the equa
tion of motion

dp8

dt8
5F~v8,t8! ~6!
7 © 1999 American Institute of Physics
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with the initial conditiont85t, p85p. Let a monochromatic
electromagnetic wave propagate perpendicular to the su
lattice axis: Az5A0cos(vt2kx), E52 1/c ]A/]t , H
5curlA. Solving the equation of motion~6! and taking into
account thatv/c !1, we find

pz85pz2
e

c
~Az~ t8!2Az~ t !!,

px85px2
DAk

2c F2sin2H 1

2

ed

\c
~Az~ t8!2Az~ t !!J

3cos
pz8d

\
2sinH ed

\c
~Az~ t8!2Az~ t !!J sin

pz8d

\ G ~7!

~k is the high-frequency dielectric constant!.
For G(p) in the dipole approximation in the case of

hydrogen-like impurity~in the ground stateu0&) we obtain
the expression

G~p!5
32p2a3D2

V~11a2k2!4\2

3Fcos2
pzd

\ (
s51

`

J2s
2 ~b!d~vk,022sv!

1sin2
pzd

\ (
s50

`

J2s11
2 ~b!d~vk,02~2s11!v!G .

~8!
er-
Here Js(b) is the Bessel function ofsth order, b
5 (ed/\c) A05eE0d/\v, andV is the volume of the crys-
tal. From this expression it can be seen that the terms of
sums correspond to contributions from multiphot
ionization.1! In an exact calculation of the transition prob
ability ~not in the dipole approximation! the denominator of
the first factor of this expression contains terms of ordera/l,
which can be ignored whena/l !1. The drag current is

j x52
e

mE f ~p,t !pxd
3p, ~9!

wherem is the effective mass along thex axis. Substituting
the distribution function~5! in Eq. ~9! and interchanging the
order of integration and transforming to new variables
accordance with Eqs.~7! and then averaging the expressio
so obtained over one period of the electromagnetic wave,
find the constant component of the drag current

j̄ x5S 12J0
2~b!22(

s51

` Js
2~b!

11~svt!2D ~ j 0
(1)1 j 0

(2)F1~b!!,

~10!

where
F1~b!5S (
s50

`

J2s11~b!Q~hs!E
2xs

xs sin2 x cosx dx

F11S 2ma2

\2 D S ~2s11!\v2
D

2
~12cosx!2I D1

a2

d2
x2G 4

1(
s51

`

J2s
2 ~b!Q~hs8!E

2xs8

xs8 cos3 x dx

F11S 2ma2

\2 D S 2s\v2
D

2
~12cosx!2I D1

a2

d2
x2G 4D , ~11!
n

where

xs52arcsinAjsQ~12js!1pQ~js21!,

xs852arcsinAjs8Q~12js8!1pQ~js821!,

js5
~2s11!\v2I

D
, js85

2s\v2I

D
,

hs5H ~2s11!\v

I J 21, hs85H 2s\v

I J 21,
the braces$ % denote the integer part of the number,Q(x)
is the unit step function@Q(x)51 for x>0, Q(x)50 for
x,0#, I is the ionization energy of the ground state,

j 0
(1)52en0

DAk

2mc

I 1~b!

I 0~b!

t

tp
, ~12!

b5 D/k0T , n0 is the electron density in the conductio
miniband in the equilibrium state,I n(b) is the Bessel func-
tion of nth order with imaginary argument, and
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j 0
(2)52

4p2eN0D3a3tAk

cd\3
. ~13!

In the limiting caseb→0 we find

j̄ x5F j 0
(1)1 j 0

(2) I

D S eE0d

\v D 2A\v2I

D G v2t2

11v2t2 S eE0d

\v D 2

.

~14!

If the inequality

j 0
(1)@ j 0

(2) I

D
A\v2I

D S eE0d

\v D 2

~15!

is satisfied, then the drag currentj̄ x;E0
2 ~the drag current

depends linearly on the intensity of the electromagne
wave!. This is a well-known result of the linear theory of th
photoelectric effect~Ref. 12!.2 The inequality~15! is satis-
fied at those temperatures at which the impurities are alm
completely ionized~for shallow impurities this temperatur
is on the order of 100 K!. If the inequality

j 0
(1)! j 0

(2) I

D
A\v2I

D S eE0d

\v D 2

~16!

is satisfied, then the drag currentj̄ x;E0
4; i.e., the drag cur-

rent is proportional to the square of the intensity of the el
tromagnetic wave. This is explained by the two-step nat
of the formation of the current: by ionization of the impuri
and subsequent entrainment of carriers by the electrom
netic wave. As can be seen from Eq.~10!, the first factor of
this expression oscillates with growth ofb, the factor multi-
plying j 0

(2) also has an oscillatory character. Forb<1, vt@1
and \v.I , \v2I !D it is possible to give the following
estimate for the drag current:

j̄ x'
2

3
j 0
(2)~12J0

2~b!!
J1

2~b!

@vt#2

I

D
w~b!, ~17!

where w(b)5(s51
` Js

2(b)/s2 51/vt2 (2/p *0
p/2t2J0(2bcost)

dt2 p/12J0
2(b)) ~Ref. 11!. We thus see that the current

first grows, and then decreases with growth ofb, vanishing at
b5b1, whereb1 is the first zero ofJ1(b). Such behavior of
the drag current is explained by the fact that acted on by
electric field of the electromagnetic wave the electr
traverses the entire conduction miniband and its velo
near the top of the miniband vanishes~correspondingly, the
magnetic component of the Lorentz force also vanis
there!. In the caseb>1, when the contribution from
c

st

-
e

g-

e

y

s

multiphoton transitions grows, the drag current can be fou
by numerical integration. Figure 1 shows two graphs of

variation of j̄ x / j 0
(2) as a function ofb5 eE0d/\v for vt510

and a/d 51, a51027 cm, D51021 eV, I 51022 eV, \v
5(120.5)31022 eV, constructed by numerical integratio
From these graphs of the variation of the drag current it
be seen that the current oscillates with growth ofb. Such
behavior of the drag current is explained, first of all, by t
multiphoton character of ionization of the impurity by th
electromagnetic wave.13,14 The multiphoton character of ab
sorption under these conditions must be taken into acco
for intensitiesJ>107 W/cm2 . But in addition to multiphoton
absorption, the first factor in expression~10!, which oscil-
lates and asymptotically approaches unity asb→`, also con-
tributes to the drag current. These oscillations are cause
the nonparabolic character of the electron energy spectrum
the superlattice~the electron velocity decreases at the top
the miniband!. Thus, the oscillations of the drag current a
caused by multiphoton absorption of the electromagn
wave and by the nonparabolic character of the electron
ergy spectrum of the superlattice. The decrease in the am
tude of the oscillations of the drag current with growth of t
field of the electromagnetic wave represents, in our opini
a phenomenon related to the above-mentioned stabilizatio
an atom in a laser field.8 To compare the contributions to th
drag current from the anisotropic part of the ionizati

FIG. 1. Dependence of the drag currentj x j 0
(2) on b5eE0d/\v for \v5I

50.01eV ~a! and\v50.5I 50.005eV ~b!.
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probability and from its isotropic part~with subsequent
modification of the distribution function by the electroma
netic wave!, we find the anisotropic part of the ionizatio
probability Gk

a and the drag current
an

ve

e
b-
le

ain

t

t

is
j̄ x
a5eN0t

V

~2p!3E Gk
avxd

3k52
8eN0tD2aq

mId
F2~b!,

where
F2~b!5S (
s50

`

J2s11~b!Q~hs!E
2xs

xs
~2s11!S ~2s11!

\v

I
212

D

I
sin2

x

2D sin2 x dx

F11S 2ma2

\2 D S ~2s11!\v2
D

2
~12cosx!2I D1

a2

d2
x2G 5

1(
s51

`

J2s
2 ~b!Q~hs8!E

2xs8

xs8
2sS 2s

\v

I
212

D

I
sin2

x

2D cos2 x dx

F11S 2ma2

\2 D S 2s\v2
D

2
~12cosx!2I D1

a2

d2
x2G 5D .
V.
The ratio of currentsj̄ x
a/ j x 5 4/p2 (\v/D) F2(b)/F1(b)

~here we have taken into account that\2/2ma2 5I ). We see
that for \v!D this ratio can become significantly less th
unity. Numerical integration forb51 ~5! and\v5I and the
above values of the remaining parameters gi
F2(b)/F1(b) 52.3(4.1), and for\v50.5I and the same
values of the parameterb F2(b)/F1(b) 53(4.4). Thus, in
this case the main contribution to the drag current com
from the isotropic part of the ionization probability and su
sequent entrainment of the electrons by the field of the e
tromagnetic wave.

1!IntegratingG(p) over all the remaining states of the continuum, we obt

the total probability of the transitionG. Numerical integration shows tha

G, while oscillating, decreases with growth ofE, tending to a constan

value ~this phenomenon in the context of photoionization of atoms

called stabilization of atoms in a laser field!.10,11

2!In the case of a homogeneous semiconductorb5 D/k0T @1 and

I 1(b)/I 0(b) 51.
s
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Position of the Fermi level on an indium arsenide surface treated in sulfur vapor
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The characteristic features of the formation kinetics of In2S3 layers on indium arsenide substrates
by heterovalent substitution are studied. The activation energies of two steps in this process
are separated and determined. The variation of the position of the Fermi level on an InAs surface
during treatment in sulfur vapor is recorded by measuring the thermodynamic work function
using the Kelvin probe method. ©1999 American Institute of Physics.@S1063-7826~99!01012-1#
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The use of III–V semiconductor compounds to cre
field-effect devices is restricted by the high density of s
face electron states existing in these compounds. A tech
ogy for passivating the surfaces of III–V compounds
chalcogen-containing media has found application in low
ing the density of surface electron states and, thus, in de
ning the Fermi level.1 In this paper we report the results of a
experimental study of the passivation of an InAs surface a
result of treatment in sulfur vapor.

When GaAs and InAs substrates are annealed in s
nium or sulfur vapor in a quasiclosed vessel, thin films
III–VI compounds are known to form on their surface as
result of heterovalent substitution of the chalcogen for
senic atoms in the anion sublattice of the substrates.2,3 On the
basis of the results in Ref. 4, the sulfur vapor pressure
held atP.1022 Pa, the substrate temperature (Ts) was var-
ied in the range 4532523 K, and the treatment time wa
varied from 10 to 45 min. The thickness~d! of the In2S3

layers formed was determined ellipsometrically using
method described in Ref. 5 and monitored according to
images of cross sections obtained in a scanning electron
croscope~SEM!.

The values of the thickness of the In2S3 films formed
with various values ofTs at a fixed time in the process wer
obtained during the measurements. The slopes of the di
ent segments of the plot ofd25 f (1/kTs) constructed in
semilogarithmic coordinates~Fig. 1!, which describes the
temperature dependence of the rate of formation of
layer,6 were used to calculate the activation energies co
sponding to the two stages of the process. They areE1

53.29 eV/atom for segmentAB and E251.47 eV/atom for
segmentBC. The error in the estimation of the activatio
energies was determined by the errors in both the direct m
surements of the substrate temperature and the ellipsom
measurements and amounted to about 10%.

Since the concentrations of the reactants can be con
ered unrestricted and independent of the variation ofTs in
the initial stages of the treatment and since the arse
evolved during the heterovalent substitution reaction in
vapor phase can be assumed to be removed from the rea
1301063-7826/99/33(12)/3/$15.00
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zone ~its influence on the layer formation kinetics is insi
nificant!, the heterovalent substitution reaction is presuma
an equilibrium process. Therefore, segmentAB of the
ln(d2)-versus-1/kT curve can be described by the van’t Ho
equation. Since the amount of indium sulfide is proportio
to the thickness of the layer, the equilibrium constant of
reaction can be expressed in terms of the thickness of
layer d. We can then write the van’t Hoff equation in th
form

ln~d2!5 lnA2
DH

kT
, ~1!

where A is a coefficient, which depends on the concent

FIG. 1. Dependence of the square of the thickness of an In2S3 layer formed
on an InAs surface on substrate temperature.
1 © 1999 American Institute of Physics
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1302 Semiconductors 33 (12), December 1999 Bezryadin et al.
tions of the reactants and the rate constants of the forw
and reverse reactions at infinite temperature, andDH is the
heat of reaction.

The equation of the heterovalent substitution reaction
the InAs–S system has the form

3S214InAs→2In2S31As4 , ~2!

i.e., the heat of the heterovalent reaction should corresp
to the difference between the enthalpies of indium sulfi
and indium arsenide~the enthalpies of elemental sulfur an
arsenic are equal to zero!, which amounts to 3.49 eV/atom i
the present case and is close to the value of the activa
energyE1 corresponding to segmentAB of the experimental
plot of d25 f (1/kT) ~Fig. 1!. This allows us to conclude tha
the heterovalent substitution process is determined by
endothermic chemical reaction described by Eq.~2! in the
initial stages of the process.

Reactions in heterogeneous systems generally take p
in several consecutive steps, and the rate of the overall r
tion is determined by the rate of the slowest step.7 In the case
of our heterovalent substitution process, at least two steps
possible:

a! the heterovalent substitution reaction on the^InAs
solid phase&/^gaseous sulfur& interface ~segmentAB in
Fig. 1!;

b! the diffusion of sulfur through the In2S3 layer.
In fact, as was shown in Ref. 3, when the thickness

the In2S3 layer exceeds 500 Å, the diffusion step determin
the rate of the total heterovalent substitution reactions;
segmentBC of the plot of d25 f (1/kT) ~Fig. 1! can be de-
scribed by the Arrhenius equation expressing the tempera
dependence of the diffusion. The value of the activation
ergy obtained from the slope of this segmentE251.47 eV/
atom is close to the value of the activation energy for
diffusion of sulfur in In2S3 reported in Ref. 8 (E51.51 eV/
atom!.

It is known from the data in Ref. 9 that the Fermi level
pinned at 0.13 eV above the bottom of the conduction b
in InAs. Depinning of the Fermi level was demonstrated
the basis of an analysis of the capacitance-voltage (C2V)
characteristics of Al/In2S3/InAs MIS heterostructures in Ref
3. However, at thicknesses of the In2S3 layer less than 300 Å
the high level of the leakage currents precludes recording
C2V characteristics of heterostructures of this type. W
have therefore measured the variation of the Fermi leve
the Kelvin-probe method. The external contact potential d
ference was measured using the device described in Re
with a vibrating platinum electrode. The result of each m
surement was the difference between the work functions
platinum and the sample surface.

It follows from an analysis of the dependence of t
thermodynamic work function of the sample~x! on the thick-
nessd of the In2S3 layer formed~Fig. 2! that without treat-
ment in sulfur vapor, i.e., in the case of a substrate which
undergone only chemical polishing, the Fermi level on
InAs surface is, in fact, pinned at 0.13 eV above the bott
of the conduction band. The course of thex(d) curve in the
initial treatment stages corresponding to the formation
films with a thickness up to 100 Å corresponds to variat
rd
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of the Fermi level from 0.13 eV above the bottom of th
conduction atd.0 nm to values roughly 0.08 eV below th
bottom of the conduction band at thicknesses greater tha
Å. Since the latter value corresponds to the position of
Fermi level in the bulk of the indium arsenide used~IMÉa-3
InAs! at 300 K, it may be concluded that the Fermi level
the InAs surface is depinned as a result of treatment in su
vapor. The subsequent increase in the thickness of the I2S3

layer formed is accompanied by gradual lowering of t
measured thermodynamic work function, and atd.(30
240) nm it reaches 4.9 eV. This decrease in the thermo
namic work function is associated with an increase in
degree of screening of the electric field by charges in
indium sulfide layer formed. At layer thicknesses exceed
the generalized screening length11,12 the measured values o
x correspond to the thermodynamic work function of In2S3 .

Thus, the brief treatments of an indium arsenide surf
in sulfur vapor during times corresponding to the formati
of an indium sulfide layer with a thickness much smal
than the Debye screening length and with the correspond
tunneling transparency~the latter was analyzed by compa
ing the current-voltage characteristics of metal/InAs conta
before and after the treatment!, which were studied in the
present work, and prolonged treatments accompanied by
formation of a semi-insulating In2S3 layer, which provides
for the formation of MIS heterostructures based on
In2S3–InAs system,3 lead to depinning of the Fermi level o
the indium arsenide surface, which is attributable to lower
of the density of surface electron states within the kno
models.13 We note that the growth kinetics undergo a chan
with the passage of time from kinetics limited by the reacti
rate on the interface to kinetics limited by diffusion of th
reaction components through the In2S3 layer. This should
lead to a change in the concentration gradient of the reac
components across the thickness of the In2S3 layer and, ac-
cordingly, to a change in the sulfur and arsenic concen
tions at the interface. Since the Fermi level on the InAs s
face is depinned regardless of the thickness of the sul
layer, it can be assumed that the surface electron state
InAs are not associated with an excess or deficiency of su
or arsenic at the interface. It was shown in Ref. 14 that a
the treatment of gallium arsenide in various chalcogens
layer with a crystallographic orientation differing from th
orientation of the GaAs substrate forms on its surface. Thi

FIG. 2. Dependence of the thermodynamic work functionx on the thickness
of the In2S3 layer.
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attributed to reconstruction of the gallium arsenide surf
during its interaction with the chalcogen. Such a state of
GaAs surface is stabilized by a pseudomorphic layer of
Ga2Se3 type formed during the treatment in the chalcoge
As a result, the interface remains reconstructed even aft
is formed. Thus, the escape of electron states from the b
gap to the GaAs surface is explained by analogy with
familiar mechanism for a GaAs surface cleaved in
vacuum.13,14Similar reconstruction was observed in the ca
of the treatment of indium arsenide in sulfur vapor wh
In2S3/InAs heterostructures were obtained by heterova
substitution.4 Thus, the depinning of the Fermi level and th
corresponding lowering of the electron density of states
an indium arsenide surface treated in sulfur can also be
sociated with rearrangement of the atoms on its surface r
tive to their configuration in the bulk of the crystal during th
interaction with sulfur.
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Effect of anisotropy of band structure on optical gain in spherical quantum dots based
on PbS and PbSe
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Results of an experimental and theoretical study of the optical absorption spectra of spherical
quantum dots based on PbS and PbSe are presented. A rigorous theoretical analysis of
the energy spectra and optical transitions is performed within the framework of the four-band
k•p approximation with full account of the effect of anisotropy of the band structure. It
is shown that strong anisotropy of the band structure of PbS and PbSe leads to the appearance of
optical transitions that are forbidden in the isotropic approximation. These transitions were
detected in the optical absorption spectra of the investigated quantum dots. ©1999 American
Institute of Physics.@S1063-7826~99!01112-6#
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1. INTRODUCTION

Glass matrices with semiconductor quantum dots are
interest in connection with the fundamental properties
low-dimensional structures and the effect of quantum lim
tion on optical transitions. The dependence of the energ
these transitions on size makes it possible to ‘‘tune’’ su
glasses to the wavelength of a source under the cond
that this wavelength exceed the band gap for the bulk se
conductor. In the case of a narrow size distribution of
ensemble of quantum dots, resonant tuning is possible.
main body of studies of quantum dots formed in glass m
trices has been devoted to quantum dots based on wide
II–VI semiconductors whose band gap corresponds to
visible range of wavelengths.1 Recently, glasses with quan
tum dots based on narrow-band semiconductors of the
IV–VI have been synthesized, and the energy structure
these quantum dots has been modeled.2–5 In particular,3 the
energy spectra and matrix elements responsible for op
transitions in PbS and PbSe quantum dots were calcula
These calculations used the isotropic approximation, and
isotropy effects were taken into account only within t
framework of first-order perturbation theory. However, as
shown in the present work, anisotropy of the band struct
has a substantial effect on the optical properties of quan
dots based on lead sulfide and lead selenide and, co
quently, it should be taken into account in a full treatmen

In this paper we present results of a theoretical and
perimental study of the energy structure and optical tra
tions in spherical quantum dots based on PbS and PbSe
show that taking the effect of anisotropy fully into accou
provides a satisfactory description of the experimental o
cal absorption spectra and allows one to identify the
1301063-7826/99/33(12)/5/$15.00
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served optical transitions, including transitions which are
described in the isotropic approximation or within the fram
work of the model proposed earlier in Ref. 3.

2. SYNTHESIS AND EXPERIMENTAL STUDY OF QUANTUM
DOTS

To form semiconductor quantum dots in the phase de
of a supersaturated solid solution, we used a recently de
oped P2O5–Na2O–ZnO–AlF3–Ga2O3 glass4,5 doped with
PbS or PbSe. The glass was synthesized at 1100 °C,
glass-transition temperatureTG;380 °C. We used the tech
nique of synthesis from a feedstock. After synthesis a
quenching at room temperature, the glass samples ha
slightly yellowish color, typical of lead-containing glasse
Heat treatment of the synthesized glasses at 390–400 °C
to a change in their coloration to a color ranging from brow
to black, depending the duration and temperature of the
neal. X-ray diffraction studies and transmission electron m
croscopy of the annealed glass samples demonstrated th
istence of spherical PbS and PbSe quantum dots w
dimensions varying from 2 to 15 nm for various conditio
of heat treatment. The estimated width of the size distri
tion of these microcrystals for the sample with the narrow
size distribution of the quantum dots was;527 %. Such a
narrow size distribution of the quantum dots in a glass ma
is quite unique, with the exception of the glass samples w
quantum dots described in Ref. 2. Usually distributions
such width can be obtained in the formation of quantum d
by chemical synthesis.6 The optical absorption spectra of an
nealed samples of glass matrices with PbS or PbSe quan
dots were measured in the wavelength range 350–3500
at room temperature and at liquid-helium temperature. T
4 © 1999 American Institute of Physics
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narrow size distribution of the quantum dots made it poss
to observe the optical absorption peaks corresponding
various quantum transitions even at room temperature.
measurements at liquid-helium temperature demonstrated
presence of narrow optical absorption peaks correspon
to the narrow size distribution of the quantum dots. Incre
ing the duration of the anneal led to a shift of the optic
absorption spectra of the samples from spectra of unanne
glasses~glasses that had not been subjected to heat tr
ment! to spectra characteristic of bulk crystals of PbS a
PbSe.

3. MODELING AND COMPARISON WITH EXPERIMENT

To calculate the energy levels and wave functions of
electrons and holes in a spherical quantum dot, we used
four-bandk•p model, which takes into account the aniso
ropy of the dependence of the energy on the qu
momentum and quite accurately describes the energy b
structure near theL point.7,8 This model takes into accoun
the interaction of the valence band and the conduction ba
which is important for a calculation of the energy levels
spherical quantum dots in the isotropic approximation.3 We
used thek•p expansion near theL point since the minimum
of the conduction band and the maximum of the valen
band of PbS and PbSe are found at theL point of k space.
The effective HamiltonianĤ of the four-bandk–p model can
be represented in the formH5Hisotr1Han , where the first
he
m
io
le
to
he
he
ng
-
l
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t-

d

e
he

i-
nd

d,
f

e

term corresponds to the isotropic part,3 and the second term
describes the anisotropy of the dispersion relation of the
ergy versus the momentumE(k):

Ĥ isotr5S Eg

2
1

\2k2

2m2

\

m0
Psk

\

m0
Psk 2

Eg

2
2

\2k2

2m1
D , ~1!

where

P25~2Pt
21Pl

2!/3, ~2!

1

m6
5

1

3 S 2

mt
6

1
1

ml
6D ; ~3!

s is the Pauli matrix,k52 i ]/]r , Eg is the band gap of the
bulk semiconductors,mt

6 and ml
pm are the transverse an

longitudinal effective masses for the electrons~1! or holes
~2!, Pt and Pl are the transverse and longitudinal matr
elements of the momentum between the Bloch wave fu
tions of the conduction band edge and the valence b
~analogous to the Kane matrix element for III–V semico
ductors!, z is the coordinate in thê111& direction, andm0 is
the free electron mass. The anisotropic part of the Ham
tonian has the form
Ĥ0
an51

\2

2mlt
2

~k223kz
2! 0

\

m0
~Pl2P!kz

\

m0
~Pt2P!k2

0
\2

2mlt
2

~k223kz
2!

\

m0
~Pt2P!k1 2

\

m0
~Pl2P!kz

\

m0
~Pl2P!kz

\

m0
~Pt2P!k2 2

\2

2mlt
1

~k223kz
2! 0

\

m0
~Pt2P!k1 2

\

m0
~Pl2P!kz 0 2

\2

2mlt
1

~k223kz
2!

2 , ~4!
s it

ergy
um
in
of

our

e
e

wherek65kx6 ikg , pt5Pt2P, pl5Pl2P, and

1

mlt
6

5
1

3 S 1

mt
6

2
1

ml
6D . ~5!

The wave functions of the carriers localized at t
spherical quantum dots, i.e., the eigenfunctions of the Ha
tonian Ĥ, can be represented in the form of a superposit
of eigenfunctionsua& of the HamiltonianHisotr correspond-
ing to the isotropic band structure

C5(
a

Caua&, ~6!
il-
n

the sum is over all statesa of the isotropic Hamiltonian with
allowance for degeneracy. In this case, for the calculation
is sufficient to restrict the sum~6! to a finite number of terms
that ensures the necessary accuracy in the relevant en
interval. In the present work we included 42 terms in the s
~6!, which provided a relative accuracy better than 0.1%
the calculation of the energy levels and matrix elements
the optical transition.

In the isotropic model each stateua& of the electrons and
holes in a spherical quantum dot is characterized by f
quantum numbers:3 ua&5u j ,m,n,nr&, wherej andm are the
total angular momentum and its projection,nr is the radial
quantum number, andn denotes the parity of the state. Th
coefficientsCa in expansion~6! and the energy levels in th
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spherical quantum dot can be found numerically as the s
tion of the problem of eigenvalues and eigenvectors of
matrix Hab5dabEa1^auĤanub&, where Ĥ isotrua&5Eaua&
andEa is the energy of the statea.

The wave functions of the isotropic part of the Ham
tonianHisotr can be found in a way that is analogous to ho
it is done in the solution of the problem of the motion of
Dirac electron in a central field3,9,10

ug,a&5Alnm̄
g S B1

lnm̄
• f ln

g ~r ! Y l
m̄~u,w!

B2
lnm̄

• f ln
g ~r ! Y l 1n

m̄11~u,w!

B3
lnm̄

•gln
g ~r ! Y l

m̄~u,w!

B4
lnm̄

•gln
g ~ f ! Y l 1n

m̄11~u,w!
D . ~7!

Here g5e,h denotes the type of carrier~electron or hole,
respectively!; the integersl and m̄ have been introduced t
simplify the form of the formulas and are expressed in ter
of the quantum numbersj, m, n: l 5 j 2n/2, m̄5m21/2;

Alnm̄ is a normalization factor;Bi
lnm̄ are constants;Y l

m(u,w)
are the spherical harmonics,10 f ln

g (r ) andgln
g (r ) are the radial

components, which are expressed in terms of the Be
function

f ~r !5
1

Akr
Jl 11/2~kr !1

b

Alr
I l 11/2~lr !, ~8!

g~r !5
nc

Akr
Jl 1n11/2~kr !1

db

Alr
I l 1n11/2~lr !. ~9!

In expressions~8! and ~9!, the indicesg, l , m̄ have been
dropped; here it is understood that the quantitiesk, l, b, c,
andd depend on the quantum numbers and on the energ
the corresponding levelElnm̄

g
[E in the isotropic model

b52Al

k

l l 11/2~ka!

I l 11/2~la!
, c5

Eg

2
2E1

\2k2

2m6

\P

m
k

,

d5

Eg

2
2E2

\2l2

2m6

\P

m
l

. ~10!

Taking the boundary conditions into account:C050 for
ur u51, and also the explicit form of the wave functions~7!–
~9!, the energy levels in the quantum dot can be found wit
the framework of the isotropic model numerically as the
lution of the corresponding dispersion relation~3!.

The matrix elementŝauĤanub& are calculated analyti
cally using the Wigner–Eckart theorem9 and the explicit ex-
pressions~7!–~9! for the wave functionsua&. The matrix el-
ements for the optical transition between the levelsi andf in
the quantum dot are calculated using the formula

Mi→ f5(
a,b

@Ca
( i )#* Cb

( f )Mab , ~11!
u-
e

s

el

of

n
-

where the matrix elementsMab for the optical transition
between isotropic statesa andb are calculated analytically
Finally, the square of the matrix element for a given pol
ization is calculated according to formula~1!, and then aver-
aged over directions of the polarization vector, where
distribution over orientations of the spherical quantum d
in the glass matrix is assumed to be uniform. Note also t
in the case in which the sum is restricted to degenerate~or
quasi-degenerate! states with given energy in Eq.~6!, we
obtain the first-order perturbation theory result obtained
Ref. 3. However, this approximation is inapplicable due
strong mixing of isotropic states with different energie
leading to a nonzero optical matrix element for transitio
forbidden in the isotropic model.

Figure 1 shows the energy levels of a spherical quan
well, calculated in the isotropic and anisotropic models. T
ground-state energies in both models are very close.
anisotropy of the band structure shifts the ground-state
ergy insignificantly since we used a set of averaged b
parameters for the isotropic model in the calculations:3 P2

5(2Pt
21Pl

2)/3 and 3/m652/mt
611/ml

6 . The ground state
of the electrons and holes~the levelse1, h1; see Fig. 1!
consists of states withj 51/2, n5u, nr51; the higher levels
e2 andh2 consist of states withj 51/2, 3/2,n52u, nr51
~whereu51 for the electrons andu521 for the holes!. In the
isotropic approximation we have the following selectio
rules for the direct optical transitions:D j 50,61; Dm50,
61; ncnh521. Consequently, all optical transitions b
tween the groups of levelse1↔h2 ande2↔h1 ~the dashed
lines in Fig. 1! in the isotropic model are forbidden by parity
Analogous conclusions are valid for higher levels. Howev
the situation changes markedly in a full account of anis

FIG. 1. Energy levels of spherical PbSe quantum dots, calculated in
isotropic approximation~horizontal lines on the left! and with full account
for anisotropy of the band structure~horizontal lines on the right!. The solid
and dashed vertical lines, respectively, denote allowed and forbidden
sitions in the isotropic approximation. The dotted lines, running from
levels on the left to the levels on the right, show isotropic states which g
the main contribution to level formation in a spherical quantum dot. Rad
of the quantum dota540 Å, temperatureT512 K.



n
in
-
c-
s

i-
e
-
c
s

s:

1307Semiconductors 33 (12), December 1999 A. D. Andreev and A. A. Lipovski 
FIG. 2. a — Measured optical absorptio
spectrum of spherical PbSe quantum dots
a glass matrix; arrows indicate transition en
ergies obtained from an analysis of the se
ond derivative; b — squares of the modulu
of the matrix elements of the optical trans
tions, averaged over orientations of th
quantum dots and calculated with full ac
count of anisotropy of the band structure;
— the same for the isotropic model. Radiu
of the spherical quantum dota540 Å; the
calculations used the following parameter
Eg(T512 K)50.166 eV, Pt

2/m51.7 eV,
2Pl

2/m53.0 eV, m/mt
254.3, m/ml

253.1,
m/mt

158.7, m/ml
153.3.
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ropy of the dependence of the energy on the qu
momentumE(k). The influence of anisotropy reduces to tw
effects. First, the energy levels shift and split~see Fig. 1!.
Second, strong mixing of the various isotropic states ta
place. Consequently, transitions that were forbidden in
isotropic approximation are now allowed as a result of t
mixing. These transitions are observed in the measured
sorption spectra~see Figs. 2 and 3!. Thus, anisotropy of the
band structure exerts a substantial influence on the op
absorption spectra of spherical quantum dots based on
and PbSe.

Figure 2a shows the measured absorption spectrum
PbS quantum dots atT512 K. Analysis of the second de
i-

s
e
s
b-

al
bS

of

rivative of this spectrum allowed us to distinguish five a
sorption bands corresponding to optical transitions or gro
of transitions. The isotropic model and the model used
Ref. 3 can predict only three transitions~see Fig. 2c! since
the remaining transitions are forbidden within the framewo
of these simple approaches. The calculations performed
us with full allowance for the anisotropy of the band stru
ture show that the amplitudes of the ‘‘forbidden’’ transition
~peaks2 and4 in Fig. 2! are of the same order of magnitud
as the amplitudes of the ‘‘allowed’’ transitions. The energ
of transitions1–5, calculated in the anisotropic model, a
found to be in good agreement with experiment~see Fig. 2!.
The difference between the theoretical results and exp
S

s:
FIG. 3. The same as in Fig. 2, but for Pb
quantum dots of radiusa573 Å. The cal-
culations used the following parameter
Eg(T512 K)50.299 eV, 2Pt

2/m51.4
eV, 2Pl

2/m53.3 eV, m/mt
251.3, m/ml

2

52.9, m/mt
151.6, m/ml

152.9.
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ment do not exceed 20–30 meV, which may be due to
influence of such factors as a deviation from sphericity of
quantum dots, the influence of a boundary, and also s
uncertainty in the values of the band parameters. To estim
the influence of nonsphericity of a quantum dot on the
sorption spectra, we calculated the shift of the energy lev
in a quantum dot in the case where its shape is an ellipsoi
revolution with semi-axesa1 anda2 . We have accordingly
used perturbation-theory methods analogous to those
scribed by Migdal.11 The shift of the energy levels associat
with nonsphericity can be represented in the formDFa

5daEaDa , whereda52(a12a2)/(a11a2) is a measure of
the ‘‘nonsphericity’’ of a quantum dot, andDa are numerical
coefficients which depend on the quantum numbersa
5( j ,m,n,nr). On the basis of transmission-electro
microscope measurements we estimated the value ofda to be
<0.05. The corresponding shift of the energy levels turn
out to be no greater than 5 and 12 meV for PbS and P
quantum dots, respectively. Consequently, the influence
deviation of the shape of the quantum dots from spherica
the absorption spectra is much less than the influence of
isotropy of the band structure, and it cannot be the reason
the appearance of additional transitions in the optical abs
tion spectra.

The measured absorption spectrum of spherical P
quantum dots is shown in Fig. 3a. For PbS the first forbidd
transition2 is closer in energy to the second allowed tran
tion 3 ~Fig. 3! than in the case of quantum dots based
PbSe~Fig. 2!. This is because of the weaker anisotropy
the energy band structure of PbS in comparison with Pb
The rather wide peak4 and the corresponding plateau cons
of one ‘‘purely’’ forbidden transition with a lower energ
and several allowed transitions shifted in energy in comp
son with the results of the isotropic model. Note that t
isotropic model gives a transition energy corresponding
peak4 that is 40 meV greater than the experimental val
The features of the absorption spectrum5–8 in the higher
energy region cannot be interpreted unambiguously for
reasons mentioned above. However, we may conclude
the weak peak7 most likely corresponds to a forbidden tra
sition while peak8 corresponds to an allowed transition a
features5 and6 of the absorption spectrum consists of fo
bidden and allowed transitions. Thus, we were able to
serve and interpret up to four optical transitions in spher
quantum dots based on lead sulfide.
e
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4. CONCLUSIONS

We have developed a theoretical model which takes
account of anisotropy of the band structure. This model
equately describes the measured optical absorption spect
spherical quantum dots based on lead sulfide and lead
lenide and allowed us to identify up to five quantum tran
tions for PbSe and up to four quantum transitions for P
quantum dots. We have shown that optical transitions t
are forbidden in the isotropic model turn out to be allow
for a strict account of anisotropy. Because of the narrow s
distribution of the quantum dots, these ‘‘forbidden’’ trans
tions, which are associated with anisotropy, can be obse
experimentally in the optical absorption spectra of spher
PbS and PbSe quantum dots formed in a new phosp
glass.
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The dependences of the characteristic superradiance time in quantum well InGaAs/GaAs laser
heterostructures on the pump current, temperature, and cross sections of the active region
are studied by analyzing electroluminescence spectra. The number of dipoles involved in forming
a superradiant pulse is estimated using elementary equations from the theory of superradiance
in two-level systems. A mechanism is proposed for superradiance in semiconductors. ©1999
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INTRODUCTION

In the last two years, there has been a rapidly grow
interest in resonant interactions of nonequilibrium cha
carriers in semiconductor heterostructures through the c
bined electromagnetic field of their recombinatio
radiation.1–4 This type of effect, which results from the sma
distance between the radiating centers compared to the w
length of the radiation, has been known for a long time a
has been well studied theoretically and experimentally in
case of solid state lasers,5–7 where it is known as Dicke su
perradiance. The effect essentially reduces to spontan
phasing of closely spaced dipoles and their merging int
combined ‘‘macrodipole,’’ whose radiant efficiency is pr
portional to the square of the number of constituent elem
tary dipoles. This leads to an avalanche growth in the rad
intensity and, accordingly, to production of a short optic
burst.8

The role of this kind of interaction among the carriers
semiconductor materials has long been underrated, altho
the density of electron-hole pairs in these materials is usu
far higher than the density of impurity centers in solid st
lasers. Increasing the number of dipoles involved in a re
nance sharply reduces the duration of the resulting pulse
the durations appropriate to semiconductor materials lie
beyond the time resolution of modern photodetectors. In
dition, these pulses occur randomly, which makes them
ficult to detect. Nevertheless, they have been observed u
certain conditions using streak cameras in a single-pho
counting mode.9,10 Unfortunately, the complex experiment
conditions have precluded a unique interpretation.

A specially created optical autocorrelator11 has been
used in some preliminary experiments in 1993–1994
superradiant pulses were observed in an injection laser,
above and below the lasing threshold.12,13 Appropriate mea-
surements of the pulse parameters were made. The sen
ity and resolution of the apparatus, however, were not
equate for measuring the emission parameters below
1301063-7826/99/33(12)/6/$15.00
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lasing threshold. Nevertheless, the results have been us
explain the previously studied behavior of Q-switched inje
tion lasers.14 Vasil’ev3 obtained the same results indepe
dently.

All of the above experiments were conducted at roo
temperature. Under these conditions, the homogene
broadening of the line emitted as a result of the collect
resonance, which was described in detail in 1971 for so
state lasers,7 is concealed by the thermal distribution of th
carriers in a semiconductor. AtT577 K, however, the pic-
ture is completely different. The distinctive electrolumine
cence spectral profile of quantum-well heterostructures
first noted by Eliseev and Akimova,15 but it was not inter-
preted correctly. We have made a detailed investigation16 of
the emission spectra of quantum wells at 77 K under con
tions such that the spectral distortions are eliminated
theoretically justified identifying the spectra with the hom
geneous line broadening profile under superradiance co
tions. The major parameters of the corresponding superr
ance pulses were also estimated in that paper.

In this paper we present results from a study of the
pendences of the superradiance parameters on the tem
ture, pump current density, and size of the emitting regi
An attempt is also made to estimate the minimum abso
pump current for generation of superradiant pulses.

MODEL

The resonant interaction of closely spaced dipoles w
the electromagnetic field of their own radiation is known
cause a change from the ordinary time dependence

I ~ t !;Ne2t/t ~1!

of the radiant intensity, i.e., an exponential decrease in
intensity with time~t!, to the dependence given by Dicke8

with an intensity rise followed by a relatively rapid fa
~Fig. 1!,
9 © 1999 American Institute of Physics



ic
n
e

of
t a

de

te
o
t

is

-

m-
ed

een

lec-

la-
hat
cu-
ses
he
lar,
ial

ation
end
hing

rac-
e-
ting

red,
ink,
the

a

n-
o-
line

es
um,
e
ly.
ent

is
po-
k in

ith
drop
m

gap.
The

. T

1310 Semiconductors 33 (12), December 1999 Za tsev et al.
I ~ t !5
\v0

4mtN
~Nm11!2 sech2S t2t0

2tN
D , ~2a!

in which

1

tN
5~Nm11!

1

t1
~2b!

and

t05tN ln ~Nm!, ~2c!

whereN is the number of dipoles,m is the form factor for
their mutual positions which determines the degree to wh
they interact,t1 is the characteristic emission time for a
isolated dipole,tN is the characteristic emission time for th
macrodipole, andt0 is the pulse delay time or the duration
the macrodipole formation stage. Here it is assumed tha
the dipoles are identical and are in an excited state att50.

In the case of a radiating body in the shape of a cylin
with cross sectionS, the expression form takes the form7

m5
3l2

8pS
. ~3!

Taking into account the loss of phase coherence~dephasing!
of the dipoles in a semiconductor material, with a charac
istic time Tdeph, increases the time for the establishment
phase coherence of the dipoles~the delay in the superradian
pulse! to3

t0* 5t0S 11
At0tN

Tdeph
D . ~4!

On the other hand, the shape of the spectrum line
convolution of the form factors for homogeneous„F(v)…
and inhomogeneous„R(E)… broadening,15 where

R~\v!5E
0

1`

R0~E!FS E2\v

\ DdE. ~5!

In contrast with Eq.~1!, which yields the standard Lor
entz broadening form factor, Eq.~2! gives

F~v2v0!}2ptN sech@ptN~v2v0!#, ~6!

which, for negligible inhomogeneous broadening, i.e.,

R0~E!5d~E0!,

FIG. 1. Characteristic time dependence of the superradiance intensity
dashed curve is the ordinary time dependence of the radiant intensity.
h

ll

r

r-
f

a

leads to

R~E!5A sechS ptN

E2E0

\ D . ~7!

A line with this shape has characteristic exponential, sy
metric rise and fall, which have been observ
experimentally.16 It has been pointed out7 that optical losses
can cause an asymmetry of the spectrum, which has b
observed.15 According to Eq.~7!, the characteristic energy«
~slope of the rise and fall!, determined experimentally from
the spectrum, represents the quantity

«5
\

ptN
,

which makes it possible to calculate the characteristic col
tive radiation time as

tN5
\

p«
. ~8!

EXPERIMENT

We have studied samples of various AlGaAs / GaAs
ser heterostructures with a single InGaAs quantum well t
has a width of 100 Å. The structures were grown by mole
lar beam epitaxy. As noted above, selective optical los
during extraction of the radiation from the sample distort t
initial emission spectrum. These losses occur, in particu
during waveguide propagation of the light along the epitax
layers. Thus, the samples were prepared so that the radi
would emerge perpendicular to the epitaxial layers. The
cleavages of the samples were processed by selective etc
in order to suppress laser action and coated with high ref
tive index black paint. Thus, in terms of their operating r
gime, the test samples were surface-radiating, ligh-emit
diodes.

For the temperature studies, the crystals were solde
with the epitaxial layers underneath, onto a copper heat s
which made it possible to control the temperature of
active region of the sample reliably when it was placed in
cryostat. A quasicontinuous current~3 ms, 5 kHz! was used
for pumping.

We have shown16 that the emission spectrum of a qua
tum well at T577 K corresponds almost ideally to the h
mogeneously broadened spectrum of a superradiance
@Eq. ~7!#. It is perfectly evident that at higher temperatur
the thermal spread of the carriers should distort the spectr
since the factorR0 in Eq. ~5! cannot be represented in th
form of a d-function. This has been verified experimental
Figure 2 is a semilog plot of the emission spectra at differ
temperatures for a pump current density of 500 A/cm2 .
Clearly, at 100 K the homogeneous broadening factor
dominant and the spectrum has a distinct symmetric ex
nential rise and fall. With increasing temperature, the pea
the spectrum shifts toward lower energies in accordance w
the temperature dependence of the band gap width. The
in the spectrum to the right is distorted by emission fro
carriers with energies substantially greater than the band
Beginning at 250 K, the spectrum has a distinct plateau.

he
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slope of the left edge of the spectrum decreases with t
perature, but it is still distinctly exponential, so it is possib
to calculate the parametertN in the entire temperature rang
This dependence is plotted in Fig. 3, which also showstN for
other current densities. The nonmonotonic variation in th
curves is noteworthy.

On the whole, inhomogeneous broadening of the em
sion line predominates at room temperature for this curr
density.

The emission spectrum of the samples was also stu
in a wide range of pump current densities at temperatu
ranging from 77 K to room temperature. The higher t
pump current was, the longer the homogeneous broade
predominated as the temperature was raised. Figure 4 i
trates the dependence of the emission spectrum on curre
room temperature. It is clear that, for pumping at 500 A/c2

the spectrum has a flattened peak, and that as the curre
raised further, a maximum appears with a characteri

FIG. 2. Spontaneous emission spectra of a quantum-well laser hetero
ture at temperaturesT ~K!: 1 — 100,2 — 150,3 — 200,4 — 250,5 — 300.
The pump current density is 500 A/cm2 .

FIG. 3. Characteristic collective emission time (tN) of the quantum-well
laser heterostructure as a function of temperature~T!. Pump current density
(A/cm2):1 — 330,2 — 500,3 — 660,4 — 830.
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shape similar to that given by Eq.~7!. The right-hand edge o
the spectrum continues to be broadened by the thermal
tribution of the carriers. The spectrum also shows that fo
current density of 1660 A/cm2 , most of the energy is emitted
by a collective resonance. The dependence of the chara
istic time tN on the pump current at room temperature c
culated from the slope of the left edge of the spectrum
shown in Fig. 5. It is noteworthy that this parameter var
little when the pump current is changed by an order of m
nitude, while Eq.~2b! implies a reciprocal dependence oftN

on N for mN@1, i.e.,

tN5t1 /mN, mN@1. ~9!

It is significant that the falloff on the right of the emis
sion spectrum is close to exponential. Probably the en
spectrum is formed by a set of optical resonance proces
but the theoretical curves shown here indicate that, as
pump current is raised, a single collective process enc

uc-FIG. 4. Spontaneous emission spectra of the quantum-well laser heteros
ture at pump current densities of 166, 500, 830, and 1660 A/cm2 .
T5300 K.

FIG. 5. The characteristic collective emission time (tN) of the quantum-
well laser heterostructure as a function of the pump current den
T5300 K.
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passes ever higher energies, while maintaining the expo
tial falloff on the left almost unchanged. This observati
may make it possible to account for the shift in the peak
the ‘‘spontaneous’’ emission spectrum as the pump curren
raised.

The radiating ensemble has a characteristic size that
not exceed the path of the light in the semiconductor ove
time tN .17 The characteristic superradiance time implies t
at room temperature the emitting region is smaller than
mm.

It has been shown16 that at liquid-nitrogen temperature
superradiance takes place at pump current densities as lo
170 A/cm2 . This raised the question of how large a spa
can be occupied by an optical resonance.

In order to study the dependence of the characteri
emission time on the transverse dimensions of the ac
region of InGaAs quantum well AlGaAs / GaAs heterostru
tures, light-emitting diodes with small oxide apertures we
prepared as active regions using the technology emplo
for creating vertical cavity surface emitting lase
~VCSEL!.18 However, the surface of the heterostructures w
not covered with a dielectric mirror and this prevented l
ing. The diameter of the apertures was varied from 20
1.5mm. These studies were made at 77 K. For the meas
ments, a sample was glued with thermally conducting g
substrate facing downward, onto a copper holder. This w
of mounting the sample inevitably increases the thermal
sistance. In addition, the high ohmic resistance of the sm
aperture caused significant heating of the active layer,
the actual temperature of the active layer exceeded 7
Nevertheless, the resulting emission spectra~Fig. 6! are in
fairly good agreement with Eq.~7! and always exhibit a pro
nounced exponential rise and fall. It is apparent from Fig
that no significant dependence of the characteristic emis
time tN on the aperture size was observed. Although t

FIG. 6. Spontaneous emission spectra in a structure with a small ape
for pump currents of~bottom to top! 15, 30, 240, and 960mA. T577 K. The
aperture size is 4mm.
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parameter limits the size of the radiating region just to a le
of ;4 mm, according to this experiment, the actual sc
length of the radiating group~the characteristic superrad
ance time is 40250 fs! is considerably smaller than 1.5mm,
i.e., is clearly less than five times the wavelength of t
radiation in the semiconductor.

The experiment with small-diameter oxide apertures a
made it possible to establish an upper limit for the absol
current at which the shape of the spectrum still conta
traces of superradiance. It is apparent from Fig. 6 that
spectrum for a current of 30mA is in good agreement with
the theory of superradiance, while for a pump level
15mA, this cannot be stated with certainty due to the hi
noise level. It is important to note that the characteristic ti
tN corresponding to a 30mA pump current does not chang
significantly when the absolute pump current is raised
three orders of magnitude~Fig. 7!.

Currents at a level of 30mA correspond to the recombi
nation of;231014 electron-hole pairs per second, which f
a typical average carrier lifetime oft̃53 ns yields an aver-
age ofN563105 pairs within a region with a diameter o
4mm. Here a characteristic spectrum corresponding to su
radiance withtN542 fs was observed.

DISCUSSION

Figure 8 shows the time delay to the superradiant pu
t0* , as a function of the numberN of participating dipoles
calculated using Eqs.~2!–~4! ~Ref. 7! for different dephasing
timesTdeph. Tdeph5100 fs corresponds to room temperatur3

At liquid-nitrogen temperature,Tdeph is a few picoseconds,1!

so thatTdeph51 ps is a reasonable estimate for the tempe
ture, 77 K, at which the experiment was done. ForN56
3105 a calculation gives a delay~phasing! time of ;3 ns.
Based on the assertion which was proved above – that
actual typical size of the radiating group of dipoles is le
than 1.5 mm, we must assume that the real number
electron-hole pairs that actually produce the superrad
pulse is smaller by an order of magnitude in this experime
i.e., is no more than 53104 . This yields a value fort0* of
hundreds of nanoseconds. It is well known that such rad
tion delay times are not observed in direct experiments.~In

re

FIG. 7. The characteristic collective emission time (tN) of a quantum-well
laser heterojunction structure with small apertures as a function of the p
current for aperture sizes of 1.5~1!, 4 ~2!, 6~3!, and 20mm ~4!.
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fact, we are unaware of any experiments on the direct m
surement of the switch-on delay in light-emitting diodes
pump currents of 30mA.! The calculated timetN for this
value ofN ~assuming thatt153 ns! is on the order of 70 ps
in obvious conflict with the spectral data from our expe
ment.

Knowing the number of electron-hole pairs that produ
an optical pulse upon recombination, we can estimate
pulse energy. ForN553104, at this wavelength it is;10 fJ.

Equation~9! implies that, in order to attain the observe
tN542 fs for t153 ns, it is necessary thatmN;0.73105 .
On the other hand, for the experimental parameters, Eq~3!
gives m;731024, i.e., the number of dipoles must beN
;108, or more than two orders of magnitude higher than
experimental value. Accumulating this number of carriers
a current of 30mA would require about 0.5ms. As noted
above, the actual size of the radiating collective is subs
tially less than 4mm and the actual value ofN is smaller by
at least an order of magnitude. However, it is apparent fr
Eq. ~3! that a reduction inS leads to an inversely propor
tional change inm, so that, for a given density of dipoles i
the plane, the characteristic superradiance time is inde
dent ofS. This sort of independence ofmN from the aperture
size is in excellent agreement with the experimental data

If we proceed from the fact thatN is the number of
electron-hole pairs in the active region, then we should
serve a strong dependence of the emission spectrum on
pump current. At the same time, the experiment indicates
exact opposite: the spectrum does not change when the p
current ~and the pump current density! is varied by almost
three orders of magnitude. It should be noted that the e
mated superradiance time16 for surface radiating diode
based on heterostructures similar to those studied here i
sentially the same as the times calculated for small apert
and also depends weakly on the pump current density.

In order to resolve this contradiction, a number of calc
lations must be done to determineN from an analysis of the
emission spectrum.

Here it is important to note that the parametert1 cannot
be measured directly, since it has the significance of a ra

FIG. 8. The dependence of the delay time until laser turn on (t0* ) as a
function of the number of dipoles~N! for dephasing timesTdeph51000 fs
~solid curve! andTdeph5100 fs ~dashed curve!.
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tive lifetime for an isolated electron-hole pair. The value o
ns chosen above as a basis is a typical experimental valu
another physical quantity, namely the average carrier l
time t̃ for a high excitation level. Certainly, during a res
nant interaction of the carriers,t1 should always be greate
thant̃. The largest value oft̃ for quantum wells known to us
is 650 ns,19 which raises the required value ofN by more
than an order of magnitude. It may be concluded that
required number of dipoles in no way corresponds to
number of injected carriers.

Thus far, we have assumed implicitly that only excit
dipoles participate in the collective resonance. Evidently, t
cannot be so. A dipole that is capable of absorbing radia
with a given wavelength is just as much a participant in
resonance as a radiating dipole in immediate proximity to
Thus, we are dealing with a system of closely spaced
poles, of which only a small fraction is in an excited sta
Certainly, excited centers in the lattice interact with une
cited centers through an electromagnetic field and the p
cess shows up as a quantized response of the electronic
tem of the crystal as a unified whole to excitation by
current. In fact, given the above mentioned peculiarities
the parameterm, the productNm is independent of the size
of the aperture, although it should depend on the thicknes
the active layer and optical boundary factors~the presence of
waveguides, mirrors, optical losses, etc.!, as well as on the
temperature.

From the basic principles of quantum mechanics, it
known that a single photon is absorbed in an interaction w
the electronic system of a crystal as a unified whole, e
though an electron-hole pair is formed at a single, defin
center. This follows obviously from studies of the absorpti
spectrum. The results presented here provide serious ju
cation for considering that the converse statement regar
the emission spectrum is also true.

CONCLUSIONS

In this paper we have, for the first time, been able
observe spectral manifestations of superradiance in semi
ductor heterostructures at room temperature. The chara
istic superradiance time has been determined as a functio
temperature and pump current for the first time on the ba
of spectral data. It ha been shown for the first time th
superradiance in a quantum well can occur at a pump cur
of 30 mA, as well as in an active zone with a diameter
1.5mm.

The data obtained here indicate that luminescence
these semiconducting materials is not the result of the rec
bination of isolated electron-hole pairs, but is a mechan
for the relaxation of excitation in the electronic system of t
crystal as a whole.

This work was supported by Grant No. 98-02-18212
the Russian Fund for Fundamental Research, ‘‘A study
the spatial-temporal structure of radiation from quantu
well and quantum-dot heterostructures in III-V systems.’’

1!Personal communication from P. P. Vasil’ev.
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Effect of g irradiation on the photoluminescence kinetics of porous silicon
V. F. Agekyan and Yu. A. Stepanov
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The effect ofg irradiation on the photoluminescence decay dynamics in porous silicon is
investigated. Growth of the photoluminescence intensity and decrease of the decay time in
irradiated porous silicon are explained by a lowering of the barriers to recombination of
spatially separated electrons and holes via tunneling. Theg irradiation of porous silicon leads to
a greater dispersion of the decay time. ©1999 American Institute of Physics.
@S1063-7826~99!01312-5#
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INTRODUCTION

Interest in porous silicon and in other porous semic
ductors was initiated by the discovery of visible lumine
cence in porous silicon1 and the concomitant potential o
creating emitting devices for silicon-based optoelectron
However, due to the extremely high resistivity of poro
silicon and the instability of its properties, the path to t
fabrication of light-emitting elements based on porous s
con has been longer and more arduous than expected
tially. In the course of studies of porous silicon it was fou
that this material is of interest for other devic
applications.2–6 For this reason the problem of the radiatio
stability of porous silicon and the dependence of its opti
properties on irradiation have acquired increased importa
In earlier studies we investigated the influence ofg and a
radiation on the luminescence properties of porous silicon7–9

In this paper we report the results of an experimental st
of the effect ofg irradiation on the photoluminescence~PL!
kinetics of porous silicon.

SAMPLES AND EXPERIMENTAL TECHNIQUE

Samples of porous silicon were prepared by elec
chemical etching of polished wafers ofp silicon with $100%
orientation and resistivity 2V•cm under ultraviolet illumina-
tion in a regime providing high brightness of photolumine
cence. Hydrofluoric acid buffered with an aqueous solut
of NaNO2 served as the electrolyte. The investigated samp
remained on the silicon substrate.

The 60Co isotope with an intensity of 1013cm22
•s21

was used as theg-radiation source. Irradiation of the sampl
took place at room temperature up to a dose ofF.5
31018cm22, at which a roughly twofold increase in photo
luminescence intensity of was achieved.7 Photoluminescence
kinetics were measured on pairs of samples—twins, on
which was subjected tog irradiation, and the other was sim
1311063-7826/99/33(12)/3/$15.00
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ply stored in air and at the time the irradiated sample w
studied, the photoluminescence intensity and its decay c
acteristics on this sample remained unchanged.

Photoluminescence was excited by radiation pulses fr
a molecular-nitrogen laser~wavelengthl5337.1 nm! with
5-ns duration and a pulse repetition rate of 100 Hz. The p
intensity of excitation on the surface of the sample was
the order of 10 kW/cm2 , the mean power of the laser radia
tion on the surface did not exceed a few mW/cm2 . To record
the spectra we used a DFS-12 spectrometer. The spe
were recorded either in the constant-current regime or w
temporal resolution using a Boxcar-162 stroboscopic integ
tor in the interval 102921023 s.

MEASUREMENT RESULTS AND THEIR ANALYSIS

As is well known, the decay of photoluminescence
porous silicon after excitation has been switched off h
three characteristic segments: a nanosecond segment, w
is attributable to recombination of free photocarriers n
their place of origin; an intermediate segment, which is
sociated with relaxation of the carriers; and a microseco
segment, which is due to tunneling recombination of s
tially separated carriers.10–15 Our studies deal with photolu
minescence kinetics in the microsecond range of photolu
nescence decay.

Characteristic curves of the dependence of the phot
minescence intensityI PL on time reckoned from the maxi
mum of the laser pulse (t) at 77 K for the irradiated and
non-irradiated samples are shown in Fig. 1. As can be s
from the figure, the kinetics of photoluminescence decay
the irradiated sample are faster.

Figure 2 compares experimental data on photolumin
cence decay for the irradiated sample with results of ca
lation using a broadened exponential, which usually give
good description of photoluminescence kinetics with allo
5 © 1999 American Institute of Physics
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ance for migration of excited carriers in disordered and
homogeneous media,11–15

I PL; f ~x!5~ t/t!12bexp@2~ t/t!b#. ~1!

Herex5t/t, t is the characteristic decay time of the phot
luminescence, andb is a parameter which varies in the limi
from 1 to 0.

As can be seen from Fig. 2, the photoluminescence
netics are well described by the function~1!. For our samples
b, obtained from the contour of the photoluminescence ba
is found in the limits 0.520.8 and on the long-wavelengt
tail of the photoluminescence band the dependence of
photoluminescence intensity on time approaches an e

FIG. 1. Dependence of the photoluminescence intensity at the band m
mum atl5720 nm on the timet for an irradiated (I PLg) and an unirradiated
(I PL) sample.F5531018 cm22, T577 K.

FIG. 2. Comparison of experimental and calculated dependence of the
cay of photoluminescence for ag-irradiated sample at the photolumine
cence band maximum.T577 K. b50.45; t5128 ms.
-

i-

d,

he
o-

nential. The value oft was determined from the points a
which d@ lnf(x)#/dx521, wherex51 andt5t. The values
of t obtained in this way were 150650 ms for the
g-irradiated samples and 250650 ms for the unirradiated
samples. Consequently, irradiation shortens the decay
of photoluminescence over the entire spectrum.

The mechanism of tunneling recombination of spatia
separated carriers is also confirmed by the results of temp
ture measurements of the decay timet(T), which were per-
formed at the band maximum. The dependencet(T) was
determined in the temperature interval 772400 K ~Fig. 3!.
The points closely satisfy the dependencet21;exp
(2T0 /T)1/3, which is characteristic of recombination wit
tunneling through barriers of different height which separ
regions of generation and regions of recombination of cha
carriers~a partially disordered medium!.12,15

The variation oft over the contour of the photolumines
cence band for the irradiated and unirradiated sample
shown in Fig. 4. Since the experimental dependence o
logarithmic scale is nearly linear, we infer an exponent
dependence of the probability of radiative recombination
the energyE: W;1/t;exp(E/E0), where E05DE/D(lnt).
This is also evidence that photoluminescence is due to
combination of spatially separated charge carriers tunne
through barriers that separate regions of carrier genera
under optical excitation. The mean barrier heightE0, ob-
tained from experimental dependence of the type shown
Fig. 3, is;0.320.4 eV, in good agreement with the value
obtained by other authors.12,14,15For irradiated samplesE0 is
approximately two times smaller than for unirradiat
samples. This means that as a result ofg irradiation of po-
rous silicon, the barrier height for carrier tunneling is low
ered and the probability of radiative recombination grow
The slower growth of the photoluminescence intensity a

xi-

e-

FIG. 3. Temperature dependence of the characteristic decay time o
photoluminescencet at the wavelengthl50.716 mm for an unirradiated
sample of porous silicon.



e

nc
ro
n
fo
e
v

th
t r
rg
e

de-
ich

lly
sion

s

o-

.

at,

.

.

.

,

.

ns

fit.

1317Semiconductors 33 (12), December 1999 Agekyan et al.
result of irradiation clearly shows that irradiation increas
the probability of nonradiative recombination.

CONCLUSIONS

We have investigated relaxation of photoluminesce
of g-irradiated and unirradiated porous silicon in the mic
second range. Photoluminescence decay is nonexpone
and is described by a broadened exponential both
g-irradiated and unirradiated samples. The photolumin
cence decay time, which is determined using the abo
indicated procedure, lies in the range 1002300 ms. The de-
cay time depends on the energy of a photon. Analysis of
measured dependences apparently points to an importan
for tunneling processes in radiative recombination of cha
carriers in porous silicon. The increase in the photolumin

FIG. 4. Dependence of the decay time of the photoluminescence inte
on photon energy.1 — unirradiated sample,2 — irradiated sample (F
5531018 cm22). Points — experiment, lines — least-squares
T5300 K.
s

e
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tial
r
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e-

e
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cence intensity upon irradiation is accompanied by a
crease in the decay time for the irradiated samples, wh
indicates a lowering of the barrier to tunneling of spatia
separated carriers. Irradiation leads to a narrower disper
of the decay time.

We wish to thank E. V. Astrov for making sample
available for study and for useful discussions.

This work was carried out with the support of the pr
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Photodetectors based on osmium-doped silicon
M. S. Yunusov, R. A. Muminov, G. Nurkuziev, N. Gapparov, and A. Kholboev

S. V. Starodubtsev Physicotechnical Institute, 700084 Tashkent, Uzbekistan
~Submitted August 6, 1998; accepted for publication April 10, 1999!
Fiz. Tekh. Poluprovodn.33, 1465–1466~December 1999!

Osmium-doped silicon photodetectors with a low control voltage have been constructed.
The n-type Si was chosen as the initial material. The silicon was doped with osmium using a
diffusion method. The characteristics of these structures are studied at 300 K. ©1999
American Institute of Physics.@S1063-7826~99!01412-X#
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As helium materials science develops, the measurem
of the luminous flux at the focus of solar furnaces is beco
ing important. Controlling the energy parameters of so
radiation fluxes requires photodetectors capable of mea
ing the light flux in different spectral intervals, in some cas
with a good response time. Photodetectors of this type
needed for measuring highly concentrated fluxes of solar
diation.

The photodetectors intended for these purposes mus
highly sensitive within the operating wavelength range a
have a fast response and a low noise level. In addition, t
must be small, use low control voltages, and have a h
operational reliability.

The extension of the operating spectral range of cohe
and incoherent light sources into the far infrared, on o
hand, and into the ultraviolet, on the other, has led to a
mand for fast, sensitive photodetectors which operate ov
wide spectral range.

The purpose of this paper is to report the construction
osmium doped silicon photodetectors with a low cont
voltage and a low current, as well as high reliability at hi
concentrations of solar radiation. Samples ofn-type Si with
resistivities in the ranger55.5275V•cm, oxygen contents

FIG. 1. Photocurrent as a function of bias voltage at 300 K with
Al- 107A light-emitting diode as the source~current 16mA! for 1 — an
Sî Os& p12p2n1 structure,2 — a GaAsp2n structure, and3 — a GaAs
metal-semiconductor-metal structure.
1311063-7826/99/33(12)/2/$15.00
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of 5310162731017cm23, and dislocation densities of 102

2104 cm22 were used as a starting material. The silicon w
doped with osmium using a diffusion method.1 After diffu-
sion annealing, the resistivity of the samples rose to
3104 V•cm and the conductivity underwent an→p transi-
tion. After the silicon was doped with osmium, a quasipe
odic inhomogeneity developed in the sample.2 Fused con-
tacts of Au1Sb alloy and Al with an areaS5(1.523.5)
31022 cm2 were made in vacuum with a residual pressu
P5531025 Torr for the measurements. The sample thic
ness was varied in the range 0.321 mm. Thep12p2n1

structures studied here are structurally similar to those ex
ined in Ref. 3. The photocurrentI ph was measured as a func
tion of voltage~Fig. 1! using an Al-107A light-emitting di-
ode with a wavelength of 0.95mm ~which coincides with the
peak spectral sensitivity of the photodetector! as a light
source. It is evident from Fig. 1 that, while gallium arseni

FIG. 2. Spectral characteristics of the photocurrent of
Sî Os& p12p2n1 structure with a forward bias of 3 V~1! and a reverse
bias of 3 V ~2!. The measurement temperature was 300 K.
8 © 1999 American Institute of Physics
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structures~curve2! have a superlinear rise in the photocu
rent as the voltage is raised, the silicon structures hav
slower rise in the photocurrent. AtV56 V, for example, the
photocurrent in the Si^Os& p12p2n1-structure reaches
27mA ~Fig. 1, curve1!. Note that this is more than thre
orders of magnitude higher than for metal-semiconduc
metal structures based on GaAs~0.009mA! ~Fig. 1, curve3!.
The comparatively high photocurrent in the Si^Os& structures
at these voltages is a consequence of the closeness o
charge separation region to the illuminated surface. In
case the optical losses are low. The photocurrent satur
because of a more rapid rise in the dark current of the sili
structure compared to that for an epitaxial Ga
p2n-junction. The siliconp12p2n1-structures examined
here are optically well matched to commercial Al-10A ligh
emitting diodes and could operate as photodetectors in o
electronic devices.

Figure 2 shows the spectral characteristics of
Sî Os& p12p2n1 structures at room temperature. Th
structures were illuminated with an irradiance of 1024

W/cm2 from an IKS-21 spectrometer. It is evident that t
osmium-doped silicon photodetector operates over a w
wavelength range. A study of the spectral characteris
showed that the long wavelength photosensitivity edge
shifted when a reverse bias is applied~Fig. 2, curve2!. This
effect is evidently caused by the formation of a dielect
layer
a
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the
is
tes
n

o-

e

e
s

is

under the contact, which causes a drop in the bias volta
There was enough oxygen in the silicon to form a layer
this sort.

These experiments have therefore shown that when
con is doped with osmium, it is possible to create pho
diodes with a low reverse voltage and a broad spectral ra

These photodetectors are suitable for use in tomograp
fiber optics technology, solid state detector systems,
other devices.4–8
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Effect of liquid dielectrics on the efficiency of silicon solar cells
Yu. A. Abramyan, G. G. Karamyan, and A. A. Murodyan
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Institute of Sensor Electronics, Academy of Technological Sciences of the Russian Federation,
117049 Moscow, Russia
~Submitted August 3, 1998; accepted for publication May 19, 1999!
Fiz. Tekh. Poluprovodn.33, 1467–1468~December 1999!

The results of experimental studies of the change in the photoelectric characteristics of silicon
solar cells produced as a result of depositing thin, liquid dielectric layers~glycerine,
acetone, isopropyl alcohol, butanol, dioxane, deionized water! are presented. It is shown that the
presence of these liquids reduces the forward and reverse currents, substantially raises the
short-circuit currents and open-circuit voltage, and significantly increases the efficiency~by up to
40–60%!. Possible physical models are proposed for this effect. ©1999 American
Institute of Physics.@S1063-7826~99!01512-4#
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The effect of adsorbed water vapor on the photocurr
from silicon photodiodes was apparently described for
first time by Litovchenko and Lyashchenko.1 Later they
described2 the effect of adsorbed water and acetone m
ecules on the quantum yield and photocurrent relaxa
time. They explained this effect by a change in band bend
in the skin layer of the semiconductor.

Molecules adsorbed on silicon and germanium surfa
create an additional positive charge. A negative charge
velops on the mobile carriers under the influence of t
charge in the surface layer of the semiconductor. Inn-type
silicon this change leads to a rise in the surface conducti
and inp-type silicon it causes the development of an inve
conductivity layer. In addition to band bending, adsorb
molecules can also cause changes in the parameters o
adhesion levels.3 New surface states may also be formed. A
of these effects will affect the rate of surface recombinat
and, therefore, the photoelectric characteristics. This ef
shows up especially strongly in solar cells, since thep2n
junction lies very close to the surface in them.

SAMPLES AND EXPERIMENTAL TECHNIQUES

In these studies we used silicon solar cells with a c
ventional configuration of the contact grid and with sensit
areas of 2, 4, and 20 cm2. The exposed surface was n
illuminated prior to deposition of the insulating layer. Th
efficiency in the initial state was 10–13%. The test samp
were placed on the bottom of a vessel~Fig. 1!. First, the
surface of the solar cells was carefully cleaned by wip
with a wad of cloth dipped in isopropyl alcohol, degreased
boiling toluene and its vapor, and then washed initially w
cold water, and then in hot deionized water. After this p
cedure, the samples were dried in a thermostat for 1–2 h
temperature of 1502200 °C.

The load characteristics~the short-circuit currentI and
open-circuit voltageU) were measured for different dens
1321063-7826/99/33(12)/2/$15.00
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ties of solar irradiation: diffuse scattered daylight and dir
sunlight (W570280 mW/cm2). After these control mea-
surements, the vessel was filled with a test liquid and
measurements were done again at the same solar irradi
intensities.

Liquids with low electrical conductivities (1027

21028 V21
•cm21) were chosen for these studies: glycerin

acetone, isopropyl alcohol, deionized water, butanol, and
oxane. Qualitatively, these liquids all had the same effe
The largest changes in the photosensitivity were observe
acetone and glycerine. We therefore present only the res
for glycerine.

EXPERIMENTAL RESULTS

Figure 2 shows current-voltage characteristics measu
in the dark, with and without a layer of glycerine on th
surface. The glycerine causes a significant drop in the
ward and reverse currents.

Figure 3 shows the load characteristics of a solar c
(n2p type! with and without a layer of glycerine unde
direct sunlight~sun at the zenith, power level;70 W/cm2)
and in scattered room light. The efficiency under direct s
light increases by 40–60%, reaching 18–20%. The d
cycle of the load characteristic changes little when the il

FIG. 1. The location of the solar cell in the vessel:1 — contact leads,2 —
vessel,3 — glycerine,4 — solar cell.
0 © 1999 American Institute of Physics
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mination intensity is varied. The relative change in the sho
circuit current and open-circuit voltage depends sublinea
on the illumination level.

As a rule, increasing the thickness of the liquid to 5
mm raises the efficiency. Placing a piece of K8 or F1 opti
glass with a thickness of 0.5–2 cm on the layer of glycer
has similar effect. Placing the glass on the cell withou
layer of glycerine produces the opposite effect because
reflection. The increase in the efficiency depends strongly
the quality of the surface processing. Removing the liquid
the customary way does not return the current-voltage c
acteristic to its initial state. The adsorbed molecules rem
ing on the surface continue to have a positive effect.

Measurements of the nonequilibrium carrier lifetim
showed that it also increases by almost as much as the
tocurrent.

CONCLUSIONS

These studies show that the main reason for the cha
in the current-voltage characteristics and the rise in the p
tosensitivity and, therefore, in the efficiency, when m
ecules are adsorbed is a reduction in surface recombina
and a change in band bending at the surface. Most likely,
happens because of increased band bending at the surfa

FIG. 2. Dark current-voltage characteristics of the solar cells:1 — without
glycerine,2 — in glycerine.
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the semiconductor. Certainly, the brightening effect of t
layer of liquid also contributes. This is suggested by the
pendence of the effect on the thickness of the layer of liq
or of the glass covering it. This method for improving th
properties of solar cells has been protected by a patent o
Armenian Republic.

1V. G. Litovchenko and V. I. Lyaschenko, Fiz. Tverd. Tela~Leningrad! 5
~II !, 3207~1963! @Sov. Phys. Solid State5, 2021~1963!#.

2V. I. Lyaschenko, V. G. Litovchenko, I. I. Stepko, V. I. Strikha, and L. V
Lyaschenko, Electronic Phenomena at Semiconductor Surfaces@in
Russian#, Naukova Dumka, Kiev~1968!.

3V. F. Kiselev,Surface Phenomena in Semiconductors and Dielectrics@in
Russian#, Nauka, Moscow~1970!.

Translated by D. H. McNeill

FIG. 3. Current-voltage characteristics of solar cells under load: a —
glycerine, b — without glycerine,1 — with direct solar irradiation,2 —
with diffuse solar irradiation.
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Two-mode diode-laser spectroscopy with a InAsSb/InAsSbP laser near 3.6 mm
A. P. Danilova, A. N. Imenkov, N. M. Kolchanova, V. V. Sherstnev,
and Yu. P. Yakovlev* )

A.F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia

S. Civis

J. Heyrovsky Institute of Physical Chemistry, CAS, 18223 Prague 8, Czech Republic
~Submitted June 8, 1999; accepted for publication June 9, 1999!
Fiz. Tekh. Poluprovodn.33, 1469–1474~December 1999!

The current dependence of the output frequency of InAsSb/InAsSbP diode lasers at wavelengths
near 3.6mm is studied. It is found that in these lasers the number of lasing modes can be
reduced without introducing crystallographic defects. It is shown that the photon momentum aids
in suppressing the spectral modes closest to the dominant mode. Two-mode laser
spectroscopy is done over an interval of 2 cm21 for two gases, N2O and CH3Cl. © 1999
American Institute of Physics.@S1063-7826~99!01612-9#
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1. INTRODUCTION

Single-mode lasers are usually employed in la
spectroscopy.1–3 However, a laser always generates seve
modes, since the intervals between the cavity normal
quencies are substantially smaller than the width of the g
spectrum for the active medium. Single-mode lasing is
sumed to be random and is thought to occur because t
are fewer crystal defects in the antinode of the emission
one mode than in those of the other modes. The monoc
mator which forms part of a laser spectrometer4,5 can be
tuned to any mode and the medium under study can
scanned with just that mode. In lasers with a controlled
jection density over the width of the cavity,6,7 one may ex-
pect small levels of noise from other modes because a c
tinuous waveguide has been introduced into the cavity. T
radiation flux is able to oscillate over the width of the cavi
in this waveguide,8 so that buildup of energy in isolated par
of the cavity is prevented, along with the emission of th
energy in the form of radiation over a wide mode spectru

The purpose of this paper is to study the dependenc
the emission intensity and frequency in different modes a
function of current and to examine the feasibility of usin
these modes for observing absorption lines in gaseous me
This article is a continuation of our previous work on co
structing and studying frequency tuneable diode lasers ba
on double InAsSb/InAsSbP heterostructures.

2. LASER DIODES

The main part of the laser diode is a double InAsS
InAsSbP heterostructure grown by liquid-phase epitaxy o
p-InAs ~100! substrate with a hole concentration of (628)
31018cm23, similar to the structures discussed in Refs.
and 10. The structure contains an active layer of InAsSb w
a thickness of;1 mm and a band gapEg5355 meV at
T577 K, which forms a type-I heterojunction with the adj
cent clipper layers of InAsSbP with thicknesses of;2 mm
each and a band gapEg5590 meV atT577 K. The structure
1321063-7826/99/33(12)/6/$15.00
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is coated with a distributing layer ofn-InAs with a thickness
of 0.5mm and doped with Sn to an electron concentration
;1019cm23. In an active layer not doped intentionally, th
electron concentration is (224)31016cm23. The clipper
layer adjacent to the substrate was doped with Zn to a h
concentration of (122)31018cm23. The second clipper
layer was doped with Sn to an electron concentration of
28)31018cm23. After epitaxial growth of the layers, the
substrate was ground to a thickness of 100mm. Photolithog-
raphy was used to fabricate chips with a step of 500mm and
a mesa width of 16mm. Cavities with a length of 300
2350mm were obtained by cleavage. The chips we
mounted by the substrate on a special copper frame11 which
makes it possible to place the laser in a thermostat wit
closed helium cycle.

3. TECHNIQUE

In order to study the emission spectrum atT577 K, the
laser was placed in a nitrogen-cooled evacuable thermo
and powered by 20-ms square pulses with an off-duty facto
of 100. Laser spectrometry on gaseous media was done
spectrometer with the thermostat~Laser Photonics, mode
L5731! for holding the laser, a power supply and tempe
ture controller~Laser Photonics, model 5820!, a monochro-
mator, and a liquid-nitrogen-cooled InSb photodiode det
tor. When the laser was powered by sawtooth current pul
a signal proportional to the intensity of the laser light pass
through the gas was scanned on an oscilloscope. As the
rent was varied smoothly, after about 20 s the second der
tive of the signal with respect to the current was record
using a computer and an SP530. Laser spectroscopy
done on the gases N2O and CH3Cl. The gases were con
tained in cells with a length of 21 cm at a pressure of 2 To
2 © 1999 American Institute of Physics
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4. EXPERIMENTAL RESULTS

4.1. Emission characteristics of the laser

The luminescence spectrum of the laser contained
eral modes~Fig. 1! separated by roughly 3.6 cm21 ~50 Å!.
The frequencies of the different modes increased in alm
the same way with the current~Fig. 2a!. The change in the
wave number for modes 1 and 3 is as high as 2.6–2.8 cm21,
which is comparable to the intermode separation. The dep
dences of the emission intensity of the spectral modes on
currentI were different~Fig. 2b!. At currents slightly above
the thresholdI th570 mA, mode1 predominates with an in

FIG. 1. Emission spectrum of a VII49-1–12 laser for a current of 150 m
and a temperature of 77 K. The mode numbers are indicated.

FIG. 2. The current dependences of the lasing frequencies of the m
modes~a! and their intensities~b! at 77 K for a V1149-1– 12 laser. The
labels on the curves correspond to the mode numbers.
v-

st
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tensity that initially increases with current~for I ,170 mA!
and then decreases. The next, longer-wavelength mode2 be-
gins to weaken at a current ofI 5120 mA. The intensity of
the longer-wavelength mode3 increases throughout the en
tire range of currents for which measurements were mad
becomes the predominant mode forI .180 mA. Mode2 is
evidently suppressed by the neighboring modes. The sho
wavelength modes4 and 5 ~Fig. 1! show up as the curren
rises (I .100 mA! but remain weak over the entire range
currents.

The threshold currentI th of the sample represented he
has a minimum of;30 mA atT560 K and increases supra
linearly as the temperature varies from that value~Fig. 3! in
a manner similar to that described elsewhere.11,12 The in-
crease in the threshold current as the temperature is low
is always accompanied by an increase in the series re
tance. In these cases, it is difficult to power the laser at te
peratures below 20 K.

4.2. Scanning gaseous media

The largest intervals for scanning gaseous me
(;2 cm21) were obtained at a temperature of 68 K~Figs. 4
and 5!. To scan mode 1 the monochromator was tuned t
wave number of 2815 cm21 or to an even higher frequency
if this did not cause a reduction in the signal, and the curr
was varied from 70 to 170 mA. During scans of mode 3,
monochromator was tuned to a frequency of 2805 cm21 or
below, and the current was varied in the range 1502250 mA.
The resolution of the monochromator was;10 cm21. Mode
2 was not scanned.

The objects scanned included a reference Fabry-P
resonator with a free spectral range of 0.0262 cm21 and the
gases N2O and CH3Cl.

When the reference resonator was scanned with mod
a strictly sinusoidal signal was obtained~Fig. 4!. The oscil-
lations in the amplitude of the sine wave can be explained
interference of the radiation in the KBr windows enclosi
the air-filled resonator volume. The signal from the resona

jor

FIG. 3. Threshold current of a V1149-1-12 laser as a function of temp
ture.
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was also close to sinusoidal during a scan with mode3 ~Fig.
5!. The noise in the initial portion of this scan was caused
random switchoff of mode2. The scan of N2O yields the
standard absorption lines,13 which we have used to calibrat
the frequency scale of the laser spectrometer. When mo1
is scanned, the lines lie in the frequency ran

FIG. 4. Transmission spectra of a reference Fabry-Perot cavity, of N2O gas,
and of CH3Cl gas, obtained by scanning mode1.

FIG. 5. Transmission spectra of a reference Fabry-Perot cavity, N2O gas,
and CH3Cl gas obtained by scanning mode3.
y

e

281222814 cm21 ~Fig. 4! and when mode3 is scanned, they
lie in the range 280622808 cm21 ~Fig. 5!. No mixing of
lines due to lasing at other lines within the chosen sc
ranges was observed. Methyl chloride gas~CH3Cl! has many
interesting absorption lines in the frequency ranges that
studied~Figs. 4 and 5!. It has apparently been studied ina
equately in these ranges.

5. DISCUSSION OF RESULTS

The generation of several equidistant modes is evide
of a high crystallographic perfection of the main part of t
laser. That these modes are equidistant indicates that t
are no transverse spatial modes. This may be a consequ
of the development of a smooth waveguide over the width
the resonator and of oscillations in the radiation flux with
the resonator.8 The absence of transverse modes greatly
duces the number of spectral modes and makes it easi
use the laser for scanning gaseous media. In addition, m
longitudinal modes are partially suppressed by strong ne
boring modes. As a result, mode2 is weak and this makes i
easier to use modes1 and3 for scanning.

The increase in the lasing mode frequencies with ris
current indicates that the injection density increases over
width of the resonator from the middle to the edges owing
the collection of current from the edges of the substra7

However, the ranges over which the lasing frequency va
are a factor of 2 smaller than in Refs. 7 and 10, where
increase in the injection density in the direction along t
width of the substrate from the middle to the edges ha
stronger effect. This may happen because of poorly p
ceived differences in the doping of the substrate and the
ers, as well as other factors.

The slight reduction in the lasing mode frequencies
the temperature is lowered can be explained by a drop in
charge carrier concentration at the lasing threshold an
consequent increase in the refractive index within the nar
gap active region. The contribution from the temperatu
dependent change in the band gap is of opposite sign an
smaller than the observations for temperatures above 80

The growth in the differential resistance of the laser a
in the threshold current as the temperature is reduced be
60 K is apparently caused by freezing of holes in the clipp
p-InAsSbP layer due to their high effective mass. The sta
tical nonuniformity in doping leads to a spatial nonunifo
mity in the release of holes and to the appearance of abs
ing sections in the laser which require additional gain in
amplifying sections. This causes an increase in both
threshold current and the series resistance of the laser. U
the laser at temperatures below 60 K is undesirable bec
of the high electric power consumption and the small ran
over which the output frequency varies with current.

These scans of gases by two laser modes illustrate
promise of using defect-free diode lasers in laser spect
copy. Absorption lines of nitrous oxide were identified a
the laser was calibrated with these lines. Interesting lines
CH3Cl have been detected within a little studied region
the spectrum.
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The closeness of the intervals over which the las
mode frequencies can be varied and the intermode separ
does create some difficulties in the use of multimode las
because of the need to separate the scanning modes.
ever, these intervals can be extended by a factor of 2 or 3
reducing the resonator length.

6. SUPPRESSION OF NEIGHBORING MODES

The suppression of stimulated emission by electron d
sity waves14 takes place within a substantially narrow
range of photon energies than the intermode intervals, s
may not be the main cause. We shall show that the pho
momentum provides a much larger interval over which s
pression can occur.

The momentum of a photon makes radiative transitio
indirect ~Fig. 6!. The energies of the charge carriers th
participate in the transitions are different for different ang
between the directions of the momenta of the photon
carrier. Elastic scattering reorients the carriers over a t
(10213s! much shorter than the energy scattering tim
(10210s! and the radiative recombination time (1028 s!. As a
result, one laser mode reduces the carrier concentra
within fairly wide energy ranges. The modes in which car
ers from these energy intervals could participate are atte
ated.

Let us calculate the energy intervals over which neig
boring modes are suppressed. The transition energieshn for
the three different directions of the carrier momenta relat
to that of the photon momentum~Fig. 6! are given by

hn5Eg1
kn2

2

2mn
1

~kn22pp!2

2mp
~1!

for the same directions,

FIG. 6. Illustrating the effect of the momentum of a photon on the supp
sion of neighboring modes.
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hn5Eg1
kn1

2

2mn
1

~kn11pp!2

2mp
~2!

for the opposite directions, and

hn5Eg1
kn0

2

2mn
1

kn0
2

2mp
~3!

for almost perpendicular directions, when the amplitude
the carrier momentum does not change during the transit
HereEg is the band gap;mn andmp are the effective masse
of the electrons and holes, respectively, withmn!mp ; kn1 ,
kn2 , andkn0 are the amplitudes of the momenta of the ele
tron moving in the above directions; andpp is the amplitude
of the photon momentum.

The depletion interval in the conduction band,DEn , de-
termined from Eqs.~1! and ~2! is

DEn5
kn2

2 2kn1
2

2mn
5

~kn21kn1!pp

mp~11mn /mp!
'

2kn0pp

mn1mp
. ~4!

The width of the depletion band in the valence band
almost the same as in the conduction band, since the sha
the allowed bands is close to spherical at these energies.
suppression band in the valence band gives a limit on
suppression frequency band becausemn!mp . The red
boundary~left dashed line in Fig. 6! is connected with a
transition of an electron with momentumkn2 ~Fig. 6! from
the conduction band into the valance band with transfer
part of its momentumpp to the photon. Subsequently, th
electron changes its direction of motion until it moves in t
opposite direction and inhibits amplification of the radiati
through transitions of electrons with momentum of absol
magnitudekn222pp from the conduction band into the va
lence band. The energy of the photons in these transition
given by

hnp25Eg1
~kn22pp!2

2mp
1

~kn222pp!2

2mn
5hn2

2kn2pp

mn

1
2pp

2

mn
.hn2

2kn0pp

mn
1

2pp
2

mn

mp

mn1mp
. ~5!

Electrons with momentumkn1 are involved in forming the
blue suppression boundary~the dashed line on the right o
Fig. 6!. This boundary corresponds to a photon energy

hnp15hn1
2kn1pp

mn
1

2pp
2

mn

.hn1
2kn0p0

mn
1

2pp
2

mn

mp

mn1mp
. ~6!

Equations ~5! and ~6! imply that hnp12hn.hn
2hnp2 ; i.e., the suppression range on the blue side of
mode is wider than on the red.

The depletion band in the conduction band yields a v
narrow suppression band. On the red side of the laser m
it is

hnn22hn.2
2kn0pp

mp
1

2pp
2mn

mp
2

. ~7!

s-
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On the blue side it is

hnn12hn.
2kn0pp

mp
1

2pp
2mn

mp
2

. ~8!

From Eq.~3! we find

kn05A~hn2Eg!2mnS 11
mn

mp
D 21

. ~9!

For quantitative estimates we determinehn2Eg from
the condition for sufficient gain. We shall start with a pow
law dependence for the interband absorption coefficient
function of the photon energy, which is typical of straig
band semiconductors,

a5AATAhn2Eg

kT
, ~10!

whereA is a coefficient that is;200 cm21
•K21/2 for III–V

semiconductors,T is the absolute temperature, andk is the
Boltzmann constant. We take a simplified form of the ga
coefficient,

gL5a
2~hn2Eg!

kT
~21eFi /kT!21, ~11!

whereFi is the depth of the Fermi level in the conductio
band at the lasing threshold. If we consider only the opti
losses at the radiation exit, then

gL5
1

L
ln

1

R
, ~12!

whereL is the length of the laser cavity, andR is the reflec-
tivity of the mirrors. From Eqs.~9! and ~10! we obtain

hn2Eg5kTS gL~21eFi /kT!

A•2AkT
D 2/3

. ~13!

For calculatingFi we shall use the transcendental equatio15

mp

mn
5S 4

3Ap
D 2/3

Fi

kT
e2Fi /3kT. ~14!

We shall calculate the photon momentumpp using the
formula16

pp5
Egn

c
, ~15!

wheren is the refractive index, andc is the speed of light.
Let us use the following laser parameters forT577 K:

Eg50.35 eV, n53.6, mn50.025me , mp /mn520, L
50.035 cm,R50.3, andA5187 cm21

•K21/2. This yields
the following: gL534.4 cm21, hn2Eg50.377kT, Fi

53kT, pp50.67310222 g•cm/s,kn054.18310222 g•cm/s,
DEn50.07 meV, hnp12hn51.77 meV, and hn2hnp2

51.26 meV. At the same time, the intermode interval
these lasers isDhnL50.5 meV. Thus, the suppression
neighboring modes by the photon momentum extends o
three intermode distances to the blue and over two interm
distances to the red from the laser mode.
r
a

l

r

er
de

The modes closest to the fundamental mode are m
strongly suppressed, since the depletion band in the vale
band is more involved in generating them than in genera
the distant modes. The depletion band in the conduc
band produces a suppression interval that is smaller than
intermode separation, and therefore it does not participat
the suppression of the neighboring modes. It, on the o
hand, facilitates multimode lasing. In real lasers, the dis
bution of defects over the resonator length also affects
suppression of neighboring modes, as it promotes the se
tion of some mode.

7. CONCLUSIONS

A study of the emission spectra of InAsSb/InAsSbP
sers operating near 3.6mm has shown that the number o
lasing modes can be reduced without introducing crysta
graphic defects. Dominant lasing in two longitudinal mod
separated by two intermode intervals has been obtained

The effect of photon momentum on the suppression
spectral modes has been evaluated. It was found that
modes closest to the dominant mode are most strongly
pressed.

Laser spectroscopy has been carried out on the g
N2O and CH3Cl using the two modes of the diode las
studied here. The absorption lines of nitrous oxide w
identified and used to calibrate the frequency scale of
laser spectrometer.

These studies demonstrate the prospects for construc
defect-free lasers for high-resolution spectroscopy in wh
transverse spatial modes and part of the spectral modes
suppressed.
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Nonpolarizing radiation detectors based on wide-gap semiconductor crystals
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Wide gap, insulating semiconductor crystals offer great promise in photoelectric devices,
especially as detectors of electromagnetic and nuclear radiation, but are not widely used because
they become polarized during operation. During operation of detectors using these crystals
with a high concentration of deep impurity levels, electrical charges build up and produce a
change, over time, in the electric field within the crystal and in the magnitude of the
detector photoresponse. Since it is impossible to avoid impurity centers in these crystals at this
time, we propose new approaches to creating radiation detectors-dosimeters which do not
become polarized over time, but rely on productive use of the polarization charges that accumulate
in them. © 1999 American Institute of Physics.@S1063-7826~99!01712-3#
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RADIATION DOSIMETRY

We propose constructing detectors in which the polari
tion charge is limited to a certain fixed value. When th
value is reached, the polarization charge leaves the cry
and new charge begins to develop in its place, etc. The fl
of polarization charge out of the crystal will be accompan
by short, periodic current~standard! pulses in the externa
circuit of the detector. The specified, fixed electric cha
accumulates in the detector crystal between succes
pulses when a strictly determined dose of radiation falls
the detector surface. This kind of detector can be used
radiation dosimeter.1,2

The proposed dosimeter can be constructed using me
gaseous dielectric–single-crystal wide-gap insulat
semiconductor–metal structures, i.e., M~GD!IM structures.
Depending on the electric field strength in the gas laye
these structures, the gas layer will be in one of two bista
states: low conductivity, when the field is low, or high co
ductivity ~gas discharge due to collisional ionization a
photoionization processes!, when the electric field in the ga
layer is high. The resistance of the gas layer differs by m
orders of magnitude in these two states and the trans
from one of the bistable states into the other takes place
certain breakdown voltage that depends on many exte
parameters~the thickness of the gas layer, its pressure, te
perature, etc.3!. It has been shown that, when an extern
voltage (V005122 kV! is applied to this structure, the elec
tric field strengths in the semiconducting crystal and g
layer turn out to be quite different because of differences
their dielectric permittivities. The field strength in the g
layer is much higher than in the crystal and is close to
breakdown value.2

When there is no radiation, this field distribution in th
structure remains unchanged for a long time. When the st
ture is illuminated by light that is photoactively absorbed
1321063-7826/99/33(12)/3/$15.00
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the crystal material, the electric field distribution between
layers of the structure changes significantly. The free pho
carriers created in the crystal by the light will be drawn to t
corresponding electrodes by the electric field in the crys
and create a dc or pulsed~with pulsed illumination of the
structure! photocurrent in the external circuit of the structur
Since the gaseous dielectric is impermeable to the photo
riers, an electrical charge begins to accumulate at the bou
ary with the gas layer. Because of the charge buildup,
electric field strength in the crystal begins to decrease w
time and that in the gas layer increases.2 The photocurrent
pulses in the external circuit of the detector begin to decre
in amplitude with time when the structure is subjected
constant pulsed illumination. When a certain, fixed amo
of charge at the boundary with the gas layer is reached,
electric field in the gas layer attains the breakdown lev
Breakdown of the gas layer is accompanied by an avalan
of ionized carriers: electrons and positively charged ion3

The charge on these carriers reduces the polarization ch
at the boundary of the gas capacitor to a level such that
electric field in the gas-filled gap falls below the critic
value. The gas discharge stops and the gas layer return
the low-conductivity state. A short current pulse flows in t
external circuit during the time of the gas discharge. Af
the gas discharge ends, the field strength in the crysta
creases in accordance with the magnitude of the residua
larization charge at the boundary with the gas layer. Wh
the structure is subjected to constant illumination, gas bre
down will be cyclical. Here the photoresponse pulses in
circuit of the structure are not directly related to the g
breakdown. It has been shown1,4 that in structures of this
type with a stable solid dielectric~mica!, when the structure
is illuminated by light that is photoactively absorbed in t
crystal, the photocurrent flowing in the external circuit of t
structure decreases with time to zero as the polariza
charge develops at the boundary with the mica because
8 © 1999 American Institute of Physics
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electric field in the crystal goes to zero. Using a bista
gaseous insulator in the structure makes it possible to re
the structure periodically to the initial electric field distrib
tion between its layers when it is subjected to constant i
diation and, thereby, to employ these structures in a radia
detector-dosimeter that does not become polarized with ti

When the structure is subjected to steady irradiation,
riodic current pulses flow in the external circuit which me
sure the energy~dose! of the incident radiation. The dose o
radiation incident on the detector surface over the time
tween two successive current~standard! pulses from the gas
discharge is determined by the voltage applied to the st
ture and does not depend on the intensity of the radiatio
the size of the irradiated detector surface. The radiation d
over a fixed interval of time is determined by the number
current pulses within that time interval.1,2 Figure 1 shows the
photoresponse of this kind of dosimeter under steady illu
nation. A sequence of pulses in the gas discharge currenJ)
in the external circuit can be seen over time (t). The energy
of the radiation incident on the surface of the structure o
the time between two successive current pulses is
31026 J for this voltage. This type of dosimeter is origin
and is suitable for operational monitoring of the energy
electromagnetic1 and nuclear2 radiation.

DETECTOR-DOSIMETER FOR PULSED RADIATION

When the structure is irradiated by a periodic radiat
pulse, two types of current pulses flow in its external circu

FIG. 1. Photoresponse of a metal–gas discharge–insulator–metal dia
dosimeter exposed to a steady ultraviolet light. a — Schematic diagra
the experiment:1 — optical transparent electrodes,2 — gaseous dielectric
layer of thicknessd05631025 m, 3 — insulating crystal of natural dia-
mond of thicknessd15331024 m, andR1 — load resistance. b — Pulse
of current from the gas discharge (J) in the external circuit of the dosimete
under steady illumination;V0051300 V.
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high, infrequent pulses and lower-amplitude pulses at
repetition rate of the radiation pulses~Fig. 2!.

The first type of current pulse is caused by the gas d
charge and determines the energy~dose! of the incident
pulsed radiation between two successive discharge pu
The other type of current pulse is caused by the photo
sponse to the pulses of detected light and measures
shape and intensity~Fig. 2!.

Each pulse of the detected radiation creates a cer
polarization charge in the crystal at the boundary of the
layer, which lowers the electric field strength in the cryst
As a result, the response in the external circuit of the dete
from each of a succession of light pulses will generally
lower than the previous one, until the total polarizati
charge in the crystal reaches the critical value which cau
breakdown of the gas layer. After a regular gas breakdo
the electric field distribution in the structure returns to t
original dark value for the previous cycle. Thus, the train
photoresponse pulses produced by periodic light pulse
equal amplitude will, in general, decrease from one d
charge current pulse to the next~Fig. 2a!. In nonpolarizing
detectors, the amplitudes of the photoresponse pulses
duced by all the light pulses should be identical. Detectors
this sort based on metal–gas discharge–insulator–m
structures can be made in several ways.

One way of creating a nonpolarizing detector based
metal–gas discharge–insulator–metal structures on sm
area crystals is to increase the applied voltage~Fig. 2!. As
shown in Ref. 2, during the time between two successive
discharge pulses, the critical polarization charge at

nd
of

FIG. 2. Photoresponse of a metal–gas discharge–insulator–metal diam
dosimeter exposed to a pulsed ultraviolet light: current pulses (J) in the
external circuit of the detector. The wavelength isl50.33731026 m, the
area of the illuminated detector surface isS51026 m2, the energy of the
laser light incident on the surface of the structure during a single pu
~without attenuating filters! is 2.231026 J, the pulse duration is 1028 s, and
the frequency is 10 Hz. VoltageV00 ~V!: a — 1000, b — 1200.
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boundary of the gas layer decreases~and there are changes
the electric field in the crystal and in the magnitude of t
photoresponse of the structure!. Figure 2b shows that when
voltageV0051200 V is applied, the detector does not pola
ize, so that it becomes possible to make simultaneous m
surements of the shape and intensity of the radiation pul
as well as of the energy per pulse of the radiation from
number of response pulses between two successive gas
charge pulses~for a known energy of the radiation inciden

FIG. 3. Photoresponse of a metal–gas discharge–insulator–metal dia
dosimeter on an insulating crystal of bismuth silicate subjected to pu
ultraviolet irradiation on parts of its surface~wavelengthl50.5431026 m,
pulse repetition rate 50 Hz,V0051500 V!. a — Schematic diagram of the
experiment:1 — optically transparent electrodes,2 — gaseous dielectric
layer of thicknessd056031026 m, 3 — bismuth silicate~Bi12SiO20) crystal
with a thickness ofd15231023 m. R1 is the load resistance. b, c — are th
photoresponses of the metal–gas discharge–insulator–metal structure
areasS5331027 cm2 ~b! andS51.2531025 cm2 ~c! of the gas layer are
irradiated. The high, infrequent pulses are the gas discharge currenJ)
pulses and the lower amplitude pulses with a repetition rate of 50 Hz are
photoresponse pulses (J) from the light pulses.
-
a-
s,
e
is-

on the surface of the structure during the time between th
discharge pulses!.

Another way of making a nonpolarizing detector is
increase the illuminated detector area. It has been found
perimentally that breakdown of the gas layer of the struct
takes place over an area of its surfaceS0,1026 m2, regard-
less of the surface area that is illuminated. Each succes
breakdown takes place at a new portion of the area of
layer. The change in the electric field strength in the crys
during detection of the radiation occurs only in this brea
down segment of the surface of the structure (S0). The
change in the electric field strength in this segment cau
the observed change in the amplitude of the chain of suc
sive photoresponse pulses when the structure is illumina
by light pulses of equal amplitude. If the illuminated area
the detector surface is substantially~by an order of magni-
tude! greater than the areaS0, then the contribution to the
photoresponse of the structure from this segment of the
minated surface (S0) will be negligible and the train of pho
toresponse pulses between two successive gas disch
pulses will have the same amplitude. We see in Fig. 3 tha
the area of the illuminated surface is increased, the amplit
of the photoresponse pulses becomes approximately
same in magnitude. The detector is essentially unpolari
when the illuminated area of its surface isS.1.5
31025 m2. This type of device can be made from crysta
with low values of the parametermt, such that mt
,1026 cm2

•V21, wherem is the carrier mobility, andt is
their lifetime. The high sensitivity of devices using the
crystals to the detected radiation is determined by the h
electric field strength in the crystal, 1052106 V/m ~Ref. 2!.

We have therefore demonstrated the possibility of cre
ing a new type of device based on wide-gap insulating cr
tals: nonpolarizing radiation detector-dosimeters which p
mit simultaneous measurement of the shape and intensit
pulsed radiation and of the energy per pulse of the radiat

This work was supported by the International Scientifi
Technical Center~Project 447!.
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