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Activation and distribution of silicon implanted in gallium arsenide as a result
of isothermal radiation annealing
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The method of capacitance–voltage characteristics is used to investigate the concentration
profilesn(x) of 28Si, implanted in GaAs@E550 and 75 keV,F5(1.8826.25)31012cm22] after
‘‘photonic’’ and ‘‘electronic’’ annealing with a protective dielectric coating covering the
surface and without it. It is shown that in contrast to thermal annealing~800 °C, 30 min!, after
photonic and electronic annealing diffusive redistribution of silicon into the interior of
the GaAs sample is observed. The diffusion coefficientD and degree of activationh increase as
the temperature is increased in the case of photonic annealing and as the power is increased
in the case of electronic annealing. The values of the activation energy of the processes forD and
h for radiation annealing~photonic and electron! are lower than the corresponding values
for thermal annealing. The values ofD andh after photonic and electronic annealing without the
protective dielectric coating are higher than with it. ©1998 American Institute of Physics.
@S1063-7826~98!00110-0#
s
of
he
is

io
ib
s

en
bl
k

in
ra

ta
ng
th

m

ed
in

y
on
0°.

ion

d in
ng
r-
y

an

ge
ere
ling
in

tric
rm
INTRODUCTION

It is known that radiation annealing of implanted GaA
takes place at temperatures above 800 °C over a time
few seconds.1,2 At such temperatures the dominant role in t
processes of activation and distribution of the impurity
accorded to thermal effects while the influence of ionizat
in speeding up these processes is assumed to be neglig3

On the other hand, the brief duration of the anneal make
possible to perform it without using protective coatings.1,2,4

At the same time, at temperatures above 450 °C ars
evaporates, and the concentration of vacancies in the su
tice of the GaAs sample increases substantially in the s
layer. Arsenic vacancies, which are nonradiative recomb
tion centers,5 can lead to changes in the impurity concent
tion profiles.

In this paper we report the results of an experimen
study of the behavior of silicon in Si-implanted GaAs duri
radiation anneals with a dielectric coating that protects
implanted surface and without such protective coating.

EXPERIMENTAL PROCEDURE

Measurements were performed on wafers of se
insulating GaAs, 370620mm in thickness, oriented in the
~100! plane, with a resistivity greater than 107 V•cm and a
dislocation density no greater than 53104 cm22. The
1021063-7826/98/32(10)/4/$15.00
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chromium concentration in the material did not exce
1016cm23. Before implantation the wafers were processed
the etchant H2SO4 : H2O2 : H2O51 : 1 : 10.

A 6.2531012cm22 dose of28Si ions with an energy of
50 keV were implanted, followed by a 1.8831012cm22 dose
of 75-keV ions and a 4.3731012cm22 dose, also of 75-keV
ions, at 300 K in a vacuum of 631026 Pa. To eliminate axial
and planar channeling,6 the wafers were placed in such a wa
that the anglea between the surface normal and the directi
of the ion beam in the plane parallel to the base cut was 1
The wafers were then rotated in the clockwise direct
about the@100# axis through an angleb535°. A film of
SiO2 doped with samarium (NSm56212 at. %! was depos-
ited on one part of the wafer using the technique describe
Ref. 7. The other part was not coated. ‘‘Electron’’ anneali
~EA! with the dielectric coating and without it was pe
formed on a ‘‘Modul’9 setup8 with an electron beam energ
of 10 keV and power density 6.828.8 W/cm2 for 10 and 12 s
in a vacuum of 1025 Pa. ‘‘Photonic’’ annealing~PA! of
samples without the dielectric coating was performed on
‘‘Impul’s-5’’ setup in a stream of nitrogen~the dew point
was held at or below265 °C! with the help of halogen
lamps with 1-kW power each, over the temperature ran
805–925 °C for 10 s. For comparison, photonic anneals w
performed on coated samples at 870 °C. Thermal annea
~TA! of coated samples was performed at 800 °C for 30 m
in a stream of hydrogen. After each anneal the dielec
coating was removed by cleaning the wafer surface to fo
9 © 1998 American Institute of Physics
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Schottky barriers ~SB! with dimensions 1003100mm2

which were metallized on the basis of the alloy AuG
1 14%Ni. The method of capacitance–voltage characte
tics was used to measure the electron concentration pro

FIG. 1. Calculated profile of the implanted silicon concentration~1!
(E1550 keV, F156.2531012 cm22 and E2575 keV, F251.78
31012 cm22) and electron concentration profiles obtained by photonic
nealing at 805 °C~2!, 825 °C ~3!, 870 °C ~4!, and 925 °C~5! without the
protective dielectric coating, and at 870 °C with the dielectric coating~6!.

FIG. 2. Calculated profile of the implanted silicon concentration~1!
(E575 keV, F54.431012 cm22) and electron concentration profiles ob
tained by electronic annealing (6.8 W/cm2) ~2!, (7.2 W/cm2) ~3!, 7.6 W/cm2

~4! without the protective dielectric coating.
s-
s.

EXPERIMENTAL RESULTS AND DISCUSSION

Figures 1–3 show experimental electron concentrat
profiles obtained after PA~Fig. 1! and after EA~Figs. 2 and
3!, and calculated profiles of the implanted impurity conce
tration based on values ofRp and DRp determined by
secondary-ion mass-spectroscopy~SIMS!.9 For comparison,
a typical profile of the electron concentration after TO
plotted in Fig. 3~curve4!.

It can be seen that after PA and EA the electron conc
tration profilesn(x) lie deeper~a ‘‘broadening’’ of the pro-
files is observed! than the calculated profile and the profi
obtained by TA. As the temperature is increased in the c
of PA, and the power in the case of electronic annealing,
thickness of the layer with electrically active silicon grow
In addition, for PA~Fig. 1, curve6! and EA~Fig. 3, curves2
and3! of GaAs with a protective dielectric coating the ele
tron concentration profiles are concentrated nearer to the
face in comparison with the profile in GaAs that has be
annealed without a protective coating~Figs. 1 and 2!. After
EA ~Fig. 2!, in contrast to PA~Fig. 1!, segments of rapid
~segment I! and slow~segment II! variation ofn(x) are ob-
served. The boundary between these segments shifts int
interior of the GaAs sample as the power is increased in
case of EA: from 120 nm at 6.8 W/cm2 ~Fig. 2, curve2! to
160 nm at 7.6 W/cm2 ~Fig. 2, curve4!. For EA in the case of
coated samples, this peculiarity in the behavior ofn(x) is not
observed~Fig. 3!.

From a comparison of the measured concentration p
file n(x) after TA ~Fig. 3, curve4! with the calculated con-

-

FIG. 3. Calculated profile of the implanted silicon concentration~1! (E1

550 keV, F156.2531012 cm22 and E2575 keV, F251.7831012 cm22)
and electron concentration profiles obtained by electronic annealing with
protective dielectric coating (7.6 W/cm2) ~2!, (8.8 W/cm2) ~3!, and by ther-
mal annealing~800 °C, 30 min! ~4!.
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centration profile~Fig. 3, curve1! it follows that channeling
of silicon ions was essentially absent during implantation
can thus be concluded that the observed ‘‘broadening’’ is
associated with channelization.

Assuming that the distribution of electrically active
after PA and EA is due to diffusion processes, the dep
dencen(x) can be represented in the form10

n~x!5h•F@~2p!1/2~DRp
212Dt !1/2#21

3exp@2~x2Rp!2~2DRp
214Dt !21#, ~1!

whereF is the implantation dose,h is the degree of electrica
activity of silicon, D is the diffusion coefficient of silicon,
and t is the annealing time.

We used formula~1! together with the experimental da
to estimateD andh ~Table I!.

The following conclusions follow from Table I: 1! the
diffusion coefficient for PA and for EA is 223 times greater
than for TA; for EA ~power greater than 7.2 W/cm2) of un-
coated samples the degree of activation of silicon is hig
on segment I than on segment II ofn(x); 3! for PA and EA
of coated samples,D andh are lower than their values afte
radiation annealing for the uncoated samples; 4! as the power
is increased in the case of EA, and the temperature in
case of PA, the diffusion coefficient and the degree
activation of the implanted silicon grow.

TABLE I. Values of the diffusion parameters and the degree of electr
activation of silicon in GaAs for different types of annealing.

Type of
annealing P, W/cm2 T, °C D, cm2/s h, % Remarks

TA 2 800 2.3310215 71.2 With dielectric coating

6.8 2 2 74.5 Without dielectric coating
7.2 2 5.1310213 88.9 ~segment I!
7.6 2 1.18310212 95.4
6.8 2 2.7310212 78.2 Without dielectric coating

EA 7.2 2 4.1310212 81.9 ~segment II!
7.6 2 6.1310212 88.1
7.6 2 1.35310212 56.3 With dielectric coating
8.8 2 3.8310212 65.5

2 805 4.1310213 61.0 Without dielectric coating
2 825 6.4310213 63.2

PA 2 870 1.5310212 76.8
2 925 5.0310212 89.9

2 870 4.9310213 71.1 With dielectric coating
It
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Figure 4 plotsD and h as functions of the inverse
temperature for PA and EA. The temperature for EA w
calculated with the help of the equation

r•C•d•dT/dt5P223«•s~T42T0
4!, ~2!

wherer, C, andd are the density, specific heat, and thic
ness of the GaAs wafers, respectively,T andT0 are the tem-
perature of the sample when acted on by the electron b
for a time t and its initial temperature, respectively,P is the
power directed on the sample,« is the reflectivity of GaAs,
ands is the Stefan–Boltzmann constant.

It can be seen that the dependence ofD and h on the
inverse temperature takes the form of straight lines. The
ues of activation energyEa for D and h determined from
their slopes along with the values of the pre-exponen
factor D0 are given in Table II.

The following conclusions follow from the results pre
sented above: 1! For EA ~segment II! and for PA the values

l

FIG. 4. Diffusion coefficient~1–4! and degree of electrical activation o
silicon ~18–48! plotted as functions of the inverse temperature for photo
annealing without the protective dielectric coating~1,18!, and for electronic
annealing without the protective dielectric coating~segment II,2,28; seg-
ment I,3, 38! and with the dielectric coating~4, 48!.
TABLE II. Values of the activation energy and pre-exponential factor forD andh for the investigated forms of radiation annealing.

Form of annealing

EA EA EA PA
without protective coating without protective coating with protective coating with protective coating

~segment I! ~segment II!

Parameter D h D h D h D h

Ea , eV 5.74 0.79 2.6060.05 0.3860.09 2.7 0.4 2.5660.01 0.3160.04
D0, cm2/s 2 2 8.85 2 5.8 2 0.173 2
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of Ea for D are roughly 0.7 eV lower than the value 3.3 e
~Ref. 11! for thermal diffusion of silicon; forh the activation
energy under these annealing conditions is also less thaEa

~0.5 eV, Ref. 12! for purely thermal activation of silicon. 2!
For EA the pre-exponential factorD0 in the dependence
D(T21) is greater than its value for PA. 3! The lowest values
of Ea for h are observed for PA and for EA@segment II of
n(x)#. The highest values ofEa for h correspond to activa
tion of silicon on segment I ofn(x) for EA ~Table II!.

If we wish to trace out the radiation-stimulated mech
nism of speeded-up annealing13,14 and if we assume that va
cancies in both GaAs sublattices are centers of nonradia
recombination,5 then it is necessary to assume that a h
concentration of these vacancies is present in the sta
material, and also that when GaAs is radiation-annea
without a protective coating the newly formed arsenic vac
cies (VAs) migrate to significant depths (2002250 nm! in the
annealing time (10212 s!. The first assumption probabl
holds since the total vacancy concentration in GaAs sin
crystals can reach values;1019cm23 ~Ref. 15!. The second
assumption also holds as a result of the decreased valu
the activation energyEa of the diffusion of vacancies into
the interior of the GaAs sample as a result of of radiation
has been observed for silicon.

Taking this circumstance into account, the results can
explained in the following way. Under the action of radi
tion, electron–hole pairs are created. They participate in
process of nonradiative recombination at the vacancie
both sublattices of the virgin GaAs, and also at the arse
vacanciesVAs , which are formed as a result of the evapo
tion of arsenic during radiation annealing of GaAs withou
protective insulating coating. In this context, the energyER ,
which is converted into the energy of vibrations of the ato
~including the implanted impurity! surrounding the recombi
nation center, merits special attention. If the height of
barrier for TA is equal toET , then under the action of ra
diation the activation energy of processes of migration a
electrical activation of the impurity can be lowered by t
amountET2ER ~Ref. 16!. The electron–hole pairs thus ha
ten, through the recombination process, the migration of
impurity and its distribution at the vacant sites of the galliu
sublattice. Since the recombination rate depends on the
centration of recombination centers, the efficiency of
given process will be higher in samples with highVAs con-
centration, as has been observed in experiments on the
nealing of GaAs without a protective insulating coating.
-
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CONCLUSIONS

1. After ‘‘photonic’’ annealing and after ‘‘electron’’ an-
nealing as opposed to thermal annealing, a diffusive redis
bution of silicon into the interior of gallium arsenide sampl
is observed. As the temperature is increased in the cas
photonic annealing, and the power in the case of electro
annealing, the diffusionD and the degree of electrical act
vation of the impurityh are observed to grow.

2. When GaAs samples are radiation-annealed with
implanted surface not protected by a insulating coating,
values ofD andh are larger.

3. After electronic annealing without the protective film
a segment of rapid variation~near the surface! and a segmen
of slow variation~at depthsx.1202160 nm! of the electron
concentration profilen(x) are observed. After electronic an
nealing~power greater than 7.2 W/cm2) the value ofh on the
rapid segment is greater than on the slow segment.

We wish to express our gratitude to L. A. Kozlova fo
her assistance with the experiments and V. S. Budishev�
for performing the ‘‘electron’’ anneal.
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A model of electrically active and neutral native point defects in SnO2 is developed.
Thermodynamic analysis of the equilibrium of the native point defects makes it possible to
construct the phase diagramPO2

2T2x of lead dioxide. The contradiction betweenn-type
monopolar conductivity and the two-sided homogeneity region of the SnO2 phase is
resolved. ©1998 American Institute of Physics.@S1063-7826~98!00210-5#
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Tin dioxide is a wideband semiconductor, whose pro
erties depend dramatically on the oxygen pressure du
synthesis.1 Undoped SnO2 possesses only electron
conductivity.1,2 However, thermogravimetric studies of d
viation of the phase composition from stoichiometric as
function of temperature and oxygen pressure show that S2

has a two-sided homogeneity region.3 This contradiction can
be resolved only by way of a thermodynamic analysis of
equilibrium of electrically active and neutral native poi
defects in SnO2.

Despite the wide use of this material, the results of st
ies of its properties are also of a contradictory nature. T
pertains to the phase diagram in the system Sn–O2 ~Refs. 4
and 5! and to the available data in the literature on the ene
spectrum of levels in the band gap. Using various method
investigation, the authors of Refs. 6–8 found donor lev
with activation energies in the range from 0.2 to 1.9 e
whose physical nature has not been reliably identified.
forts to explain the presence ofn-type conductivity in SnO2
in terms of measurements of the electrical conductivity a
function of the oxygen partial pressure at different tempe
tures are presented in Ref. 9. The author of this pa
assumed that the conductivity in the temperature inte
83021226 K is due to singly and doubly charged oxyg
vacancies. The authors of Ref. 8 conclude that the m
types of defects in tin dioxide are interstitial metal ions a
complex anion vacancies.

However, we have not been able to find in the literatu
a complete and noncontradictory model of native defects
SnO2 which takes into account all of the peculiarities of th
material. The reason for this, in our opinion, is the abse
of a thermodynamic analysis of the equilibrium of elect
cally active and neutral native defects in SnO2 in a wide
range of temperatures and oxygen pressures. The goal o
study, which involves such an analysis, was to creat
model of the native point defects in tin dioxide based on
electrical properties of this material and on the results
thermogravimetric studies of the homogeneity region
SnO2.

The choice of the point defect model in SnO2 rests on
the results of a thermogravimetric analysis3 and on the data
for the energy levels in the band gap, taken from Ref. 6.
1031063-7826/98/32(10)/3/$15.00
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the main defect type we chose Schottky defects and Fren
defects in the tin sublattice, and also the appearance o
vacancies during processing of stoichiometric tin dioxide
oxygen. Interstitial tin and vacancies in the oxygen sublatt
are responsible forn-type conductivity in SnO2, and vacan-
cies in the tin sublattice forp-type conductivity. The pro-
cesses of formation and ionization of these defects, and
the equilibrium constants of the corresponding reactions,
formulated in the following equations:

0→e21h11DEi , Ki5n p, DEi53.5 eV; ~1!

0→VSn12VO1DHS ,

KS5@VSn#@VO#2, DHS510 eV; ~2!

SnSn1Vi→Sni1VSn1DHF ,

KF5@VSn#@Sni #, DHF56.5 eV; ~3!

O2→VSn12OO1DHO2V ,

KO2V5@VSn#/PO2
, DHO2V51 eV; ~4!

VO→VO
11e21EO, KO5

@VO
1#n

@VO#
, EO50.75 eV; ~5!

VO
1→VO

211e21EO2
, KO2

5
@VO

21#n

@VO
1#

, EO2
51.4 eV;

~6!

Sni→Sni
11e21ESni

, KSni
5

@Sni
1#n

@Sni #
, ESni

51.8 eV;

~7!

VSn→VSn
2 1h11ESn, KSn5

@VSn
2 #p

@VSn#
, ESn52.1 eV. ~8!

The temperature dependence of the energy of formation
the defects is assumed to be analogous to that of the widt
the band gap. As an example, we calculate the energy c
acteristics of these processes atT51223 K. The energies o
formation of the Schottky and Frenkel’ defects were calc
lated by the crystal-chemical method.2 The ionization ener-
gies of the defects in Eqs.~5!–~8! were taken from Refs. 6
and 8. The pre-exponential factor in the temperature dep
3 © 1998 American Institute of Physics
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dence of the equilibrium constants of reactions~1!, ~5!–~8!
~entropy term! was calculated by a method of statistic
physics.10 We calculated the entropy and enthalpy of proc
~4! from the results of thermogravimetric studies.3

In addition to the above equations, we included t
equations of electrical neutrality and material balance

n1@VSn
2 #5p1@VO

1#12@VO
21#1@Sni

1#, ~9!

D5@VO#1@VO
1#1@VO

21#

22$@VSn#1@VSn
2 #2@Sni #2@Sni

1#%. ~10!

The combined system of equations~1!–~10! was solved
by the Brower method, the sense of which consists in
proximating the equation of electrical neutrality~9! for vari-
ous regions of the oxygen pressure with allowance for o
the largest terms in the given region. We considered the
lowing regions of approximation of the equation of electric
neutrality for an ionic semiconductor:

I—n5@Sni
1#, II—n5@VO

1#, III—n52@VO
21#

IV—@VSn
2 #52@VO

21#, V—@VSn
2 #5p.

For the indicated regions we calculated the point defect
charge carrier concentrations as functions of the oxy
pressure forT580021700 K. As an example, we prese
results of the calculation forT51223 K in Fig. 1, where the
arrows labeledHB indicate the boundaries of the homogen
ity region ~BHR! of the SnO2 phase. It can be seen from Fi
1 that the predominant type of defect within the limits of t
homogeneity region of SnO2 for realistic oxygen pressures
doubly ionized oxygen vacanciesVO

21 ~curve2!.

FIG. 1. Equilibrium diagram of the native point defects in SnO2 at
T51223 K; @A#,p,n are the concentrations of theA defects and the charg
carriers. The curves plot the concentrations of the following species:1 —
@VSn#, 2 — @VO

21#, 3 — p, 4 — @VSn#, 5 — @VO
1#, 6 — n, 7 — @VO#, 8 —

@Sni
1#, 9 — @Sni#. The arrows labeledHB mark the boundaries of the

homogeneity region.
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From the results of a thermodynamic analysis of the
pendence of the point defect@A# and charge carrier@p,n#
concentrations on the oxygen partial pressurePO2

and tem-
peratureT we constructed the phase diagram of tin dioxi
PO2

2T2x, shown in Fig. 2. In the construction of the thre
phase equilibrium line we used the projection of theT2x
phase diagram of the system Sn–O2 from Ref. 4. In this
diagram, to the left of the SnO2 phase no stable SnO phase
found, and SnO2 ~solid! and Sn ~liquid, solid! coexist in
equilibrium. The right-hand boundary of the SnO2 homoge-
neity region corresponds to SnO2– O2 equilibrium. Thus, we
obtain the right-hand boundary from the oxygen press
above tin dioxide saturated with oxygen. The left-ha
boundary is the tin vapor pressure above pure tin plotted
function of temperature and converted to an oxygen pres
through the dissociation constant of SnO2.

Figure 2 plots the temperature dependence of the oxy
pressurePO2

d50 above the stoichiometric tin dioxide phas

~the lined50), and also the dependencePO2

inv(T) — the line

n5p. These lines were constructed from the results o
thermodynamic analysis of the equilibrium of the nati
point defects and charge carriers in a wide range of oxy
pressures and temperatures. From thePO2

2T2x diagram it

can be seen thatPO2

inv andPO2

d50 do not coincide. This has to

do with the fact that all types of defects, including elect
cally neutral defects, contribute toPO2

d50(T), whereas the

main contribution toPO2

inv(T) comes from the electrically ac

tive defects. Note that the linen5p is located in region IV
corresponding to the equality@VSn

2 #52@VO
21#, and was ob-

tained from the conditionn5p, while the lined50 lies in a
different approximation region of the electrical neutrali
equation~III !, specifically, in the regionn52@VO

21#. Thus,
stoichiometric composition of the SnO2 phase (d50) does
not coincide with the composition corresponding to invers
of conductivity type in SnO2. The boundary line of the

FIG. 2. Phase diagram of lead dioxidePO2
2T2x. The dashed lines are

isoconcentrates of the composition for deviationsd in atomic fractions:1 —
1026.75, 2 — 1026, 3 — 1024.5, 4 — 1023. The filled triangles plot experi-
mental data from Ref. 3.
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homogeneity region on the oxygen side turned out to
between the linesd50 andn5p. Thus, within the limits of
the homogeneity region in the investigated temperature in
val the SnO2 phase hasn-type conductivity, but can have a
excess oxygen content relative to the stoichiometric com
sition (SnO21x). In this case, the excess oxygen is found
the electrically neutral state. Thus it can be either intersti
oxygen or a vacancy in the Sn sublattice which create
deep acceptor level.

In the PO2
2T2x diagram we have also plotted lines

equal deviation of the phase composition (d) from stoichi-
ometry in atomic fractions~isoconcentrates1–4!. The varia-
tion of the slope of the isoconcentrate in the hig
temperature region is found to be in agreement with
data.3 For comparison we have also plotted the results
thermogravimetric studies from Ref. 3 ford50 ~shown as
points!. Special note should be made of the fact that acco
ing to the data of Ref. 3, an oxygen excess in the SnO2 phase
is possible only for temperaturesT,1423 K. At higher tem-
peratures only a metal excess is possible in the SnO2 phase.
This result agrees with the temperature dependence of
oxygen pressure above the stoichiometric SnO2 phase. The
satisfactory agreement of the data of Ref. 3 with our resu
e

r-

o-

l
a

-
e
f

-
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and also the monopolar conductivity of SnO2 within the
limits of the homogeneity region of this phase confirm t
validity of our model of electrically active and neutral nativ
point defects in SnO2.
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Arsenic cluster superlattice in gallium arsenide grown by low-temperature
molecular-beam epitaxy
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Molecular-beam epitaxy at 200 °C is used to grow an InAs/GaAs superlattice containing 30 InAs
delta-layers with a nominal thickness of 1 monolayer, separated by GaAs layers of thickness
30 nm. It is found that the excess arsenic concentration in such a superlattice is 0.931020cm23.
Annealing the samples at 500 and 600 °C for 15 min leads to precipitation of the excess
arsenic mainly into the InAs delta-layers. As a result, a superlattice of two-dimensional sheets of
nanoscale arsenic clusters, which coincides with the superlattice of the InAs delta-layers in
the GaAs matrix, is obtained. ©1998 American Institute of Physics.@S1063-7826~98!00310-X#
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Gallium arsenide, grown by molecular-beam epita
~MBE! at low temperaturesT;200 °C (LT-GaAs!, has at-
tracted significant attention because of its large electrical
sistance, high breakdown voltage, and record-short lifet
of nonequilibrium charge carriers.1–5 The primary peculiarity
of LT-GaAs is an excess of arsenic As~up to 1.5 at. %!,
which is captured in the growing layer during low
temperature epitaxy. During annealing at a sufficiently h
temperatureT>500 °C the excess arsenic forms cluste
built into the GaAs matrix. In ordinaryLT-GaAs the clusters
are randomly distributed over the entire volume of the e
taxial film. It has been shown, however, that the spatial d
tribution of the arsenic clusters can be controlled with
help of indium delta-doping.6–8 In this case, heterogeneou
creation of excess arsenic clusters on the InAs delta-la
leads to the formation of two-dimensional sheets of clust

Our aim was to construct a multiperiod superlattice
two-dimensional sheets of arsenic clusters separated
GaAs matrix not containing any clusters. To create the tw
dimensional sheets of clusters we used indium delta-dop

An InAs/GaAs superlattice was grown by molecula
beam epitaxy at 200 °C in a two-chambered ‘‘Katun’9 MBE
setup on a substrate of semi-insulating gallium arsenide
diameter 50 mm and orientation~100!. The superlattice con
sisted of 30 periods. The nominal thickness of the In
delta-layers was one monolayer~ML !. The thickness of the
GaAs layers was 30 nm. The structure was divided into th
parts. One of those parts was not subjected to any proc
ing. The other two were annealed at 500 and 600 °C, res
tively, for 15 min on the MBE setup with excess arsen
pressure.

The average indium concentration in the structure w
measured by x-ray structural micro-analysis~XSMA!. This
1031063-7826/98/32(10)/4/$15.00
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method was also used to estimate the excess arsenic co
tration in the samples.4 For a more accurate measurement
the excess arsenic we used measurements of optical ab
tion in the near-IR due to AsGa antistructural defects.9–11The
microstructure of the samples before and after annealing
investigated by transmission electron microscopy~TEM! of
cross sections. To prepare the samples, we used the u
procedure of mechanical grinding and polishing with sub
quent etching by Ar1 ions.4,12 The studies were performed i
the diffraction regime and in the high-resolution regime w
the help of Philips EM 420 and JEM 4000 electron micr
scopes.

Figure 1 shows a dark-field electron-microscope ima
of a cross section of a structure in which periodic contras
observed in the form of thin dark lines. The positions of t
dark contrast lines coincide with the expected positions
the InAs delta-layers in the superlattice. The period of
superlattice turned out to be equal toTSL52861 nm. This
value is in good agreement with the data of earlier stud
utilizing the method of high-resolution x-ray diffractio
(TSL52862 nm!.13

XSMA showed that the average indium concentration
the structure is 1.160.1 mol.%. Allowing for the fact that the
superlattice periodTSL528 nm, the thickness of the InA
layers should be 0.3 nm, i.e.,;1 ML. However, electron-
microscope studies in the high-resolution regime show
~Fig. 2! that the thickness of the indium-containing layers
4 ML. The difference between the nominal layer thickne
and the observed~using TEM! layer thickness is probably
due to small-scale relief in the growth surface.12

According to the XSMA estimate, the excess arse
concentration in the InAs/GaAs superlattice grown at 200
turned out to be on the order of 0.6 at. %. Figure 3 sho
6 © 1998 American Institute of Physics
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optical absorption spectra in the wavelength range
21.2mm, measured at 300 K, for an InAs/GaAs superlatt
before and after annealing. It can be seen that the absorp
coefficient in the unannealed sample at 1mm wavelength is
equal to 1.23104 cm21, which corresponds according t
Martin’s calibration14 to a concentration of antistructural a
senic defects of 0.931020cm23 and an excess arsenic co
centration of 0.8 at. %. This latter value is in satisfacto
agreement with data on the relaxation of the lattice param
of the structure upon annealing,13 from which it follows that
the arsenic excess is equal to 0.7 at. %.

During annealing the concentration of antistructural d
fects decreases substantially~Fig. 3! and the excess arsen
forms clusters. Figure 4 shows an electron-microscope im
of a cross section of the sample after annealing at 500 °C
can be seen that most of the clusters are accumulated
two-dimensional sheets, whose positions coincide with
positions of the InAs delta-layers. The actual thickness of
two-dimensional layers of clusters is 5–6 nm. Note tha
considerable fraction of the clusters are located between
two-dimensional sheets and form a disordered system.
important that the mean size~diameter! of the clusters in the
two-dimensional sheets (;3 nm! is larger than the mean siz
of the clusters between sheets (;2.5 nm!. This difference

FIG. 1. Dark-field electron-microscope image of a cross section of an In
GaAs superlattice grown at low temperature;~200! reflection. The dark con-
trast corresponds to delta-layers of InAs. The sample was not anneale
.9
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should lead to the result that during Ostwald ripening, up
increasing the duration or temperature of the anneal, the c
ters located between the two-dimensional sheets will tend
dissolve.8,15,16

Figure 5 shows an electron-microscope image of a cr
section of a structure annealed at 600 °C. It can be seen
the mean size of the clusters has increased to;6 nm, but in
the electron-microscope images of the clusters one obse
the characteristic moire´ pattern, which reflects the differenc
between their atomic structure and the structure of the Ga
matrix.17,18 The cluster concentration after annealing
600 °C is significantly lower than after annealing at 500 °
and is equal to;231011cm22 in each two-dimensional

s/

FIG. 2. High-resolution electron-microscope image of an InAs delta-laye
a GaAs matrix grown at low temperature. The nominal indium content in
layer is one monolayer. The sample was not annealed.

FIG. 3. Optical absorption spectra of an InAs/GaAs superlattice grown
low temperature, before annealing~1! and after annealing at 500~2! and
600 °C ~3! for 15 min.
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sheet. In this case the As clusters located between the
dimensional sheets have mostly dissolved as a result of
twald ripening, and the two-dimensional sheets contain m
than 90% of the clusters. The remaining uncoalesced la
scale clusters have reached the size of the clusters in
two-dimensional sheets. This is a consequence of the di
ence in the kinetics of Ostwald ripening~coalescence! in
two-dimensional and three-dimensional systems.15 Accord-
ing to the Lifshitz–Slezov theory16 and the results of experi
mental studies,15 such large-scale clusters between the tw
dimensional sheets cannot be eliminated by furt
increasing the temperature or the anneal times.

As was shown in Ref. 15, the actual thickness of
two-dimensional sheets of arsenic clusters is close to do
the mean diameter of the clusters. The increase in the th
ness of the sheets during Ostwald ripening~coalescence! is
due to nonequilibrium growth of the clusters in different d
rections, depending on the local environment of each clus
and to diffusion smearing of the InAs delta-layers, which
significantly enhanced due to the large concentration of
trinsic point defects.12 After the anneal at 600 °C the thick
ness of the two-dimensional sheets of clusters reac
;12 nm. Further increases in the temperature or duratio

FIG. 4. Light-field electron-microscope image of a cross section of an In
GaAs superlattice grown at low temperature and annealed at 500 °C.
positions of the two-dimensional sheets of clusters correspond to the
tions of the InAs delta-layers.
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the anneal should lead to further growth of the thickness
the sheets of clusters. As a result, when the thickness of
sheets of clusters reaches one period of the superla
~28 nm!, the ordered system of two-dimensional sheets
clusters should transition to a disordered system of clust
described by the Lifshitz–Slezov theory.16 Such a transition
was observed for arsenic clusters in GaAs in Ref. 15.

In summary, we have used low-temperature molecu
beam epitaxy to grow an InAs/GaAs superlattice contain
30 periods of thickness 28 nm each. The superlattice c
tained 0.8 at. % excess arsenic. Annealing of such a su
lattice led to the formation of a periodic structure of tw
dimensional sheets of nanoscale arsenic clusters. As a r
of annealing at 500 °C for 15 min, the thickness of the tw
dimensional sheets of clusters was reduced to a thickn
corresponding to much less than one period of the supe
tice; however, a fraction of the clusters are now located
tween the two-dimensional sheets. Such clusters for the m
part dissolve when the annealing temperature is raised
600 °C. As a result, more than 90% of the clusters are n
concentrated in the two-dimensional sheets. In this ca
however, the thickness of the two-dimensional sheets
clusters is increased to;12 nm.

/
he
si-

FIG. 5. Light-field electron-microscope image of a cross section of an In
GaAs superlattice grown at low temperature and annealed at 600 °C.
positions of the two-dimensional sheets of clusters correspond to the p
tions of the InAs delta-layers.
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Photoconductivity of copper-compensated gallium phosphide
N. N. Pribylov, S. I. Rembeza, A. I. Spirin, V. A. Buslov, and S. A. Sushkov

Voronezh State Technological University, 394026 Voronezh, Russia
~Submitted July 14, 1997; accepted for publication December 23, 1997!
Fiz. Tekh. Poluprovodn.32, 1165–1169

Autocompensation effects in GaP after diffusive copper doping, amphotericity of electrical
activity of the copper impurity, and the kinetics of interband photoconductivity and infrared
quenching are explained in terms of a model of reconstruction of the bonds between the
copper impurity and its immediate environment. In this picture, the acceptor state is associated
with substitutional Cu atoms with tetrahedral coordination, while the donor state is
associated with Cu atoms bonded to only two of the four phosphorus atoms. ©1998 American
Institute of Physics.@S1063-7826~98!00410-4#
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INTRODUCTION

The behavior of copper impurity in gallium phosphid
has been probed by a number of authors1–7 using various
photoconductivity methods. The main interest in GaP :
stemmed from the high sensitivity of the material to radiat
in the short-wavelength region of the visible spectrum, wh
is attributable to the presence on the copper impurity o
deep level in the band gap with high asymmetry of the c
ture cross sections for electrons and holes.1

The presence of self-compensation in gallium phosph
due to diffusive copper doping was established elsewhe2

Regardless of the type of conductivity of the starting mate
after its doping, samples with resistivities from 104 to
1014V•cm at 300 K were obtained.

The results of different authors, which were generaliz
in Ref. 3, are comparable: All reports mention the prese
of the dominant ‘‘A’’ states in the energy bandE5Ev
1(0.520.55) eV and sometimes the presence of ‘‘B’’ states
in the energy rangeEv1(0.6820.82) eV. Assigning theB
level to copper is open to discussion since the concentrat
of the A and B levels in the investigated samples were n
correlated.3

Since the nature of theB level has not yet been dete
mined and since its influence on the photoelectric proper
of GaP : Cu has not been investigated, a study of the ph
conductivity of this material with different copper dopin
levels is of interest.

EXPERIMENTAL PROCEDURE

The starting samples of gallium phosphide consisted
wafers with thickness 1 mm, cut from single crystals gro
by the Czochralski method and doped with tellurium with
electron concentration of 431017cm23 and Hall mobility
130 cm2/(V•s). Diffusive saturation of the samples wit
copper was carried out in evacuated quartz cells from lay
of the metal sputtered onto both surfaces. The doping t
perature was varied in the range 800–1200 °C, and the d
1041063-7826/98/32(10)/4/$15.00
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ing time, from 8 to 24 h. At the end of the anneals t
samples were quenched by throwing the cells into water.
samples were processed with abrasive powders and then
ished and etched in a mixture of hydrofluoric and nitric a
ids. Indium contacts, deposited on as-grown samples,
sured linear current–voltage characteristics~CVC! over a
wide range of applied voltages. The highest-resista
samples were obtained in the temperature interval 80
930 °C. At room temperature their resistivity stood at
31010V•cm.

Photoconductivity spectra were measured for both o
nary and Raman excitations. In the first case monochrom
radiation from a single source was directed upon the surf
at normal incidence; to record the Raman spectra, we u
radiation from two monochromators incident at an angle
roughly 45°. The modulation technique was used to rec
the photoconductivity. The current signal was amplified a
synchronously detected by a selective phase-sensitive U
PAN 232B nanovoltmeter with subsequent recording on
measurement–calculational complex built into an SDL
spectrometer, or on a tape cassette. A 1-kW NARVA ha
gen lamp and a xenon gas-discharge lamp served as th
diation sources. All measurements were performed in
constant-field regime. As the voltage source in the case
the high-resistance samples we used a stabilized power
ply for the UBPV-1 photomultiplier.

MAIN EXPERIMENTAL RESULTS

1. Photoconductivity spectra ofGaP : Cusamples.The
room-temperature photoconductivity of the samples~Fig. 1!
in the long-wavelength region of the spectrum is charac
ized by an impurity band with a 0.7eV threshold, whos
maximum is at 1.05 eV, which extends to photon energ
;2 eV, where an abrupt growth of the photocurrent tak
place right up to the edge of the band of the intrinsic tran
tions. Because the sum of the threshold energies of the b
is close to the width of the band gap of gallium phosphid
0 © 1998 American Institute of Physics
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FIG. 1. Photoconductivity spectra of GaP : Cu samples doped with copper at various temperatures.
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we can assume that they are connected with theB level
which lies in the lower part of the band gap and which
partially filled with electrons.

The form of the photocurrent spectra for Raman exc
tion depends strongly on the intensity of either of the pho
fluxes: It is possible to decrease the modulated curren
well as to vary its phase, i.e., to obtain quenching of
intrinsic photoconductivity shown in Fig. 2. It can be se
that in the long-wavelength part of the spectrum unmo
lated interband illumination reveals a new band with thre
old near 0.6 eV. This result clearly confirms the presence

FIG. 2. Extinction spectrum of the intrinsic photoconductivity of a sam
of GaP : Cu doped at 930 °C.
-
n
as
e

-
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the investigated samples of centers which sensitize the in
sic photoconductivity. Also, the observed thresholds
close to those of other authors.4,5

2. Relaxation of the intrinsic photoconductivity. The
kinetics of variation of the photoconductivity~see Fig. 3!
depends on the excitation intensity. After holding t
samples in the dark, switching on unmodulated light w
wavelength 547 nm (hn52.27 eV.Eg) leads first to rapid,
and then to slow growth of the photocurrent up to its stea
state value. We found that the rate of growth of the pho
current in the initial segment depends on the time betw
switching the light off and switching it back on. The form o
this dependence is shown in the inset in Fig. 3. After swit
ing the light off, the current in the sample circuit is observ
to decay exponentially nearly to its dark value with a tim
constant of 1.2 s. If the light is switched back on immediat
after the dark photocurrent is reached, rapid growth of
photocurrent to its steady-state value is observed. Thus,
samples show evidence of a memory effect at room temp
ture.

3. Kinetics of infrared quenching of the intrinsic photo
conductivity. The effect of infrared quenching of the intrin
sic photoconductivity is observed in the investigat
samples. The kinetics of quenching was recorded at pho
energies of 0.7 and 1.24 eV, which excite holes only from
A level in the first case and from both levels in the seco
For the same quenching depth, which is achieved by vary
the width of the monochromator slits, relaxation of the ph
tocurrent within the limits of error of the recording device
does not depend on the photon energy~Fig. 4!. Switching off
the infrared excitation results in a still greater decrease of
current in the sample circuit with subsequent slow recove
The rate of growth of the photocurrent after infrared quen
ing is independent of the intensity and duration of the inf
red excitation and depends only on the depth of quenchin
the intrinsic photoconductivity, and for a constant level
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intrinsic light is significantly lower than after holding th
sample in the dark.

DISCUSSION OF EXPERIMENTAL RESULTS

In the experimental results presented in the preced
section, anomalies in the properties of the investiga

FIG. 3. Kinetics of the intrinsic photoconductivity of a sample of GaP :
doped at 930 °C. The inset plots the dependence of the rate of growth o
photocurrent (dI/dt) in arbitrary units as a function of storage time of th
sample in the dark at room temperature.
g
d

GaP : Cu samples are obvious. These anomalies are
pressed in the strong dependence of the photocurrent gro
kinetics on the dark storage time of the sample and
greater rate of decay of the photoconductivity over its grow
rate. This phenomenon was observed in Ref. 1, but was
specifically discussed. A qualitative explanation of the o
served photoconductivity effects is possible on the basis
the following assumptions:

2 As a result of copper doping, two energy levels c
arise in the gallium-phosphide band gap: the lower one,
acceptor level—theA level, and the upper one, a dono
level—theB level, whose states are denoted, depending
the presence or absence of electrons in them, asA2, B0, and
A0, B1, respectively;

2 the neutral acceptor state of the copper impurity (A0)
and the neutral donor state of the copper impurity (B0) are
equivalent in charge and can be obtained, one from the ot
by changing the type of conductivity of the material.

Compensation of either type of conductivity is defined
terms of the quasichemical reaction

B11ecB�A21pvB , ~1!

from which it follows that an excess of electrons in the ba
gap leads to a prevalence of the acceptor statesA2, and an
excess of holes is compensated for at the expense of
donor properties of theB0 states.

On the basis of the above assumptions the kinetics
growth of the intrinsic photoconductivity~Fig. 1! is governed
by the following factors: photogeneration of electron–ho
pairs at the commencement of excitation cannot delive
significant concentration of free charge carriers because
holes are efficiently captured by theA2 states, and becaus
electrons are captured by theB1 states. The presence o
shallow donors in the initial samples accounts for the f
that the concentration of theA2 states exceeds that of theB1

states and filling of the latter by electrons occurs earlier th
filling of the A level by holes. Generation of additional pai
leads to an increase in the electron concentration in the c
duction band and an increase in their lifetime due to conti
ing localization of holes at the lower level. We link the ve

he
e
at
FIG. 4. Kinetics of extinction and recovery of th
intrinsic photoconductivity in the sample doped
930 °C.
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slow growth of the photocurrent observed directly after
brief segment of rapid growth with the processes by wh
the neutralB0 states transition into neutralA0 states. This
reconstruction is dictated by the photogenerated electr
which govern the conductivity of the sample. As a result,
number ofB levels decreases with a corresponding incre
in the number ofA levels. Increasing the concentration ofA0

centers increases the thermal generation of holes from
level into the valence band and results in saturation of
photocurrent. After the light is switched off, the therma
generated holes recombine with electrons, which leads
rapid decrease of the photocurrent and to the establishm
of a p-type conductivity of the sample, which stimulates
reversal of the direction of reaction~1!. The high rate of
growth of the photocurrent after quickly switching the lig
back on is governed by the redistribution of the density
states between theB andA levels in favor of the latter, and
also by the fact that the rate of capture of holes by theA level
is substantially greater than the rate of capture of electr
by the B level. If there is a pause between removal a
restoration of the light, the kinetics of growth of segment
which reflects the restoration of the equilibrium distributi
of the copper states, changes in a way that depends on
length of this pause. The time constant of this process, fo
from Fig. 3 ~inset!, is approximately 135 s.

The kinetics illustrated in Fig. 4 is explained by the fa
that infrared radiation generates only holes, and increa
its intensity leads to an inversion of the dominant carrier ty
if the rate of optical generation of holes exceeds the rate
thermal generation of holes. As a result of recombination,
current falls precipitously, the sample acquires p-type c
ductivity, and the balance of reaction~1! shifts to the left,
which leads to a redistribution of the density of states
tween theA andB levels in favor of the latter. After remov
ing the infrared illumination, recombination of electron–ho
pairs proceeds mainly through theB level due to the low
concentration of sensitizingA centers. However, with local
ization of some of the holes at theA level, the type of con-
ductivity of the sample changes andB0 states accumulate
The rate of reconstruction of donor states into acceptor st
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is governed by the competition of the mechanisms
electron–hole pair recombination at the center and by
energy losses needed for the reconstructionA⇔B. The trans-
formation of acceptor states into donor states brought ab
by infrared illumination of the centers is quite rapid.

We do not know of any electron-spin-resonance stud
of the electronic structure of copper impurity states in III–
compounds; we can therefore discuss possible reasons fo
donor properties of theB0 centers only by analogy with
known models for amphoteric impurities~Pt and Au in Si,
Refs. 8 and 9!. In our case, the copper acceptor state is re
ized upon its isovalent substitution for gallium by virtue
the fact that one electron from the filledd shell of the impu-
rity is excited to a level of the valence electrons and anot
is accepted from the lattice. The copper donor state is r
ized by formation of a center, which consists of a copper
bound to only two of the four atoms of its phosphorus en
ronment with the two remaining phosphorus atoms clos
their valence electrons on each other. The given ce
should have lower point symmetry due to the displacem
of a Cu ion from a gallium site in the@110# direction. The
possibility of lowering the point symmetry of a copper cen
in a gallium vacancy has been experimentally demonstra
for GaAs ~Ref. 10!. Polarization of photoluminescence ha
also been observed in GaP : Cu~Ref. 7!.
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Accumulation of electrons in GaAs layers grown at low temperatures and containing
arsenic clusters
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Capacitance spectroscopy was used to investigate the properties of Au/GaAs Schottky barriers in
structures in which a thin layer of gallium arsenide grown at low temperature (LT-GaAs!
and containing As clusters was sandwiched between two uniformly copper-doped layers of
n-GaAs grown at standard temperatures. We detected electron accumulation in theLT-GaAs
layer surrounded by two depletion regions in the adjacentn-GaAs layers. Emission of electrons
from theLT-GaAs layer at 300 K results in an extended plateau in the capacitance–voltage
characteristic. It is found that the presence of the 0.1mm thick LT-GaAs layer sandwiched
between the two much thickern-GaAs layers results in an increase in the breakdown
electric field to values as high as 230 kV/cm, which is much higher than typical values for
standard Au/n-GaAs structures. ©1998 American Institute of Physics.@S1063-7826~98!00510-9#
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INTRODUCTION

Gallium arsenide grown by molecular-beam epitaxy
low temperaturesT,300 °C (LT-GaAs! has attracted wide
attention because of its high resistivity, high breakdown vo
age, and record-short lifetime of nonequilibrium char
carriers.1–5 The most striking feature ofLT-GaAs is an ar-
senic excess~up to 1.5 at. %! incorporated into the growing
layer during low-temperature epitaxy. This excess gives
to a high concentration of point defects such as that of
antisite defect AsGa, of interstitial arsenic Asi , and of gal-
lium vacancy VGa and their complexes. Annealing o
LT-GaAs at high temperatures (T.500 °C! leads to the for-
mation of nanoscale As clusters, which are built into t
GaAs matrix. Such clusters, like point defects, should
electrically active and can influence the electronic proper
of the material.

In our study we used capacitance spectroscopy to in
tigate Au/GaAs Schottky-barrier structures in which a th
layer of LT-GaAs containing As clusters was sandwich
between two uniformly dopedn-GaAs layers grown at stan
dard temperatures. Our goal was to study the influence
the thin LT-GaAs layer on the electrical properties of th
structure.

SAMPLES AND EXPERIMENTAL TECHNIQUE

The investigated samples were grown by molecu
beam epitaxy in a ‘‘Katun’9 two-chamber setup onn1-GaAs
substrates with~100! orientation. The samples consisted o
layer of n-GaAs~Si! ~thickness;0.5mm, growth tempera-
1041063-7826/98/32(10)/4/$15.00
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ture 580 °C, electron concentration 231016cm23), a layer of
LT-GaAs~thickness;0.1mm, growth temperature 200 °C!,
and a layer ofn-GaAs~Si! ~thickness;0.5mm, growth tem-
perature 580 °C, electron concentration 231016cm23).
Growth of the uppern-GaAs layer of the structure for 0.5
led to annealing of theLT-GaAs layer and formation of ar
senic clusters in it.

The crystal structure of the samples was investigated
transmission electron microscopy~TEM! in cross sections
and in the growth plane. A Philips EM 420 electron micr
scope was used having an accelerating voltage of 100 ke

The Schottky barriers were formed by sputtering A
onto the surface of the samples. The diameter of the Scho
contacts was 0.35 mm. Capacitance–voltage (C2V) charac-
teristics were measured at frequencies in the range 100
1 MHz in the temperature range 772300 K. The amplitude
of the measured signal was 25 mV. Also, the dependenc
the conductivity (G) on the reverse bias was investigated

ElectrochemicalC2V profiling was done using the stan
dard technique at a frequency of 3 kHz~Ref. 6!.

RESULTS

Figures 1a and 1b show electron-microscope images
cross section of one of the investigated structures. It can
seen that theLT-GaAs layer containing arsenic clusters ha
thickness of;0.1mm and is sandwiched in between tw
n-GaAs layers which do not contain clusters. The clus
density in the layer is;431011cm22, and their average
diameter is;10 nm.
4 © 1998 American Institute of Physics
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FIG. 1. a — Light-field TEM image (g5220) of a cross section of the structuren-GaAs/LT-GaAs/n-GaAs. b — magnified TEM image of a thin layer o
LT-GaAs containing arsenic clusters.
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Capacitance–voltage characteristics of a Au/n-GaAs/
LT-GaAs/n-GaAs/n1-GaAs structure, measured at a fr
quency of 10 kHz at 94 and 300 K are shown in Fig. 2a.

At 300 K, as the reverse bias is increased, the cap
tance at first decreases rapidly,~at 22 V! falls precipitously,
and then remains almost constant over a wide voltage in

FIG. 2. C–V ~a! andG–V ~b! characteristics of the structure Au/n-GaAs/
LT-GaAs/n-GaAs/n1-GaAs, measured at 10 kHz at 300 K~1! and 94 K~2!.
i-

r-

val. The region of quasiconstant capacitance extends f
22 to 212 V. With further increase of the reverse bias, t
capacitance gradually decreases. At voltages around225 V
electrical breakdown is observed.

As the temperature is decreased, the wide plateau in
C2V characteristics gradually narrows. At 95 K the plate
is not observed, and the precipitous fall of the capacitanc
22 V is followed by a gradual decrease~Fig. 2a!. Note that
the observed peculiarities of theC2V characteristics at 300
and 94 K are not associated with leakage currents. As ca
seen from Fig. 2b, the conductivity of the structure for r
verse biases is small. The conductivity peaks are conne
with the abrupt changes in the capacitance with increas
the reverse bias.

Employing the depletion-layer approximation, we calc
lated the free-carrier distribution profiles (NCV2W) from the
C2V characteristics:

NCV~W!5
C3

q««0S dC

dVD , W5A
««0

C
, ~1!

where q is the charge of the electron,«0 is the dielectric
constant of the vacuum,« is the dielectric constant of the
semiconductor,W is the width of the space charge regio
andA is the area of the Schottky barrier. Profiles calcula
for 300 and 94 K are shown in Fig. 3a.

As can be seen from Fig. 3a, the electron concentra
near the surface (W,0.35mm! is ;2.531016cm23, which
is in line with what is expected given the level of doping
the uppern-GaAs layer. A depletion layer, which include
the LT-GaAs layer and the adjacentn-GaAs layers, is ob-
served in the region 0.35,W,0.75mm. Beyond the limits
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of the depletion layer the electron concentration ag
reaches values near 2.531016cm23, which corresponds to
the doping level of the lowern-GaAs layer. With further
increase inW, we see another depletion region which
probably caused by defects in the metallurgical bound
between the substrate and the epitaxial film. Immedia
beyond this depletion region the carrier concentration ri
abruptly to ;231018cm23, which corresponds to dopin
level of the n1-GaAs substrate. The carrier concentrati
depth profile inferred from theC2V measurements is in
good agreement with the charge-carrier concentration pro
obtained independently by electrochemical profiling~see
Fig. 3a!.

TheNCV2W profile calculated at 300 K is distinguishe
by the presence of a narrow peak which is due to the em
sion of electrons and which corresponds to the plateau in
C2V characteristics~Fig. 3a!. In the range of measuremen
frequencies from 1 MHz to 10 kHz this peak is located at
edge of the depletion region induced by theLT-GaAs layer.
However, at lower measurement frequencies the peak s
into the middle of the depletion layer, and at the very low
frequencies (;100 Hz! its position corresponds to the ge
metric position of theLT-GaAs layer in the structure~Fig.
3b!. Note that at 94 K the plateau in theC2V characteristics
is not observed and the emission peak in theNCV2W pro-
files is absent at all of the frequencies at which measu
ments were made.

FIG. 3. a — Comparison of theNCV2W characteristics calculated from
C–V measurements at 10 kHz at 300 K~1! and 94 K~2! with the electro-
chemical profile~3!. b — NCV2W characteristics calculated fromC–V
measurements at 300 K at different frequencies: 100 Hz~1!, 1 kHz ~2!,
10 kHz ~3!, 1 MHz ~4!.
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DISCUSSION

Our studies show that the presence of the thinLT-GaAs
layer leads to a significant increase in the electrical bre
down voltage of a Schottky diode. The breakdown electri
field strength, averaged over the structure, amounts
;230 V/cm, which corresponds to values characteristic
thick LT-GaAs layers,7 and substantially exceeds value
characteristic of ordinaryn-GaAs and stoichiometric semi
insulating GaAs.

The observed behavior of theC2V andNCV2W char-
acteristics indicates an accumulation of electrons within
LT-GaAs layer and depletion around it.8–10 The presence of
built-in depletion regions leads to the appearance of a ju
in theC2V characteristics at22 V, when these regions be
gin to overlap with the space charge region of the Schot
barrier which expands as the reverse bias is raised.

Accumulation of electrons in theLT-GaAs layer can
take place both at deep-level defects and at arsenic clus
The parameters of the deep levels characteristic ofLT-GaAs
were previously investigated by deep-level transient sp
troscopy~DLTS! and the temperature-dependent conduc
ity method.11–15 Such levels areEL2 ~0.73 eV!, EB4
~0.65 eV!, andEL3 ~0.57 eV!. Studies using a scanning tun
neling microscope showed16 that the arsenic clusters als
create levels deep in the GaAs band gap. The indicated e
tron levels are compensated in part by acceptors such
gallium vacancies.17 The concentration of compensating a
ceptors inLT-GaAs is very large and in the unanneal
material reaches 1018cm23, which significantly exceeds
the concentration of dopant-silicon shallow dono
(231016cm23). It may be expected that the concentration
compensating acceptors remains high also after annealin
the LT-GaAs layers despite conversion of most of the po
defects formed by the arsenic excess into nanoscale clus
In such a case, accumulation of charge in theLT-GaAs layer
takes place due to transitions of electrons into the deep e
tronic levels~which are created by point defects or cluste!
from the shallow donor levels of the adjacentn-GaAs layers.
As a result, theLT-GaAs layer is surrounded by spac
charge regions. Assuming that the concentration of comp
sating deep levels in theLT-GaAs layer is much greater tha
the concentrationn of the shallow donors in then-GaAs
layers, the width of the depletion region is

DW52A2««0DV

qn
1dLT , ~2!

where DV is the contact potential difference, an
dLT50.1mm is the width of theLT-GaAs layer. Setting
DV'0.5 V, we obtainDW'0.4mm, which corresponds to
the experimentally determined width of the depletion reg
~Fig. 3a!.

Thus, ourC2V studies show that theLT-GaAs layer
accumulates electrons and induces space charge regio
the adjacentn-GaAs layers. An external bias should, in ge
eral, lead to emission of the accumulated charge. Howe
since the levels at which the electrons are trapped are loc
deep in the GaAs band gap, the emission rate should dep
strongly on the temperature. At low temperatures the em
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sion rate is extraordinarily low and at 94 K we did not o
serve the characteristic plateau in theC2V characteristics
even when the frequency was lowered to 100 Hz. At ro
temperature the emission rate is quite high; however, eve
this case quasi-equilibrium does not have enough time
establish itself at high frequency. As a result, the peak in
NCV2W characteristic due to electron emission is shift
relative to the geometric position of theLT-GaAs layer to-
ward the edge of the depletion region~Fig. 3a!.18 A situation
similar to quasi-equilibrium can be realized by lowering t
measurement frequency from 1 MHz to 100 Hz. In this ca
the capacitance increases from 17 pF to 26 pF in the re
of the plateau and the peak in theNCV2W characteristic
shifts toward the geometrical position of theLT-GaAs layer
~Fig. 3b!.

The concentration of emitted electronsne can be esti-
mated from the width of the plateau of quasiconstant cap
tance in theC2V characteristics from the relation10

ne5C* DU/Aq, ~3!

whereC* is the value of the quasiconstant capacitance in
plateau, andDU is the width of the plateau. Substitutin
experimental data from Fig. 2a and noting that the area of
barrierA51.131023 cm2, we obtainne'131012cm22.

The concentrationna of electrons accumulated in th
LT-GaAs layer can be estimated from the width of the dep
tion region and the known level of doping with shallow d
nors:

na5nDW50.831012cm22. ~4!

The estimates obtained using formulas~3! and~4! show
thatne'na ; i.e., at room temperature, using an external b
it is possible to achieve emission of the electrons accu
lated in theLT-GaAs layer in its initial state.

CONCLUSIONS

Our study of Au/n-GaAs/LT-GaAs/n-GaAs Schottky-
barrier structures shows that the presence of a thinLT-GaAs
layer sandwiched between two much thickern-GaAs layers
leads to a significant increase in the electrical breakdo
voltage in comparison with the breakdown voltage obser
in standard Au/n-GaAs structures.

On the basis of our study of the capacitance–volta
characteristics of the Schottky barriers we have found
the presence of the thinLT-GaAs layer containing a system
of deep-level point defects and nanoscale arsenic clus
leads to the accumulation in it of charge carriers and
in
to
e

,
n

i-

e

e

-

s
u-

n
d

e
at

rs
e

formation of depletion regions in the adjacentn-GaAs layers.
In the C2V characteristics at 300 K we have discovered
wide plateau of quasiconstant capacitance. This platea
most likely due to emission of electrons from the deep lev
and arsenic clusters in theLT-GaAs layer. The concentratio
of accumulated electrons was found to be close to that of
emitted electrons:;131012cm22. At low temperatures
~94 K! electron emission has not been observed experim
tally.
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A detailed study of the effect of rapid thermal annealing in a N2 or Ar atmosphere on the
properties of thin GaN layers grown by molecular-beam epitaxy on sapphire substrates was
performed. After rapid thermal annealing, an enhancement of the crystal quality of such
films was observed. Low-temperature photoluminescence measurements revealed a substantial
increase in impurity recombination near the fundamental absorption edge after a rapid
high-temperature anneal in a nitrogen atmosphere. A significant decrease in the impurity
photoluminescence of the GaN films with protective SiO2 coatings was observed following the
anneals. ©1998 American Institute of Physics.@S1063-7826~98!00610-3#
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1. INTRODUCTION

Nitrides of group-III elements, in particular, GaN are
significant scientific and practical interest. This interest h
to do, first of all, with the possibility of building lasers an
photodiodes based on them, which emit in the blue and
traviolet regions of the spectrum, and also high-tempera
electronic devices.1

It is known that the optical and electronic properties
GaN films depend substantially not only on their conditio
of growth, but also on their post-growth processing. For
ample, to obtainp-type conductivity, Mg-doped GaN layer
are subjected to high-temperature annealing. In this case
nealing breaks the H–Mg bonds, which activates the Mg
an acceptor impurity.2,3

The authors of Ref. 4 noted an increase in the inten
of the electroluminescence of Mg-doped diodes after subj
ing them to a rapid high-temperature anneal~RHTA! at
1150 °C.

A substantial increase in the intensity of the photolum
nescence~PL! and an enhancement of the surface morph
ogy after RHTA in a nitrogen atmosphere (N2) were ob-
served by the authors of Ref. 5, who examined the effec
RHTA on the physical properties of undoped, relatively thi
(;5 mm! GaN films grown by metallo-organic chemic
vapor deposition~MOCVD!.

In addition, the successful application of RHTA in th
context of ion implantation of dopant impurities into Ga
films has been reported in the literature.6

Thus, a study of the effect of RHTA on the properties
GaN films~such as their crystal quality, surface morpholog
optical properties, etc.! is necessary both for an understan
ing of the processes occurring during RHTA and to furth
1041063-7826/98/32(10)/6/$15.00
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advance the post-growth technology of fabricating devi
based on such films.

In this paper we report the results of an in-depth study
the effect of RHTA in N2 and in an argon~Ar! atmosphere
on the crystallographic and optical properties~surface mor-
phology, crystal quality, photoluminescence! of GaN thin
films.

2. SAMPLES AND MEASUREMENT TECHNIQUES

We investigated GaN films withn-type conductivity and
electron concentrationn;1017cm23 and 1mm thickness.
Such films were grown on sapphire substrates with orien
tion @0001# using a Varian Modular Gen II MBE setup wit
a growth rate of 0.3mm/h at 700 °C. As the N2 source we
used an Oxford Applied Research CARS 25 source with
RFC discharger at 13.5 MHz. The design of the experime
setup and characteristics of the nitrogen RFC discharger
described in detail in Ref. 7.

RHTA was performed in a quartz reactor at 100 °C f
30 s in a stream of N2 or Ar. The samples, placed in a silico
holder, were heated by a quartz lamp. Both uncoated G
films and GaN films coated with protective layers of SiO2

were investigated. Such layers were deposited by chem
vapor deposition.

A Kimmon He–Cd laser with a lasing wavelength
325 nm ~photon energy 3.815 eV! and maximum optical
power about 5 mW was used to excite photoluminescen
The He–Cd laser beam was focused on the sample in a
about 100mm in diameter and was attenuated with the he
of neutral glass light-filters as needed. The photolumin
cence of the samples was analyzed with the help of a 0
Spex monochromator with gap widths equal to 0.2 m
8 © 1998 American Institute of Physics
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which provided spectral resolution on the order of 1 meV
the region of the edge photoluminescence, and was reco
with a ‘‘bi-alkali’’ photomultiplier. Signal gain and detection
were performed with a standard lock–in amplifier.

For low-temperature photoluminescence measurem
we used a special helium cryostat, which provided tempe
ture (T) stabilization in the range from 10 to 300 K with a
accuracy of60.5 K.

In the x-ray measurements we recorded the reflection
the CuKa1 line from the~0002! plane of the GaN samples
Measurements of the x-ray reflection spectra were carried
using two techniques. The first was standard recording of
rocking curvesw(2u), where the receiver is rotated throug
the angle 2u at the same time as the sample is rota
through an angleu relative to the incident x-ray beam. In th
event, the half-width of the reflection spectrumD2u1/2 gives
information about the spread in the lattice parameter in
GaN film.

Using the second method we measured the angular s
trum of the x-ray reflection from the samplew(V) without
varying the orientation of the receiver. In this case, its ha
width DV1/2 gives information about the misorientation
the crystallites, of which the GaN film is composed.8

The surface morphology was investigated with a profi
meter which gave an accuracy of measurement of the sur
roughness on the order of 1 nm.
ed
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3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1. Effect of RHTA on the crystal quality and surface
morphology of GaN

The results of the x-ray studies of GaN films subjected
RHTA under various conditions are listed in Table I.

It is clear from the table that regardless of the conditio
of annealing, RHTA leads to a decrease inD2u1/2, which
suggests an enhancement of crystal quality of the GaN
ers; i.e., the spread in the lattice parameter in the epita
layer is reduced. At the same time, the narrowing of
x-ray reflection spectraw(V) of the unprotected layers afte
RHTA suggests a decrease in the misorientation of the c
tallites.

However, in the case of RHTA of protected GaN film
the misorientation of the crystallites, in contrast, increa

TABLE I.

Position of reflection D2u1/2 , DV1/2,
Samples maximum 2u, deg deg deg

Unannealed GaN 34.574 0.099 0.25
GaN, RHTA in N2 34.563 0.074 0.234
GaN, RHTA in Ar 34.553 0.073 0.228
GaN, with SiO2, RHTA in N2 34.566 0.069 0.272
FIG. 1. Photoluminescence spectra of GaN films at room temperature before~a! and after~b! RHTA.
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FIG. 2. Low-temperature photoluminescence spectra of the unannealed GaN films~a!, of unprotected GaN films after RHTA in a N2 ~b! and in an Ar
atmosphere~d!, and of GaN films protected by a layer of SiO2 after RHTA in a N2 atmosphere~c!. T510 K.
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(DV1/2 grows!. This is probably due to additional mechan
cal stresses imposed by the SiO2 layer.

Photoluminescence studies of unprotected GaN films
N2 and Ar atmospheres showed that the form of the pho
luminescence spectra at room temperature~see Fig. 1! and
also the ratio of intensities (I PL) of the edge band and impu
rity ~‘‘yellow’’ ! band change hardly at all~in the investigated
GaN films this ratio is;100:1), but asubstantial~more than
fivefold! increase in the photoluminescence intensity is
served in the entire spectral range, which is in accord w
the data of Ref. 5. The increase in the photoluminesce
intensity is accompanied by a disappearance of interfere
modulation in the ‘‘yellow’’ band~see the inset in Fig. 1!.
Measurements of the surface roughness of the GaN fi
before and after RHTA showed that RHTA of unprotect
samples leads to an increase in surface roughness from
100 nm.

RHTA of samples protected by a layer of SiO2 does not
lead to an increase in the photoluminescence intensity o
in
-

-
h
ce
ce

s

to

to

the disappearance of interference modulation of the spect
in the ‘‘yellow’’ band.

It can thus be assumed that the increase in the inten
of the photoluminescence of unprotected GaN films a
RHTA is connected with a growth of the external quantu
yield due to an increase in the surface roughness.

3.2. Effect of RHTA on low-temperature photoluminescence
spectra associated with exciton recombination

At low temperatures (T510 K! the form of the photolu-
minescence spectrum near the fundamental absorption
after RHTA is radically altered. The narrow photolumine
cence line with energy\v53.473 eV and half-width
14 meV ~Fig. 2!, which is usually attributed to the recomb
nation of excitons localized at a neutral donor (D0X transi-
tions; Ref. 9! in the case of RHTA of unprotected GaN film
in both a N2 and an Ar atmosphere is substantially broaden
~by up to 20 meV! and shifted into the low-energy region o
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the spectrum by 224 meV ~see inset in Fig. 2!. In the case
of RHTA of unprotected samples, the exciton band
slightly narrowed~to 12 meV! and shifted into the high-
energy region of the spectrum by 324 meV.

From an analysis of the photoluminescence and x-
data it can be assumed that the low-energy shift of the e
ton band after RHTA of unprotected samples is due to
decrease in the mechanical stresses in the GaN film as
ated with misorientation of the crystallites. In contrast, t
high-energy shift of the exciton band under RHTA of Ga
films with a protective SiO2 layer is presumably associate
with a growth of these mechanical stresses due to an incr
in the misorientation of the crystallites.

The change in the width of theD0X exciton photolumi-
nescence band after RHTA may be connected with
change in the crystal quality of the lattice of the GaN lay
after RHTA.10 However, the width of theD0X photolumi-
nescence band after RHTA under various external condit
does not correlate with the rocking-curve x-ray dataw(2u).
The explanation for this may lie in the fact that the x-r
measurements contain information about the crystal qua
of the entire GaN layer~the x-ray penetration depth in Ga
is on the order of 1mm! while the photoluminescence me
surements contain information only about the surface la
@the penetration depth of the exciting radiation and the
fusion length of the nonequilibrium charge carriers in G
do not exceed 0.25mm ~Ref. 11!#.

3.3. Effect of RHTA on low-temperature photoluminescence
in the impurity region of the spectrum near the
fundamental absorption edge

RHTA of GaN samples leads to a radical change in
form of the photoluminescence in the impurity region of t
spectrum at low temperatures.

In the case of unprotected GaN films, RHTA in N2

causes an abrupt increase~by more than a factor of 3! of the
maximum in the region of 3.41 eV and an additional ma
mum in the region of 3.29 eV~see Fig. 2, curveb!. This
effect is not observed after RHTA of GaN films with th
protective SiO2 coating ~see Fig. 2, curvec!. In the latter
case the maximum in the region of 3.41 eV has almost
appeared and the additional maximum is not seen.

RHTA of unprotected samples in an Ar atmosphere a
does not lead to an increase in the maximum in the regio
3.41 eV and the appearance of an additional maximum in
region of 3.29 eV~see Fig. 2, curved!.

To elucidate the nature of the photoluminescence ba
with maxima at\v53.41 and 3.29 eV we carried out a
additional study of the dependence of these bands on
temperature~see Fig. 3! and the photoexcitation intensit
~see Fig. 4!. The abrupt temperature dependence~the bands
almost disappear at 150 K!, the sublinear character of varia
tion of the photoluminescence intensity, and the shift of
maxima toward higher energies with increase of the pho
excitation intensity indicate that these levels are of the
purity type.

Previously, in the low-temperature spectra of GaN
maximum was observed in the region of 3.42 eV, which h
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usually been linked with recombination of free holes w
electrons localized at donor levels due to the presence
oxygen.12,13 It can thus be assumed that the abrupt growth
the photoluminescence line in the region of 3.41 eV af
RHTA in a N2 atmosphere is due to the presence of wa
vapor as the oxygen source. The invariability of the intens
of these lines after RHTA in an Ar atmosphere can then
attributed to a higher purity of Ar. However, the abov
expressed supposition cannot explain the disappearanc
the photoluminescence line in the region of 3.41 eV af
RHTA of GaN films which are protected by a SiO2 coating.
Thus, in our opinion, the nature of this line is still uncle
and requires further study.

The low-temperature photoluminescence line in the
gion of 3.287 eV is usually linked with the second-order ph
non echo of the excitonD0X band ~the LOx2 transition!.14

However, in this case the behavior of the photoluminesce
line with variation of the sample temperature and photoex
tation intensity should correlate with the behavior of theD0X
band itself, which is not confirmed by our experiments.

Apparently, the maximum in the region of 3.29 eV
associated with recombination of nonequilibrium electro
with holes localized at acceptor levels, as was observed
the authors of Ref. 15. Thus, the appearance of a maxim
in the region of 3.29 eV after RHTA of unprotected Ga
films in a N2 atmosphere may be caused by an increase in
concentration of acceptor levels. This assumption acco
with the results of Ref. 5, whose authors observed a decr
of the free electron concentration as a result of RHTA in
N2 atmosphere.

FIG. 3. Temperature dependence of the form of the photoluminesce
spectrum of GaN films after RHTA in a N2 atmosphere.T, K: 1 — 10, 2 —
50, 3 — 100,4 — 150.
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FIG. 4. Dependence of the intensity (I PL) ~a! and
position (\vm) ~b! of the photoluminescence lines o
the photoexcitation intensity (P).
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4. CONCLUSIONS

On the basis of the results of our experimental stud
we can thus draw the following conclusions:

1. RHTA of GaN films in both a nitrogen and an argo
atmosphere leads to an improvement of their crystal qua
~the spread in the lattice constant is decreased!.

2. RHTA of unprotected GaN samples leads to a
crease in the misorientation of the crystallites of which
GaN film is composed. In the case of RHTA of GaN film
protected by a layer of SiO2, on the other hand, the misor
entation of the crystallites is increased. This increase is p
ably due to the appearance of additional mechanical stres

3. RHTA of unprotected GaN samples leads to an abr
~by more than a factor of 5! growth of the photolumines
cence intensity over the entire spectral range. This is ap
ently connected with an increase of the external quan
yield caused by a growth of surface roughness of
samples. In the case of a GaN layer with a protective S2

film, the surface roughness does not vary even in the sma
amount, and an increase in the photoluminescence inten
is not observed.

4. The low-temperature photoluminescence spectra n
the fundamental absorption edge of GaN samples a
RHTA varies considerably:

a! a broadening of theD0X exciton band is observed
s

ty
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b-
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along with a low-energy shift by 224 meV in the case of
RHTA of unprotected GaN films, and a moderate narrow
and high-energy shift by 324 eV in the case of GaN films
protected by a layer of SiO2;

b! RHTA of unprotected GaN films in a N2 atmosphere
leads to a substantial increase in the intensity of impu
radiative transitions near the fundamental absorption ed
while RHTA of samples protected by a layer of SiO2 leads to
a significant decrease; no effect of RHTA on the impur
transitions was observed in an Ar atmosphere.
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Nitrogen divacancies — the possible cause of the ‘‘yellow band’’ in the luminescence
spectra of GaN
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A strong analogy is demonstrated between the well-known impurity complex NN1 in GaP
consisting of a pair of nearest-neighbor isovalent nitrogen impurity atoms in the nitrogen-doped
gallium phosphide lattice~GaP : N!, and the divacancy complex of nearest-neighbor
vacancies in the nitrogen sublattice of gallium nitride. This divacancy or complexes of this
divacancy with impurities may be the cause of the ‘‘yellow band’’ in the luminescence spectra of
GaN. This work was presented at a session of the Electrochemical Society~Paris, September
1997 by A. E. Yunovich, inProceedings of the Second Symposium on III-V Nitride
Materials and Processes,Electrochemical Society~Pennington, New Jersey, 1998!, Vol. 98-02,
p. 258. © 1998 American Institute of Physics.@S1063-7826~98!00710-8#
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One of the unresolved problems in the luminesce
spectra of gallium nitride is the origin of the so-called ‘‘ye
low band’’ ~see Refs. 2 and 3! and the references cite
there!. This band has a spectral maximum near 2.122.2 eV
and predominates in the luminescence of imperfect G
crystals. It is associated with some native defects or th
complexes in the GaN lattice. The theory of native po
defects in GaN was considered in Ref. 4. The experime
data on structural defects in GaN were analyzed in Ref
The absence of the yellow band or its low intensity relat
to the main blue edge band in the spectra is usually take
a criterion of perfection of GaN crystals and epitaxial film
However, the microscopic nature of this spectral band is
yet understood.

The luminescence spectra of heavily nitrogen-dop
gallium phosphide, GaP : N, were investigated in detail in
1960s and 1970s~see Ref. 6 and the references cited the!.
The properties of the solid solutions GaP12xNx were recently
investigated in Ref. 7.

The bright luminescence line with maximum at 2.18 e
and intense phonon echoes is clearly distinguished in
GaP : N spectra at temperatures belowT577 K and can be
seen up toT5300 K ~Fig. 1!. It has been identified with
recombination of the exciton bound in the complex NN1 of
nearest-neighbor isovalent atoms of the N impurity. Th
atoms replace P atoms at neighboring sites of the anion
lattice of the GaP sphalerite structure.8 In Ref. 9 it was
shown that the external quantum yield in the NN1 emission
band for GaP : N photodiodes reaches 27% atT560 K for
currents on the order of 1mA. Thus, the probability for the
recombination of an exciton bound in a NN1 complex is very
high.

We represent the structure of the NN1 complex as fol-
lows ~Fig. 2!. The central Ga atom has four neighborin
atoms at the sites of a deformed tetrahedron—two N ato
and two P atoms. Each of the four atoms has three m
tetrahedrally coordinated Ga atoms surrounding it. This
1051063-7826/98/32(10)/3/$15.00
e

N
ir
t
al
5.

as
.
ot

d
e

e

e
b-

s
re
-

tire complex is surrounded by the GaP sphalerite lattice w
width of the band gapEg(GaP)52.3 eV. The presence of N
atoms lowers the mass of the complex of 17 atoms relativ
the mass of the 17 analogous atoms in an ideal GaP lat

Let there be N vacancies (VN) in the GaN lattice and let
complexes of two nearest-neighbor vacancies be poss
We represent the structure of the complex~a divacancy! in
the following way ~Fig. 2!. The central Ga atom has fou
neighboring atoms at the sites of a deformed tetrahed
two N atoms and twoVN vacancies~instead of two P atoms!.
Each of these four sites has three more tetrahedrally coo
nated Ga atoms surrounding it. The complex is surroun
by a GaN wu¨rzite lattice withEg(GaN)53.4 eV.

Two of the vacancies are neutral, the same as with th
atoms in the preceding case. The presence of vacancies
ers the mass of the complex relative to the mass of the
analogous atoms in an ideal GaN lattice. The analogy
tween the two complexes is easily visualized. Figure 1 sho
spectra of the yellow band of the GaN luminescence,10,11

together with the luminescence spectrum of the NN1 lines in
GaP : N; the rather wide band is broadened by the electr
phonon interaction.

There are sufficient reasons to assume that the reaso
the appearance of the yellow band is recombination of e
tons bound in the complex of nitrogen divacancies in GaN
would be very interesting to validate this model by theore
cal calculations and various experiments.

In favor of this model we cite several well-known fac
about the formation of nitrogen vacancies and evaporatio
escape from the lattice of N2 molecules during heat treat
ments of GaN~see the original papers of J. Pankoveet al.12

and the more recently published papers~Refs. 13 and 14!. Of
course, the formation of divacancies is possible at high c
centrations of single vacancies. It is possible that their f
mation is energetically more favorable than formation of is
lated vacancies. This assumption is in line with the recen
4 © 1998 American Institute of Physics
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FIG. 1. a — Electroluminescence spectra of GaP : N, in which the NN1 bands predominate;6,9 T, K: 1 — 83, 2 — 120,3 — 160,4 — 200,5 — 250,6 —
293; I 510 mA. b — electroluminescence spectra of GaN manifesting the yellow band for direct currents in the tunnel emission region10 and under conditions
of ionization breakdown.11
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published calculations of the probability for the formation
pairs of vacancies in GaN~Ref. 15!.

In a real crystal divacancies can be filled either by ato
of the main lattice, with formation of GaN antisite defects, or
by impurities. In particular, they can be filled by neutr
donor–acceptor pairs. It is not clear what the charge stat
the complexes is under various conditions of doping, co

FIG. 2. Model of a cluster of 15 atoms1 2 nitrogen vacancies which form
a complex~divacancy! in the GaN lattice analogous to a cluster of 17 ato
which forms the NN1 complex in GaP : N.
s

of
-

pensation, and excitation. In Ref. 16 it was suggested
GaN antisite defects and the oxygen impurity participate
the formation of the yellow band. The answers to these qu
tions require detailed study.

In summary, the considered analogy between a comp
consisting of a pair of nearest-neighbor isovalent nitrog
impurities in GaP : N and a complex of nitrogen divacanc
in GaN, and also the luminescence spectra of these mate
suggest nitrogen divacancies and/or complexes of nitro
divacancies with impurities in GaN as a possible reason
the yellow band in the luminescence spectra of GaN.
validate this model, it would be advantageous to perfo
theoretical calculations of the energy spectrum of comple
of 17 atoms surrounded by a GaP or GaN lattice.

* !E-mail: yunovich@scon175.phys.msu.su
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A new recombination center in heavily doped GaAs : Zn grown by liquid-phase epitaxy
K. S. Zhuravlev, T. S. Shamirzaev,* ) N. A. Yakusheva, and I. P. Petrenko
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630090 Novosibirsk, Russia
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The photoluminescence properties ofp-GaAs : Zn~100! layers grown by liquid-phase epitaxy
from gallium and bismuth melts at various temperatures have been studied. It is shown
that a novel radiative recombination center is formed in these layers. The concentration of the
centers increases with the doping level in proportion to the concentration of free holes
raised to the power 5.3560.1. The exponent is independent of the growth melt~gallium or
bismuth! and the growth temperature. It is found that the center is a neutral complex consisting of
an antisite defect of gallium at an arsenic site and two arsenic vacancies. ©1998 American
Institute of Physics.@S1063-7826~98!00810-2#
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INTRODUCTION

Epitaxial layers of heavily zinc-doped gallium arseni
are widely used in the fabrication of photocathodes w
negative electron affinity and in the base layers of hetero
polar transistors~HBT!.1,2

To improve the main characteristics of HBT’s—the lim
iting frequency of the combined gainf T and maximum fre-
quency of generationf max, it is necessary to increase th
conductivity of the base layer, which is achieved by rais
the doping level of the latter. It is well known, however, th
raising the doping level inp-GaAs can lead to the formatio
of defects3 which, being recombination centers, shorten
lifetime of the nonequilibrium charge carriers. As a resu
the transmission coefficient of the HBT is lowered alo
with the characteristic frequenciesf T and f max.

1

Our goal was to identify the recombination cente
formed in GaAs as a result of heavy zinc doping. Acco
ingly, we investigated the photoluminescence~PL! of
GaAs : Zn layers prepared by liquid-phase epitaxy~LPE!
from gallium and bismuth melts.

EXPERIMENTAL PROCEDURE

Layers were grown on substrates of semi-insulat
GaAs~100! in two temperature intervals: from 708 to 650 °
and from 800 to 750 °C.1! The thickness of the layers wa
10215mm. The hole concentration (p) at room tempera-
ture, measured by the van-der-Pauw method~Hall factor was
assumed to be unity!, varied from 631017cm23 to
231019cm23 in layers grown from a gallium melt, and from
731017cm23 to 731019cm23 in layers grown from a bis-
muth melt. Details of the growth technique and electri
properties of the layers are given in Ref. 4. The depende
of the concentration of zinc atoms in the investigated lay
on the doping level was determined by secondary-ion m
spectroscopy~SIMS! on a Riber LAS-3000 setup equippe
with a quadrupole mass-spectrometer with resolut
M /DM52.1M . The samples were etched using O2

1 ions
with an energy of 10 keV. The concentration of zinc ato
1051063-7826/98/32(10)/5/$15.00
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was determined from the ratio of the intensities of the s
ondary ion fluxes64Zn1/75As1. The measurements were a
eraged over a layer with dimensions;0.530.5 mm2 and
thickness;1000 Å.

Stationary photoluminescence was measured in
wavelength range 0.7821.0mm on a setup assembled from
an SDL-1 double monochromator having gratings w
600 rulings/mm. Photoluminescence was recorded by a p
tomultiplier with anS1, photocathode operating in the ph
ton counting regime. To excite photoluminescence, we u
an Ar1 laser with wavelength 5145 Å and power dens
30 w/cm2.

EXPERIMENTAL RESULTS

Figure 1 shows photoluminescence spectra of GaAs
layers with various hole concentrations, grown
TG5800 °C from a gallium melt, measured at 77 K. In all
the spectra the band–acceptor recombination line (B) domi-
nates. A shoulder is observed in the long-wavelength limb
the B line, which becomes more pronounced as the dop
level is increased, and in a layer withp51.831019cm23

transforms into a line with Gaussian shape and maximum
1.35 eV, denoted in the figure as lineC. The energy position
of this line is close to that of the line due to transitio
through the levels of the deep acceptor associated with c
per (e, Cu!.5 The abrupt growth of the intensity of theC
line as the doping level is raised from 7.631018cm23 to
1.831019cm23 and the absence of the phonon echoes ch
acteristic of the (e, Cu! line, however, are surprising.5

To identify theC line we measured at various temper
tures the photoluminescence spectra of a layer with hole c
centrationp5231019cm23, in which this line is quite pro-
nounced. The spectra are shown in Fig. 2. It can be seen
as the temperature is raised from 300 to 190 K, the posi
of the maximum of theC line varies hardly at all, in contras
to the position of the (e, Cu! line, which varies by more than
20 meV in this temperature interval.5 In addition, the activa-
tion energy of quenching of theC line, found from the tem-
7 © 1998 American Institute of Physics
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perature dependence of the total intensity2! which is plotted
in Fig. 3, is equal to 4162 meV, which is much less than th
activation energy of quenching of the (e, Cu! line which is
equal to 140 meV~Ref. 5!.

Thus, the temperature dependence of the position of
C line and the activation energy of its temperature quench
indicate that this line is not associated with copper, but is
to recombination through levels of an unknown cen
formed in GaAs : Zn at high doping levels, which we ha
denoted as theR center.

Figure 4 shows photoluminescence spectra measure
77 K of layers with nearly the same hole concentratio
grown from a gallium melt (p51.831019cm23) and a bis-
muth melt (p52.131019cm23) at TG5800 °C. It can be
seen that the intensity of theC line is higher in the layer
grown from the gallium melt. At the same time, lowering t
epitaxy temperature fromTG5800 °C toTG5708 °C does
not lead to any changes in the shape of the photolumin
cence spectra of layers with the same doping level gro
from either the gallium melt or the bismuth melt.

To determine the connection between the intensity of
C line and the concentration of theR centers, we calculated
the ratio of the total intensity of theC line (I C) to the total
intensity of theB line (I B) at 77 K,S5I C /I B , in layers with
various doping levels. Since the fraction of nonequilibriu
charge carriers that recombine through levels of center

FIG. 1. Photoluminescence spectra of GaAs : Zn layers grown
TG5800 °C from a gallium melt. Measurement temperature 77 K. H
concentration in the layers:1 — 6.031017 cm23, 2 — 2.231018 cm23,
3 — 7.631018 cm23, 4 — 1.831019 cm23.
e
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proportional to their concentration, the ratioS is proportional
to the ratio of the concentrations of the recombinati
centers:7,8

S5a~NR /NA!. ~1!

HereNR andNA are the concentrations of theR centers and
shallow acceptors, anda is a factor which cannot be dete

t

FIG. 2. Photoluminescence spectra of a layer withp5231019 cm23,
measured at various temperatures.

FIG. 3. Temperature dependence of the total intensity of theC line in a
layer with p5231019 cm23.
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mined from the available data. We assumed that this facto
independent of the doping level. To ensure that this con
tion is satisfied, we measured the photoluminescence sp
at a sufficiently low power density of the exciting radiatio
that the intensity of the photoluminescence lines is prop
tional to the excitation intensity.

The dependence ofSon the hole concentration for layer
grown from gallium and bismuth melts is plotted in Fig.
for two different temperatures. The solid lines are fits
these dependences by functions of the form

Y5b•pg. ~2!

Figure 5 shows thatS is essentially independent of the ho
concentration at low doping levels, and that it increases r
idly with slope g54.4560.1 ~of the log–log plot!, which
does not depend on the growth conditions of the layers, w
the hole concentration exceeds a critical valuepcr equal to
531018cm23 for the layers grown from the gallium mel
and 131019cm23 for the layers grown from the bismut
melt.3! The value of the coefficientb also does not depend o
the epitaxy temperature and is equal to 1310211610 and
8310213610% for layers grown from gallium and bismut
melts, respectively. Consequently, changing the met
solvent~replacing gallium by bismuth! leads to a decrease i
NR by more than an order of magnitude in the layers w
hole concentration exceeding 131019cm23.

Using relations~1! and~2!, we obtain the functional de
pendence of theR-center concentration on the doping lev
in layers withp.pcr :

NR5~NA•S!/a'~b/a!NA•pg. ~3!

Figure 6 plots the ratio of fluxes of ionized zinc an
arsenic atoms obtained by SIMS, which is proportional to
concentration of zinc atoms (NZn),

10 versus doping level for
layers grown from a bismuth melt atTG5800 °C. It can be
seen that within the limits of accuracy of the determinat

FIG. 4. Photoluminescence spectra of layers grown atTG5800 °C: 1 —
from a gallium melt withp51.831019 cm23, 2 — from a bismuth melt with
p52.131019 cm23.
is
i-
tra

r-

p-

n

l–

e

of NZn the hole concentration increases linearly with incre
ing concentration of zinc atoms; consequently, we can
sume that

p;NZn;NA , ~4!

and we can write Eq.~3! in the form

NR;~b/a!pg11;~b/a!~NZn!
g11. ~5!

Using the value of the exponentg54.35, we find that in
layers with p.pcr grown from gallium and bismuth melt
the R-center concentration for the growth temperatures u
by us is proportional to the hole concentration raised to
power 5.35.

DISCUSSION

The power-law dependence of theR-center concentra-
tion on the doping level indicates that this center has a co
plicated makeup and is probably a complex consisting
native point defects~PD!, whose concentration, as we know
increases with doping level.11 Such complexes can also in
clude atoms of the dopant impurity;12 however, in the inves-
tigated layers the hole concentration depends linearly on
concentration of zinc atoms over the entire range of dop
levels examined, and this fact indicates that the impurity
oms form simple substitution acceptors and do not enter
the composition of the complex responsible for theR center.

To determine the possible composition of theR center,
we analyzed data on the variation of theR-center concentra-
tion as a function of the growth temperature, doping lev

FIG. 5. Dependence of the relative total intensity of theC band on the hole
concentration for layers grown from a gallium melt~1, 2! and a bismuth
melt ~3, 4! at two different temperatures:1, 3 —TG5708 °C, 2, 4 —
TG5800 °C.
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1060 Semiconductors 32 (10), October 1998 Zhuravlev et al.
and choice of metal–solvent. We also analyzed the result
electrical measurements in the investigated GaAs : Zn la
reported in Ref. 4.

1! The concentration ofR centers is independent of th
growth temperature. This means that the concentration
these centers is not proportional to the equilibrium conc
trations of point defects at the growth temperatures, whic
possible if the centers are formed not during epitaxy,
during cooling.11

2! The concentration ofR centers is lower in layers
grown from a bismuth melt. This suggests that point defe
enter into its composition, whose concentration falls wh
the gallium melt is replaced by a bismuth melt. Such defe
can be arsenic vacancies (VAs),

13 interstitial gallium (GaI),
or an antisite defect—gallium at an arsenic site (GaAs).

3! The degree of compensation of the investiga
GaAs : Zn layers, with doping level between 531017cm23

and 831019cm23, is independent of the melt—gallium o
bismuth—from which the sample was grown.4 At the same
time, the concentration ofR centers in layers with doping
level greater than 131019cm23 depends in a substantial wa
on the metal–solvent used to grow the layer. This fact s
gests that theR center is a neutral formation, i.e., both don
point defects and acceptor point defects should enter into
composition. This is extraordinarily surprising since it is cu
tomarily assumed that increasing the doping level inp-type
layers increases the concentration of donor point defects
lowers the concentration of acceptor point defects.11

The following scheme for the formation of an elect

FIG. 6. Ratio of zinc and arsenic ion fluxes in layers with different dop
levels atTG5800 °C.
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cally neutral complex explains all of the above experimen
data.

During epitaxy zinc is built into GaAs in two forms: as
substitution acceptor ZnGa

21 and as an interstitial donor ZnI
11

~Ref. 14!. Upon cooling, the zinc atoms located at interstic
are built into the gallium sites, pushing the latter out in
interstices,4! according to the well-known theory of Zn
diffusion in GaAs via the reaction15,16

ZnI
11�GaI

121ZnGa
21 . ~6!

It is energetically favorable for the interstitial gallium
atoms GaI

12 formed as a result of this reaction5 to interact
with an arsenic vacancyVAs

11 with formation of an antisite
defect GaAs

22 , which, in turn, by interacting with two arseni
vacancies forms a neutral complex (GaAs22VAs)

x:

GaI
121VAs

11�GaAs
2215h, ~7!

GaAs
2212VAs

11�~GaAs22VAs!
x,

whereh denotes a hole. The formation of a neutral comp
of point defects carrying charges of opposite sign is therm
dynamically favorable since the enthalpy of formation of t
complex is lower than the sum of enthalpies of formation
the individual charged defects.11

According to the law of mass action, starting with rea
tions ~6!–~8! and allowing for the fact that GaAs

x �GaAs
22

12•h, and thatp is proportional to the concentration o
shallow ionized acceptors ZnGa, it is possible to obtain an
expression which relates the concentration of complexe
the hole concentration:

NR;@~NGa
x !3/~NZn

2 !2#p6, ~9!

whereNGa
x is the concentration of the neutral antisite defe

GaAs
x , which depends only on the temperature,17 andNZn

1 . It
can be seen from Eq.~9! that the concentration of the com
plexes is proportional to the sixth power of the hole conc
tration, in good agreement with the value of the expon
(g1155.35) in expression~5! which relates the concentra
tion of theR centers to the hole concentration. The differen
between the power of the hole concentration in express
~9! and the exponentg11 in expression~5! is due to growth
of the concentration of interstitial donors ZnI

11 with increase
of the doping level.

CONCLUSION

In summary, we have established that a center of ra
tive recombination is formed in GaAs : Zn prepared
liquid-phase epitaxy. This center manifests itself in the ph
toluminescence spectra of layers with doping levelp.5
31018cm23 and p.131019cm23 for layers grown from
gallium and bismuth melts, respectively. As the doping le
is increased, the center concentration grows in proportion
the hole concentration raised to the power 5.3560.1, where
the exponent is independent of the epitaxy temperature in
range TG5800– 708 °C. Replacing the gallium melt by
bismuth melt leads to a change in the concentration of
centers by more than an order of magnitude. The experim
tal data are explained by assuming that the center is ele
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cally neutral complex which consists of an antisite defect
gallium at an arsenic site and two arsenic vacancies.

We wish to thank S. I. Chikichev for fruitful discussion
and V. G. Pogadaev for assistance with growing the epita
layers.
1!In what follows we will only indicate the epitaxy starting temperatu

(TG).
2!To calculate the total intensity of the lines we decomposed the spectra

their component lines with theC line described by a Gaussian curve an
the shape of theB line prescribed in accordance with calculations p
sented in Ref. 6.

3!The nonmonotonic character of the concentration dependence ofS is prob-
ably due to the presence in the photoluminescence spectra of some liX,
which strongly overlaps theC and B lines, whose intensity grows as th
doping level is increased. In layers with doping levelp,pcr the shoulder
in the B line is associated with theX line, and at higher doping levels th
intensity of theC line grows abruptly and it begins to dominate in th
region of the spectrum. TheX line can be, for example, the line with
maximum at 1.37 eV, which is associated with the ZnGa2VAs complex.9

4!Interstitial gallium atoms can also form during growth. However, this
fect has a high enthalpy of formation'6 eV ~Ref. 17!; therefore the con-
centration of interstitial gallium atoms formed during growth is mu
smaller than the concentration of interstitial zinc atoms.

5!In the treatment of reactions involving point defects it was assumed in
estimation of the variation of the Gibbs free energy (DG) associated with
the reaction that the variation of the entropy can be ignored and it ca
assumed thatDG>DH, whereDH is the variation of the enthalpy.17 Data
on the enthalpy of formation of native point defects were taken from R
17. The difference between the sum of enthalpies of formation of G1

12

1VAs
11 ('6.9 eV! and the enthalpy of formation of GaAs

22 ('3.4 eV! gives
a gain in energy'3.5 eV.
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Effect of In doping on the kinetic coefficients in solid solutions of the system
„PbzSn12z…0.95Ge0.05Te

S. A. Nemov, V. I. Proshin, and S. M. Nakhmanson

St. Petersburg State Technical University, 195251 St. Petersburg, Russia
~Submitted March 23, 1997; accepted for publication March 24, 1998!
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In the quaternary solid solutions (PbzSn12z)0.95Ge0.05Te (z50.35 and 0.40! the effect of addition
of indium ~in amounts of 5220 at. %! on the temperature dependence of the electrical
conductivitys, Hall coefficientR, Seebeck coefficientS, and Hall mobilityu is investigated on
samples prepared using powder technology. We found a monotonic dependence of the
hole density p on the indium contentNIn with a tendency toward saturation at a level
pmax'331021cm23, an abrupt drop in the mobility in samples withp'pmax, and changes
in the character of the temperature dependencesR(T) ands(T). We show that these peculiarities
in the behavior of the kinetic coefficients can be interpreted in terms of quasilocal indium
impurity states against the background of the valence band spectrum~with energy« In;0.3 eV)
and resonance hole scattering into these states. ©1998 American Institute of Physics.
@S1063-7826~98!00910-7#
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Tin telluride and germanium telluride and their mutu
solid solutions crystallize with a large deviation from stoich
ometry (;1 at. % or more! on the side of a chalcogenid
excess. The vacancies formed in the metal sublattice
electrically active—they deposit holes in the valence ba
The samples have typical hole concentrationsp;1020

21021cm23 ~Ref. 1!. For this reason, doping with impuritie
is an ineffective means of controlling the electrical propert
of these materials. The exception is indium, which combi
a huge solubility (;10 at. %! in IV–VI compounds with an
extraordinarily strong localization of the impurity electro
states.2 In the series of IV–VI compounds, indium creat
quasilocal impurity states against the background of the
lowed electron spectrum in the crystals. In SnTe and tern
solid solutions based on it, indium forms quasilocal sta
which are located deep within the valence band.3–5

It is of interest to examine the possibility for the exi
tence of such strongly localized indium states in the qua
nary solid solutions (PbzSn12z)12yGeyTe, in particular, in
connection with interesting properties of the superconduc
ity of thin layers of such systems.6,7

In the present paper we report the results of an exp
mental study of the electrical properties of solid solutio
with a fixed concentration of lead (z50.35 and 0.40! and
germanium (y50.05) and variable concentration of indiu
NIn (5220 at. %!. The composition of the samples corr
sponds to the formula@(PbzSn12z)0.95Ge0.05#12xInxTe. The
samples were polycrystals prepared by a powder techni
subjected to a homogenizing anneal. The compositions o
samples and their main electrical characteristics are liste
Table I. We investigated the temperature dependence of
electrical conductivity (s) and Hall (R) and Seebeck (S)
coefficients in the temperature interval 772400 K.

Judging from the sign of the thermal voltage and H
coefficient, all the samples possess a p-type conductiv
1061063-7826/98/32(10)/3/$15.00
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and their small values are evidence of high current-car
concentrations and strong degeneracy of the hole gas. N
that the variation of the Hall coefficient with growth ofNIn

probably reflects a change in the hole concentration in
valence band since it correlates with the variation of the th
mal voltageS ~see Fig. 1!.

Unfortunately, the energy spectrum of the quatern
solid solutions (PbzSn12z)12yGeyTe, so far as we know, ha
not been studied. Therefore, for estimates we used data
SnTe.8,9 According to Refs. 8 and 9 the values of the Ha
coefficient at 77 K (R77) give Hall concentrations close t
the true hole concentration. Therefore, in the investiga
solid solutions we determined the hole concentration fr
the R77 data asp5(eR77)

21 and the Hall mobility as
u(T)5R77s(T). The observed nonmonotonicity in the d
pendence of the hole concentrationp on NIn is probably con-
nected with fluctuations in the vacancy concentration in
metal sublattice of the solid solution (PbzSn12z)12yGeyTe.

Let us consider the data obtained by us. As can be s
from Table I and Figs. 1 and 2, with growth of the indiu
content in the samples the Hall coefficient decreases, the
hole concentration increases with increasing saturation a
level (223)31021cm23, the temperature dependence of t
Hall coefficient weakens, and the Hall mobilityu at 77 K
decreases radically~by 1.522 orders of magnitude!. In the
process, the nature of the temperature dependence of the
ductivity changes from a decreasing dependence~sample 1
with the lowest hole concentration; see the inset in Fig. 2! to
a monotonically increasing dependences(T) in the samples
with the largest indium content~see the inset in Fig. 2!.

The above-noted peculiarities in the behavior of the
netic coefficients with growth ofNIn and with penetration of
the Fermi level«F into the valence band of these quaterna
solid solutions are similar to those observed in lead cha
genides with a thallium impurity,2,10 and can also be ex
2 © 1998 American Institute of Physics
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TABLE I. Composition and electrical parameters of samples of the system of solid solutions@(PbzSn12z)0.95Ge0.05#12xInxTe.

Sample
Composition R, cm3/C s, V21

•cm21 S, mV/K u, cm2/~V•s!

No. z, at. % x, at. % 77 K 300 K 77 K 300 K 300 K 77 K

1 0.35 0.05 0.35 0.14 220 220 95 75
2 0.35 0.08 0.09 0.027 230 280 35 21
3 0.35 0.10 0.22 0.099 170 180 100 38
4 0.35 0.16 0.0039 0.0020 310 370 526 1.2
5 0.35 0.20 0.0020 0.0010 490 530 4 1.1
6 0.40 0.16 0.0025 0.0025 210 280 728 0.9
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plained by the existence of a band of quasilocal impu
states against the background of the spectrum of states o
valence band. In this model the nonlinear character of
dependencep(NIn) and its saturation are linked with the e
trance of the Fermi level into the band of indium states a
pinning of the Fermi level by the peak of the density
impurity states.

An estimate of the position of the indium level inferre
from the position of the Fermi level in the samples w
maximum hole concentration using SnTe band parame
gave« In;0.3 eV ~on the scale of the hole energies!.

The change in the shape of theR(T) curve for the
indium-doped samples may be due to a temperature shi
the « In(T) impurity level @if the coefficient ud« In /dTu is
small, then InR(T)'const in the above-considered mod
with a quasilocal indium level#.

It is logical to attribute the significant lowering of th
mobility in the samples with hole concentration

FIG. 1. Temperature dependence of the Hall coefficientR(T) in samples of
@(PbzSn12z)0.95Ge0.05#12xInxTe. Points correspond to experiment. The nu
bers labelling the dependences correspond to the sample numbers
table. The inset plots the dependence of the Seebeck coefficientS at 120 K
on the hole concentrationp ~points!; the dashed line plots the dependen
S;p22/3, which is valid for a quadratic dispersion relation for stron
degeneracy of the gas of current carriers; the cross is the data poin
sample 6.
y
the
e

d

rs

of

l

p;1021cm23 and Fermi level«F'« In to the activation of an
efficient additional scattering mechanism—resonance s
tering of holes into the band of quasilocal indium stat
Estimates of the mobility for resonance scattering, based
the expression for the relaxation time11

t res5
\gb~« In!

NIn
, ~1!

wheregb(« In) is the density of band states in the region
energies near the resonance level«'« In , give values
ures;1 cm2/(V•s), which are similar to the experimenta
values. Thus, resonance scattering can indeed be respon
for the experimentally observed hole mobilities
@(PbzSn12z)0.95Ge0.05#12xInxTe (z'0.3520.40) with large
indium content.

The experimental data obtained by us on the kine
phenomena in the quaternary solid solutio
(PbzSn12z)12yGeyTe : In can thus be explained in the fram
work of a model which assumes the existence of a band
quasilocal indium impurity states against the background
the valence band with energy« In;0.3 eV and resonance
scattering of holes into these states.

the

for

FIG. 2. Dependence of the Hall mobilityu on the hole concentrationp in
samples of@(PbzSn12z)0.95Ge0.05#12xInxTe at 77 K~points!. The dashed line
plots the dependenceu;p24/3, which is valid for the case of a strongly
degenerate hole gas and dominant impurity scattering mechanism, w
p'Nimp , where Nimp is the impurity concentration. The inset plots th
dependence of the conductivitys on temperature for samples 1 and 6.
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Differential methods for determination of deep-level parameters from recombination
currents of p – n junctions

S. V. Bulyarski , N. S. Grushko, and A. V. Lakalin
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Two techniques for determining the activation energies of centers that create deep levels in the
space-charge region~SCR! of p–n junctions are developed on the basis of the
Shockley–Read–Hall recombination model. The proposed techniques are based on a consideration
of recombination currents in the SCR for a low injection level. The first technique involves
a differential analysis of the reduced recombination rate]Rnp(U)/]U and the second technique
involves an analysis of the dependenceRnp

2 (U)/exp(qU/2kT). These techniques are used
to analyze the current–voltage characteristics of gold-doped siliconp12n diodes. The gold-
related deep center activation energies obtained from the current–voltage characteristics
are in good agreement with the available data in the literature. ©1998 American Institute of
Physics.@S1063-7826~98!01010-2#
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INTRODUCTION

Generation–recombination processes in the space-ch
region~SCR! of a p–n junction were first considered in Re
1. Using the statistics of recombination through a sim
two-charge Shockley–Read–Hall center, the authors of R
1 obtained a general expression for the recombination
rent density in the SCR~in the form of an integral over the
SCR of the recombination rate!. They were able to obtain
analytical expressions only for some particular cases for v
ous simplifying assumptions. The entire current–volta
characteristic~CVC! due to recombination currents in th
SCR of thep–n junction for a low injection level~LIL ! was
obtained in Refs. 2–6. Although complete agreement w
the results of numerical integration of the recombination r
was not obtained, some estimates may still be considere
satisfactory.5–7

The approach developed in Refs. 5 and 6 allows one
determine the activation energy of deep levels, and with
ditional information it also allows one to determine the ra
of capture coefficients or lifetimes in the quasineutral
gions. In comparison with the techniques of transient gen
tion of carriers in the SCR of thep–n junction @thermally
stimulated capacitance~TSC!,8 deep-level transient spectro
copy ~DLTS!9# which require measurements over a wi
temperature interval, an analysis of the recombination c
rent can be performed at some fixed temperature~e.g., room
temperature!. This leads to simpler measurements. On
basis of the method developed in Ref. 8 we developed
additional techniques of processing the recombination c
rent in the SCR for low injection levels. What sets this wo
apart is the use of the computer at every stage of the proc
from performing the measurements to producing the fi
result. The objects of study were gold-doped siliconp1 –n
diodes of commercial manufacture~D-220!. About these di-
odes~D-220! it is known that they are produced by an allo
technology, and the doping levels of thep1 and n regions
1061063-7826/98/32(10)/4/$15.00
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are constant~the p–n junction is sharp, as is confirmed b
the results of capacitance measurements. This choice
motivated by the fact that gold in silicon has been stud
extensively10 and can be used as a test of the proposed te
niques.

RECOMBINATION CURRENTS IN THE SCR AND
THE REDUCED RECOMBINATION RATE

Recombination currents in the SCR of ap–n junction
through simple two-charge deep centers are described by
expression6

i r5 (
m51

s qSw~U !cnmcpmni
2S expS qU

kT D21DNtm

2niAcnmcpm expS qU

2kTD1cnmn1m1cpmp1m

3
2kT

q~Udif2U !
, ~1!

wherew(U) is the width of the SCR,s is the number of deep
levels, S is the area of thep–n junction, n1m5Nc exp
(2 Emm/kT), p1m5Nv exp(2 Etpm/kT), cn and cp are the
electron and hole capture coefficients for capture by
given center averaged over all states,Nt is the concentration
of deep levels, andEt is the position of the deep level in th
band gap.Etn5Ec2Et , Etp5Et2Ev . Expression~1! holds
provided the following conditions are satisfied: the deep c
ters are uniformly distributed over the band gap, the lev
are discrete, the system is found in thermal equilibrium,
lumination is absent, and tunneling transitions and recom
nation are controlled entirely by thermal processes.4,5 Ex-
pression ~1! was derived on the basis of the Shockley
Read–Hall theory of recombination through a simple tw
charge center and differs somewhat from the express
derived in Ref. 1. This difference was discussed in detai
Refs. 4 and 7, and the derivation is given in Ref. 6; we w
5 © 1998 American Institute of Physics
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therefore not consider it here. The limits of applicability
expression~1! were also determined in Refs. 4–6. Each te
in expression~1! is the recombination current through th
corresponding (mth! deep level. Expression~1! can be rep-
resented in the form7

i r5
2kTw~U !Sni

Udif~u!2U (
m51

s amS expS qU

kT D21D
2zmexpS qU

2kTD1zm
2 11

, ~2!

where am5(n1m)/ni)cnmNtm and zm5(n1m /ni)Acnm /cpm

~here we have made use of the equalityn1mp1m5ni
2). The

dependencesUdif(U) and w(U) in Eqs. ~1! and ~2! can be
found from the capacitance measurements. Thus, only
parametersam andzm , which depend only on the nature o
the deep levels, on their concentration (cnm ,cpm ,Etm ,Ntm),
and on the material of the semiconductor (nj ), remain un-
known. Earlier it was proposed to analyze the recombina
currents with the help of the reduced recombination rateRnp

~Refs. 4–6!, which is defined as

Rnp~U !5

i r~U !expS qU

2kTD
Sw~U !ni S expS qU

kT D21D
Udif~U !2U

2kT
. ~3!

From Eqs.~2! and~3! the relation between this quantity an
the deep-center parameters is apparent:

Rnp~U !5 (
m51

s

Rnpm~U !5 (
m51

s amS expS qU

kT D21D
2zmexpS qU

2ktD1zm
2 11

.

~4!

If s51 ~one deep level!, then Eqs.~2! and~4! are described
by only two parameters, which can be found by the trial-a
error method. In general, the number of fitting parameter
2s. They can be found by the method of successive trial
error in each segment ofRnpm(U) for everymth deep center
and successive subtraction ofRnpm(U) from the curveR(U).
This procedure can be done graphically5,6 or automated.
Having determinedzm , we easily find for fixed temperatur

Etnm5
Eg

2
2kT ln zm1

3

4
kT ln

mn*

mp*
1

1

2
kT ln

cnm

cpm
. ~5!

The activation energy of themth deep level is determined t
the last term, which can be found by making measureme
at several temperatures.~For many centerscn /cp does not
exceed 102; thus atT5300 K (kT/2) ln (cn /cp) >0.06 eV.! In
addition,

am

zm
5S 1

cnmNtm
D 1/2

•S 1

cpmNtm
D 1/2

5Atn0m•tp0m . ~6!
he

n

-
is
d

ts

THE DIFFERENTIAL TECHNIQUE „­Rnp „U…/­U…

From Eq.~4! we find]Rnp(U)/]U. Differentiation gives

]Rnp~U !

]U
5

q

2kT (
m51

s am expS qU

2kTD ~zm
2 11!

S 2zm expS qU

2kTD1zm
2 11D 2 . ~7!

It is easy to see that the function~7! has maxima. To find
them we search for extrema:

]2Rnp~U !

]U2
5S q

2kTD 2

3 (
m51

s am expS qU

2kTD ~zm
2 11!S zm

2 1122zm expS qU

2kTD D
S 2zm expS qU

2kTD1zm
2 11D 3 50.

~8!

Since we have assumed that the recombination proce
proceed independently through each center, Eq.~8! is satis-
fied if each term in the sum is equal to zero~assumption of
the technique!. Thus

zm
2 1122zm expS qU0m

2kT D50, ~9!

m51,2, . . . ,s, whereU0m is the position of the maximum
for the mth term. Solving the quadratic equation forzm , we
find

zm5expS qU0m

2kT D1AS expS qU0m

2kT D D 2

21 ~10!

~we have chosen the root with the ‘‘1 ’’ sign!. If
exp(qU0m/2kT)@1, then

zm52 expS qU0m

2kT D . ~11!

Using expression~10! or ~11! for zm , we find Etnm using
formula ~5!. Substitutingzm

2 11 from Eq. ~9! in expression
~7!, we find that the amplitude of themth maximum,Am , is

Am5
q

2kT

am

8zm
. ~12!

Knowing zm , it is easy to findam or zm /am .
Thus, instead of findingam and zm , it is possible by

expandingRnp into its components to construct the depe
dence]Rnp(U)/]U and findzm and zm /am from the posi-
tions of the maxima (Uom) and the value of the function a
these points. Next, using Eqs.~5! and ~6!, we can calculate
the required parameters.

The given technique has two important advantages
comparison with the technique proposed in Ref. 5, wh
analyzes ]g(U)/]U and g(U)5(2kT/q)](lnRnp(U))/]U:
first, it is necessary to construct only the first derivative
Rnp(U), and not the second, and second, the positions of
maxima in the first derivative are determined more ac
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rately than in the second since the numerical ‘‘noise’’ in t
first derivative is always less than in the second.

THE „Rnp
2
„U…/exp „qU/2kT … TECHNIQUE

The differential technique described above has one
advantage: numerical differentiation of the experimen
points ]Rnp(U)/]U leads to an increase in the level of n
merical noise in the curve]Rnp(U)/]U, which complicates

FIG. 1. Separation of the reduced recombination rate into its compon
(T5297 K!.
xi

en
ri
er
s-
l

the search forU0m substantially. Therefore, we propose a
other approach. We introduce the functionL(U) as follows:

L~U !5
Rnp

2 ~U !

expS qU

2kTD . ~13!

This function has maxima. To find them, we search
extrema:

]L~U !

]U
5

]

]U S Rnp
2 ~U !

expS qU

2kTD D 5

2Rnp

]Rnp

]U
2Rnp

2 q

2kT

expS qU

2kTD 50.

~14!

Using Eq.~7!, we obtain

2
q

2kT (
m51

s am expS qU0m

2kT D ~zm
2 11!

S 2zm expS qU0m

2kT D1zm
2 11D 2

2
q

2kT (
j 51

s a j expS qU0 j

2kT D
2z j expS qU0 j

2kT D1z j
211

50. ~15!

Keeping track of the summation indices and reducing
left-hand side of Eq.~15! to a common denominator, w
obtain

ts
(
m51

s 2amexpS qU0m

2kT D ~zm
2 11!2amexpS qU0m

2kT D S 2zmexpS qU0m

2kT D1zm
2 11D

S 2zmexpS qU0m

2kT D1zm
2 11D 2 50. ~16!
on

Ac-
-

As above, we assume that Eq.~16! is satisfied if each term is
equal to zero. Then

zm
2 1122zmexpS qU0m

2kT D50, ~17!

m51,2, . . . ,s, which exactly coincides with Eq.~9!, and the
roots of this quadratic equation inzm are given by formula
~10! or ~11!. However, in the analysis ofL(U) the parameter
am cannot be determined from the amplitude of the ma
mum or in any other way@see Eq.~13!#. Thus, by analyzing
L(U) it is possible only to findzm and then determineEtnm

using formula~5!.
In comparison with the previous technique, the giv

technique has the advantage that it does not use nume
differentiation; its disadvantage is that it allows one to det
mine only the parameterzm .
-

cal
-

RESULTS OF ANALYSIS OF THE CURRENT-VOLTAGE
CHARACTERISTICS OF Si : Au– p 1 – n DIODES
AND DISCUSSION

Current–voltage characteristics of a gold-doped silic
p1 –n diode ~D-220! were measured atT5297 K ~24 °C!.
The reduced recombination rateRnp(U) was calculated ac-
cording to formula~3! for each voltage~Fig. 1!. Udif(U) and
w(U) were found in the usual way11 from the results of
capacitance measurements plotted in the same figure.
cording to formula~4!, Rnp(U) was expanded into its com
ponents by the method of successive trial and error~numeri-
cal search! of the parametersam and zm (m51,2) ~each
‘‘ledge’’ is described by the pairam and zm ; see Fig. 1!.
From the parameter valuesz1 andz2 the activation energy of
the deep levels is calculated using formula~5!:

Etn
150.3310.01• ln

cn
1

cp
0

; Etn
250.5310.01• ln

cn
0

cp
2

. ~18!
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Since cn
1 , cp

0 , cn
0 , and cp

2 are known @ ln(cn
1/cp

0)'1,
ln(cn

0/cp
2)'0.4; Ref. 10#, we can determineEtn

1 and Etn
2 ex-

actly; however, in general~if the capture coefficients are no
knowna priori! we can only make an approximate estima
From the expansion ofRnp(U) into its components we ob
tain Etn

1'0.34 eV andEtn
2'0.53 eV, which are in good

agreement with the results of other studies.10 @As is well
known,10 gold impurity in silicon forms two deep levels i
the band gap: 1! an acceptor levelEt5Ec20.55 eV; for
T5300 K sn

051.7310216cm2 and sp
251.1310214cm2;

and 2! a donor level Et5Ev10.35 eV; for T5300 K
sn

156.3310215cm2 andsp
052.4310215cm2#.

Let us now apply the differential expansion technique
Rnp(U). The derivative]Rnp(U)/]U is plotted in Fig. 2.
There are two maxima atU0150.06 V andU0250.44 V. We
find z1 andz2 from formula~10! and calculate the activatio
energy of the deep levels from formula~5!:

Etn
150.3310.01 ln

cn
1

cp
0

; Etn
250.5210.01• ln

cn
0

cp
2

. ~19!

The result of processingRnp(U) using the second techniqu
@L(U)# is plotted in Fig. 3. The first maximumU01 does not
show up, but we findU0250.43 V. Using Eqs.~10! and ~5!,
we calculate the activation energy of the deep levels

FIG. 2. Derivative of the reduced recombination rate with respect to
voltage (T5297 K!. Maxima at 0.06 and 0.44 V.
.

o

Etn
150.3310.01• ln

cn
1

cp
0

. ~20!

It can be seen that results~18!, ~19!, and~20! coincide within
0.01 eV with the results of Ref. 10.
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Experimental corrections for the hot hole distribution function in germanium in crossed
electric and magnetic fields

V. N. Tulupenko
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A procedure for finding corrections for the hot hole distribution functions obtained from
absorption measurements on intersubband transitions of hot heavy and light holes in germanium
in crossed electric and magnetic fields is proposed. This procedure is based on the multiple-
valued dependence of the absorption on the photon energies of transitions from light holes to a
subband split off as a result of the spin–orbit interaction. Taking these corrections into
account improves the agreement between the gain for direct optical transitions between the light
and heavy hole subbands calculated from measurements of the absorption in the near-
infrared and direct measurements in the far-infrared. ©1998 American Institute of Physics.
@S1063-7826~98!01110-7#
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The problem of determining the hot heavy-hole~HH!
and light-hole~LH! distribution functions in germanium ha
arisen in conjunction with the necessity of experimenta
estimating their degree of inverse intersubband redistribu
in crossed electric and magnetic fields1 in the far-infrared.

It is known that the structure of the valence band
germanium~Fig. 1! consists of three subbands:~HH! «1,
~LH! «2, and the subband«3 split off as a result of the
spin–orbit interaction. The magnitude of the splitting fork
50 is 0.29 eV; i.e., the subband«3 is almost empty at low
temperatures. The fact that the valence band has such a s
ture allows one to determine the distribution functions of
hot heavy and light holes using the following technique.

As is well known,2 the absorption occurring as a resu
of intersubband direct transitions of holes is written as

a i j ~hn!5
2e2\uP̄i j ~k!u2k@ f i~« i !2 f j~« j !#

pcm0
2nhn~]« i /]k22]« j /]k2!

, ~1!

where n is the index of refraction,c is the speed of light,
f b(«b) is the distribution function of holes in the subban
«b (b is the number of the subband;b5 i , j 51,2,3),
uP̄i j (k)u25(m0

2k2/\2)W̄i j (k) is the square of the modulus o
the matrix element of the momentum operator averaged o
directions of the wave vectork, and r(k)5(k/2p)
3(]« i /]k22]« j /]k2) is the reduced density of states of th
i th and j th subbands, which is found from their dispersi
relations. According to Ref. 2, for smallk ~which corre-
sponds to the far-infrared for direct optical transitions b
tween HH and LH subbands! the transition probability
W̄i j (k) can be assumed constant and the absorption for
transitionsi→3 can then be written in the simpler and mo
convenient form for practical applications

a i35B~l! f i~«!. ~2!

Here l is the wavelength of the radiation corresponding
the i→3 transitions, andB(l) is a coefficient. Comparing
the absorption coefficientaT measured under equilibrium
1061063-7826/98/32(10)/3/$15.00
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conditions at a temperatureT with the absorption coefficien
a measured in the presence of electric (E) and magnetic (B)
fields, we can then determine the distribution function in t
i th subbandf (« i) from the relation

aT

a
5

f T~« i !

f ~« i !
, ~3!

where f T(« i) is the equilibrium ~Boltzmann! distribution
function at the temperatureT. The experiment measures th
modulation of the absorption in crossed electric and m
netic fields Da(l) and, consequently,a(l)5a0(l)
1Da(l), where a0(l) is the absorption measured und
equilibrium conditions (E5B50) at the temperature of the
experimentT0.

An analogous procedure was used earlier to determ
the heavy-hole distribution function3,4 in strong electric
fields without a magnetic field. As for the light holes, som
comments are in order. First, the reduced density of state
subbands 2 and 3 (]«2 /]k22]«3 /]k2) for «2'0.09 eV has
a singularity—the slopes of subbands 2 and 3 are identi
This leads to a rapid growth ofa23(l) with increase of the
electric field due to the resulting increase in the number
light holes in the region of the singularity. Second, broad
ing of the absorption due to intense emission of opti
phonons by holes in subband 3 becomes noticeable in c
parison with the width of the absorption peak for the 2→3
transitions. Third, the dependencehn23(«2) is not one-to-one
~see the inset in Fig. 1!, which is especially important when
determining the distribution function in strong electric field
Nevertheless, as was shown by direct calculations in Re
for the case in which only an electric field is applied to t
sample, the light-hole distribution function in the range
energies below the optical phonon energy«0 («2,«0),
which corresponds to transition wavelengthsl2354.2
24.5mm ~the so-called passive region!, can be found quite
accurately if the mean hole energy is not too lar
(^«2&<«0). In this case, the above-enumerated factors
9 © 1998 American Institute of Physics
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not too important and the proposed scheme for determin
the distribution function remains valid for light holes. Th
condition leads directly to measurements in crossed ele
and magnetic fields, where the magnetic field prevents
light holes from acquiring a large energy, and our expe
ments in electric fields up to 2 kV/cm again confirm the v
lidity of the conclusions drawn in Ref. 5.~For a more de-
tailed treatment of the determination of the light-ho
distribution function in crossed fieldsE'B, see Refs. 6 and
7!.

However, in the course of the experiments the neces
arose to determine the light-hole distribution function in t
passive region and in stronger electric fields. Here the m
energy of the light holes becomes greater than the op
phonon energy and the absorption coefficient for the 2→3
transitions is a multiple-valued function of the energy of t
light holes, including in the passive region. As is shown
the inset in Fig. 1, the absorption measured in the exp
ment,a2exp[a2, can be written as a sum of two componen

a2ul5a2~«28!ul1a2~«29!ul , ~4!

wherea(«28) is the light-hole absorption on the left side
the dependencehn23(«2), anda(«29) is the light-hole absorp-
tion on the right side for the same photon energyhn ~wave-
lengthl). Thus, to correctly determine the light-hole dist
bution function it is necessary to estimate the contribution
high-energy holes with energy«2>0.09 eV toa2exp. Results
of our experiments indicate a way in which to do this. T
method can be described as follows.

It follows from the form of the dependencehn23(«2)
that the range of energies«29 which can contribute to the
absorption coefficient for the energies«28 extends from 0.09
to 0.13 eV. For«29.0.13 eV the energy of the photons a
sorbed by the light holes corresponds to the spectral ra
for the 1→3 transitions near«150. Thus, in strong electric
fields the heavy-hole absorptiona1 can also be written as th
sum of two terms, by analogy with expression~4!,

FIG. 1. Structure of the germanium valence band~shown schematically!.
The inset plots the photon energy for the 2→3 optical transitions as a
function of the light-hole energy.
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a1ul5a1~«1!ul1a2~«29!ul . ~5!

Analysis of the heavy-hole distribution function confirm
this assumption. Figure 2 plots the logarithms of the lig
and heavy-hole distribution functions for different electr
field strengths. In fields up to 2 kV/cm lnf(«1) is rectilinear
in the passive region. At the same time, forE53.2 kV/cm
and, more visibly, forE53.8 kV/cm, lnf(«1) exhibits a ten-
dency to increase at lower energies. Since there are no ph
cal reasons explaining this fact if we only consider hea
hole subbands, it is logical to assume that it is associa
with the contribution of high-energy light holes to the me
sured absorptiona1ul . Thus it is obvious that rectilinea
extrapolation of the logarithm of the heavy-hole distributi
function into the low-energy region corresponds to its act
values. Next, we use a procedure that is the reverse of re
structing the distribution function to find the true heavy-ho
absorption from the known heavy-hole distribution functi
f 8(«1), i.e., from its values obtained by extrapolation in
the low-energy region

a1~«1!5
f 8~«1!aT

f T~«1!
. ~6!

From Eqs.~5! and~6! we find a2(«29). Assuming thatf («29)
is the Boltzmann distribution function with temperatureTh ,

f ~«29!5A expS 2
«29

kTh
D , ~7!

and that all the experimental data and the Monte Carlo
culations confirm this assumption,8 we can reconstructf («29)
in explicit form from the two equations~7! ~for the two val-

FIG. 2. Distribution functions of the light holes~1! and heavy holes~2!.
T0510 K; B52.2 T; p51.631015 cm23.
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ues of the energy«29) for the two unknown valuesA andTh .
Descending into the energy region 0.0920.13 eV, we can
then find the contribution of the high-energy light holes
the experimentally measured light-hole absorption at a gi
photon energy. Next, from Eq.~4! we find the ‘‘true’’ ab-
sorptiona(«28) and we findf 2(«28) by the usual technique
The dashed lines in Fig. 2 plot the light-hole distributio
function with these corrections taken into account.

Calculations of the light-hole and heavy-hole distrib
tion functions by the Monte Carlo method8 for the conditions
realized in our experiments confirmed the validity of t
above-described technique for taking into account the con
bution of high-energy light holes to the measured light-h
and heavy-hole absorption. The difference in the gain
2→1 intersubband transitions in the far-infrared calcula
on the basis of the corrected light-hole and heavy-hole
tribution functions from its value determined by dire
measurements9 does not exceed 10%. Ignoring these corr
tions leads to an increase in the divergence from 30 to 6
in the dependence on the applied electric field and the h
concentrations.
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Influence of nonuniform spatial distribution of nonequilibrium carriers on the edge
emission spectra of direct-gap semiconductors
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It is shown that for high single-photon excitation intensities the nonuniform distribution of the
nonequilibrium carriers with depth strongly influences the ratio of intensities of different
bands and can lead to almost complete suppression of the bands of an electron–hole plasma in
the edge emission spectra of crystals. The spreading length of the nonequilibrium electron-
hole plasma is estimated. ©1998 American Institute of Physics.@S1063-7826~98!01210-1#
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Calculations~see Refs. 1 and 2! show that a nonuniform
distribution of nonequilibrium electron–hole~EH! pairs over
a crystal distorts the spectra of the series of recombina
emission bands in direct-gap semiconductors. In some ca
one can even expect conversion of one spontaneous emi
band into several seemingly independent bands.

A nonuniform distribution of nonequilibrium electron
hole pairs with depthn(x) arises for single-photon excitatio
of semiconductors.3 However, there have been no studies
the influence of the profilen(x) on the edge emission spect
of direct-gap compounds under conditions of strong sing
photon excitation, when various forms of interactions app
in the ensemble of nonequilibrium carriers and nonlinear
combination mechanism are brought into play.

It is convenient to consider this question in the cont
of a specific semiconductor material. Figure 1 plots the c
culated dependencen(x) for two values of the interband ab
sorption coefficient k1553104 cm21 and k252
3104 cm21 and the case of strong stationary single-pho
excitation of a half-infinite sample of zinc telluride. In th
approximation of direct interband transitions, the chosen v
ues of the absorption coefficients correspond to excitatio
crystals by a nitrogen laser with photon ener
hnex53.68 eV and a dye laser with photon energyhnex

52.58 eV. The calculations were based on the technique
scribed in Ref. 3 using the concentration dependence of
lifetime of the electron–hole pairs given in that work. Th
absorption quantum yield and reflection coefficient of t
crystals were taken to be 1 and 0.3, respectively. The di
sion length at low electron–hole concentrations w
L050.5mm, and the temperatureT55 K.

In the surface regionx, l 1 ,l 2, in which the condition of
the Mott transition is satisfied andn.nex

M.1.431017cm23

~Ref. 4!, the electron–hole plasma~EHP! is responsible for
the edge emission of zinc telluride; forx. l 1 ,l 2 mainly ex-
citons are responsible for the emission. The volumes of
regions occupied by excitons are greater than the volume
the regions occupied by electron–hole plasma. Theref
there are insufficient grounds to expect that the EHP em
sion band dominates in the edge emission spectra of
1071063-7826/98/32(10)/3/$15.00
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samples. However, it follows from Fig. 1 that as the phot
energy of the exciting radiation is decreased from 3.68
2.58 eV, the volume of the region occupied by the electr
hole plasma will increase by roughly a factor of 2.5. T
volume of the region occupied by excitons will increase to
significantly lesser extent. Therefore, it may be expected
when the crystals are excited by radiation withhn52.58 eV,
the relative intensity of the band of the surface electron–h
plasma in the peak-normalized recombination emission sp
tra will grow.

In the calculations and in what follows we take into a
count that to obtain the same concentration of electron–h
pairs at the boundaries of the samples,n0, for different val-
ues of hnex the intensity of the laser radiation should b
increased by roughly a factor of 2.5, and the power den
Pex, by roughly a factor of 1.8 in the case of dye-laser e
citation (hnex52.58 eV!.

To test the above hypothesis we studied experiment
the recombination emission of intentionally undoped bu
single crystals of zinc telluride for the indicated photon e
ergies of the exciting radiation. Luminescence was exci
by a nitrogen laser (hnex53.68 eV! and a dye laser (hnex

52.58 eV! from freshly cleaved samples and studied w
the help of a stroboscopic recording system. To reduce
influence of induced emission and to minimize the influen
of nonuniformity of the distribution of electron–hole pai
over the excited surfaces on the luminescence spectra
emission was recorded in a direction approximately norm
to the excited surfaces from the center of the excitation sp
The spectral width of the monochromator slit was 0.3 me
the diameter of the excitation spot was;0.2 mm, and the
temperature was 5 K.

In the recombination emission spectra of crystals exci
by photons with energyhnex53.68 eV, a new band with
maximum nearhn52.37 eV appears and develops on t
long-wavelength side of the bound-exciton lineI 1 ~Fig. 2,
curves1 and2!. It has a complicated contour, which varie
with variation of the excitation intensity. For excitation b
photons with energyhnex52.58 eV another band with maxi
mum nearhn52.36 eV develops on the long-waveleng
2 © 1998 American Institute of Physics
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limb ~curves3 and 4!. In some crystals the intensity (I ) of
this band can even exceed the intensity of the 2.37-eV b
These results are in good agreement with the known exp
mental data.5,6

Under excitation conditions withhnex52.58 eV and
Pex52 MW/cm2 lower concentrations of nonequilibrium
electron–hole pairs were reached near the excited surf
than for excitation with hnex53.68 eV and Pex

53 MW/cm2. Therefore, the luminescence of the 2.36-e
band athnex52.58 eV cannot be due to the development o
new recombination mechanism characteristic of an ensem
of nonequilibrium carriers with higher density. This is al
indicated by the fact that under excitation withhn53.68 eV
this band is not destroyed even up to the point at which
excited surfaces of the samples are destroyed.

The depth of the region occupied by the ensemble
nonequilibrium electron–hole pairs is small and does
vary substantially ashnex is decreased. For this reason, it

FIG. 1. Calculated dependence ofn(x) for T55 K andL050.5mm. 1 —
hnex53.68 eV,Pex53 MW/cm2; 2 — hnex52.58 eV,Pex55.4MW/cm2.

FIG. 2. Emission spectra of ZnTe crystals atT55 K. hnex eV: 1, 2 — 3.68;
3, 4 — 2.58.Pex , MW/cm2: 1 — 1.5, 2 — 3, 3 — 2.7, 4 — 5.4.
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not possible to link the band at 2.36 eV exclusively wi
induced emission at the frequencies of the 2.37-eV band

It follows from an earlier analysis~Fig. 1! that the
2.36-eV band is due to recombination of charge carriers
the surface EHP, whose volume increases significantly
hnex drops from 3.68 to 2.58 eV. In the case of excitation
a nitrogen laser, because of its small volume, the EHP p
ticipates only in the formation of the long-wavelength lim
of the band at 2.37 eV, although substantially greater val
of n0 are reached in this case than forPex51 MW/cm2 and
hnex52.58 eV, for which it shows up clearly in the spectr

In the foregoing discussion, I presented a simplifi
analysis of the influence of nonuniformity of the nonequili
rium carrier distribution on the edge emission spectra
direct-gap semiconductors under intense laser excitatio
assumed that the EHP can have only one emission ban
reality, the situation is somewhat more complicated. T
electron–hole plasma in ZnTe crystals, like free excitons
CdS crystals~see Ref. 7!, has two bands under conditions o
recombination with creation of mixed plasmon–phon
modes. The band at 2.36 eV is due to recombination
electron–hole pairs with creation of mixed plasmon–phon
modesL1 , and the band near 2.37 eV is due to recombi
tion of electron–hole pairs in the EHP with creation ofL2

modes~see Ref. 4!. It overlaps the bands due to excito
recombination with creation ofL2 modes and inelastic
exciton–exciton collisions and is masked by them and is
resolved in the emission spectra of the investigated samp

Thus, this work shows that at high densities of sing
photon excitation the nonuniform distribution of nonequili
rium carriers with depth exerts a strong influence not only
the contours of individual bands, but also on the ratio of
intensities of different bands in the edge emission spectr
direct-gap crystals. When nonequilibrium electrons are
cited deep into the conduction band, large values of the
terband absorption are reached. This absorption may lea
masking and even to almost complete suppression of
emission bands of the electron–hole plasma.

Let us finally consider an important fact. In Ref. 8 it wa
found that in crystals of cadmium sulfide entrainment of no
equilibrium excitons by phonons disappears for exciton li
times tex&231029 s. The calculations ofn(x) disregarded
spreading of the nonequilibrium electron–hole pairs as a
sult, e.g., of the phonon wind~see Ref. 9!. Clearly, if the
spreading length constant of the electron–hole pairs in
surface EHP exceedsl 0;3k2

21;1 mm in the approximation
of exponential depth distributionsn(x), the edge emission
spectra and consequently also the spatial distribution of
electron–hole pairs in the EHP could not depend so stron
on the photon energy of the exciting radiation. Therefore,
the basis of the above-mentioned data,8 calculations of the
depth distributionsn(x),3 and the preceding study we ca
conclude that at low temperatures the nonequilibriu
electron–hole plasma in II–VI compounds with lifetimes
the electron–hole pairs;10210s has a spreading length con
stant no greater than 1mm.
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Plasma processing of single-crystal wafers of gallium arsenide and gallium phosphide is
employed to obtain thin wideband layers. The spectral dependence of the photoluminescence of
the layers and of the photosensitivity of the corresponding layer/substrate structures is
investigated. An analysis of the results of these studies gives us reason to believe that the described
process leads to replacement of arsenic and phosphorus atoms by nitrogen and to the
formation of wideband layers of solid solutions on the surface of the indicated semiconductors.
© 1998 American Institute of Physics.@S1063-7826~98!01310-6#
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INTRODUCTION

It is generally known what importance nitrides of grou
III elements have acquired since Nakamura and cowork
demonstrated the efficiency of GaN-based optoelectro
devices.1 GaAs and GaP are frequently used as the substr
for growing epitaxial GaN layers and heterostructures ba
on it. An important element of the technology here is t
operation of preliminary nitrogen treatment of the substr
surface, performed in a nitrogen plasma discharge. The e
tronic properties of the arising transitional layer have n
been adequately investigated. In the present article we re
the results of a study of the photoelectrical properties
photoluminescence of layers formed on the surface of sin
crystal GaAs and GaP substrates during treatment in a n
gen gas discharge plasma.

SAMPLES

Single-crystal wafers ofn-GaAs andn-GaP oriented
in the ~100! plane with free electron concentratio
n51017cm23 were subjected to nitrogen treatment atT
5300 K. For this purpose, the wafers were placed in
screened cavity in a metal vacuum chamber with vacuum
the order of 231026 Torr. In the first stage of the proces
hydrogen was admitted to the chamber at pressures u
those permitting a stable constant-current gas discharge,
which the GaAs or GaP wafer was processed in a hydro
plasma at temperatures of about 50 °C for 5 min. Imme
ately after this procedure, the chamber was flushed with
trogen and at pressures about 831022 Torr an rf discharge a
a frequency of 13.6 MHz was ignited. The temperature of
1071063-7826/98/32(10)/2/$15.00
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wafers was raised to 500 °C and they were processed
20 min with the current through the plasma equal
30240 mA.

PHOTOELECTRIC PROPERTIES OF LAYER/SUBSTRATE
STRUCTURES

Immediately after creation of the layers we measured
photoelectric properties of the structures. Toward this e
samples were cleaved from the structures having mean
mensions of 23230.3 mm. After ohmic contacts of pur
indium were created on the layers and on the substrates
substrates were mounted in the housings of mass-prod
diodes.

Illumination of such structures by unfiltered or mon
chromatic focused radiation~with a diameter of 0.1 mm!
from the side of the layers and from the side of the substra
resulted in the appearance of a photovoltaic effect. In al
the investigated structures the sign of the photovoltage
independent of the spectral composition of the light and
energy of the incident photons and also the location of
light probe on the surface of the structures. This suggests
separation of photogenerated pairs takes place in a si
active region that arises as a result of the formation of
layer on substrates of the two different semiconductor co
pounds. The photosensitivity of such structures is maxim
when they are illuminated from the side of the layers and
the better structures reaches 104 V/W at T5300 K.

Typical spectral curves of the relative quantum ef
ciency of photoconversion, defined as the ratio of the sh
circuit photocurrent to the number of incident photons, a
plotted in Fig. 1 ~curves 1 and 2!. The long-wavelength
5 © 1998 American Institute of Physics
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boundary of the photosensitivity of the structures is de
mined by the substrate material. In the case of layer/G
structures, the long-wavelength growth of the quantum e
ciency is exponential with semilog slope equal tos540
250 eV21. The spectral position of the long-waveleng
edge of the photosensitivity of these structures may be du
direct interband transitions in gallium arsenide. With grow
of the photon energy over the wide spectral ran
1.722.7 eV, the photosensitivity remains nearly consta
which indicates a low level of optical absorption of the lay
in the indicated spectral range, on the one hand, and a
efficiency of separation of photogenerated pairs in the e
tric field of the layer/GaAs heterojunction, on the other. T
full width of the photosensitivity spectra of such structures
half-maximum~FWHM! d1/2 reaches 2.2 eV. The wideban
character of the photoconversion taking place in these st
tures indicates that the layer is a wideband layer relative
the substrate material~GaAs!, and that the interface region o
these structures is of high quality. Note that when th
structures are illuminated from the side of the 0.3-mm-th
substrates, the photosensitivity spectrum transforms in
narrow selective spectrum (d1/2525235 meV! due to abrupt
growth of the optical absorption as the photon energy
proaches the width of the GaAs band gap.

Layer/GaP structures~see Fig. 1, curve2! also manifest
wideband photosensitivity when illuminated from the lay
side. The lower value ofd1/250.9 eV is due to the large
band gap of GaP relative to GaAs, which also causes a
able shift of the long-wavelength edge of the photosensitiv
of the layer/GaP heterojunctions toward higher photon en
gies. The spectral contour of the long-wavelength edge of
photosensitivity of these structures is governed by absorp
in GaP and is characteristic for gallium-phosphide pho
converters.2,3 The main peculiarity of these photosensiti

FIG. 1. Spectral dependence of the relative quantum efficiencyh of GaAs/
layer ~1! and GaP/layer~2! heterocontacts at 300 K and photoluminescen
of the layers in GaAs~3! and GaP~4! at 80 K. Spectra1 and2 were obtained
for illumination from the layer side.
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structures based on two different binary compounds w
widely different band gaps is the fact that the onset of
short-wavelength falloff is localized about a common phot
energy\v above 3.4 eV. This circumstance may be due
the effect of absorption in thin wideband layers, for whi
the width of the band gap is similar for different structur
and exceeds the width of the band gap of the substrate
terials. Growth of the width of the band gap in the laye
relative to the initial substrates, with allowance for the sp
cial features of the growth process developed by us, may
a consequence of replacement of As or P atoms in the
strates by nitrogen atoms.

PHOTOLUMINESCENCE OF THE LAYERS

Typical spectral curves of the photoluminescence~PL!
of the layers formed during the implemented production p
cess on the surface of GaAs and GaP single crystals
plotted in Fig. 1~curves3 and 4!. Photoluminescence wa
excited by a pulsed nitrogen laser (\v53.68 eV! with a
pulse duration of 2 ns and pulse repetition rate equal
100 Hz. The spectral curves of the photoluminescence p
ted in the figure were measured in the stroboscopic reg
with a delay time relative to the exciting pulset50 s for a
time constant of 100 ns.

Visually, the photoluminescence at 80 K in the localiz
tion region of the exciting light probe on the surface of t
layers formed on the GaAs and GaP substrates has the
of a blue band, within the limits of which in a number o
samples it is possible to distinguish points whose brightn
exceeds that of the blue band. As can be seen from the fig
for layers on substrates of GaAs and GaP the recombina
radiation has the form of a wide, structureless, asymmetr
band, whose maximum is centered in the vicinity of 3 e
which is substantially higher than the width of the band g
of either GaAs or GaP and is in qualitative agreement w
the data presented above on the photosensitivity of the la
substrate structures. The full width at half-maximumw1/2 of
the photoluminescence bands for the layers on GaAs is e
to 630 meV, where the long-wavelength widthwl5380 meV
exceeds the short-wavelength widthws5250 meV. In the
case of the layers on GaP we havew1/25550 meV
(wl5410 meV,ws5180 meV! at T580 K. For the layers on
GaP, a doublet structure of the photoluminescence maxim
was also detected~curve 4!. The large values of the photo
luminescence bandwidths indicate that the bands respon
for the observed radiation are of a non-elementary nature
their identification will require further study.

The main result of our photoluminescence studies is t
the developed production process results in an increase in
width of the band gap of the GaAs or GaP substrate, wh
may be a result of replacement of As or P by nitrogen.

1S. Nakamura, M. Senoh, N. Iwasa, S. Nagahama, T. Yamada,
T. Mukai, Jpn. J. Appl. Phys.30, 1998~1991!.

2Yoshida, J. Cryst. Growth136, 37 ~1994!.
3S. G. Konnikov, V. Yu. Rud’, Yu. V. Rud’, D. Melebaev, A. Berkeliev
M. Serginov, and S. Televov, Jpn. J. Appl. Phys.32S, 515 ~1993!.

Translated by Paul F. Schippnick
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Thin interference layers ofn-GaN were grown onn- andp-type GaP substrates with~100! and
~111! orientations by vapor phase epitaxy in an open chloride system. Photosensitivity
spectra of isotypic and anisotypic heterojunctions under linear polarized light from the side of
the wideband component~GaN! at oblique incidence were investigated. Induced polarized
photosensitivity was observed, and peculiarities of this photosensitivity caused by interference in
the GaN layers are discussed. ©1998 American Institute of Physics.@S1063-7826~98!01410-0#
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The creation of epitaxial layers of gallium nitride an
heterostructures based on them is of great interest in sh
wavelength semiconductor optoelectronics because of
favorable combination of fundamental parameters of t
material.1–4 Note that the photoelectric properties of Ga
and device structures based on it have not been adequ
investigated, and the studies that exist were performed o
with unpolarized light. In the present paper we report
results of the first studies of photoelectric phenomena in
erojunctions created by deposition of GaN layers on sing
crystal wafers ofn- andp-type gallium phosphide.

1. p1-GaP/n1-GaN and n1-GaP/n1-GaN heterojunc-
tions were prepared in the following way. Single-crystal w
fers of n- and p-type gallium phosphide with free-charge
carrier concentration in the range (5210)31017cm23 at
T5300 K, with 0.4 mm thickness and~100! and~111! orien-
tations, were etched in a saturated aqueous solution of
1K2Cr2O31H2O for 10 min. They were then washed
deionized water, dried in isopropanol vapor, and placed
reactor for growing gallium-nitride layers. Growth too
place in an open Ga–HCl–NH3–H2 gas-transport system
The temperature in the deposition zone was 900 °C. Un
these conditions thin ('0.5mm!, uniformly colored layers
of gallium nitride were formed on the GaP substrates, wh
varied in color from red to a dark lilac, depending on t
growth conditions. The layers exhibit high adhesion
the substrate and have a free electron concentration
101921020cm23 at T5300 K. Note also that the describe
growth method leads to the formation of mirror-smooth G
layers, regardless of the orientation of the substrates.
created GaP/GaN heterojunctions had average dimensio
10310 mm and were mounted on a Fedorov stage to p
form the polarized photosensitivity measurements. T
made it possible to vary the angular coordinates of the
ceiving plane with an accuracy of 308 or better. Monochro-
matic, linearly polarized light~LPL! was produced with the
1071063-7826/98/32(10)/3/$15.00
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help of an SPM-2 monochromator with a SiO2 prism and a
set of polarization filters.

2. As follows from measurements of the steady-st
current–voltage characteristics~CVC!, all of the isotypic and
anisotypic heterojunctions fabricated by the indicated te
nique reveal a sharp rectification. A typical CVC of one
the heterojunctions is shown in Fig. 1. Forward bias in
overwhelming majority of the heterojunctions corresponds
positive polarity of the external bias on then-GaN layer. For
forward biasesU.U0 the current in the investigated heter
junctions grows with the voltage according to the linear la

I 5
1

R0
~U2U0!,

where R0 is the residual resistance. For the investiga
heterojunctions,R0 varied over wide limits~from 103 to
107 V), and the cutoff voltage varied in the interva
0.722.0 V ~it increased with increasingR0). In the region of
small forward currents the CVC’s of the investigated hete
junctions are consistent with the standard diode equation

I 5I s~e
eU
nkT21!,

and the ideality factor takes a high valuen5425, which is
probably due to the influence of the high series resistan
For the better heterojunctions the reverse current at ro
temperature is 231029 A for a reverse biasU rev52 V. Note
also that the orientation of the GaP substrates has hardly
effect on the observed regularities in the CVC’s of the inv
tigated structures.

3. Exposure of the heterojunctions to unpolarized lig
gives rise to a photovoltaic effect which is attributable
separation of the nonequilibrium charge carriers of the co
mon active region that forms at the GaP–GaN contact. T
conclusion is based on the fact that the photovoltage does
change sign, regardless of the magnitude of the change in
7 © 1998 American Institute of Physics
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localization of the light probe or in the wavelength of th
exciting light. The the sign of the photovoltage and the s
of the pass-through voltage of the hypothetical band diag
of the heterocontact agreed for all of the investigated het
junctions. The maximum voltage photosensitivity in the h
erojunctions is observed when they are illuminated from
side of the wideband~GaN! layer and for better sample
reaches 103 V/W at T5300 K. Figure 2 plots typical spectra
curves of the relative quantum efficiency of photoconvers
h, calculated as the ratio of the short-circuit photocurrenti to
the number of incident photons of natural light. It can
seen from Fig. 2 that when the heterojunctions are illum

FIG. 1. Stationary current–voltage characteristic of GaN/n-GaP heterojunc-
tions at T5300 K. ~The pass-through direction corresponds to posit
polarity of the external bias on the GaN layer, sample 107-3n.!

FIG. 2. Spectral dependence of the relative quantum efficiency of photo
version h of GaN/GaP heterojunctions in unpolarized light atT5300 K.
~1 — GaN/n-GaP, sample 107-3n; 2 — GaN/p-GaP, sample 106-1p;3 —
GaN/p-GaP, sample 107-1p, illumination from the side of the GaN laye
normal to the layer surface!.
n
m
o-
-
e

n
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nated from the side of the GaN layerh was found to vary
over six or seven orders of magnitude in the spectral ra
0.823.5 eV. Comparison of the spectral dependence ofh for
the investigated heterojunctions~Fig. 2! with the analogous
dependence for GaP-based surface-barrier structures5–7 al-
lows us to link the long-wavelength part of these curves~for
photon energies\v,3 eV! with photoactive absorption in
the narrowband component of the heterojunction. The p
tosensitivity in the region of the band\v,2.2 eV, as can be
seen from Fig. 2, varies widely from sample to sample. T
may be due to differences in the concentrations and type
defects in the substrate material. These differences ma
due to the particular features of the initial substrate para
eters and due to the influence of the growth conditions of
GaN layers. The growth ofh starting at\v.2.25 eV and
the inflection points at 2.70 and 2.80 eV are well reproduc
in the photosensitivity spectra of all the investigated hete
junctions and are due to indirect and direct interband opt
transitions in the energy spectrum of the narrow-ba
component.6

The maximum photosensitivity of the investigated h
erojunctions, as can be seen from Fig. 2, is observed in
interval between the widths of the band gaps of the cont
ing semiconductors GaN and GaP. If surface recombina
in the GaP-based surface-barrier structures is efficiently s
pressed, and if the short-wavelength falloff ofh is essen-
tially eliminated,6 then for all of the heterojunctions invest
gated in this study the falloff of the photosensitivity starts
be discernible at photon energies\v.323.2 eV for differ-
ent samples and becomes precipitous near the width of
GaN band gap,Eg'3.5 eV. This has to do, first of all, with
the onset of strong absorption by the wideband layer
recombination of carriers in the active region of such hete
junctions, as is indicated by the magnitude of their idea
factor n.2. The wideband character of the photosensitiv
of these heterojunctions relative to the light intensity is ch
acterized by a half-width at half-maximum of theh spectra
in the regiond1/250.520.7 eV for different samples.

4. Studies in linearly polarized light have shown th
when the angle of incidence of the linearly polarized lig
Q50°, no sensitivity of the photocurrent to changes in t
orientation of the electric field vectorE relative to the prin-
cipal crystallographic axes of the substrate is observed in
entire photosensitivity region for all the heterojunctions. Th
circumstance allows us to conclude that the given direct
of propagation of linearly polarized light in the investigate
heterojunctions is photoisotropic and, consequently,
natural photopleochroism is equal to zero.8 When the angle
of incidence is different from zero, a difference begins
show up between the photocurrents for the case whereE lies
in the plane of incidence of the incident light (i p) and when
it is perpendicular to it (i s). This inequality takes the form
i p. i s in the entire photosensitivity region of the heterojun
tion. An example of the angular dependencesi p(Q) and
i s(Q) is given in Fig. 3 for illumination with photon energie
nearEg

GaN. Similar angular dependences of the photocurre
turned out to be characteristic of the entire photosensitiv
region. It can be seen that in contrast to the surface-ba
structures and GaP/Si heterojunctions,5–7,9–12for both polar-

n-
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izations the photocurrent at first increases withQ, then
passes through a maximum, and then starts to fall. This tr
seems to indicate that for both polarizations an increase iQ
is accompanied by a reduction of reflection losses. Tak
the results of Refs. 13 and 14 into account, this trend can
linked with interference effects in the wideband GaN lay
Obviously, the clearing effect is maximized if the photocu
rents approach each otheri s→ i p. As a result, the induced
photopleochroism coefficientP1 tends to zero. As can b
seen from Fig. 3, increasing the angle of incidence~curves3
and 4! is accompanied by an increase inP1;Q2 as in the
absence of interference.5–7

Figure 4 plots the spectral dependence ofP1 for two
different heterojunctions forQ5const. It can be seen that fo
the investigated heterojunctions the induced photopleoc
ism experiences oscillations which are due to interferenc
is characteristic that the energy positions of the minima
maxima of the two different heterojunctions are differe
This is due to differences in the parameters of the GaN
ers, which causes the corresponding differences in
P1(\v) spectra. An estimate of the layer thickness based
the spectral position of neighboring maxima ofP1 ~Fig. 4,
curve1! and the index of refraction of GaN~Ref. 15! gives
dc'0.3mm, which agrees with the measured value of t
thickness of the GaN layer.

The presence of oscillations inP1 thus characterizes th
GaN layers as being of high quality and uniform. On t

FIG. 3. Dependence of the short-circuit photocurrent~1 — i p,2 — i s) and
induced photopleochromism~3, 4! of a GaN/p-GaP heterojunction on the
angle of incidence of linearly polarized light onto the GaN plane
T5300 K. ~Sample 106-1p, l50.355mm.!
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other hand, the observed oscillations allow us to conclu
that fabrication of heterojunctions with thin interference la
ers can find application in the production of tunable select
photoanalyzers of linearly polarized light.
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FIG. 4. Spectral dependence of the induced photopleochromism o
GaN/GaP heterojunction atT5300 K. ~1 — sample 106-1p, 2 — sample
107-2n, Q575°).



SEMICONDUCTORS VOLUME 32, NUMBER 10 OCTOBER 1998
Photoluminescence of the space charge region of metal–zinc selenide contacts
V. P. Makhni  and M. M. Sletov

Yu. Fed’kovich Chernovtsy State University, 274012 Chernovtsy, Ukraine
~Submitted December 16, 1997; accepted for publication April 8, 1998!
Fiz. Tekh. Poluprovodn.32, 1210–1212~October 1998!

The results of a study of photoluminescence excited by a nitrogen laser in the space charge
region of Ni–ZnSe contacts are presented. It is found that the photoluminescence intensity is
modulated not only in the presence of an external voltage but also in its absence, and that
it depends on the diode switching regime: no load or short circuit. A physical interpretation of the
results is given. ©1998 American Institute of Physics.@S1063-7826~98!01510-5#
uc
tio

ith

ld
he

c
ie

s-

. 5
he

th
s

d
th
s
e

,
om
.
on

a
e
th
l’
v
x-
th
p
ic
ia
gt

lt-
e of
tral

b-
to

rier
a-

in
the

e of

s
s

-
lec-

ime
ow-
to-

on-

ged,
a-

fol-

er
ork
the
ide

a-
nto
The presence of a strong electric field in a semicond
tor crystal has a substantial effect on radiative recombina
of the nonequilibrium charge carriers.1 Conditions for study-
ing such processes can be easily realized in structures w
rectifying barrier—heterojunctions2,3 or Schottky diodes.1 In
such structures, one observes, in particular, modulation
the photoluminescence intensity by the barrier electric fie
In this paper we report the results of a study of such p
nomenon in Ni–ZnSe contacts.

As the starting substrates we used low-resistancen-ZnSe
crystals that contain isovalent tellurium impurity. A chara
teristic feature of these samples is the presence of an effic
(;20% at 300 K! orangeg-luminescence band that po
sesses a high thermal and radiation hardness.4 The technol-
ogy of fabricating the diode structures is described in Ref
The choice of Ni as the rectifying contact is dictated by t
fact that it forms a high potential barrier withn-ZnSe~Ref.
6!, and thin nickel films possess good transparency in
spectral range 0.221 mm ~Ref. 7!. Photoluminescence wa
excited by a nitrogen laser withlm50.34mm, and the spec-
tra were measured using an MDR-23 monochromator an
lock-in detector system with automated recording. Since
ionized donor concentration in the diode substrates varie
the range 101621017cm23, the width of the space charg
region ~SCR! at zero bias varies in the range (5215)
31025 cm. On the other hand, the absorptiona of ZnSe at
lm is not less than 53104 cm21 ~Ref. 8! and, accordingly,
the absorption lengtha21<231025 cm. We can conclude
therefroe, that at zero bias the laser radiation is almost c
pletely absorbed in the space charge region of the diode

The photoluminescence spectrum of the Ni–ZnSe c
tact at zero bias consists of a wide band with its peak
about 0.64mm ~Fig. 1!. Emission is due to transitions of fre
electrons to a deep acceptor level, which is attributable to
complex group,4 which consists of doubly charged Frenke
pairs of the cation sublattice and a neutral atom of the iso
lent tellurium impurity. The magnitude and sign of the e
ternal voltage do not alter the position of the peak of
emission band; however, they affect its intensity and sha
Photoluminescence spectra are shown in Fig. 1, of wh
spectra1–3 are peak-normalized. Increasing the reverse b
Vr leads to a smooth deformation of the the long-wavelen
limb of the photoluminescence band~see Fig. 1!, which may
1081063-7826/98/32(10)/2/$15.00
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be due to the Franz–Keldysh effect. The forward bias vo
ageVs compensates for the contact barrier, and the shap
the spectrum in this case approaches that of the neu
crystal.4

The intensity I PL of photoluminescence depends su
stantially on the magnitude and sign of the voltage applied
the diode withVr having a stronger effect thanVs ~Fig. 2!.
The decrease ofI PL with increasingVr is due to an increase
in the fraction of electron–hole pairs separated by the bar
electric field that do not participate in radiative recombin
tion. Note that a steeper dependence ofI PL(V) is observed
for structures with higher concentration of ionized donors
the diode substrate. This is explained by an increase in
electric field strength~for the same value ofV) with growth
of the doping level. The same figure plots the dependenc
the photocurrentI p on V for the same two diodes~with dif-
ferent doping levels!. For a specific value of the reverse bia
voltage the following empirical relationship roughly hold
for each sample:2,3

I PL1I P5const. ~1!

The increase inI PL for forward bias is the result of a de
crease in the fraction of carriers separated by the barrier e
tric field. The latter decreases with increasingVs , and the
probability for the radiative recombination increases.

The photoluminescence intensityI PL of the investigated
samples was also found to depend on the switching reg
of the structure in the absence of an external voltage. H
ever, in contrast to the results reported in Ref. 3, the pho
luminescence intensity of the Ni–ZnSe diodes for open c
tacts I PL

` was lower than for shorted contactsI PL
0 ~Fig. 1!.

The shape of the spectrum in this case remains unchan
but the ratioKm5I PL

0 /I PL
` increases with decreasing excit

tion level. ~Note thatKm51.65 for curve4 in Fig. 1.! The
above-noted experimental results can be explained as
lows.

According to Ref. 6, the height of the potential barri
Vc of metal–ZnSe contacts depends not only on the w
function of the metal but also on the surface levels at
interface. They are distributed quasicontinuously in a w
energy interval, and their density is about 531012cm22. In
the no-load~open circuit! regime the photocarriers are sep
rated by the barrier electric field. The electrons migrate i
0 © 1998 American Institute of Physics
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the quasineutral region of the crystal and the holes migrat
the metal–semiconductor interface. Here the holes can
captured by the surface levels at which the electrons
found. Thus, some of the nonequilibrium holes are exclu
from the process of radiative recombination, which accou
for the decrease inI PL . The concentration of holes at th
surface levels increases with increasing excitation level.
excess positive charge limits the hole flux to the surfa
causing the photoluminescence intensity to increase. In
ticular, a 50-fold increase in the excitation level~in compari-
son with the power at which curves1 and4 in Fig. 1 were
measured! leads to a decrease ofKm from 1.65 to 1.05. In the
short-circuit regime, accumulation of holes at the surfa
levels does not occur because of their outflow into the ex
nal circuit.

In conclusion, we note that the proposed model does
in principle rule out the possibility of obtainingKm,1. It is
first necessary, therefore, to create conditions under w
the no-load voltage will be close to the height of the poten
barrier. Such a situation is realized in theITO–CdTe hetero-

FIG. 1. Photoluminescence spectra in different switching regimes of
Ni–ZnSe contact:1 — The short-circuit regime,2 — V51 V, 3 —
V526 V, 4 — the no-load regime.T5300 K.
to
be
re
d
ts

e
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r-

e
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ot

h
l

junctions considered in Ref. 3, for whichVoc'Vc . For the
Ni–ZnSe contacts investigated here, however, even un
conditions of maximum excitationVoc /Vc<0.5, for which
Km is always greater than unity.

It thus follows from the above discussion that meta
ZnSe contacts can be used to modulate the intensity of p
toluminescence not only by varying the external voltage
also in the absence of an external voltage by closing
opening the contacts of the diode at a fixed frequency.
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The electron capture parameters and photoionization cross section of the unintentional deep
levels, which are responsible for photoelectrical memory in GaAs/AlGaAs multilayer quantum-
well structures, have been found from an analysis of the kinetics of the excess current
during and after optical illumination of these structures. The dependence of the photoionization
cross section on the photon energy, the capture cross section, and the energy barrier for
capture of an electron from the bottom of the conduction band indicate that the unintentional
deep levels areDX centers formed by the silicon impurity. TheseDX centers probably
appear during growth of the structures as a result of silicon diffusion from the quantum wells
along as-grown defects. Fax:~383-2! 35-08-58 © 1998 American Institute of Physics.
@S1063-7826~98!01610-X#
d
an
e
a

a

gh
-
o

th
on

o
ti

ti

es
ng
e
ve
ur
tu
th

ten-
are

xy
had
lls

on

a

e
ab-

of
on,
by

ng

s/

o-

ated
.2
1. INTRODUCTION

A number of studies have shown~see Refs. 1–6! that the
dark current and photocurrent in GaAs/AlxGa12xAs
multilayer quantum-well ~MLQW! structures grown by
molecular-beam epitaxy possess an asymmetry in their
pendence on the polarity of the applied bias voltage
correspond, on the whole, to the AlGaAs rectangular pot
tial barrier model. The excess dark current in
GaAs/AlxGa12x As MLQW structure with composition
x,0.3 due to the presence of defects in the barrier is usu
small and has been observed only at temperaturesT,77 K
~Ref. 7!. In MLQW structures withx.0.3 a significant ex-
cess current has been observed forT.77 K, which increases
by two or three orders of magnitude after exposure to li
with wavelengthl,1.3mm. This current persists for an ex
tended time at lower temperatures and then decreases t
initial value after the sample is heated above 170 K~Ref. 7!.
The indicated photoelectrical memory is explained by
model of the AlGaAs barrier with a sagging conducti
band, which facilitates electron tunneling. The magnitude
the sag and the current increase as the incident radia
ionizes the local clusters of unintentional deep levels~DL!
present in the barrier and then decrease as the conduc
band electrons are captured at these levels.8

On the basis of an analysis of the kinetics of the exc
current in a GaAs/AlGaAs MLQW structure observed duri
exposssure to light and after it we have identified the dep
dence of the photoionization cross section of the deep le
on the photon energy of the optical radiation, the capt
cross section, and the height of the energy barrier for cap
of electrons from the bottom of the conduction band to
1081063-7826/98/32(10)/5/$15.00
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unintentional deep levels. The data indicate that the unin
tional deep levels responsible for photoelectrical memory
DX centers formed by the silicon impurity.

2. EXPERIMENT AND RESULTS

We investigated GaAs/AlxGa12xAs MLQW structures
with x50.335 and 0.385, grown by molecular-beam epita
on Riber 32P and Katun’-S setups. These structures
the following parameters: width of the quantum we
Lw543(48) Å, barrier thicknessLb5400(500) Å, number of
periodsN525(50), and sheet concentration of the silic
impurity GSi51012(231012) cm22 ~delta doping at the well
center! for x50.385(0.335). The mesa-structures had
square shape with side length 300mm. ~For more details, see
Ref. 8!.

In order to~1! confirm the hypothesis of the prevalenc
of one type of recharging deep level and determine the
solute value of their photoionization cross section,~2! iden-
tify the dependence of the photoionization cross section
the deep levels on the wavelength of the optical radiati
and ~3! determine the parameters of capture of electrons
the deep levels, we have investigated the followi
processes.

1. The kinetics of growth of the dark current of GaA
AlGaAs MLQW structures atT575 K during illumination of
the structures by optical radiation from a THR 1000 mon
chromator at the fixed wavelengthl51 mm up to saturation
of the current. The intensity of the incident radiationP(1)
was measured by means of the photocurrent of a calibr
silicon photodiode and was found to be equal to 8
31015photons/(cm2

•s). For this intensity of radiation with
2 © 1998 American Institute of Physics
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1083Semiconductors 32 (10), October 1998 Ovsyuk
l'1 mm the photocurrent in a MLQW structure is neg
gible and the dark current varies as a result of cha
exchange of the deep levels in the AlGaAs barrier layers8

2. The kinetics of growth of the dark current of the stru
tures atT575 K during illumination by optical radiation
from a THR 1000 monochromator, whose wavelength w
varied from 1.4 to 0.7mm at the rate 231024 mm/s. The
relative intensity of the radiationP(l) was measured with
the help of a RTN-30S thermocouple, after which absol
values were determined from the already known value of
intensityP(1)58.231015 photons/~cm2

•s).
3. Relaxation of the dark current at various temperatu

T after illumination of GaAs-photodiode structures~emission
maximum at l'0.95mm! for 10220s, which leads to
an increase in the dark current by two or three orders
magnitude atT577 K ~Ref. 8!.

Before recording the variation of the dark current duri
illumination, the samples were brought back to their init
state, which is characterized by minimal dark current. T
state is prepared by heating the sample toT.170 K with
subsequent cooling in darkness to the measurem
temperature.8 The structures were illuminated from the sid
of the i-GaAs substrate. The measurements were perfor
for the biasVb50.2 V.

Figure 1 plots the dependence of the dark current for
above-indicated MLQW structures as a function of expos
time at the fixed wavelengthl51.0mm and as a function o
the wavelength which varies from a larger value to a sma
value at the rate 231024 mm/s. The choice of this direction
of variation of the wavelength was dictated by the fact tha
this case a significantly greater relative variation of the c
rent takes place at larger wavelengths, at which the ph
ionization cross section is very small. In both cases
currentJ grows from its minimum valueJmin , which corre-
sponds to the initial state of the sample, to values excee
Jmin by two or three orders of magnitude. For th

FIG. 1. Dependence of the dark currentJ on the exposure timet ~l51.0
mm! and on the wavelengthl for GaAs/AlxGa12xAs multilayer quantum-
well structures~MLQW! with x50.335 ~1! and x50.385 ~2!. T575 K,
Vb50.2 V.
e

-

s

e
e

s

f

l
s

nt

ed

e
e

r

n
-
o-
e

ng

optical radiation intensities and wavelength scanning r
used by us, it was possible in all cases to reach a state c
to current saturation.

Figure 2 plots the dependence of the dark currentJ on
the time t after switching off illumination of the structures
The curves are normalized to the currentJ0 at t50. It can be
seen that relaxation of the dark current slows down as
temperature is lowered and as the time is increased. A
T580 K the current has decreased by roughly 10% afte
time on the order of 103 s.

3. ANALYSIS OF EXPERIMENTAL RESULTS

According to the model proposed in Ref. 8, there a
local regions in MLQW structures that penetrate through
entire structure, within the limits of which the barrier laye
contain unintentional donor levels, in general, both shall
and deep. The latter are characterized by a relatively h
energy barrier for capture of free electrons from the bott
of the conduction band. Under equilibrium conditions~be-
fore illumination! at least the shallow donors are ionize
This leads to the appearance of an internal electric field
sagging of the conduction band~Fig. 3!. As a result, ther-
mally assisted tunneling of electrons from quantum we
into the conduction band of the barrier layers through
relatively narrow potential barriers leads to an increase in
dark current. Ionization of deep levels~DL! when the sample
is illuminated increases the degree of sagging of the cond
tion band, which leads to further increase of the dark curre
The presence of a high energy barrier for capture of electr
at the deep levels ensures remembering of the new state
the illumination is switched off at low temperatures. Wi
subsequent heating of the sample to temperaturesT.170 K
the electrons, by surmounting the energy barrier, return
the deep levels located below the Fermi level and neutra

FIG. 2. Dependence of the normalized dark currentJ on the timet after
illumination of GaAs/AlxGa12xAs MLQW structures at various tempera
turesT. J0 is the dark current at the moment the illumination is switched
(t50); Vb50.2 V. The AlAs fraction in the solid solutionx is equal to
0.335~a! and 0.385~b!. The temperatures in graph a~T, K! are equal to 78
~1!, 100~2!, 130~3!. In graph b they are equal to 80~1!, 90 ~2!, 101~3!, 115
~4!, and 130~5!.
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their positive charge. The sag of the conduction band
decreased and the dark current returns to its original val

Following Ref. 8, for simplicity, we assume that th
shallow and deep levels are uniformly distributed over lo
regions whose dimensions exceed the thickness of the
rier, so that the potential can be assumed to be o
dimensional and the same for all local regions.

3.1. Photoionization cross section of unintentional deep
levels

Since ionization of deep levels as a result of exposur
light occurs uniformly in the local regions~we ignore capture
of electrons at the deep levels atT575 K!, the degree of sag
of the conduction bandVs ~see Fig. 3! is related to the
number of ionized donor levelsN1 by the equation

Vs5qN1Lb
2/8«b . ~1!

HereN15Nd1(Nt2nt), andNd andNt are respectively the
concentration of shallow and deep donors,nt is the concen-
tration of occupied deep levels,q is the electron charge, an
«b is the dielectric constant of the barriers. The variation
nt obeys the following differential equation:

dnt /dt522~12R!sn
o~l!P~l!nt , ~2!

where sn
o(l) is the optical ionization cross section of th

deep levels, andP(l) is the photon flux of the optical radia
tion incident on the sample,R50.28 is the reflection coeffi-
cient of optical radiation from ani-GaAs substrate. The
factor 2 on the right-hand side of Eq.~2! takes into accoun
the optical radiation flux reflected from the metallized upp
contact of the mesa structure. ForP(a), which does not
depend on time@for the case of measuring the dependen
J(t) for l51 mm#, and for complete filling of the deep
levels before startup of illumination of the structure

nt5Ntexp~2t/t!,

FIG. 3. Energy diagram of the potential barrier in a GaAs/AlxGa12xAs
MLQW structure with a sagging conduction band. Deep levels are show
filled circles.E1 is the first quantum level,EF is the Fermi level,Eb(x) is
the total energy barrier for electron capture to the deep levels. The rest o
notation is explained in the text.
is
.

l
ar-
e-

to

f

r

e

where

t2152~12R!sn
o~l!P~l!, ~3!

and the variation ofVs with time is given by

Vs2Vs05DVsmF12expS 2
t

t D G . ~4!

Here Vs0 is the value ofVs at t50,which corresponds
to minimal sag of the conduction band, andDVsm

5qNtLb
2/8«b .

According to the results of Ref. 8, in th
GaAs/AlxGa12xAs MLQW structure withx50.385 at tem-
peratures nearT577 K the main current is the one flowin
along the local regions with a sagging conduction band,
its valueJ can be accurately related to the degree of sagg
of the conduction bandVs by the formula

log~J/Jmin!5b~T!~Vs2Vs0!,

~see Fig. 1 and the calculated values ofVs in Ref. 8!. Similar
calculations ofJ(T) for GaAs/AlxGa12xAs MLQW struc-
tures withx50.335 have demonstrated the applicability
the above formula to this sample as well. Using Eq.~4!, we
obtain the dependence of the currentJ on the exposure time
~t! for fixed l

logFJ~ t !

Jmin
G5b~T!DVsmF12expS 2

t

t D G . ~5!

Dependences calculated from Eq.~5! for t5260 s for a
GaAs/AlxGa12xAs MLQW structure with x50.335 and
t5750 s forx50.385 are plotted in Fig. 1. The good agre
ment between calculation and experiment indicates that
deep levels present in both samples are characterized by
charge-exchange timet and, correspondingly, one optica
ionization cross section. Consequently, we can assume
in each sample one type of deep level predominates. F
the found values oft, from the known photon fluxP(1), and
from relation~3! we find the optical ionization cross section
for l51 mm: sn

o(1)54.3310219cm2 for the
GaAs/AlxGa12xAs MLQW structure with x50.335 and
sn

o(1)51.1310219cm2 for the MLQW structure with
x50.385.

The spectral dependencesn
o(l) can be determined from

the dependencesJ(t) andJ(l) in Fig. 1. Using Eqs.~1! and
~2!, we find

sn
o~l!5sn

o~1!
~dVs /dt!lP~1!

~dVs /dt! tP~l!
, ~6!

where the subscriptsl and t on the derivatives indicate tha
they are to be calculated respectively from the experime
dependencesJ(l) and J(t). Here the derivative in the
denominator is calculated for the same value ofVs ~or J) as
the derivative in the numerator. The dependencessn

o(l) so
obtained are plotted in Fig. 4. Comparison with the data
the literature,9,10 plotted in the same figure, shows that th
spectral dependence of the photoionization cross sectio
the unintentional deep levels corresponds toDX centers in
Si-doped AlGaAs.
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3.2. Parameters of the capture of electrons at unintentional
deep levels

According to Ref. 8, the charge exchange of ioniz
deep levels, whose energy levels are found below the Fe
level, proceeds by capture of electrons from the conduc
band:

dnt

dt
5~Nt2nt!n~T!expF2

Eb1DEb~x,t !2DEF

kT G . ~7!

HereEb is the total energy barrier for capture of electrons
deep levels att50 ~for brevity, the energy barrier!;
DEb(x,t) andDEF are the increment in the barrier heightEb

due to decrease in the degree of sagging of the conduc
band, and the change in the Fermi level relative to the b
tom of the quantum well during relaxation, respective
n(T)5sc

`VeNcb ; sc
` is the capture cross section fo

1/T50; Ve is the thermal velocity of the electrons; andNcb

is the effective density of states in the conduction band of
barrier. According to the model proposed in Ref. 8,

Eb5Es1Em1DEc~x!

~see Fig. 3!. Here Es is the height of the energy barrie
~activation energy of the capture cross section! for capture of
electrons at a deep level from the bottom of the conduc
band;Em is the minimum energy of the conduction band
the region of its local sagging, measured from the Fe
level at t50; DEc(x) is the energy of the bottom of th
conduction band att50, measured from its minimum energ
Em ~see Fig. 3!.

Note that in the investigated MLQW structures theG
valley of the conduction band is the lower one. According

FIG. 4. Spectral dependence of the photoionization cross section o
uncompensated deep levels in a GaAs/AlxGa12xAs MLQW with x50.385
~1! and 0.335~2! at T575 K and of theDX centers in Si-doped AlGaAs~3!
at T580 K ~Refs. 9 and 10!.
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Eq. ~7!, the charge exchange of the deep levels located
x50, which have the lowest barrier heightEb and, corre-
spondingly, the shortest charge-exchange time, occurs a
onset of relaxation. This is followed by the charge exchan
of the deep levels atuxu.0, whose charge-exchange tim
increases in accordance with exp$@DEc(x)1DEb(x,t)
2DEF#/kT%. It can be assumed, for simplicity, that at a give
time t the charge exchange of the deep levels occurs i
narrow range of energy barriers: charge exchange has
ready occured for the deep levels with barrier heights l
than some valueEb , while the charge exchange is negligib
for those with higher values. In this case the charge excha
for the deep levels, whose energy barrier is less thanEb ,
occurs at the time

t5
1

n~ t !
expFEb1DEb~x,t !2DEF

kT G . ~8!

It follows from Eqs.~7! and~8! that the relaxation process i
determined to a significant degree by the capture cross
tion sc

` and the distribution of the deel-level sheet conce
tration ~integrated over the barrier thickness! over the total
energy barrierG t(Eb). To determine these quantities, we em
ploy an approach proposed in Ref. 11 for the case of elec
emission from the surface states in a metal–insulat
semiconductor structure.

Noting that the barrier incrementDEb(x,t) < qDVs , we
assume thatDEb is significantly less thanEb and, conse-
quently, can be considered as a correction, which we exp
to first order: DEb'a(x,t)qDVs . Here DVs5Vsm2Vs ,
where Vsm and Vs are the initial ~maximum! and current
degree of sagging of the conduction band. The coefficiena
has a complicated dependence on the coordinatex and the
time t, taking the value a51 at x50 and values
a,1 for uxu.0. For simplification, we assume it to be co
stant for all charge-exchange deep levels and indenden
time. It follows from Eq.~8! that at the timet the deep levels
undergo charge exchange with the energy barrier

Eb~ t !5kT ln@n~T!t#2aqDVs1DEF . ~9!

The rate of variation of the degree of sagging of the cond
tion bandVs is

dVs

dt
52

qz0G t~Eb!

2«b

dEb

dt
, ~10!

wherez0 is the effective distance from the charge-exchan
deep levels to the quantum well. Differentiating express
~9!, we find

dEb

dt
5

kT

t
1aq

dVs

dt
2S G t

N2D
DdEb

dt
.

Here N2D is the two-dimensional density of states in th
quantum well, and we have taken into account th
DEF5DGn /N2D and, by virtue of electrical neutrality
dGn /dt52G tdEb /dt. Finally, after transforming Eq.~10!
we find

G t~Eb!

11G t /N2D
5

2«b

q2z0

B

~12aB!
, ~11!

whereB52t(q/kT)dVs /dt.
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Relations~9! and ~11! allow us, if Vs(t) is known, to
determine the distributionsG t(Eb). In this case, by combin
ing the distributionsG t(Eb) found from the relaxation depen
dencesVs(t) measured at various temperatures, we can
termine the capture cross sectionssc

` entering inton(T)
~Ref. 11!. The dependencesVs(t) can be constructed from
the measured relaxation dependences of the dark currentJ(t)
~see Fig. 2! making use of the relation betweenJ and Vs

established by calculating the family of dependencesJ(T)
~Ref. 8!. Figure 5 plots the distributionsG t(Eb) for the in-
vestigated structures, obtained forz05Lb/2 anda51. Good
agreement between the distributionsG t(Eb) for the structure
with x50.385 is observed forsc

`510217 cm2. The solid
curve plots a Gaussian distribution with mean va
^Eb&5225 meV and variance 25 meV, in approximate agr
ment with the experimental data. For the structure withx
50.335 only the Gaussian distribution with mean val
^Eb&5200 meV and variance 35 meV fitted to the data
plotted. For this structure, good agreement between
distributionsG t(Eb) is observed forsc

`510218cm2.
On the basis of the considered model the deep-le

concentration Nt does not depend onx or G t(Eb)
52Nt(dx/dEb). SinceEb5Es1Em1DEc(x) and DEc(x)
54qVs(x/Lb)2, we find

G t~Eb!5S NtLb

2 DAqVs~Eb2Es2Em!.

Fluctuations in the values ofEs andEm with allowance for
the finite width of the regionEb ~of order kT), in which
electrons are captured to the deep level at the given ti
require us to replace the distribution with an asymptotic g
at the point

^Eb&5Es1Em ~12!

by a distribution with the maximum roughly at this point.

FIG. 5. Distributions of the local sheet concentration of unintentional d
levelsG t on the height of the energy barrier for electron captureEb in the
barriers of the GaAs/AlxGa12xAs MLQW structure, found from the relax
ational dependences plotted in Fig. 2 for structures withx equal to 0.335~a!
and 0.385~b!. The points are experimental values, the curves are a Gaus
fit to the experimental values. The dependences are numbered the sam
Fig. 2b.
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If we know the values of̂ Eb& and Em , we can use
relation ~12! to determine the energy barrier~the activation
energy of the capture cross section! for electron capture from
the bottom of the conduction band to the deep levelEs ,
which for the samples withx50.335 and 0.385 turns out t
be equal to'170 and 224 mV. Here we have used values
Em , which were obtained from a calculation of families
temperature dependences of the dark current in the inv
gated MLQW structures~see Ref. 8! and which are on the
order of 30 mV in the structure withx50.335 and 1 mV in
the structure withx50.385. Note that the obtained data o
the parameters of capture to unintentional deep levels~cap-
ture cross section and their activation energy! correspond to
the data for theDX centers in Si-doped AlGaAs~Ref. 9!. We
explain the somewhat depressed values ofsc

` , in compari-
son with the values given in Ref. 9, by the fact that besid
direct capture of electrons to deep levels, which we ha
considered, another capture process is possible. This pro
involves preliminary tunneling of the electron into the ba
gap of the AlGaAs barrier from the lowest point of the co
duction band in the region of its sagging. In this case,
measured capture cross section is equal tosc

`D, whereD is
the probability that the electron tunnels to some effect
depth. In this case, the energy barrier for capture of an e
tron can decrease so that the process of capture with tun
ing becomes more probable. We will not dwell on this po
in more detail since the indicated process of electron cap
at DX centers requires separate detailed study.

4. CONCLUSIONS

The data obtained on the spectral dependence of
photoionization cross section, on the electron capture c
section, and on the magnitude of the energy barrier for c
ture of an electron from the bottom of the conduction ba
indicate that unintentional deep levels responsible for pho
electric memory in GaAs/AlGaAs multilayer quantum-we
structures areDX centers formed by the silicon impurity
These DX centers probably appear during growth of t
structures as a result of silicon diffusion from the quantu
wells along as-grown defects.

We are grateful to A. F. Kravchenko for fruitful discus
sions.
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A weak-localization theory is derived for quantum heterostructures with strong spin-orbit
interaction that predicts anomalous magnetoresistance. This theory treats real quantum wells with
a few occupied quantum-well subbands. It is shown that in the presence of intense elastic
transitions between these subbands the parameters that define the conductivity in classically weak
magnetic fields are averaged efficiently. In the opposite limiting case, all the subbands give
independent contributions to the anomalous magnetoresistance. Relevant characteristic magnetic
fields are calculated for arbitrary ratios between the times for phase breaking and
intersubband transitions. ©1998 American Institute of Physics.@S1063-7826~98!01710-4#
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1. INTRODUCTION

The phenomenon of weak localization arises from qu
tum interference between waves propagating along the s
path in opposite directions. One of the most striking con
quences of this phenomenon is an anomalous change i
sistance in classically weak magnetic fields. This happ
because electron waves traveling along a path in two op
site directions in an external magnetic field pick up an ad
tional phase difference proportional to the field. This pha
difference disrupts the initial interference, which decrea
the anomalous contribution to the conductivity~i.e., the
negative magnetoresistance!.

The interference is disrupted not only by the magne
field but also by inelastic processes, and also as a resu
spin relaxation. The theory developed in Refs. 1 and 2 ta
into account these circumstances and explains the anoma
magnetoresistance in metals and metal films, while R
2–5 treat the same problem for two- dimensional carriers
semiconductor heterostructures. In these papers it is assu
that the spin relaxation time can be comparable to the t
for breaking of the wave-function phase, but both of the
times are assumed to be much longer than the momen
relaxation time. In this case the spin-orbit interaction th
leads to spin relaxation is treated as a perturbation. Howe
current experimental and theoretical studies of heterost
tures based on III–V semiconductors, whose valence ba
form under the influence of a strong spin-orbit interactio
indicate that the spin and momentum relaxation times are
same order of magnitude in these systems. Consequently
method used to calculate the magnetoresistance in Refs.
is inapplicable for these systems. Moreover, in real structu
more than one quantum-well level may be occupied. Tra
tions between these levels can also lead to relaxation
wave- function phases, and can change the anomalous
tribution for the conductivity. The specific form of the ma
netoresistance curve depends on the ratio of phase- brea
rates within each subband in the presence of interband t
1081063-7826/98/32(10)/9/$15.00
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sitions, as it does in the presence of a magnetic field. I
previous paper,6 we studiedp-type quantum wells with a
single occupied quantum-well subband.

Our goal in this paper is to formulate a theory of we
localization in III–V semiconductorp-type quantum wells
with several occupied quantum-well subbands that pred
anomalous magnetoresistance, and cast the results of
theory in a form that allows direct comparison with expe
mental data. By making a detailed comparison of this d
with the theory, we can determine a number of parameter
the structure that determine the spin-relaxation rate. In or
to simplify the theoretical model, we do not include terms
the energy spectrum of electrons that are odd with respe
the wave vector. Preliminary results of our study were p
sented in Ref. 7.

2. ANOMALOUS MAGNETORESISTANCE

One of the most striking consequences of weak locali
tion is the way it modifies the effect of a classically we
magnetic field on the static conductivity. The expression
the latter can be written in the form of the three diagra
shown in Fig. 1:

Ds i j 5Ds i j
~ I !1Ds i j

~ II !1Ds i j
~ III ! , ~1!

Ds i j
~ I !5

e2\

2p (
abgd

E d2k

~2p!2 E d2q

~2p!2
ṽ i

ag~2k!ṽ j
~bd!~k!

3Gg
A~2k!Ga

R~2k!Gb
A~k!Gd

R~k!Cda
gb~k,2k,q!, ~2!

Ds i j
~ II !5

e2\

2p (
abgdmn

E d2k

~2p!2 E d2k8

~2p!2 E d2q

~2p!2

3 ṽ i
~am!~2k!ṽ j

~bn!~k8!Gm
A~2k!Ga

R~2k!

3Gb
A~k8!Gn

R~k8!^Vmg~2k,2k8!Vdb~k,k8!&

3Gg
A~2k8!Gd

A~k!Cna
gd~k8,2k,q!, ~3!
7 © 1998 American Institute of Physics
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Ds i j
~ III !5

e2\

2p (
abgdmn

E d2k

~2p!2 E d2k8

~2p!2 E d2q

~2p!2

3 ṽ i
~am!~2k!ṽ j

~bn!~k8!Gm
A~2k!

3Ga
R~2k!Gb

A~k8!Gn
R~k8!^Vga

3~2k8,2k!Vnd~k8,k!&Gd
R~k!Gg

R

3~2k8!Cna
gd~k,2k8,q!. ~4!

Herei andj label directions in the plane of the quantum we
and Greek letters denote states with a given wave vectk
and various subband labels and momentum projectio
Thus,ṽ(ab)(k) is the matrix element of the velocity operato
andVab(k,k8) is the matrix element for scattering of a pa
ticle of typea with wave vectork into a stateubk8&, includ-
ing dependence on the concentration of scatterers.
angle brackets denote averaging over the positions of
scatterers:

^Vab~k,k8!Vgd~g,g8!&

5(
z̄
E drĈak

† ~r !V~r,z2 z̄!Ĉbk8~r !

3E dr 8Ĉgg
† ~r 8!V~r8,z82 z̄!Ĉdg8~r 8!, ~5!

wherer andz are coordinates that characterize motion in
plane of the quantum well and along the growth axis,z̄ is the

FIG. 1. Diagrammatic representation of the contributions to the conduc
ity: a —Ds (I ), b — Ds (II ), c —Ds (III ).
s.

he
e

e

coordinate of the scatterer, andĈak(r ) is the wave function
of state uak&. Ga

A,R(k) are the advanced and retarde
Green’s functions:

Ga
A,R~k!5

1

EF2Ea~k!6
i\

2ta~k!
6

i\

2tw
~a!~k!

, ~6!

whereEF is the Fermi energy, andta(k) is the total resi-
dence time of particles in the stateuak&:

1

ta~k!
5

2p

\ (
n
E d2k8

~2p!2
^uVan~k,k8!u2&d@EF2En~k8!#.

~7!

Here tw
(a)(k) is the relaxation time of the wave-functio

phase, andEa(k) is the dispersion law for the correspondin
quantum-well subband.

In studying the contribution of weak localization to th
conductivity, we will useCgd

ab(k,k8,q) to denote the sum o
ladder diagrams at low total momentumq ~i.e., the cooperon;
see Fig. 2!.

The corresponding integral equation for the coope
averaged over the distribution of impurities has the form

Cgd
ab~k,k8,q!

5^Vab~2k,2k8!Vgd~k1q,k81q!&1(
mn

E d2g

~2p!2

3^Vam~2k,2g!Vgn~k1q,g1q!&

3Cnd
mb~g,k8,q!Gn

R~g1q!Gm
A~2g!. ~8!

The matrix element of the velocity operator, denoted by
crosshatched vertex, satisfies the equations

ṽ~ab!~k!5v~a!~k!dab1(
mn

E d2g

~2p!2

3^Vam~k,g!Vnb~g,k!& ṽ~mn!~g!Gn
R~g!Gm

A~g!,

~9!

v~a!~k!5
1

\

]Ea~k!

]k
. ~10!

In a classically weak magnetic field, as a particle mov
around a closed trajectory its wave function acquires a ph
equal topF/F0, whereF is the value of the magnetic flux
passing through the trajectory, andF05p\c/e is the mag-
netic flux quantum. Therefore, when two waves propag

-

FIG. 2. Diagrammatic representation of the cooperon integral equation
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along the same trajectory in opposite directions, they acq
an additional phase difference equal to 2pF/F0, which dis-
rupts their interference. This is equivalent to the additio
phase acquired in the magnetic field by particles with cha
2e. The magnetic field begins to affects weak localizati
starting at the value at which

l H
2 ;Dtw ,

wherel H is the magnetic length of a particle with charge 2e,
andD is the diffusion coefficient. This condition can be r
written in the form

vctEFtw /\.1,

whereEFtw\@1. Herevc is the cyclotron frequency.
Let us consider the case of a rectangular symme

quantum well with infinitely high barriers. In order to de
scribe the valence-band states, we will use the spherica
proximation. The spectrum and wave functions of valen
band carriers have been investigated in many papers u
these approximations. We will use the form of the wa
functions given in Ref. 8. If Bloch functions fork at the top
of the valence band are used, there is a basis correspon
to projections of angular momentum 3/2, 1/2,21/2, 23/2,
and the wave functions form four- component column v
tors in this basis. In the spherical approximation each ene
level is doubly degenerate, and the corresponding wave fu
tions can be written in the form

Ĉak5eikrF̂a~k,z!, ~11!

F̂15F 2v0C~z!

iv1S~z!eiwk

2v2C~z!e2iwk

iv2S~z!e3iwk

G , F̂25F iv3S~z!e23iwk

v2C~z!e22iwk

iv1S~z!e2 iwk

v0C~z!

G . ~12!

Herewk is the azimuthal angle of the vectork, andC(z) and
S(z) are symmetric and antisymmetric functions of the c
ordinatez. The dispersion relation for the energies of the
statesE(k), as well as the expressions forC(z), S(z) and the
real coefficientsv i ( i 5 0 to 3!, which are independent o
wk , are given in Ref. 8; all of these quantities depend on
subband level. Note that the choice of wave function pha
made in Eq.~12! implies that uVabu depends only on the
phase differencewk2wk8 , and hence the residence timesta

do not depend onk.
It is well known that Eq.~8! is singular in the limitq

→0. In order to obtain the contribution associated with t
singularity, we must retainq only in Gn

R(g1q). Expanding
En(g1q) to second order inq and then integrating with
respect toEn(g), we obtain the equation

Cgd
ab~k,k8,q!5^Vab~2k,2k8!Vgd~k,k8!&

1(
mn

z~m,n!
2ptnNn

\ E dwg

2p

3^Vam~2k,2q!Vgn~k,g!&

3Cnd
mb~g,k8,q!@12Tn~g,q!#, ~13!
re
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Tn~g,q!5 iv~n!~g!qtn1@v~n!~g!qtn#21
tn

tw
~n!~g!

. ~14!

HereNn is the density of states for subbandn at the Fermi
level, which is given in terms of the velocityvF

(n) and quasi-
momentumkF

(n) of the particles as follows:

Nn5
kF

~n!

2p\vF
~n!

. ~15!

The factor z(m,n), which equals unity if statesm and n
belong to the same subband, and zero otherwise, takes
account the fact that states from different subbands do
interfere since their wave vectors at the Fermi surface di
in magnitude by a quantity of orderkF .

Expression ~13! represents a complicated system
equations, since the cooperon depends not only on the
indices and subband labels but also onk, k8, andq. In Ref.
6 we outlined a general method for solving this system
equations, but in this paper we will explicitly solve it for th
two most interesting cases, in which one and two quantu
well subbands are occupied.

3. A QUANTUM WELL WITH A SINGLE LEVEL

In Ref. 6 we showed that the solution to Eq.~13! de-
pends on the ratio ofEF to D, where D is the minimum
energy difference between the two lowest subbands
EF<D, the spin relaxation time is the same order as
momentum relaxation time, and only states with zero to
angular momentum contribute to weak localization. Con
quently, the cooperon can be represented in the form

Cgd
ab~k,k8,q!5s~k,k8q!Sg

aSd
b . ~16!

Here

S1
15S2

250, S2
152S1

251/A2. ~17!

This structure ofSg
a implies that the cooperon acquires

diffusive contribution due to interference of waves with o
positely directed spins. The functions(k,k8q) satisfies the
equation

s~k,k8,q!5^uV11~wk2wk8!u
21uV12~wk2wk8!u

2&

1
2ptN

\ E dwg

2p
^uV11~wk2wg!u2

1uV12~wk2wg!u2&s~g,k8,q!@12T~g,q!#. ~18!

Here the residence is calculated by using Eq.~7!:

t215
2pN

\ E dw

2p
^uV11~w!u21uV12~w!u2&. ~19!

In deriving Eq.~18! we took into account that the quantitie
uVabu depend on the phase differencewk2wg , and assumed
that tw , like t, does not depend ong.

We solve Eq.~18! by expandings(k,k8,q) in a Fourier
series:

s~k,k8,q!5 (
n52`

`

sn~k8,q!einwk. ~20!
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The coefficients of the expansion satisfy the equation:

~12Wn!sn5
\

2pNt
Wn exp~ inwk8!2 (

m52`

`

Tnm~q!sm ,

~21!

where

Wn5
2pNt

\ E dw

2p
^uV11~w!u21uV12~w!u2&e2 inw, ~22!

Tnm~q!5 WnF2 i
vFqt

2
d un2mu,11

~vFqt!2

2

3S dnm1
1

2
d un2mu,2D1

t

tw
dnmG . ~23!

Since according to~19! we haveW051 and uTnmu!1,
the coefficientssn have different orders of magnitude. It
clear from Eq.~21! that s0;q22, while s6;q21. For the
remaining n quantities we haveusnu!us1u. Equation ~21!
specifies a coupling betweens0 ands61 for n561:

s15s215 i
vFqt

2

W1

12W1
s0 . ~24!

It is clear, therefore, thats1 does not depend onk8. Substi-
tuting Eq.~24! into Eq. ~21!, we finally obtain an expressio
for s(k,k8,q):

s~k,k8,q!'s05
\

2pNt

1

Dq2t1t/tw

, ~25!

where the diffusion coefficient is

D5
1

2
vF

2t tr , ~26!

andt tr is the transport time:

t tr
215

2pN

\ E dw

2p
^uV11~w!u21uV12~w!u2&~12cosw!. ~27!

When EF!D, the spin-orbit interaction is suppressed, a
the spin relaxation time turns out to be longer than the m
mentum relaxation time. Hence, all four two- particle sp
states contribute to the weak localization. In Ref. 6
showed that in this limit the cooperon can be written in t
form

Cgd
ab~k,k8,q!5s~k,k8,q!Sg

aSd
b

1p1~k,k8,q!~P1g
a P1d

b 1P2g
a P2d

b !

1p0~k,k8,q!P0g
a P0d

b , ~28!

where the nonzero components ofPi j
a are

P11
1 5P22

2 51, P02
1 5P01

2 51/A2. ~29!

The equation fors(k,k8,q) coincides with Eq.~18!, while
the functionp0,1(k,k8,q) satisfies the equation
-

p0~k,k8,q!5^uV11~wk2wk8!u
22uV12~wk2wk8!u

2&1
2ptN

\

3E dwg

2p
^uV11~wk2wg!u22uV12~wk2wg!u2&

3p0~q,k8,q!@12T~g,q!#, ~30!

p1~k,k8,q!5^V11
2 ~wk2wk8!&1

2ptN

\

3E dwg

2p
^V11

2 ~wk2wg!&p1~g,k8,q!

3@12T~g,q!#. ~31!

For EF!D, mixing of the hole states at the Fermi surface
small, there is no spin relaxation, and the following equ
tions hold:

V1250, V115uV11u. ~32!

In this case Eqs.~18!, ~30!, and ~31! coincide, andp05p1

5s.
If we include mixing of the hole states, then Eq.~32!

does not hold and Eqs.~30! and ~31! will differ from Eq.
~18! by small terms, which can be included in the same w
as the terms containingq andt/tw . We can therefore findp0

andp1 by the same procedure ass:

s~k,k8,q!5
\

2pN0t0

1

D0q2t01t0 /tw

, ~33!

p1~k,k8,q!5
\

2pN0t0

1

D0q2t01t0 /tw1t0 /t i
, ~34!

p0~k,k8,q!5
\

2pN0t0

1

D0q2t01t0 /tw1t0 /t'

. ~35!

Here the label ‘‘0’’ indicates that the corresponding quan
ties should be calculated without allowance for mixing of t
hole subbands. The small terms are

t0

t'

5
2p

\ E dw

2p
$N0t0^@V11

~0!~w!#2&2Nt^@V11~w!#2&%, ~36!

t0

t'

5
4p

\
N0t0E dw

2p
^uV12~w!u2&. ~37!

The quantitiest i ,' have the sense of longitudinal and tran
verse spin relaxation times, where the role of a preferred a
is played by the normal to the plane of the quantum well

Equations~33!–~35! are applicable whent0!tw , t i ,
t' . As t i andt' decrease, the quantitiesp1 andp0 become
smaller thans by a factor of (D0q2t01t0 /tw)21, and the
expression for the cooperon takes a form analogous to E
~16! and ~25!. Therefore, we can say that weak-localizati
effects are contained in Eqs.~33!–~35! for arbitrary EF /D
via modifications ofD, tw , t i ,' , andt.

The expressions for the diffusion coefficient and rela
ation time are valid for arbitrary scattering potentials. As
example, we calculate these quantities for the case where
potential is short-range:
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V~r !5V0d~r !. ~38!

A peculiarity of the complicated band structure is the fa
that the scattering cross section depends on the initial
final hole quasimomenta even for this potential. Calculatio
show that the expression for the spin relaxation time has
form

t0

t i
5

4

3
av1

4 E
0

a/2

dzS4~z!, ~39!

t0

t'

5
16

3
@a~v1v2!212v3

2# E
0

a/2

dzcos2S pz

a DS2~z!, ~40!

wherea is the width of the quantum well, andv1, v2, andv3

should be calculated to first nonvanishing order inEF /D.
Expressions~39! and ~40! are valid for

mh

ml
S kFa

p D 2

!1,

wheremh andml are the heavy- and light-hole masses.

3.1. Calculation of the anomalous contribution to the
conductivity

Equation~9! for the matrix elementṽ is similar to the
equation for the cooperon~13!, and its kernel depends on th
differencewk2wg . This allows us to expressṽ(ab)(k) in
terms of the residence time (t) and the transport time (t tr)
as follows:

ṽ~ab!~k!5v~a!~k!
t tr

t
dab . ~41!

Substituting this expression into Eqs.~2!–~4!, we obtain

Ds~ I !52
e2

p\
D

2pNtt tr

\ E d2q

~2p!2 (
ab

Cba
ab~q!,

Ds~ II !5Ds~ III !5
1

2

t2t tr

t tr
Ds~ I !. ~42!

Using Eqs.~25! and ~33!–~35! for the cooperon, we obtain
an expression for the contribution to the conductivity. F
EF!D,

Ds52
e2

p\ E d2q

~2p!2F 2

q21~D0tw!211~D0t i!
21

1
1

q21~D0tw!211~D0t'!21
2

1

q21~D0tw!21G ,

~43!

while for EF.D

Ds5
e2

p\ E d2q

~2p!2

1

q21~Dtw!21
. ~44!

In order to calculate the magnetoresistance, we foll
Refs. 1 and 2 and replace the integrals in Eqs.~42! according
to the rule
t
nd
s
e

r

E d2q

~2p!2
→

eH

4p2\c
(

n
, q2→

eH

p\c
~n11/2!, ~45!

whereH is the projection of the magnetic field onto the no
mal to the quantum well.

Usually, experiments determine the difference betwe
the conductivity in a magnetic field and the zero-field co
ductivity:

ds~H !5Ds~H !2Ds~0!.

WhenEF.D, this quantity is

ds~H !52
e2

4p2\
f 2S H

Hw
D , ~46!

where

Hw5
\c

4eDtw
. ~47!

WhenEF!D, the magnetoresistance is

ds~H !5
e2

4p2\
F2 f 2S H

H i
D1 f 2S H

H'
D2 f 2S H

Hw
D G . ~48!

Here

H i5
\c

4eD0
S 1

tw
1

1

t i
D , H'5

\c

4eD0
S 1

tw
1

1

t'
D , ~49!

while

f 2~x!5 lnx1c~1/211/x!, ~50!

wherec(y) is the digamma function.
A peculiarity of the functionds(H) is its change in sign

as the doping level increases. The concentration depende
of the timest i ,' are different:

t0 /t i;~EF /D!2, t0 /t';~EF /D!3,

due to the differentk-dependences of matrix elementsV11

and V12 @see Eqs.~36! and ~37!#. As an illustration, Fig. 3
shows magnetoconductivity curves for various values of
parameterkFa. In these calculations we assumed that t
ratio tw /t55, and that it does not depend onkF , while
ml /mh50.16. These curves demonstrate the transition fr
the case where the spin relaxation is slow to the case w
it is faster than the phase breaking of the wave function.

4. QUANTUM WELL WITH TWO LEVELS

In the previous sections we considered the case wh
only one quantum-well subband was occupied. However
real structures two or more subbands can be occupied. In
section we consider a situation where two subbands are
cupied.

The specific form of the contribution to the magnetoco
ductivity depends on the ratios of the intersubband transi
times to the spin and phase relaxation times. For carrier
the lower subband the spin relaxation time is of the sa
order of magnitude as the momentum relaxation time. T
implies that weak localization in the lower subband is det
mined by the states with zero total angular momentum,
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that t0 /t i andt0 /t'.1 in Eqs.~34! and~35!. In the upper
subband, the ratio of the spin relaxation and momentum
laxation times depends on the subband occupation: IfEF

2D)/D.1, the times are the same order of magnitude,
the contribution also comes from states that have zero t
angular momentum, whereas when (EF2D)/D!1, all four
two-particle states contribute.

For (EF2D)/D.1, we have

Cgd
ab~k,k8,q!5sl~k,k8,q!Slg

a Sld
b 1su~k,k8,q!Sug

a Sud
b

1slu~k,k8,q!Slg
a Sud

b

1sul~k,k8,q!Sug
a Sld

b , ~51!

where the Greek labels enumerate the upper subband (u) and
the lower subband (l ) and their associated spin states~1, 2!:
a5u1, u2, l1, andl2. The nonzero components ofSig

a is

Sll 1
l1 52Sll 1

l2 5Suu2
u1 52Suu1

u2 51/A2. ~52!

Substituting~51! into Eq. ~13!, summing over the spin
labels, and integrating overk andk8, we obtain equations fo
the coefficientssi :

sl~k,k8,q!5^uVl1,l1~wk2wk8!u
21uVl1,l2~wk2wk8!u

2&

1
2pt lNl

\ E dwg

2p
^uVl1,l1~wk2wg!u2

1uVl1,l2~wk2wg!u2&sl~g,k8,q!@12Tl~g,q!#

1
2ptuNu

\ E dwg

2p
^uVl1,u1~wk2wg!u2

1uVl1,u2~wk2wg!u2&

3sul~g,k8,q!@12Tu~g,q!#, ~53!

FIG. 3. Magnetoresistance curves for various hole concentrations in
quantum well.
e-

d
al

sul~k,k8,q!5^uVu1,l1~wk2wk8!u
21uVu1,l2~wk2wk8!u

2&

1
2pt lNl

\ E dwg

2p
^uVu1,l1~wk2wg!u2

1uVu1,l2~wk2wg!u2&sl~g,k8,q!@12Tl~g,q!#

1
2ptuNu

\ E dwg

2p
^uVu1,u1~wk2wg!u2

1uVu1,u2~wk2wg!u2&

3sul~g,k8,q!@12Tu~g,q!#, ~54!

su~k,k8,q!5^uVu1,u1~wk2wk8!u
21uVu1,u2~wk2wk8!u

2&

1
2ptuNu

\ E dwg

2p
^uVu1,u1~wk2wg!u2

1uVu1,u2~wk2wg!u2& su~g,k8,q!@12Tu~g,q!#

1
2pt lNl

\ E dwg

2p
^uVu1,l1~wk2wg!u2

1uVu1,l2~wk2wg!u2&

3slu~g,k8,q!@12Tl~g,q!#, ~55!

slu~k,k8,q!5^uVl1,u1~wk2wk8!u
21uVl1,u2~wk2wk8!u

2&

1
2ptuNu

\ E dwg

2p
^uVl1,u1~wk2wg!u2

1uVl1,u2~wk2wg!u2&su~g,k8,q!@12Tu~g,q!#

1
2pt lNl

\ E dwg

2p
^uVl1,l1~wk2wg!u2

1uVl1,l2~wk2wg!u2&

3slu~g,k8,q!@12Tl~g,q!#. ~56!

Solutions of Eqs.~53!–~56! depend on the ratio of mo
mentum relaxation times in each subbandt l , tu , and the
ratios of interband transition timest lu and tul , which are
determined by the equations

t lu
215

2pNu

\ E dw

2p
^uVl1,u1~w!u21uVl1,u2~w!u2&, ~57!

tul
215

2pNl

\ E dw

2p
^uVu1,l1~w!u21uVu1,u2~w!u2&. ~58!

Since elastic scattering from one subband to another is
companied by a large change in quasimomentum, this r
depends in turn on the form of the scattering potential. If
potential is smooth, then interband transitions are s
pressed:

tul@tu , t lu@t l .

If the potential is short-range, then

tul.tu , t lu.t l .

Let us consider these two cases separately.

he
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For a smooth potential we find that̂ uVl1,u1u2

1uVl1,u2u2&!^uVu1,u1u2& in Eqs. ~53!–~56!, and terms like
^uVl1 ,u1u21uVl1,u2u2&Ta!^uVu1,u1u2&Ta need not be in-
cluded. As in the single-level case, we must expand th
quantities in Fourier series in order to determinesi . After
integrating and solving the resulting system of algebr
equations, we find the expressions

sl5
\

2pNlDl
~0!~t l

~0!!2

q2/21Au

q21Al1Au

3F 1

q21Al1Au2F
1

1

q21Al1Au1F
G , ~59!

sul5
\

2pNlDl
~0!~t l

~0!!2

@2Du
~0!tul#

21

q21Al1Au

3F 1

q21Al1Au2F
1

1

q21Al1Au1F
G , ~60!

su5
\

2pNuDu
~0!~tu

~0!!2

q2/21Al

q21Al1Au

3F 1

q21Al1Au2F
1

1

q21Al1Au1F
G , ~61!

slu5
\

2pNuDu
~0!~tu

~0!!2

@2Dl
~0!t lu#21

q21Al1Au

3F 1

q21Al1Au2F
1

1

q21Al1Au1F
G , ~62!

where

Al5
1

2Dl
~0!F 1

tw
~ l !

1
1

t lu
G , Au5

1

2Du
~0!F 1

tw
~u!

1
1

tul
G , ~63!

F5F ~Al2Au!21
1

Dl
~0!t luDu

~0!tul
G 1/2

. ~64!

The label~0! implies that the corresponding quantities a
calculated without including interband transitions.

For a short-range potential there are no simplificatio
due to smallness of the interband matrix elements. W
expanded in Fourier series, the equations contain both
and first harmonics of the potentials, as in the single-le
case@see Eq.~24!#:

Ln5
2p

\ E dw

2p
^uVl1,l1~w!u21uVl1,l2~w!u2&e2 inw, ~65!

Un5
2p

\ E dw

2p
^uVu1,u1~w!u21uVu1,u2~w!u2&e2 inw, ~66!

Wn5
2p

\ E dw

2p
^uVl1,u1~w!u21uVl1,u2~w!u2&e2 inw. ~67!

Since interband transitions are efficient, we cannot
duce the diffusion process to diffusion of particles in se
se

c

s
n
ro
l

-
-

rate bands. Therefore, the expression for the cooperon
contains generalized diffusion coefficients and phase bre
ing times, which come from averaging over both bands:

sl ,u5
\

2p~Nl1Nu!t l ,u
2

1

Dq21tw
21

, ~68!

slu5sul5
\

2p~Nl1Nu!t ltu

1

Dq21tw
21

, ~69!

D5
Nl

Nl1Nu

~vF
~ l !!2t l

2

12NutuU1

Z

1
Nu

Nl1Nu

~vF
~u!!2tu

2

12Nlt lL1

Z

1
N2@ l #Nu

Nl1Nu
vF

~ l !vF
~u!t ltu

W1

Z
, ~70!

Z5~12Nlt lL1!~12NutuU1!2NlNut ltuW1
2 ,

tw
215

Nl /tw
~ l !1Nu /tw

~u!

Nl1Nu
. ~71!

The methods of averaging over subbands in the express
for D and tw are different because our phenomenologi
introduction of a phase relaxation implies that these qua
ties do not depend on angles.

In order to find the velocity operator, we must solve E
~9! while including the two subbands. This also can be do
by Fourier expansion:

ṽ~ab!5 ṽ~aa!dab ,

ṽ~ l1,l1!5 ṽ~ l2,l2!5
12NuU1tu

Z
v~ l !1

NuW1tu

Z
v~u!,

ṽ~u1,u1!5 ṽ~u2,u2!5
12NlL1t l

Z
v~u!1

NlW1t l

Z
v~ l !. ~72!

For a smooth potential we haveuW1u!uL1u, uU1u, and the
velocity operator is determined by scattering within a sin
subband:

ṽ~ l1,l1!5v~ l !
t tr

~ l !

t l
,

ṽ~u1,u1!5v~u!
t tr

~u!

tu
. ~73!

In order to calculate the anomalous contribution to t
conductivity we must substitute the coperon expressions
the velocity operator into Eqs.~2!–~4!. For a smooth poten-
tial

Ds~ I !5
2e2

\2 E d2q

~2p!2
@NlDl

~0!t l
~0!t tr

~ l !sl~q!

1 NuDu
~0!tu

~0!t tr
~u!su~q!#, ~74!
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Ds~ II !5Ds~ III !5
e2

\2E d2q

~2p!2
@NlDl

~0!t l
~0!~t l

~0!t tr
~ l !!sl~q!

1NuDu
~0!tu

~0!~tu
~0!2t tr

~u!!su~q!#. ~75!

For scattering by a short-range potential,

Ds~ I !5
e2

\2E d2q

~2p!2
$@ ṽ ~ l1,l1!#2Nlt l

3sl~q!

1 @ ṽ ~u1,u1!#2Nutu
3su~q!%, ~76!

Ds~ II !5Ds~ III !52
e2

2\2E d2q

~2p!2
$@ ṽ ~ l1,l1!Nlt l

2#2L1sl~q!

1@ ṽ ~u1,u1!Nutu
2#2U1su~q!1 ṽ ~ l1,l1!ṽ ~u1,u1!

3NlNut l
2tu

2W1@slu~q!1sul~q!#%. ~77!

It thus follows from Eqs.~59!–~62!, ~68!, and~69! that when
interband transitions are taken into account, the express
for cooperons can be represented in the form of diffus
poles for a smooth potential and for a short-range poten
Therefore, the expression fords(H) is obtained by substi-
tuting into Eq.~45!.

For scattering by a short-range potential

ds~H !52
e2

4p2\
f 2S 4eDtwH

\c D , ~78!

whereD andtw are defined in Eqs.~70! and ~71!.
For scattering by a smooth potential,

ds~H !52
e2

4p2\
F f 2S H

H1
D1 f 2S H

H2
D G , ~79!

where

H65
\c

4e
~Al1Au6F !. ~80!

This expression for the conductivity is valid for arbitra
ratios of the interband transition and phase breaking tim
for wave functions. In limiting cases, the expressions forH6

simplify. For t lu@tw
( l ) andtul@tw

(u) we have

H25
\c

4eDl
~0!tw

~ l !
, H15

\c

4eDu
~0!tw

~u!
, ~81!

while for t lu!tw
( l ) andtul!tw

(u)

H25
\c

4eD0tw
, H15

\c

4eS 1

Dl
~0!t lu

1
1

Du
~0!tul

D ,

H1@H2 , ~82!

wheretw coincides with Eq.~71!, andD0 is obtained from
Eq. ~70! for uW1u!uL1u, uU1u:

D05
NlDl

~0!1NuDu
~0!

Nl1Nu
.

The physical meaning of these expressions is transparen
the phase breaking time is shorter than the time for interb
ns
e
l.

s

. If
d

transitions, both subbands give independent contribution
the conductivity. If, however, a carrier can execute ma
transitions between subbands within the phase breaking t
then the conductivity has the standard form Eq.~78!, where
D0 andtw enter in as averages over the two subbands.

Expression~79! implies that the magnetoresistance cur
has two structural features, one atH5H2 and one atH
5H1 . WhenH1@H2 (t l ,u!t lu,ul!tw

( l ,u)), the second fea-
ture can appear for fieldsH>H1 , since the frequency for
phase breaking by the magnetic field becomes higher t
the intersubband transition frequency. For this ratio betw
times, both features can be observed experimentally.
lack of a second feature in Eq.~78! is explained by the fact
that for scattering by a short-range potential we have

H1.
\c

4eDt
,

and this is the limiting field for diffusion theory.
When the mixing of states at the Fermi level in the upp

subband is small, as we stated above, the contribution
weak localization comes from all the two-particle stat
within it. This situation is realized for (EF2D)/D!1. How-
ever, in the spherical approximation contributions to t
cooperon from states with angular momentum 1 and 0
separated. In this case, the mixing of states in the lo
subband is strong, and only states with zero total ang
momentum enter into it significantly. Therefore, the coo
eron has the form

Cgd
ab~q!5 s1~q!Slg

a 1su~q!Sug
a Sud

b

1slu~q!~Slg
a Sud

b 1Sug
a Sld

b !

1pul~q!~Pu1g
a Pu1d

b 1Pu2g
a Pu2d

b !

1pu0~q!Pu0g
a Pu0d

b . ~83!

HereSlg
a andSug

a are defined in Eq.~52!, while the nonzero
components ofPig

a are

~Pu1!u1
u15~Pu2!u2

u251, ~Pu0!u2
u15~Pu0!u1

u251/A2. ~84!

The expressions for the coefficientssi andpi depend on the
ratio of times for interband transitions and momentum rel
ation in the upper subband. Fortul.tu the coefficientspul

and pu0 do not have the form of diffusion poles and do n
contribute to the weak localization effect, and the expr
sions forsi coincide with Eqs.~68! and ~69!. Accordingly,
the functionds(H) is determined by Eq.~78!.

In the opposite case, whentul@tu , the equations for
pu0 and pu1 are similar in form to Eqs.~30! and ~31!, in
which we had to take into account occasional transitions
the lower subbands. Therefore, the final expression for th
quantites has the form

pu1~q!5
\

2pNutu
~0!

3
1

Du
~0!q2tu

~0!1tu
~0!/tw1tu

~0!/t i
~u!1tu

~0!/tul

, ~85!
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pu0~q!5
\

2pNutu
~0!

3
1

Du
~0!q2tu

~0!1tu
~0!/tw1tu

~0!/t'
~u!1tu

~0!/tul

. ~86!

The expressions forsi are completely analogous to Eq
~59!–~62!.

The timest i ,'
(u) describe spin relaxation in the upper su

bands. We determined them for scattering by a short-ra
potential. More general expressions for these times dep
on the type of subband excited, i.e., heavy-hole or light-ho
If at k 5 0 the upper subband is the second quantum w
level for heavy holes, then

t0

t i
~u!

5
4

3
av2

4 E
0

a/2

dzC4~z!, ~87!

t0

t'
~u!

5
16

3
@a~v1v2!212v0

2#E
0

a/2

dzsin2S 2pz

a DC2~z!, ~88!

If, however, it corresponds to the first light-hole level, the

t0

t i
~u!

5
4

3
av3

4E
0

a/2

dzS4~z!, ~89!

t0

t'
~u!

5
16

3
@a~v0v3!212v1

2#E
0

a/2

dzcos2S pz

a DS2~z!. ~90!

We note here that because we have used the sphe
approximation with infinitely high barriers, the nature of th
upper subband is determined by the ratioml /mh . For
ml /mh,1/4 the upper subband is made up of heavy ho
while for ml /mh.1/4 it is a light-hole state. However, i
real structures the type of subband depends on more than
the mass ratio, so that in comparing theory with experime
data we should use expressions~87! and~88! or expressions
~89! and ~90! for the spin relaxation time, depending on th
type of excited subband.

The expression fords(H) has the form

ds~H !5
e2

4p2\
F2 f 2S H

H i
~u!D 1 f 2S H

H'
~u!D

2 f 2S H

H2
D2 f 2S H

H1
D G , ~91!

where
ge
nd
.
ll

cal

s,

ust
al

H i
~u!5

\c

4eDu
~0!S 1

tw
~u!

1
1

t i
~u!

1
1

tul
D , ~92!

H'
~u!5

\c

4eDu
~0!S 1

tw
~u!

1
1

t'
~u!

1
1

tul
D , ~93!

while the quantitiesH6 are defined by Eq.~80!.
For H6,H i ,'

(u) the functionds(H) changes sign, while
for H6.H i ,'

(u) it is positive in the entire range in which th
diffusion theory is applicable.

As the carrier concentration in the upper subband
creases, its spin relaxation timest i

(u) andt'
(u) decrease, and

the first two terms in Eq.~91! disappear. In this case Eq.~91!
becomes Eq.~79!.

5. CONCLUSIONS

We have derived a theory of weak localization for qua
tum wells with strong spin-orbit interaction, taking into a
count the possibility of several quantum well subbands be
filled. We have obtained expressions for the magnetore
tance for various ratios of the spin relaxation, moment
relaxation, phase relaxation, and intersubband transi
times. We calculated values of the characteristic magn
fields where features in the magnetoresistance can arise,
ing into account the real band structure of a quantum w
system.
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Capacitance-voltage profiling of Au/ n -GaAs Schottky barrier structures containing
a layer of self-organized InAs quantum dots
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Capacitance-voltage measurements are used to obtain profiles of the free carrier distribution in
Schottky barriers grown on uniformly dopedn-GaAs hosts containing layers of self-
organized InAs quantum dots. It is found that electrons accumulate at a depth of 0.54mm, which
corresponds to the depth of the quantum-dot layer. As the temperature drops below 90 K, a
second peak appears in the concentration profile at 0.61mm, which becomes dominant as the
temperature continues to decrease. It is shown that the appearance of the second peak in
the concentration profile is not due to electron density redistribution over the structure, but rather
is observed when the rate of thermal emission of electrons from the quantum dots is slower
than the angular frequency of the capacitance measurement signal. ©1998 American Institute of
Physics.@S1063-7826~98!01810-9#
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Considerable interest has recently been focused
device-related semiconductor heterostructures contai
self-organized quantum dots, in which the motion of qua
particles is quantized along all three coordinates and
spectrum of the density of states is represented by a se
d functions.1 In Refs. 2 and 3 the authors reported hig
efficiency injection lasers with active regions containi
quantum dots. Very recently the creation of optical mem
elements was shown to be possible in principle,4 along with
optical bistability5 and resonant-tunneling structures6,7 based
on quantum dots. In order to develop a new generation
devices for micro- and optoelectronics, it is necessary to
vestigate the influence of quantum dots on the electr
properties of these semiconductor structures. Capacita
spectroscopy is recommended as a highly efficient met
for studying the properties of structures with quantu
dots.8–12 In this paper we present the results of capacitan
voltage (C2V) studies of the free carrier distribution profi
in a uniformly dopedn-GaAs host containing a layer of sel
organized InAs quantum dots.

SAMPLES AND METHODS OF STUDY

The structures under study were grown by molecu
beam epitaxy in a Riber 32P MBE device with a solid-st
source of arsenic on an1-GaAs (100) substrate. The assem
bly of InAs quantum dots consists of three layers located
distance 50 Å from one another, each of which form
in situ as a result of the conversion of an elastically strain
InAs layer with effective thickness 5 Å into a collection o
islands. The transformation of the InAs distribution at t
GaAs surface from two-dimensional to three-dimensio
1091063-7826/98/32(10)/5/$15.00
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was monitored by changes in the reflection high-energy e
tron diffraction ~RHEED! pattern.13 Due to the small thick-
ness of GaAs between the InAs quantum dot layers, e
previous quantum dot layer acts as a source of elastic s
tering for the next quantum dot layer as it grows.14,15 As a
result, the quantum dots are ordered in the growth direct
The assembly of quantum dots was located at the cente
an undoped 200-Å-thick layer of GaAs grown on
1-mm-thick buffer layer of Si-doped GaAs (n;2
31016cm23). The last step in growing the structure was
deposit a 0.5-mm-thick capping layer of GaAs (n;2
31016 cm23).

C2V characteristics were measured in the frequen
range from 10 kHz to 1 MHz using a HP4274A capacitan
bridge at temperatures fromT 5 4.7 to 300 K. The amplitude
of the measurement signal was 10 mV. The helium cryo
had a built-in superconducting magnet, allowing us to ma
measurements in magnetic fields from 0 to 12 T.

The structures of the samples were investigated by tra
mission electron microscopy~TEM!, using a Philips EM 420
electron microscope with an accelerating voltage of 100 k

Photoluminescence~PL! spectra were measured
T577 K using a cw helium-neon laser with a wavelength
632.8 nm, a monochromator, and a cooled photomultip
operated in the photon counting regime. The excitat
power density was about 1 W/cm2.

EXPERIMENTAL DATA AND DISCUSSION OF RESULTS

Figure 1a shows theC2V characteristics of a structur
with InAs / GaAs quantum dots measured at a frequency
1 MHz at various temperatures. Using the depletion appro
6 © 1998 American Institute of Physics
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mation, we can use theC2V characteristics to calculate th
profile of the free carrier distribution (NCV2W; see Fig. 1b!:

NCV~W!5
C3

q««0S dC

dVD , W5A
««0

C
, ~1!

where«0 is the free-space dielectric constant,« is the semi-
conductor dielectric constant,W is the width of the space
charge region, andA is the area of the Schottky barrier.

Accumulation of carriers in the assembly of quantu
dots leads to the appearance of a characteristic step in
C2V function ~Fig. 1a! and a peak in the profile of th
free-carrier distributionNCV2W at a depth of 0.54mm ~Fig.
1b!. This position corresponds to the depth at which the
sembly of quantum dots was created, as inferred from T
measurements. Upon decreasing the temperature from 2
77 K, we observed an increase in the width of the step in
C2V characteristic~Fig. 1a! and an increase in the ampl
tude of the peak in theNCV2W profile ~Fig. 1b!, which
corresponds to an increase in the concentration of elect
localized in the assembly of quantum dots. We showed p
viously that this process is caused by an increase in
Fermi level in the GaAs host.10,11 However, further decreas
ing the temperature to 15 K causes this step in theC2V
characteristic first to decrease and then to disappear c

FIG. 1. C2V- ~a! and NCV2W- ~b! characteristics of a structure with
InAs/GaAs quantum dots, measured atf 5 1 MHz. T, K: 1 — 200,2 — 77,
3 — 30, 4 — 15.
he

s-

to
e

ns
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e

m-

pletely ~Fig. 1a!. In this case, the peak atW50.54mm in the
NCV2W profile is suppressed, and a second peak appea
a depth ofW50.61mm ~Fig. 1b!. It should be noted that the
samples we studied contained no structural nonuniformity
any kind at this depth~Fig. 2a!.

According to our model, which is based on solving t
one-dimensional Poisson equation,10–12 at a given tempera-
ture the width of the peak in theC2V characteristic depend
on the electron concentration in the quantum-dot layerQqd ,
which in turn is determined by the concentration of quant
dots Nqd and the Fermi–Dirac function, which depends
the position of the electron level (Eqd) in the quantum dot
with respect to the Fermi level (EF) in the GaAs host. The
two-dimensional concentration of quantum dotsNqd was
measured by TEM and came to 531010 cm22 ~Fig. 2b!. The
density of states in the quantum-dot layer could be descri
by a Gaussian function, reflecting the nonuniformity dist
bution in the sizes of the quantum dots. The magnitude of
dispersionDE of the quantum-dot density of states functio
which was determined by analyzing PL~Fig. 3! related to
electron-hole recombination in the quantum dots,1 is 60
meV. The electron concentration in the quantum-dot la
can then be written as12

FIG. 2. Bright-field TEM images: cross section (g5200) ~a! and in planar
geometry~b! of a structure with InAs/GaAs quantum dots
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Qqd5E 2Nqd

Ap

2
DE

exp~22~E2Eqd!
2/~DE!2!

11exp~~E2EF!/kT!
dE, ~2!

wherek is the Boltzmann constant.
This model describes theC2V characteristics rathe

well for T.77 K ~Figs. 4a and 4b! for the following param-
eter values: Nqd5531010 cm22, Eqd570 meV, DEqd

570 meV, anddcap50.52mm. Note that the concentratio
of quantum dotsNqd and thickness of the capping layerdcap

determined from analyzing theC2V characteristics are in
rather good agreement with the TEM data~Fig. 2b!. How-
ever, belowT577 K we observed considerable discrepa

FIG. 3. PL spectrum of a structure with InAs/GaAs quantum dots~1! at
T577 K. The solid curve~2! is an approximation of the experimental da
by a Gaussian function withDE560 meV and a value of 1.22 eV at it
maximum.
-

cies between the experimental and theoreticalC2V and
NCV2W- characteristics: the step in theC2V characteristic
is suppressed and a second peak appears in theNCV2W
profile at W50.61mm ~Figs. 4c and 4d!. We suggest that
this is not associated with a redistribution of electron dens
across the structure, but rather arises from the fact that in
model the capacitance of the structure is calculated in
quasistatic approximation:

C5DQ/DV, ~3!

i.e., we disregard the time-dependent part of the changeDQ
in charge caused by a change in voltageDV. However, these
changes in the capacitance can be measured by superim
ing a small ac signal (dVosc) with frequencyf on the dc
reverse bias (Vrev). The measurement signaldVoscmodulates
the charge at the edge of the space-charge region (dQ3D)
formed by the Schottky barrier, and also the charge in
quantum-dot layer (dQqd) where the Fermi level intersect
the electronic level in the quantum dot. Therefore, t
capacitance of the structure with quantum dots consists
two parts:12

C5C3D1Cqd5
dQ3D

dV
1

dQqd~Eqd2EF!

dV
, ~4!

whereC3D is the bulk capacitance, andCqd is that part of the
capacitance associated with the quantum-dot layer.

Calculations of theC2V characteristics of a structur
with quantum dots show that the region of quasi-const
capacitance from22 to 23.5 ~Fig. 5a! is associated with a
linear decrease in the concentration of electrons in the p
of the quantum dots with increasing reverse bias~Fig. 5b!. In
this case, the changedW in the width of the space-charg
s

e

FIG. 4. C2V- ~a! andNCV2W- ~b! char-
acteristics of a structure with InAs/GaA
quantum dots, measured atT577 K ~a
and b! and atT515 K ~c and d!: experi-
mental data~light symbols! and model
calculations~solid curves! are forNqd55
31010 cm22, Eqd570 meV, and DEqd

580 meV. The dotted curves~c and d!
show model calculations atT515 K with
an electron concentrationnqd in the quan-
tum dots which is fixed and which is in-
dependent of the reverse bias voltag
Vrev .
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region caused by a changedV in the bias voltage becomes s
small thatdQqd is considerably larger thandQ3D ; i.e., Cqd

will overwhelmC3D in the voltage range from22 to 23.5 V
~Fig. 5c!.

Measurements show~Fig. 1a! that when the temperatur
is decreased below 70 K, the capacitanceCqd is suppressed
and atT 5 15 K it disappears entirely, whereas the calcu
tions imply that occupancy of the quantum-dot layer by el
trons saturates in this temperature region .10,11This disagree-
ment arises from the fact that the model assumes that
position of the Fermi level in the assembly of quantum d
coincides with the Fermi level in the GaAs host. Wheth
this condition is satisfied or not depends on the rate of
change of electrons between the quantum dots and the
GaAs. It is well known that self-organized quantum dots
characterized by a very high rate of charge-carrier captu1

Therefore, the ratio of Fermi levels in the quantum dot a
the bulk material will, to a considerable degree, be de
mined by carrier emission from the quantum dot. In th
case, suppression of the capacitanceCqd at low temperatures
could be associated with the fact that the rate of thermio
emission of electrons from the quantum dot (en) is consid-
erably smaller than the angular frequency of the meas
ment signal 2p f ; i.e., a ‘‘freeze-out’’ of electrons in the
quantum dot levels takes place. This effect is a manifesta
of the zero-dimensional nature of states in the quantum
and is not observed in structures with quantum wells.16 To
model this situation we calculatedC2V andNCV2W- char-
acteristics atT515 K under the condition that the conce
tration of electrons in the quantum dot does not depend
the reverse bias. In this case we observe rather good ag

FIG. 5. C2V- ~a!, Qqd2V- ~b!, andCqd2V- ~c! characteristics of a struc
ture with InAs/GaAs quantum dots obtained atT577 K for Nqd55
31010 cm22, Eqd570 meV, andDEqd570 meV.
-
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ment between the experimental and calculatedC2V charac-
teristics~Fig. 4c!.

In order to remove electrons from the quantum-dot la
at T 5 15 K it is necessary to apply a higher electric field,
that the electrons can tunnel from the quantum dots to
GaAs through a narrow triangular barrier~see the inset in
Fig. 1a!. This process leads to the appearance of the sec
peak in theNCV2W-profile at W50.61mm, which corre-
sponds to the second plateau in theC2V characteristic in
the bias range23 to 23.5 V ~Figs. 4c and 4d!. However, the
theoretical NCV2W profile ~Fig. 4d! shows no peak a
W50.61mm. This is because the calculations were based
the quasistatic approximation, which disregards the tunne
effect.

Let us assume that the rate of thermionic emission
electrons from the quantum dots depends exponentially
temperature and on the energy of the quantum state in
quantum dot. The assembly of quantum dots is character
by a Gaussian density of states; therefore, at a given t
perature and frequency of the measurement signal, one g
of quantum dots is characterized by a high rate of thermio
emission, when (en@2p f ), while the rest have a low rate o
thermionic emission (en!2p f ). Decreasing the measure
ment-signal frequency from 1 MHz to 10 kHz atT528 K
leads to an increase in the number of quantum dots that
isfy the conditionen@2p f ; in this case, the step in th
C2V characteristic broadens~Fig. 6a! and the peak in the
NCV2W profile atW50.54mm increases in height even a
the peak atW50.61mm is suppressed~Fig. 6b!.

FIG. 6. C2V- ~a! andCqd2V- ~b! characteristics of a structure with InAs
GaAs quantum dots computed atT529 K for various measurement signa
frequencies.f , kHz: 1 — 10, 2 — 100,3 — 1000.
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Even magnetic fields as large as 12 T turn out to h
little effect on the electron level in the quantum dot.17 How-
ever, they lead to the formation of Landau levels in the Ga
conduction band, and consequently raise the lowest pos
state in the GaAs conduction band byDEc5\vc/2
'10 meV, where\vc is the cyclotron energy. This leads t
an effective deepening of the electronic level in the quant
dot17,18which is manifested as a decrease in the width of
step in theC2V characteristic~Fig. 7a! and an increase in
the peak amplitude atW50.61mm in the NCV2W profile
~Fig. 7b!. It should be noted that this effect does not depe
on the orientation of the magnetic field, which is connec
with the zero-dimensional nature of the quantum states in
quantum dot. The magnetic field has no effect atT.70 K,
whenkT>DEc .

CONCLUSIONS

In this paper we have described studies of theC2V
profiles of a uniformly dopedn-GaAs host with a Schottky
barrier at its surface that contains a layer of self-organi
InAs quantum dots. We have established that electron a
mulation can be observed at a depth of 0.54mm, which co-
incides with the geometric position of the quantum-dot lay
As the measurement temperature is decreased below 90
second peak appears in the profile at a depth of 0.61mm,
which upon further lowering of the temperature becom
dominant. We have established that the appearance of
second peak in the free-carrier distribution profile is not c
nected with redistribution of the electronic density throug

FIG. 7. C2V - ~a! and NCV2W - ~b! characteristics of a structure with
InAs/GaAs quantum dots obtained atT517 K and f 510 kHz for various
magnetic field values.B, T: 1 — 0, 2 — 8.1, 3 — 12. The magnetic field
intensity vectorB is perpendicular to the sample surface.
e
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out the depth of the structure, but rather appears when
rate of thermal emission of electrons from the quantum d
to the GaAs conduction band becomes considerably sm
than the angular frequency of the signal used to measure
capacitance. We have shown that applying a magnetic fi
leads to a decrease in the rate of thermionic emission f
the quantum well due to effective deepening of the electro
level in the quantum well caused by the formation of ladd
of Landau levels in the GaAs conduction band.
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Electron-hole Coulomb interaction in InGaN quantum dots
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In contrast to group-III arsenide-based quantum dots, group-III nitride-based quantum dots are
much smaller in size and have less conduction band offset. For this reason, it is important
to take into account the electron-hole Coulomb interaction in which the spherical quantum dot is
substituted for the cube-shaped quantrum dot, which in this paper is treated within the
Hartree approximation. In addition to making the electron binding energy several times larger,
this strong Coulomb interaction between carriers in quantum dots makes conventional
distribution functions invalid, requiring their recalculation. Such calculations reveal that while the
one-particle distribution functions are donor-like, the electron-hole function is quite different
from its predecessors. ©1998 American Institute of Physics.@S1063-7826~98!01910-3#
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1. INTRODUCTION

At this time there is great interest in heterojunction
sers based on solid solutions in the InGaN system, wh
emit in the blue and violet regions of the spectrum. The fi
such lasers were made at the end of 1995 and the begin
of 1996.1 Their active region was a sequence of 30 to 50-
thick In0.2Ga0.8N quantum wells, each enclosed by 60 to 10
Å-thick In0.05Ga0.95N barrier layers. Recent studies of the
structures2,3 show that the layers that form the quantum we
are broken up into regions that are enriched with indi
surrounded by regions with a InN content close to that of
barrier layers. Thus, the active region of these structures
be treated as an assembly of cube-shaped quantum dot

The theory of the quantum-dot laser was develop
previously4–6 and applied to systems based on arsenid
However, structures based on group-III nitrides differ sign
cantly from arsenide-based structures. First of all, the va
of the conduction band offset is small, since the ra
DEc :DEv530:70.7 Secondly, and more importantly, qua
tum dots in the nitride systems are much smaller than th
based on arsenides. Typical dimensions of the latter are
100 Å. Because of the small sizes of the dots and the sm
value ofDEc , bound states of an electron in an InGaN d
are either entirely absent or at best have ionization ener
close to thermal energy. Therefore, a quantum dot occu
by an electron-hole pair can easily lose the electron
cease to be a source of laser radiation. Under these co
tions, the Coulomb attraction between the electron and h
becomes extremely important. As we show in this paper,
interaction strongly suppresses the thermal ionization
electron-hole pairs in a quantum dot. Its inclusion in theor
ical calculations, which was not done in Refs. 4–6 me
tioned above, has even more important consequances
regard to electron and hole statistics in the quantum dot
the absence of this interaction, the way that electrons
holes occupy their respective levels in the quantum do
described by the usual Fermi functionsf c and f v , which
have been used before. However, when the interactio
1101063-7826/98/32(10)/5/$15.00
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included, the occupation statistics change significantly. Th
derivation will constitute the second part of this paper.

2. WAVE EQUATIONS AND ENERGY

If the quantum dot is occupied by only one particle~an
electron or hole!, then the wave equation of the particle h
the standard form

2
\2

2mc,v
¹2Cc,v

~0!~r !1Uc,v~r !Cc,v
~0!~r !52«c,v

~0!Cc,v
~0!~r !. ~1!

Here«c,v
(0).0 are the ionization energies of a particle~elec-

tron or hole! in the singly occupied quantum dot.Uc,v(r ) is
the step-like potential created by the heterostructure, wh
we set equal to zero in the host surrounding the quantum
Within the dot this potential is

Uc,v~r !52DEc,v ~2!

for electrons or holes. For the case of interest to us, the
has the shape of a cube with sizea. Following previous
papers, we replace the cubic well by a spherical well
simplicity, choosing the radius of the sphereR to be

R5
a

A3
. ~3!

This choice is made so that the ground state energy o
cube-shaped well with infinitely high walls coincides wi
that of the spherical well. Equation~1! has a well-known
sinusoidal solution, and the energy is found from the us
transcendental equation.

If the quantum dot is occupied by an electron and a ho
then their wave functionsCc(r ) and Cv(r ), and also their
single-particle energy parameters«c.0 and«v.0, can be
found from the system of Hartree equations
1 © 1998 American Institute of Physics
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5
2

\2

2mc
¹2Cc~r !1Uc~r !Cc~r !

2Vvv~r !Cc~r !52«cCc~r !, ~4a!

2
\2

2mv
¹2Cv~r !1Uv~r !Cv~r !

2Vcc~r !Cv~r !52«vCv~r !, ~4b!

where the potentials due to the Coulomb interaction wit
the Hartree approximation are

Vvv~r ![
e2

« E d3r 8
uCv~r 8!u2

ur2r 8u
,

Vcc~r ![
e2

« E d3r 8
uCc~r 8!u2

ur2r 8u
. ~5!

Here « is the dielectric constant, which we assume is
same inside and outside the well since its discontinuity at
heterojunction is only a few percent. We ignore the diffe
ence in effective masses for electrons and holes across
heterojunction. The total energy of an electron-hole p
located in the quantum dot is

E5Eg2«c2«v1Vcc
vv , ~6!

where the matrix element for the Coulomb interaction is

Vcc
vv5E Vcc~r !uCv~r !u2d3r5E Vvv~r !uCc~r !u2d3r . ~7!

In Eq. ~6! we have subtracted the average value of
Coulomb interaction of the electron and hole on the rig
side, as is done in helium-atom calculations,8 since it has
already been included twice: once in Eq.~4a!, and again in
Eq. ~4b!.

Using the variational method which is described, for e
ample, in the monograph of Ref. 9, we can successively
rive Eqs. ~4a!, ~4b!, and ~6! by assuming that the system
wave function has the form of a product, i.e.,C(re ,rh)
5Cc(re)Cv(rh), wherere and rh are the electron and hol

FIG. 1. Schematic illustration of the shape of the energy bands in a qua
dot without including ~solid curve! and including ~dashed curve! the
Coulomb interaction between the electron and hole.
n
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coordinates. We will consider only the ground state of t
electron and hole. The Hartree potential determined
Eq. ~5! simplifies for spherically symmetric ground-sta
functions:

V~r !5
e2

« F1

r E0

r

w2~r 8!dr81E
r

`w2~r 8!

r 8
dr8G , ~8!

wherew(r ) is determined from the expression

C~r !5
1

A4p

w~r !

r
; E

0

`

w2~r !dr51.

In Fig. 1, the original step-like quantum well is show
schematically by the solid curve, while the dashed cu
shows how the well is distorted by the Coulomb interacti
between the electron and hole. In our quantum-dot calc
tions we assumed thatEg53.325 eV, DEc567.5 meV,
DEv5157.5 meV,«59, mc50.2m0 , and mv5m0 , where
m0 is the mass of a free electron. Figure 2 shows the dep
dence of the binding energy of an electron and hole on
size of the quantum dot. The dashed curves show the
dependences of the single-particle energy parameters«c and
«v , which are eigenvalues of Eqs.~4a! and ~4b!. For com-
parison, the solutions«c

(0) , «v
(0) of Eq. ~1! with the step-like

potentials alone, which give the binding energies of an el
tron and hole in the quantum well without allowance for t
Coulomb interaction, are shown by the dashed curves.
clear that for a step potential there is no longer a bound s
for the electron whena, 50Å.

As we have already said, one possible decay mode
bound exciton is thermal ejection of an electron or hole fro
the quantum well into the semiconductor bulk. In this ca
the ionization energy of an electronI c.0 or holeI v.0 will
be the quantityI c,v5E22E1 , whereE15E is the energy of
the initial state determined by Eq.~6!, andE25Eg2«v,c

(0) is
the energy of a bound hole~electron! when its partner is
absent:

I c5«c1«v2Vcc
vv2«v

~0! , I v5«c1«v2Vcc
vv2«c

~0! . ~9!

m
FIG. 2. Dependence of the binding energy of an electron and hole on
size of the quantum dota obtained by solving the system of equations; t
solid curves are for the Hartree Eqs.~4a!, ~4b!, while the dashed curves
include only the step potential Eq.~1!.
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Figure 3 shows the dependence of the ionization ene
of an electron and hole on the size of the quantum dot. N
that the ionization energy of the electronI c as a function of
the size of the quantum dota virtually coincides with the
single-particle energy parameter«c(a). According to the
Koopmans theorem,9 this is a characteristic sign of the su
cessful choice of a variational electron wave function. T
hole ionization energyI v(a) is also in fairly good agreemen
with the single-particle energy parameter«v(a). In this case,
however, the agreement is somewhat worse fora,50 Å.
Figure 3 also shows the dependence of the Coulomb ma
elementVcc

vv on the size of the quantum dot. This functio
has a maximum ata.40 Å. For smaller quantum dots th
wave functions are found to be weakly localized within t
dots, and the average Coulomb interaction energy decre
For larger dots the wave functions are almost comple
localized, and the average energy of the Coulomb interac
turns out to be inversely proportional to the size of the d

In Fig. 4 we show the dependence of the total energy
an electron-hole pair on the size of the quantum dot. In
range of valuesa515—50 Å, the energy of an emitted pho
ton decreases rapidly asa increases by 170 meV. This i
sufficient to significantly lower the absorption of light in th
host material. For this reason, the interval of optimu

FIG. 3. Dependence of the Coulomb potentialVcc
vv and ionization energy for

an electron (I c) and a hole (I v) on the size of the quantum dot.

FIG. 4. Energy\v of a photon emitted by the quantum dot as a function
the its size: the solid curve includes the Coulomb interaction, the das
curve does not. The horizontal dash-dotted curves show the width o
forbidden gap in the host crystal (Eg) and in the quantum dot material (Eg8).
y
te

e

ix
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.
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quantum-dot size is somewhere in the range 40–60 Å, s
further increasing the size of the quantum dot leads to
appearance of new energy levels.

3. STATISTICS OF ELECTRONS AND HOLES
IN A QUANTUM DOT

Our studies of the Coulomb interaction between an el
tron and hole require that we replace the usual single-par
functions for occupation of statesf c and f v by a certain
generalized functionf ex that characterizes the degree of o
cupation of the dot by electron-hole pairs, i.e., excitons. T
fact is that we no longer can separately determine ene
levels for an electron and hole. We know only the total e
ergy of an excitonE given by Eq.~6!. Furthermore, only
singlet excitons, for which the spins of the electron and h
are antiparallel, are capable of radiative recombination. T
fact is disregarded in computations of the probability for t
absorption and emission of a photon based on the distr
tion functionsf c and f v .

As usual, we assume that all the electronic states a
cent to the edge of the conduction band are in quasither
equilibrium, with a quasi-Fermi leveljc , whereas all the
states located near the edge of the valence band are like
in equilibrium with a quasi-Fermi leveljv . The usual con-
dition for this approach to be correct is smallness of
momentum relaxation time compared to the recombinat
time. In constructing the distribution functionf it is neces-
sary to use the grand canonical distribution, according
which the probabilityFnm of creating a system ofn and m
holes is

Fnm5Cgnm expS 2
E2njc2mjv

kBT D , ~10!

whereC is a normalizing constant determined from the co
dition (nmFnm51; gnm52snm11 is a degeneracy factor de
termined by the total spin of the quasiparticlesnm ; andE is
the total energy of the system measured from the same l
as the quasi-Fermi levels of the electrons and holes.

Let us consider the distribution function for variou
types of occupation of the quantum dot.

1. Absence of particles in the quantum dot:g0051; in
this caseF005C.

2. Only electrons or only holes in the quantum dot.
We note at the outset that the case of two identical partic
in the quantum dot with different spins can be excluded, d
to the strong Coulomb repulsion of identical particles. Th
case, which is completely analogous to that of electron
tistics in shallow donors,10 obviously requires thats105s01

51/2, g105g0152. The distribution functions is

f 1c5(
n

nFnmU
m50

52C expzc , zc[
«c

~0!2mn

kBT
, ~12!

f 1v5(
m

mFnmU
n50

52C expzv , zv[
«v

~0!2mp

kBT
, ~13!

wheremn and mp , i.e., the quasi-Fermi levels of electron
and holes measured from the bottom of the conduction b

f
ed
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and the top of the valence band in the host, respectively,
positive for nondegenerate electrons and holes in the ho

3. An electron and hole in the quantum dot simulta-
neously. If the spins of the electron and hole are antiparal
the electron and hole can radiatively recombine. Here
possible particle numbers are bothn5m51 andn5m52.
However, it should be kept in mind that two excitons in o
quantum dot constitutes an extremely short-lived sta
which very easily decomposes via Auger recombinati
Therefore, we will ignore such states, and assumen5m
51. For this same reason, in what follows we will igno
states for which not only an exciton but also additional ho
and electrons are contained in the quantum dot. Since
total spin of a singlet exciton equals zero, we haveg1151.
We thus easily find that

f ex5F115C expzex, zex[2
E2mex

kBT
, ~14!

whereE is the energy of an electron-hole pair given by~6!,
andmex5Eg2mn2mp is the quasi-Fermi level of the exc
ton determined by the distance between the quasi-Fermi
els of an electron in the conduction band and one in
valence band. If the spins of the electron and hole are pa
lel, i.e., the exciton is a triplet, then the total spin of t
exciton equals 1 andg1153. Then

f ex
~ t !53C expzex53 f ex. ~15!

The constantC is given by the normalization condition

C5
1

112 expzc12 expzv14 expzex
. ~16!

4. QUASI-FERMI LEVELS OF ELECTRONS AND HOLES

The probability of stimulated emission equals

wst5wvcf ex, ~17!

wherewvc is the probability for an optical transition, and th
radiated energy of the photon is\v5Eg2«c2«v1Vcc

vv

according to Eq.~6!. The probability of absorbing a photo
at the same energy\v is

wa5wvcF00. ~18!

According to Eqs.~17! and~18!, the magnitude of the optica
gain in the active region is

g5A~ f ex2F00!5
A~exp zex21!

112 expzc12 expzv14 expzex
, ~19!

whereA is an energy-dependent coefficient of proportion
ity. From ~19! it is easy to find where the dividing line i
between absorption and amplification of electromagnetic
diation with frequencyv by the quantum dot. This conditio
for replacing absorption by amplification has the usual for

mex5E. ~20!

It is convenient to represent the quantitymex in terms of the
chemical potentials of electrons and holes injected into
host. Then the critical condition for the appearance of ga
according to Eq.~20!, has the form
re
.

l,
e

e,
.

s
he

v-
e
l-

-

a-

:

e
,

mn1mp5Eg2E. ~21!

For a prespecified value of required gain in the active regi
~19! allows us to determine the ratio of quasi-Fermi leve
for electrons and holes. However, the problem is that
need to determine not only their ratio but each of these qu
tities individually. For this we use the condition of electric
neutrality. LetNQD be the concentration of quantum dot
Then the total electron concentrationntot equals

ntot5n1ne1nex, ~22!

wheren5Ncexp(2mn /kBT) is the concentration of free elec
trons in the host;ne5NQDf 1c is the concentration of quan
tum dots filled by a single electron; andnex is the concentra-
tion of quantum dots filled by excitons. Analogou
expressions can be written for the total concentration
holesptot as well, by replacingmn by mp and f 1c by f 1v . The
condition of electrical neutrality takes the form

ntot5ptot . ~23!

For simplicity of discussion we assume the active region a
the region occupied by the wide-gap host are undoped. S
stituting the expression for the total concentration of el
trons and holes into~23!, we obtain the equation that relate
the quantitiesmn andmp :

Nc expS 2
mn

kBTD12NQDC exp zc

5Nv expS 2
mp

kBNTD12NQDC exp zv , ~24!

whereC is determined from Eq.~16!.
Figure 5 shows the dependence of the functionsf ex and

( f ex2F00) on the parametermn1mp . The function f ex

2F00, according to Eq.~19!, is proportional to the gain
coefficient in the active region. In these calculations we
sumed that the size of the quantum dot was 40 Å, the
tance between dots in the plane of a single layer was
40 Å, and the distance between layers was 80 Å, so
NQD'1.331018 cm23. Note that in this kind of quantum
dot we havef 1c50. In the dashed region, the optical ga
coefficient is positive.

FIG. 5. Dependence of the distribution functionsf ex and (f ex2F00) on the
sum of chemical potentials of electrons and holesmn1mp .
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9L. Zülike, Quantum Chemistry@Mir, Moscow, 1976#.
10R. A. Smith,Semiconductors~Cambridge Univ. Press, Cambridge, 195

Mir, Moscow, 1982!.

Translated by Frank J. Crowne



SEMICONDUCTORS VOLUME 32, NUMBER 10 OCTOBER 1998
Shallow acceptors in strained multiquantum-well Ge/Ge 12xSix heterostructures
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Far infrared photoconductivity spectra due to excitation of shallow acceptors in strained multi-
quantum well Ge/Ge12xSix (x'0.1) heterostuctures are investigated. It is shown that
these spectra are shifted toward longer wavelengths in the far infrared region compared with
those of bulkp-Ge, owing to9built-in9 strain and size quantization, which lead to splitting of the
light- and heavy-hole subbands in the Ge layers. Shallow acceptor spectra are calculated
variationally for bulk germanium under uniaxial tension, which is9equivalent9 to the strained Ge
layers in the heterostructures. Although this method is only appropriate for wide quantum
wells (dGe'800 Å!, the calculations are shown to qualitatively account for photoconductivity
spectra obtained from narrower wells (dGe'200 Å! as well. © 1998 American Institute
of Physics.@S1063-7826~98!02010-9#
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Strain is one of the techniques for controlling the ene
spectrum of both free and bound charge carriers. By low
ing the crystal symmetry, uniaxial strain in semiconduct
with degenerate valence bands atk50 ~e.g., in Ge and Si!
causes splitting of the heavy- and light-hole subbands
reconstruction of the shallow acceptor spectrum. The in
ence ofPi@001# and Pi@111# uniaxial strains on the spec
trum of shallow acceptors in bulk germanium and silicon h
been investigated previously, both theoretically1–3 and
experimentally.4–6 In these papers it was shown that uniax
strain causes splitting of the ground and excited fourfo
degenerate states into two twofold-degenerate states. S
the distance between light- and heavy-hole subbands
creases linearly with pressure,1 as the strain increases th
spectrum of acceptor bound states is determined primarily
the subband that forms the top of the valence band. I
known1 that for PÞ0 the dispersion relation for holes be
comes anisotropic in both subbands. The problem of mo
of a particle near the top of a simple anisotropic band i
Coulomb potential was investigated in Refs. 2 and 7, wh
the dependences of the ground and excited state energi
an impurity center on the anisotropy parameter of the eff
tive mass was calculated. In Ref. 3 the authors calculated
spectrum of a shallow acceptor in uniaxially strained germ
nium for arbitrary values of the strain.

In this paper we will investigate shallow acceptors
wide strained Ge/Ge12xSix heterostructure quantum wel
grown on a~111! germanium substrate. By ‘‘wide’’ quantum
wells we mean wells whose width exceeds the character
size of the wave function in the acceptor ground state.
such quantum wells, the spectrum of shallow acceptor
primarily determined by the strain of the quantum well m
terial, i.e., essentially the magnitude of the splitting of t
heavy- and light- hole subbands. Therefore, in calculat
1101063-7826/98/32(10)/5/$15.00
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bound-state energies quantum-well effects can to first
proximation be included through their influence on the ma
nitude of the subband splitting of the light and heavy hol

It is well known that the germanium layers in straine
Ge/Ge12xSix heterostructures are potential wells for hole8

If the total thickness of the heterostructure exceeds a crit
value, then the germanium layers undergo compressio
the growth plane of the heterostructure. This strain may
considered as hydrostatic compression plus uniaxial ten
along the@111# axis. The hydrostatic compression, whic
does not decrease the crystal symmetry, leads to an insig
cant change the hole mass and therefore has only a s
effect on the binding energy of acceptors. Thus, the spect
of shallow acceptors in wide germanium layers in t
strained Ge/Ge12xSix heterostructures can be approximate
treated as the spectrum of shallow acceptors in bulk ger
nium under uniaxial tension. The results of Ref. 3 cannot
used to analyze the impurity spectra in such heterostructu
because these calculations were made for material u
compression. In this paper we calculate the spectrum of s
low acceptors in germanium under uniaxial tension in
direction @111# for an arbitrary value of the strain using th
variational method discussed in Ref. 9 for calculating acc
tor levels in unstrained germanium.

METHOD OF CALCULATION AND RESULTS OBTAINED

The Luttinger Hamiltonian,10which describes light and
heavy holes in a Cartesian system of coordinatesx̂@110#,
ŷ@112#, ẑ@111#, has the form:

HL5
\2

2m0S F H I 0

H* G 0 I

I * 0 G 2H

0 I * 2H* F

D ,
6 © 1998 American Institute of Physics
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F5 A~kx
21ky

21kz
2!1

D

2A3
~kx

21ky
222kz

2!

1H a«1
d

2A3
~«xx1«yy22«zz!J 2m0

\2
,

G5 A~kx
21ky

21kz
2!2

D

2A3
~kx

21ky
222kz

2!

1H a«2
d

2A3
~«xx1«yy22«zz!J 2m0

\2
,

H5
i

A3
S B2

D

A3
D k1

2 2
2i

A3
S B1

D

2A3
D kzk2 ,

I 5
1

2A3
S B1

2D

A3
D k2

2 2A2

3S B2
D

A3
D kzk1 ,

where A, B, and D are constants that determine the ho
dispersion relations,m0 is the free electron mass,a andd are
constants that determine the change in the hole spec
under strain~see Ref. 1!, k65kx6 iky ; « i j are components
of the strain tensor, and«5«xx1«yy1«zz. All the nonzero
components of the strain tensor can be expressed in term
«xx :

«xx5«yy ,

«zz52
2~C1112C1222C44!

C1112C1214C44
«xx520.369«xx ,

whereCi j are elements of the elastic stiffness tensor.11 The
quantity«xx is linearly related to the tensile stress~pressure!

P52
6C44~C1112C12!

C1112C124C44
«xx5183.3«xxGPa.

In germanium uniaxially strained along the direction@111#,
the center of the Brillouin zone corresponds to the symme
point groupD3d . In unstrained germanium, theL-point pos-
sesses this symmetry group. Therefore, wave functions
acceptors in the strained material will transform according
a complementary representation of the double group at thL
point. There exist six such irreducible representations of
groupD3d : L4

6 , L5
6 , andL6

6 ~Ref. 12!. The wave function
of the acceptor ground state transforms according to an
ducible representation corresponding to the top of the
lence band. In unstrained germanium the top of the vale
band corresponds to the four-dimensional representationG8

1

~Ref. 12!. This representation decomposes into irreduci
representations under the groupD3d as follows:

G8
15L4

11L5
11L6

1 .

RepresentationsL4
1 and L5

1 are one- dimensional an
complex conjugates of one another; they should therefor
treated as the single, two-dimensional, irreducible repres
tation L4,5

1 for transforming the wave functions.13 Represen-
tation L6

1 is two-dimensional. As we already noted, uniax
strain lifts the degeneracy of the light- and heavy-hole s
bands at the pointk50. In this case, wave functions corre
m
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n-

l
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sponding to states with projections63/2 of total angular
momentum on the strain axis~heavy holes! transform ac-
cording to the representationL4,5

1 . Wave functions of states
with the projections61/2 of total angular momentum on th
strain axis~light holes! transform according to the represe
tation L6

1 . Note that for those holes determined to
‘‘heavy’’ the mass in the direction@111# is larger than that of
the light holes~by a factor of almost 10!. In general, this
assertion is incorrect for other directions. In uniaxial strain
germanium, the top of the valence band is made up of he
holes, while under uniaxial compression it is made up
light holes.

In this paper we use a variational method to calculate
spectra of shallow acceptor states. Starting from the sym
try of the problem and using group theory analogous to R
9, we can minimize the number of variational parameters
choose the following trial wave functions for the split groun
state that transform according to representationsL4,5

1 and
L6

1 :

Ch5c1S 1

0

0

i

D expS 2Ar21~qz!2

f D

15 c2@r222~qz!2#S 1

0

0

i

D 1 c3r2S 0

ie22iw

e2iw

0

D
1 c4rzS 0

2 ieiw

e2 iw

0

D 6 expS 2Ar21~qz!2

b D , ~1!

C l5c1S 0

1

0

0

D expS 2Ar21~qz!2

f D

15 c2@r22~qz!2#S 0

1

0

0

D 1 irzS c3eiw1c4e2 iw

0

0

0

D
1 ir2S c5e2iw1c6e22iw

0

0

0

D 6 expS 2Ar21~qz!2

b D .

~2!

HereCh andC l transform according to the representatio
L4,5

1 andL6
1 , respectively;r25x21y2, w is the angle of the

radius vector in the planexy, andci , q, f, andb are varia-
tional parameters.
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In Fig. 1 we plot the calculated energies of the comp
nents of the split acceptor ground state, i.e.,L4,5

1 @with wave
function ~1!# and L6

1 @with wave function~2!#, versus the
strain«xx . The energy origin corresponds to the edge of
heavy-hole subband. The ionization energy obtained in
paper for the acceptor ground state whenP 5 0 equals 8.87
meV, which is in good agreement with the value 8.83 m
obtained in Ref. 9. At large strains («xx.1531023) the ion-
ization of the ground state approaches an asymptotic valu
5.57 meV, which is in good agreement with calculations
ing the single-band model with an anisotropic mass.14

Figure 2 shows how the scales of localization of t
ground-state wave function along the strain axis and in
perpendicular direction depend on the magnitude of
strain. It is easy to see that the localization radius~or
‘‘Bohr’’ radius! along the direction of tension decreases w
increasing strain down to 4.0 nm, while in the perpendicu
direction it increases. This behavior is explained by
change in mass in the corresponding directions.1

Let us now considerp-type excited states. The wav
functions of these states are odd under inversion, and th
fore they correspond to irreducible representationsL4,5

2 or
L6

2 . Note that dipole transitions from the ground state
allowed in odd states and forbidden in even states.

In accordance with the symmetry of the problem~see
Ref. 9! trial wave functions that transform according to re
resentationsL4,5

2 and L6
2 can be written in the following

form. ForL4,5
2 :

FIG. 1. Dependence of the binding energy of the ground and lowest ex
states of an acceptor in germanium under uniaxial tensile strain along
~111! direction on the magnitude of the strain. The vertical lines indic
values of the effective strain corresponding to the splitting of the light-
heavy-hole subbands in Ge/Ge12xSix heterostructures 309~1! and 306~2!
including size quantization.
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C4,55c1zS 1

0

0

i

D expF2
Ar21~qz!2

f G1 ic2rS 0

eiw

ie2 iw

0

D
3expF2

Ar21~qz!2

f G1c3zS z22
1

5
r 2D S 1

0

0

i

D
3expF2

Ar21~qz!2

b G1 ic4rS z22
3

5
r 2D S 0

eiw

ie2 iw

0

D
3expF2

Ar21~qz!2

b G1 ic5r2zS 0

e22iw

ie2iw

0

D
3expF2

Ar21~qz!2

b G1c6r3S e3iw

0

0

ie23iw

D
3expF2

Ar21~qz!2

b G1c7r3S e23iw

0

0

ie3iw

D
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FIG. 2. Dependence of the longitudinal~along the tension axis1! and trans-
verse~2! localization scalesa for the wave function of the acceptor groun
state in germanium under tensile uniaxial strain along~111! on the magni-
tude of the strain.
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3expF2
Ar21~qz!2

b G . ~3!

For L6
2 :

C65c1zS 0

1

0

0

D expF2
Ar21~qz!2

f G1rS i ~c2eiw1c3e2 iw!

c4e2 iw

0

0

D
3expF2

Ar21~qz!2

f G1c5zS z22
1

5
r 2D S 0

1

0

0

D
3expF2

Ar21~qz!2

b G1rS z22
3

5
r 2D

3S i ~c6eiw1c7e2 iw!

c8e2 iw

0

0

D
3expF2

Ar21~qz!2

b G1 ir2zS c9e2iw1c10e
22iw

0

0

0

D
3expF2

Ar21~qz!2

b G1r3S c11e
3iw1c12e

23iw

0

0

0

D
3expF2

Ar21~qz!2

b G . ~4!

In this paper we find two excited states with wave functi
~4!, which we denote byL6

2 ~1! and L6
2 ~2!. In finding the

second state we impose an additional condition on the va
tional parameters: the requirement that the upper state~4! be
orthogonal to the lower state. For states of type~3! we find
only the lower excited state, since the second rapidly dep
into the continuum with increasing strain. Figure 1 al
shows the dependences of the calculated excited acce
state energies on the strain«xx . On the right we indicate the
corresponding acceptor states in the limit of large strain fo
simple anisotropic band (1s, 2p0, 2p6). It is clear that the
energy of the excited levels approaches its asymptotic v
more rapidly than the ground- state energy, which is ob
ously associated with the lower binding energy of the exci
states.

EXPERIMENTAL RESULTS AND COMPARISON
WITH CALCULATIONS

The strained multilayer heterostructures Ge/Ge12xSix
under study ~with x'0.1, germanium layer thicknes
a-

rts

tor

a

e
i-
d

dGe' 200–800 Å, and solid solution layer thicknes
dGeSi'200 Å! were grown by the gas-phase hydride meth
on ~111! Ge substrates. The number of periods was chose
be rather large (n5804160) so that the total thickness o
the heterostructure would exceed its critical value. In t
case, a relaxation of the elastic stresses takes place a
heterostructure-substrate boundary, and the period of the
tice in the heterostructure growth plane no longer coinci
with the period of the substrate lattice~it is determined pri-
marily by the average content of silicon in the heterostr
ture!, leaving the germanium layers in the heterostruct
under biaxial compression. Thus, we can control the strai
the germanium layers by varying the fraction of siliconx in
the Ge12xSix alloy or the layer thickness. In this paper w
studied heterostructures of two types, with differe
quantum-well widths. The first type (x50.07,dGeSi5200 Å,
n583), an example of which is sample 309, had thick g
manium layers (dGe5800 Å! that consequently were weakl
strained («xx50.4631023). The second series consisted
several samples (x50.1120.15, dGeSi'200 Å, n580
2160) with thinner germanium layers (dGe'200 Å!, caus-
ing them to be under larger strains («xx5(0.922.1)
31023). Spectra of these samples were measu
previously.14 We measured submillimeter photoconductivi
spectra of these heterostructures using a ‘‘BOME
DA3.36’’ Fourier spectrometer at a temperatureT 5 4.2 K.

The impurity photoconductivity spectrum of a samp
with thick germanium layers is shown in Fig. 3a. This spe
trum is shifted as a whole towards longer wavelengths co
pared to the spectrum of bulkp-Ge ~the maximum energy
\vmax' 12 meV; see, e.g., Ref. 15! and consists of a line a
\v' 5.3 meV and a broad band at\v5 7.4–10 meV. In
this sample the quantum-well effects are unimportant, a
the photoconductivity spectrum is in good agreement w
the theoretical model described above~Fig. 1!; the strain
corresponding to sample 309 is indicated by the vertical l
1!. The line at\v' 5.3 meV corresponds to a transitio
from theL4,5

1 ground state to the first excitedL4,5
2 state. The

spacing~1! between levelsL4,5
1 andL6

2 amounts to 7.1 meV,
which is in good agreement with the start of the sho
wavelength band in the spectrum shown in Fig. 3a. The p
toconductivity at higher frequencies can in this case be a
ciated with transitions to higher-lying excited states and
the continuum, and also to the split-off light-hole subba
~the splitting of the subbands in this sample isD5 3 meV!.

Spectra for the Ge/Ge12xSix heterostructures with thin
ner germanium layers are shown in Figs. 3b and 3c. I
clear that these spectra are shifted even farther into the
gion of lower frequencies; features these spectra have
common are a line at\v' 6.9 meV and an intense band
\v5 3–5 meV. It is obvious that in heterostructures wi
narrow germanium layers the quantum-well effects are m
important. As we have already noted, in these structu
strain causes the masses of light and heavy holes along
@111# axis, i.e., the growth direction of the structure, to diff
by an order of magnitude. This leads to additional splitting
the light- and heavy-hole subbands due to size quantizat
In this paper this effect is included by introducing an effe
tive strain«eff corresponding to the total splitting of the su
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bands calculated for given«xx and dGe ~Ref. 16! ~in Fig. 1
the vertical line2 indicates the value of«eff for sample 306!.
From a comparison of Figs. 1, 3b, and 3c we see that the
at \v' 6.9 meV is in good agreement with transitions fro
the ground state to the continuum. The most intense ban
the spectrum probably should correspond to transitions f
the ground state to statesL6

2 ~1! andL6
2 ~2!, i.e., transitions

of type 1s→2p6 ~since for large subband splittings th
spectrum becomes similar to the spectrum of a donor,
which the transition to the lower-lying stateL4,5

2 (2p0) is
forbidden for light at normal incidence!. From Fig. 1 it is
clear that this transition should correspond to the line
\v' 5.5 meV, whereas in the experimental spectra
short-wavelength edge of the intense photoconductivity b
corresponds to a photon energy of\v' 50 meV. This dis-

FIG. 3. Photoconductivity spectra for Ge/Ge12xSix heterostructures a
T 5 4.2 K. a— heterostructure 309, undoped,x50.07,dGe5800 Å, dGeSi

'200 Å, n583, «xx50.4631023; b—heterostructure 306, undoped
x50.12, dGe5200 Å, dGeSi5'200 Å, n5162, «xx52.131023;
c—heterostructure 379, central quantum well doped with boron,x50.15,
dGe5200 Å, dGeSi'200 Å, n581, «xx50.931023.
e

in
m

r

t
e
d

crepancy indicates the need for a more accurate inclusio
the quantum-well effect in structures with thin germaniu
layers. The long-wavelength tail of the band\v5 3–5 meV
can be explained by the dependence of the binding energ
an acceptor on its position in the well: At the well center t
energy is a maximum and it decreases as the acceptor m
towards the barrier.17 The additional structure in the regio
1.8 to 3 meV observed in sample 306 can be related to p
toexcitation ofA1 centers, which form when an additiona
hole is captured by a neutral acceptor in the quantum we18
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Potential difference and photovoltaic effect arising from distortion of the electron wave
function in a GaAs quantum well with a thin AlGaAs barrier

Yu. Pozhela and K. Pozhela
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This paper discusses changes in the spectrum and distortion of the electron wave function of a
GaAs quantum well when a thin AlGaAs barrier is introduced into it. The potential
difference generated across the quantum well by distortion of the electron wave function is
calculated, along with its dependence on the position of the barrier in the quantum well. The
photovoltaic response of the structure to optical intersubband excitations is also calculated,
along with the role of wave function and electronic spectrum distortion as well as intersubband
nonradiative transitions in generating this response. The suitability of a GaAs quantum
well with a thin barrier for use as an infrared detector is considered. ©1998 American Institute
of Physics.@S1063-7826~98!02110-3#
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1. INTRODUCTION

There is great interest in studying the properties o
two- dimensional electron gas in coupled quantum we
since it may be possible to controllably regulate the ene
spectrum and scattering rate of electrons in such a struc
as well as its optical parameters, by changing the shap
the quantum wells and coupling between them. Coup
quantum wells have become the basis of many semicon
tor electronic and optoelectronic devices. These structu
have been used to make lasers in the infrared region,1–3 in-
frared detectors,4,5 nonlinear optics elements,6 and high-
speed transistors.7

In this article we discuss new phenomena caused by
tortion of the electronic wave functions in quantum we
separated by a barrier so thin that the energy levels and w
functions of the electron are common to both quantum we
We discuss the asymmetry of the polarization elect
charge in the quantum well when the thin barrier is plac
into it and the appearance in the quantum well of a poten
difference and photovoltaic effect connected with this b
rier.

A photovoltaic effect is observed in coupled quantu
well structures when their electronic states form in quant
wells separated by a thick potential barrier. A thick barr
between the quantum wells prevents photoexcited elect
that are spatially separated with respect to the neutral p
tion from returning by tunneling through the barrier, whic
ensures a high value of the photovoltaic response of
structure and the feasibility of its use for detecting infrar
radiation.4,8,9 In a structure with a thin barrier a photovolta
response is possible if an alternative can be found to
thick barrier as a means of ensuring a finite relaxation ti
of the photoexcited electrons in the equilibrium state. In t
article, we propose such an alternative: we argue that
introducing a thin barrier into the quantum well we can ra
cally decrease the rate of intersubband nonradiative tra
tions .
1111063-7826/98/32(10)/5/$15.00
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We calculate the potential difference across the quan
well and the photovoltaic response arising from distortion
the wave function for the example of a quantum well w
structure Al0.3Ga0.7As/GaAs/Al0.3Ga0.7As and a thin AlGaAs
barrier ~one to two monolayers!.

2. VOLTAGE ARISING FROM DISTORTION OF THE
ELECTRON WAVE FUNCTION IN A GaAs QUANTUM WELL
WITH A THIN AlGaAs BARRIER

By introducing a thin barrier into a two-dimension
quantum well that separates it into two unequal parts
change the energy spectrum of electrons in the quantum
and distort the electron wave functions, leading to break
of the symmetry of the charge distribution in the quantu
well.

Let us consider this phenomenon for the example o
specific Al0.3Ga0.7As/GaAs/Al0.3Ga0.7As heterostructure with
a GaAs quantum-well widthL520 nm, in which we place a
thin Al0.3Ga0.7As barrier with thicknessd51 nm in the plane
z5 l b . This structure is shown schematically in Fig. 1. Wa
functions and electron energies are calculated by numeric
solving the Schro¨dinger equation. It is assumed that th
height of the heterojunction barrier isU050.3 eV and the
effective masses of the electrons arem* 50.067 in the GaAs
layer andm* 50.27 in the AlGaAs layer.

The computed spectrum of electron energies (E) in such
a quantum well is shown in Fig. 2, where the first thr
levels are plotted. The energy levels plotted in Fig. 2 a
function of the coordinates of the barrier in the quantum w
are defined by the position of the bottom of various subba
in the coupled quantum wells. The introduction of a barr
into the quantum wells produces a radical change in the c
acter of the electronic spectrum. EnergyE1 of the first~low-
est! level corresponds to the energy of the bottom of t
lowest electron subband in the wide portion of the divid
quantum well. The second energy levelE2 in the quantum
well is determined by the energy of the bottom of the seco
1 © 1998 American Institute of Physics
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subband of electrons in the wide portion of the quantum w
only in the rangel b,5.0 nm. For l b.5.0 nm the second
energy level corresponds to the energy of the bottom of
first ~lowest! subband in the narrow portion of the quantu
well, which turns out to be lower than the energy of t
bottom of the second subband in the wide portion of
quantum well. As a result, the second energy levelE2 ap-
proaches the first levelE1 as the barrier coordinatel b in-
creases. Analogously, forl b,5.0 nm the third levelE3 cor-
responds to the bottom of the first subband in the nar
portion of the quantum well, while forl b.5.0 nm it corre-
sponds to the bottom of the second subband of the w
portion of the quantum well.

The wave functions of electrons for levelsE1, E2, E3

correspond to wave functions in subbands responsible for
generation of the appropriate level. Figure 3 shows squa
wave function amplitudesuweiu2 for energy levelsEi at three
characteristic locations for the barrier in the quantum w
l b5 2.5, 5.0, and 7.5 nm. Forl b5 2.5 nm electrons in the
lower two levels are in subbands of the wide portion of t
quantum well and the region of electron charge shifts to
portion of the quantum well. Forl b5 5.0 nm only electrons
of the first levelE1 remain in the lowest subband of the wid
portion of the quantum well. Electrons for the second le
E2 are found to be partially in the lower subband of t
narrow part of the quantum well, while electrons in levelE3,

FIG. 1. Potential of the bottom of the conduction band of a AlGaAs/Ga
AlGaAs quantum well of widthL and a thin AlGaAs barrier of thicknessd,
located in the planel b ; U0 is the height of the heterojunction barrier;z is the
coordinate in the growth direction of the heterostructure.

FIG. 2. Dependence of the first three energy levelsE1, E2, and E3 of a
GaAs quantum well of widthL520 nm with a AlGaAs barrier versus th
position l b of that barrier~solid curves!, and the energy of the first an
second subbands in wide~right! ~dotted-dashed! and narrow~left! ~dashed!
portions of the quantum well. Forl b' 4 nm the types of subbands at leve
E2 andE3 change.
ll
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which for l b55.0 nm is very close to levelE2, turn out to be
primarily at the lowest subband level of the narrow porti
of the quantum well.

Finally, for l b57.5 nm electrons of the first (E1) and
third (E3) energy levels are found in the first and seco
subbands of the wide portion of the quantum well, resp
tively, while all the electrons of the second level (E2) shift to
the first subband of the narrow portion of the quantum w
We see that by moving the thin barrier in the quantum w
we cause a significant asymmetry in the electron charge

/

FIG. 3. Squares of the electron wave function amplitudesuweiu2 plotted
versus coordinatez for the first~lowest! ~1!, second~2!, and third~3! energy
levels in a GaAs quantum well (L520 nm! for the following positions of the
AlGaAs barrier:l b52.5 ~a!, 5.0 ~b! and 7.5 nm~c!.



n

it
tiv
io
-
w
e

f

e
in

e
ar
o
id

th
lo

fo

an-
ond
ied

ial
d in

with

ell.
ag-

ns.
-
ons

fer

to

e

th

1113Semiconductors 32 (10), October 1998 Yu. Pozhela and K. Pozhela
tribution of the quantum-well levels, which leads to the ge
eration of potential differences in the quantum well.

Let us assume that the structure is uniformly doped w
donors. These ionized donors define a distribution of posi
charge that is uniform over the quantum-well cross sect
Solution of the Schro¨dinger equation gives the following ex
pression for the voltage that appears across the quantum
due to distortion of the electronic wave function for the thr
quantum-well levels:

VL5
ueu
«1

Nd~L22L1!FL22L1

2
2(

i 51

3
n0i

Nd
E

L1

L2
Fi~z!dzG ,

~1!

where

Fi~z!5E
L1

z

uwei~z8!u2dz8. ~2!

Heree is the electron charge,«1 is the dielectric constant o
GaAs,Nd is the concentration of ionized donors,n0i is the
equilibrium concentration of electrons in levelEi , and L1

andL2 are the coordinates of the edges of the quantum w
which also include regions where the electrons penetrate
the AlGaAs layers.

Figure 4 shows the dependence ofVL on l b for these
heterostructures whenNd(L22L1)5831015m22. As we
see, the voltageVL is a consequence of distortion of th
charge distributions within the quantum well when the b
rier is introduced into it. The electron charge in the first tw
subbands that are occupied at 77 K shifts towards the w
portion of the quantum well as long asl b<5.0 nm. For
l b>5.0 nm electrons from the second level (n02) return to
the narrow portion of the quantum well~Fig. 3!. As a result,
VL decreases as the barrier moves further towards
quantum-well center, reaching zero when the barrier is
cated at the center. The dependence ofVL on l b for a barrier
on the right side of the quantum well repeats the picture
the left side with reversed sign. AtT5293 K occupation of

FIG. 4. Dependence of the potential differenceVL caused by distortion of
the electron wave function in a GaAs quantum well on the position of
barrierl b for T5293 K ~1! and 77 K~2!. The dashed curve is the value ofVL

assuming occupation by electrons of only the lowest energy levelE1, i.e.,
n025n0350.
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the third level is important, and the maximum ofVL de-
creases and shifts towards the region of smallerl b when
l b,5 nm.

VL reaches its maximum value for that position ofl b

where the lowest subband of the narrow portion of the qu
tum well begins to be occupied by electrons from the sec
level. If the second and third energy levels are not occup
(n025n0350), thenVL increases as long asl b does not ap-
proach the center of the quantum well~see Fig. 4!. Note that
the voltageVL increases with increasing dopingNd and
quantum-well width. It is impossible to observe the potent
VL in steady state due to the relaxation of charge induce
the quantum well with time:VL;exp(2t/RC), whereR and
C are the leakage resistance and capacitance associated
the quantum well. Therefore,VL manifests itself only in dy-
namic perturbations of the electron gas in the quantum w
Such perturbations can be caused by external electrom
netic fields via optical intersubband transfer of electro
Measurements of the perturbationVL can be used as an in
dicator of the degree of occupation of subbands by electr
in strongly coupled quantum wells.

3. PHOTOVOLTAIC EFFECT IN A GaAs QUANTUM WELL
WITH AN AlGaAs BARRIER

Let us assume that optical excitation is used to trans
Dn electrons from the first energy levelE1 ~either directly or
via a third level! to the second levelE2. A photovoltaic
signal Vpv will then appear at the heterostructure, equal
the difference in the voltagesVL in Eq. ~1! in the absence
and in the presence of theDn transferred electrons:

Vpv5
ueu
«1

Dn E
L1

L2H E
L1

z

@ uwe1~z8!u22uwe2~z8!u2#dz8J dz.

~3!

Note that the voltageVpv is directly proportional toDn
and does not depend on temperature or doping levelNd .
Figure 5 shows the dependence ofVpv on the barrier position
in the quantum well forDn5831014m22. The dependence
of Vpv on l b reflects the character of the distortion of th
electron wave function.Vpv appears atl b'5.0 nm, when

e
FIG. 5. Photovoltaic responseVpv to transfer ofDn5831014 m22 elec-
trons from levelE1 to level E2 as a function of the position of the AlGaAs
barrier l b .
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electrons of the second energy level begin to make tra
tions from the wide to the narrow portion of the quantu
well, and reaches its maximum value atl b'7.5 nm, when the
electrons of the first and second levels accumulate in dif
ent portions of the quantum well~see Fig. 3! and maximum
polarization of the electron gas occurs in the quantum w

Let us consider conditions for optical transfer of ele
trons from levelE1 to level E2 and the possibility of using
such structures as photovoltaic detectors of optical radiat
Consider a structure with a barrier in the planel b57.5 nm,
where the photovoltage is a maximum. In this structure
tical transitions between levelsE1 and E2 are forbidden,
since the overlap integral for electron wave functio
u*0

Lwe1we2dzu2 equals zero. Therefore, optical transfer
electrons from levelE1 to level E2 takes place via the third
level E3. For l b57.5 nm we haveE32E1565 meV. This
implies that the structure can be a detector of infrared ra
tion in the wavelength range 5–19mm.

After transfer to levelE3 the electrons make nonradia
tive transitions to the second and first levels. Denoting
Wi j the frequency of nonradiative transitions between lev
i and j , from the balance equation for transitions in a thre
level system we obtain the following expression for the nu
ber of transferred electrons from the first to the seco
quantum-well level:

Dn5
W32

W21~W311W32!

P

hn13
, ~4!

whereP is the optical power absorbed in the quantum we
and hn13 is the transition photon energy between levelsE1

andE3. Substituting Eq.~4! into Eq. ~3!, we obtain the fol-
lowing expression for the magnitude of the photovoltaic
sponse of the radiation detector:

Vpv

P
5

ueu
«1

W32

W21~W311W32!hn13
E

L1

L2H E
L1

z

@ uwe1~z8!u2

2uwe2~z8!u2#dz8J dz. ~5!

In order to increase the magnitude of the photovolt
response we must increaseW32 ~which also increases th
speed of the detector response!, but primarily we must de-
creaseW21. The quantityW21

21 is the lifetime of electrons
transferred to the second level. In infrared detectors base
intersubband transitions in coupled~asymmetric! quantum
wells, increasing the lifetime of electrons in the second le
is achieved by increasing the thickness of the barrier betw
quantum wells, thereby decreasing the rate of electron
neling through the barrier from the second to the first lev4

In structures with a thick barrier the first and second lev
corresponding to the three-level model are in different qu
tum wells.

In the structure with a thin separating barrier which w
are discussung, the first and second levels are commo
both quantum wells and the frequencyW21 is determined by
the frequency of nonradiative transitions between these
els.
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Calculations of the rate of intersubband transitions in
GaAs quantum well show that the dominant mechanism
sponsible for these transitions is scattering of electrons
emission~absorption! of polar optical phonons.10,11 Calcula-
tions of the relaxation rate in a GaAs quantum well with
thin AlGaAs barrier within the approximation of a dielectr
continuum, with allowance for the interaction of electro
with trapped and surface polar optical phonons atT577 K,
show that when the position of the AlGaAs barrier in t
structure lies in the range 5, l b,15 nm if Ek1E22E1

,\v0, while Ek1E32E2.\v0 ~whereEk56.6 meV is the
kinetic energy of an electron at 77 K and\v0536.2 meV is
the energy of an optical phonon in GaAs! the transition fre-
quencies are:W21533109 s21, W315131012s21 and W32

5331012s21. If the transition energiesE22E1.\v0, then
W21.1012s21. The decrease of frequencyW21 by almost
three orders of magnitude when the barrier is introduced
the central region of the quantum well is due to the energ
cally forbidden nature of electron transitions with emissi
of optical phonons.

Thus, introducing a barrier into a quantum well pr
serves the high value of scattering frequencyW32 and mark-
edly decreases the scattering frequencyW21. This allows us
to increase the lifetime of electrons in the transferred stat
0.2 ps, which is comparable to lifetimes in structures with
thick barrier between quantum wells.

When we substitute these values ofW32, W31, andW21

into Eq. ~5!, we obtain a photovoltaic response ofVpv /P
58.8 V/W for the power absorbed in a quantum well with
thin barrier whenl b57.5 nm. This is somewhat lower than i
detectors with a thick barrier.

Note that a structure with a thin barrier admits reve
optical transfer from levelE2 to level E1 via level E3. Al-
though the overlap integral of the wave functio
u*L1

L2(w2w3)dzu2 goes to zero forl b.7 nm, the magnitude of

the photovoltaic response in a structure where the barrie
located in the planel b'6 nm turns out to be larger than th
case discussed previously with a direct optical transition.

The results we have obtained for a specific GaAs qu
tum well structure with widthL520.0 nm have a more gen
eral character. We can assert that if we increase the widt
the quantum wellL with proper allowance for scaling, a
photovoltaic response will occur for barrier positions in t
quantum well l b.0.25L, and will have a maximum a
l b50.33L. These scaled structures allow us to specify
transition energyE1→E3 and thus choose the energy of th
detected signal.

Note that in structures withL,10.0 nm the photovoltaic
response is zero due to the abrupt increase in the trans
frequencyW21 whenE22E1.\v0.

4. CONCLUSIONS

Our calculations of the distortion of the spectrum a
electron wave functions in AlGaAs/GaAs/AlGaAs quantu
wells with width L520.0 nm and a thin (d51 nm! AlGaAs
barrier in the planel b have shown that introducing such
barrier into the quantum well in the region 0, l b,5 nm
shifts the electron charge toward the wide portion of t
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quantum well, and for uniform impurity doping leads to th
appearance of a potential differenceVL across the quantum
well.

For l b.5 nm the energy of the bottom of the first su
band in the narrow portion of the crystal turns out to
below the bottom of the second subband in the wide por
of the crystal, and electrons of the second level in the qu
tum well are shifted back into the narrow portion of th
quantum well, which compensates for the potential diff
enceVL . The strong polarization of electron charge of t
second level relative to the first forl b.5 nm creates condi
tions for a photovoltaic response to optical excitation of el
trons between these levels. The maximum photovoltaic
sponse occurs atl b57 nm.

Calculations of the rates of intersubband transitions
these structures show that the lifetime of photoexcited e
trons at the second level forl b.5 nm can be increased to 0.
ns. This increase in the lifetime ensures a large value of
photovoltaic response and makes the use of GaAs quan
n
n-

-

-
e-

n
c-

e
m-

well structures with a thin AlGaAs barrier suitable as dete
tors of optical radiation in the infrared region.
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The effect of partial ordering of impurities~correlated along one direction and uncorrelated along
the other! on the kinetic coefficients is considered. It is shown that the geometry of the
spatial impurity distribution by itself has no effect on the diffusion coefficient or conductivity for
scattering by a spherically symmetric potential, and these coefficients remain the same as
for an uncorrelated system of impurities. ©1998 American Institute of Physics.
@S1063-7826~98!02210-8#
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The way that scattering by randomly located impurit
and impurities that randomly occupy sites in a periodic l
tice affect conductivity is now well understood. Howeve
thed-doped layers that can now be grown on vicinal surfa
of semiconductors constitute a class of structures that d
from those considered previously, since they exhibit par
ordering of the scattering centers.1 At the surface there is a
periodic structure of monoatomic steps, and during dop
impurities are deposited primarily on these steps, formin
system of parallel chains. Along such a chain the position
impurities may be treated as completely uncorrelated. In
case, the chains themselves form a periodic lattice, wh
period depends on the angle of misorientation of the surf
relative to the principal crystal plane. In its geometry th
system differs from any studied previously. Experimen
studies show2 that such layers have anisotropic electron
properties. In this paper we discuss how the geometry of
system of scatterers affects the anisotropy of the kinetic
efficients.

Consider the scattering of an electron localized in ad-
layer and freely moving only in the plane of the layer. In th
case, we can write the collision integral in the Boltzma
equation, which determines the correctionf 1 to the equilib-
rium distribution functionf 0 , in the form

I st~k!5E d2k8

2p
W~k, k8!@ f 1~k8!2 f 1~k!#d~«k2«k8!,

~1!

whereW(k, k8)d(«k2«k8) is the probability for the electron
to make a transition from statek to statek8 as a result of
elastic scattering. We are interested only in changes in
distribution function associated with spatial correlations
the impurity positions, and ignore the electron density n
an impurity, which, in general, is needed to calculate kine
coefficients. If we assume that the electron wave function
the plane of the layer is a plane wave, the probabi
W(k, k8) can be written in the form
1111063-7826/98/32(10)/3/$15.00
-

s
er
l

g
a
of
is
se
e

l

e
o-

e

r
c
n
y

W~q!5
2p

\
U E dxdydz eiqxxeiqyyV~r !w2~z!U2

, q5k2k8,

where w(z) is the quantum-well wave function along th
directionz, and

V~r !5(
j

N

v~r2Rj !

is the impurity potential~whereRj is the coordinate of the
j th impurity!. It is easy to show3 that

W~q!5
2p

\
uv~q!u2S~q!,

where v(q) is the Fourier transform of the effective two
dimensional impurity potential, which for a Coulomb pote
tial is

v~q!5
2pe2

«q E exp~2quzu!w2~z!dz,

while S(q), the so-called structure factor

S~q!5U(
j

N

eiqRjU2

, ~2!

which contains all the information about the system geo
etry. Assuming that the positions of the impurities are e
tirely uncorrelated along a chain~the x direction!, and that
the chains themselves are positioned on a periodic lattice~the
y direction!, we obtain for the structure factor averaged ov
impurity positions

^S~q!&5NF11
~2p!2

a
nd~qx!(

n
dS qy2

2p

a
nD G , ~3!

whereN is the total number of impurities in the entire plan
andn is the average number of impurities per unit length
chain. The quantitŷS(q)& differs from the structure facto
for completely uncorrelated impurities only atqx50. Quali-
6 © 1998 American Institute of Physics
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tatively, this behavior ofS(q) is connected with the fact tha
for qxÞ0 the average number of impurities at the plan
wave front is constant, and only forqxÞ0 will oscillations
begin in the averaged number of impurities at this front.

Equation~3! has a symbolic meaning to a certain exte
since when we substitute it into Eq.~1!, we obtain the prod-
uct of threed-functions, which after integration formally
gives the indeterminate expressiond(0). In order to assign a
meaning to such an expression, we must recall that it
obtained from the sum~2!, in which the total number of
impuritiesN is assumed to be a large but finite number. Th

2pnd~0!5N̄x
22N̄x , ~4!

whereN̄x is the average number of impurities on one cha
Substituting expression~3! into Eq. ~1!, we obtain

I st5NE d2k8

2p
uv~k2k8!u2~ f 1~k8!2 f 1~k!!d~k2k8!

m

k8

1
2pn

a
d~kx2kx8! (

n52`

`

dS ky2ky82
2p

a
nD uv~k2k8!u2

3~ f 1~k8!2 f 1~k!!d~k2k8!
m

k8
. ~5!

The first term on the right side of Eq.~5! corresponds to the
collision integral for uncorrelated impurities, and the ent
contribution from spatial correlations is contained in the s
ond ~singular! term.

Next, we will discuss scattering by a potential with c
cular symmetry, i.e.,v(k)5v(k). Then the correction to the
distribution function is conveniently cast in the form of
sum:

f 1~k,w!5 f 1
1~k,w!1 f 1

2~k,w!,

where

f 1
1~k,w!5 f 1

1~k,2w!,

and

f 1
2~k,w!52 f 1

2~k,2w!.

After substituting the quantitiesf 1
1 and f 1

2 into Eq. ~5! and
integrating, the expression for the collision integral takes
form

I st5NE dw8

2p
uv~k,w2w8!u2~ f 1

1~k,w8!1 f 1
2~k,w8!

2 f 1
1~k,w!2 f 1

2~k,w!!1
uv~2kusinwu!u2

kusinwu

32 f 1
2~k,w! (

n51

`

dS 2kusinwu2
2p

a
nD . ~6!

If the field-dependent part of the Boltzmann equation
an even function of angle~for example, proportional to cosw,
as happens when we calculate the conductivity in a unifo
electric field!, then the equations forf 1

1 and f 1
2 separate.

This can be seen, e.g., if we replacew by 2w in the
-

,

s

n

.

-

e

s

m

Boltzmann equation, and then add and subtract the resu
equations. As a result, we find that the functionf 1

1 satisfies
the Boltzmann equation without the singular term in the c
lision integral, and thatf 1

2 satisfies the homogeneous equ
tion:

E dw8

2p
uv~k,w2w8!u2~ f 1

2~k8,w8!2 f 1
2~k,w!!

1
uv~2kusinwu!u2

kusinwu
2 f 1

2~k,w! (
n51

`

dS 2kusinwu2
2p

a
nD50.

~7!

We emphasize that this separation of the equations forf 1
1

and f 1
2 is directly related to the fact that the equatio

v(k,w)5v(k,2w) is valid for the potential. Sincef 1 is the
correction for the distribution function caused by extern
perturbation, while Eq.~7! does not contain the perturbation
we must assume thatf 1

2[0.
Thus, in calculating the conductivity or diffusion coeffi

cient for any spherically symmetric potential, the contrib
tion from the singular part of the collision integral equa
zero and correlated positions of impurities in itself has
effect on these coefficients.

From these considerations, it does not follow, of cour
that the kinetic coefficients in this system are the same
coefficients in the uncorrelated system. For an exact calc
tion, let us say, of the conductivity, it is necessary to ta
into account the nonuniform distribution density of the ele
trons, which immediately leads to anisotropy of the kine
coefficients.

We note that the probability of scattering, as we sho
expect, contains the singular part. If we calculate the re
dence time for elastic scattering in this system of impurit

t21~k!5
2p

\ E d3q

~2p!3
uV~q!u2d@E~k!2E~k2q!#,

as was done in Ref. 4 for a three-dimensional periodic lat
with randomly occupied sites, then according to Eq.~3! we
obtain

1

t~k!
5

1

t r~k!
1

1

tc~k!
.

The quantityt r is determined by scattering by randomly lo
cated impurities, whiletc is determined by scattering a
‘‘Bragg’’ angles by the correlated chains:

1

tc
5

N

a\ (
nÞ0,

2p
a nP[ky2uku,ky1uku]

m

ukxu
vS 0,

2p

a
nD2pnd~0!.

~8!

Expression~8! implies that forky5(2p/a)n there is addi-
tional scattering that is enhanced by a factor of (N̄x

2

2N̄x)/Nx compared to the incoherent scattering. In th
sense, the situation is analogous to scattering by a cry
lattice: although an external beam~plane wave! gives rise to
Bragg peaks@an analog to Eq.~8!#, for an electron in the
crystal with momentum much smaller than the size of
Brillouin zone the scattering by the lattice is not important
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all, since the electronic states at the boundary of the Brillo
zone from which the scattering takes place are unoccu
due to the relatively small concentration of carriers in the
states.

Thus, the geometry of impurity positions ond-doped
vicinal surfaces in itself has no effect on kinetic coefficien
Partial ordering in such a system can manifest itself in s
tering of an external beam of particles~for example, in sur-
face electron holography!.
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This paper investigates the linear polarization of photoluminescence emitted along the plane of
an InAs / Ga~In!As wafer. The polarization was observed to depend on the asymmetry of
the quantum-well shape, quantum-dot formation, and the presence of inclusions in the bulk alloy.
© 1998 American Institute of Physics.@S1063-7826~98!02310-2#
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Contemporary methods for investigating surfaces s
as atomic-force and tunneling microscopy have strongly m
tivated the study of the complex growth mechanisms a
structures of quantum-well layers. However, many featu
of quantum-well layers that are a consequence of the
cesses that occur during epitaxy have not been studied
these methods. Processes such as impurity segrega
which leads to changes in the potential profile of t
quantum-well layers, or stratification of the solid solutio
develop in the bulk of the structure while the next set
layers is being grown. Thus, since the evolution of the str
ture is not over until its capping layer is grown, it is impo
tant to develop methods of investigation that allow us
study the structure of quantum-well layers buried un
thicknesses of other epitaxial layers. In this situation
method of optical anisotropy, which is very sensitive to t
crystal structure can be one of the most important anal
tools. Among the many publications that touch on opti
anisotropy of III-V structures with quantum-well layers, th
number of papers devoted to the polarization of edge ph
luminescence~PL!, i.e., PL emitted from quantum wells1–5

and quantum dots5 in the plane of the epitaxial structur
layers, is comparatively small. However, the effect of qua
tum confinement and mechanical stress in the quantum l
on the optical anisotropy should be strongest in this dir
tion, which is perpendicular to the optic axis.

It is known that quantum wells made of tetragonally d
torted InGaAs layers on substrates of GaAs or InP con
only heavy-hole levels6,7 and hence the direction of the ele
tric field vectorE for PL emission from the quantum we
should lie in the plane of the quantum well. In this case
there were an axis of symmetry of lower than third ord
normal to the layers of the structure, then states of heavy
light holes would not be mixed, and the edge PL would
100% linearly polarized.8,9 Because of the presence of th
1111063-7826/98/32(10)/6/$15.00
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heterojunction, the III–V heterolayers have a lower symm
try, and directions@110# and@2110# are not equivalent. Fur-
thermore, additional lowering of the symmetry of atom
bonds at the heterostructure is possible due to the appear
of various morphological peculiarities at the time of epitax
growth. Therefore, mixing of heavy- and light-hole states
possible at the heterojunction.10 In this case, it also follows
from group theory that we should observe 100% polarizat
of light from a quantum well with a symmetric potentia
profile ~if the mixing parameter10 is not too large!. However,
deviations of the quantum-well potential profile from recta
gular shape should influence the degree of polarization.

In this paper we investigate the anisotropy of PL fro
structures with quantum-well layers grown by MOCVD- h
dride epitaxy ~i.e., gas-phase epitaxy using metallorgan
compounds! at atmospheric pressure. We observe a conn
tion between the structure of the quantum-well layers a
linear polarization of the PL from cleaved facets
In~Ga!As / GaAs and InAs / GaInAs / InP structures wi
strained quantum wells and quantum dots. As far as
know, edge PL from quantum-well layers of In~Ga!As on
GaAs substrates or InAs / InGaAs heterolayers on InP s
strates have never been investigated before.

EXPERIMENTAL METHOD

Our structures were grown in an atmosphere of hyd
gen, starting with trimethyl gallium~TMG! and trimethyl
indium ~TMI ! as sources of the group-III elements and
excess of the group-V source, i.e., arsenic or phosphoro

The quantum-well layers of InAs~InGaAs! were grown
on ~001! GaAs substrates. The samples either containe
single quantum-well layer capped with GaAs or we
multilayer periodic structures. These multilayer period
structures consisted of 10–20 quantum-well layers separ
9 © 1998 American Institute of Physics
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by 0.1-mm-thick GaAs barriers. The quantum wells we
grown at 650 °C, with more than 20% InAs and thicknes
below the critical thickness for spontaneous formation
quantum dots.11 The quantum dots were grown according
the Stransky–Kastanov mechanism at 630 °C with sub
quent stopping of the growth. The growth and properties
these quantum dots were described in detail in Refs. 12
13. The quantum dots contained from 2 to 5 monolayers
InAs. Studies in a TMX2100 atomic-force microscope of t
surfaces of control samples of InAs / GaAs~grown without
the GaAs capping layer! reveal the presence of mounds wi
characteristic dimensions 10–20 nm and dens
;1011cm22.14

Multilayer periodic structures with In0.5Ga0.5As / InP
quantum wells were grown on~001! InP substrates at 600 °C
The composition of the solid solution was determined
x-ray diffraction. Lattice parameters of the In0.5Ga0.5As lay-
ers were close to that of the substrate~the mismatch of lattice
parameters was less than6531023). A strained layer of
InAs was located in the middle of the In0.5Ga0.5As layer at
the same distance from the InP with a nominal thickness
2.5–7.5 monolayers~0.8–2.4 nm!.

Figure 1 clarifies the system for making the measu
ments. A beam of PL excitation light from a He–Ne las
~with wavelength 633 nm! was focused onto the surface
the structure near the cleave down to a spot of diameter
mm. Emission from the sample~its PL! was focused by a
collecting lens onto the slit of a monochromator and
corded using an automated system. A polarizer was place
front of the monochromator slit and was rotated around
direction of observation. The direction of the electric fie
vector of PL from the sample~the vectorE! that was per-
pendicular to the normal to the plane of the structure lay
~i.e., along the layers!, was assigned the angle 0°. When th
vector was directed along the normal to the layer, its dir
tion corresponded to an angle of 90° in our notation.

The degree of polarization was estimated from the
pressionP5100%•(I 02I 90)/(I 01I 90) ~whereI 0 andI 90 are
intensities corresponding to 0° and 90°). The error in de
mining this quantity was approximately610%.

FIG. 1. Sketch of setup for measuring PL along the layers of the struc
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RESULTS AND DISCUSSION

The photoluminescence from all the samples we stud
which was observed in the direction normal to the surfa
was not noticeably polarized:P was less than 10%. The edg
PL of calibration samples, which consisted of uniform e
taxial homoepitaxial layers of GaAs or InP, or GaAs stru
tures with periodically locatedd-layers of acceptor carbon
also showed no significant polarization.

Also weak is the dependence of the polarization on
geometric parameters of the sample: the distance betwee
excitation spot and the cleave, the thickness of the subst
and the quality of the sample surface. Nevertheless, in o
to decrease the possibility of errors due to these factors, o
the results of measurements made under the same cond
were compared among themselves .

Edge PL from all the heterostructures we studied w
linearly polarized, and the directions of maximum and mi
mum PL intensity relative to the structure layers were alwa
either 0° or 90°.

1. Isolated quantum-well layers

An isolated In~Ga!As size-quantized layer on a substra
of GaAs or InP is distinguished by its weak waveguidi
effect compared to multilayer structures, which confine m
of the propagating light to their bulk. If the thickness of th
capping layer becomes smaller than the wavelength of
PL in the material~in our case,; 0.3 mm!, a large fraction
of the emission along the quantum-well layers propagate
the capping layer. Near the surface there is a surface-s
electric field, which, on the one hand, can lead to rotation
the plane of polarization due to the electrooptic effect a
on the other, can disrupt the polarization selection rules
causing the quantum-well potential profile to deviate from
rectangular shape.

In fact, it was observed experimentally that the thickne
of the capping layer is the most important factor, and sho
be taken into account in determining the magnitude of
linear polarization of edge PL from an isolated quantum-w
layer. The dependence of the linear polarization on thickn
of the capping quantum-well layer was measured on sm
angle cross sections of GaAs / In~Ga!As / GaAs and InP /
InAs / InP structures prepared by chemical etching. The
citation beam was shifted along the wedge of the cr
section parallel to the emitting edge.

Figure 2 shows the dependence of the intensity (I PL) of
edge PL of a GaAs / In~Ga!As / GaAs structure (n
51016cm23) on the thickness of the GaAs capping layer.
the quantum-well layer is in the quasi-neutral region~i.e.,
outside the space-charge region of surface states, w
thickness at this doping level was 0.3mm; see Ref. 15!, then
maximum PL intensity from the quantum-well layers is o
served for optical-wave electric-fieldsE parallel to the plane
of the layer(0°), and theminimum is observed in the per
pendicular direction (90°). In the range of 0–0.2mm the
thickness of the capping layer strongly affects the polari
tion of the edge PL. As this thickness decreases, the de
of polarization decreases and even changes sign, reach
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value of P5260%, which is characteristic of transition
with the participation of light-hole states.

For a InP / InAs / InP structure with the same level
doping we observed the same regularities, but for capp
layer thicknesses 30–60 nm smaller, which is in agreem
with the characteristically smaller height of the surface b
rier for this material.

The electrooptic effect should lead to a smooth cha
in the direction of polarization as we vary the distance
tween the radiating edge and the translation path of the
citation laser beam spot. However, since this is not obser
the most likely reason for the change in polarization sho
be disruption of the symmetry of the quantum-well poten
profile by the barrier electric field.

Deviations of the potential profile from rectangular c
arise not only from the electric field but also from a nonu
form distribution of indium concentration in the quantu
well along the growth direction. In order to study how such
nonuniformity affects the polarization, we gre
InxGa12xAs / GaAs structures with highly asymmetric in
dium distributions relative to the center of the quantum w

The control samples were ‘‘symmetric quantum wells
containing a InxGa12xAs layer during whose growth time~9
seconds! the trimethyl indium flux was either held consta
or increased at the center for 3 seconds. During the growt
nonsymmetric quantum wells, the trimethyl indium flux w
increased for 2 seconds at the beginning or at the end o
growth. The thickness of the capping~and buffer! layer was
0.4 mm, much larger than the thickness of the space cha
region, which for this series of samples came to 50
~samples 2246–2249, doping leveln52.531017cm23). The
thickness of the quantum well was 5 nm. These results
presented in Table I, where we also list the compositio
used to grow the quantum wells with intentionally alter
indium distribution profiles, computed from the growth r
gime data; the compositions are listed sequentially along
growth direction. In addition, Table I also lists data obtain
for undoped multilayered periodic structures with the sa
quantum wells~structures 2234–2237!.

In fact, it turns out that the highest degree of polarizat

FIG. 2. Dependence of the intensity of edge PLI PL ~1–3! and degree of
polarization P~4! of an isolated InGaAs quantum-well layer on the thickne
of the GaAs capping layerh. 1—Total intensity,2—intensity of PL polar-
ized in the plane of the SQL~0°!; 3—intensity of PL polarized normal to the
plane of the SQL~90°!.
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of the edge emission is observed in control samples
samples with an increased concentration of indium at
center of the quantum well. Increasing the indium concen
tion near one of the heterojunctions decreases the degre
polarization and is accompanied by a rather small shift in
energy maximum~by 0.01–0.02 meV! in the direction of
higher energies. The lowest degree of polarization is
served for increased indium concentration near the bound
with the substrate. This can be understood if we take i
account that segregation of indium at the growth tempe
tures used leads to penetration of a certain amount of ind
into the cap layer,16 which results in a decrease in the pote
tial barrier from this side of the quantum well. Therefore, t
potential profile is not completely symmetric relative to t
center of the well even in the control sample. Shifting t
layer with increased indium concentration towards the s
strate tends to make the potential profile closer to triangu
in shape. Similar layers located on the opposite side ac
the opposite direction. The results obtained for a multila
ered periodic structure and an isolated quantum-well la
are in agreement~Table I!.

Thus, measurements of the polarization of edge PL fr
a quantum well with a nonrectangular potential profile co
firm the dependence of the degree of polarization on
symmetry of the profile.

2. In„Ga…As / GaAs multilayer periodic structures

The PL of multilayer In~Ga!As / GaAs structures is also
polarized parallel to the plane of the layer. The degree
polarization for a quantum well~at the wavelength of the
maximum in the spectrum! turns out to be about 30% in thi
case. For the same sample parameters, the PL from qua
dots was polarized much more strongly: 50–100%. Figur
shows the dependence of the PL intensity from multila
In~Ga!As / GaAs structures at the spectrum maximum on
angle of rotation of the polarizer. The parameters of
structures under study are listed in Table II.

Figure 3 shows that when thermalized carriers w
ground-state energies of the quantized layers recombine
angular dependence of the PL intensity has the form o
figure eight in the plane of the structure layers and perp
dicular to the optical axis. This is in keeping with the sele
tion rules.17 However, the degree of polarization is n
100%, and depends on the layer structure. As the degre
polarization decreases, the shape of the figure eight is

TABLE I. Parameters of InxGa12xAs / GaAs structures.~QW–quantum-
well layer; MPS–multilayer periodic structure.!

Structure No. Type of structure x hnA , eV P, %

2246 QW 0.13 1.434 35
2247 QW 0.15/0.10 1.447 9
2248 QW 0.11/0.16 1.454 31
2249 QW 0.9/0.14/0.9 1.440 36
2234 MPS 0.16 1.416 33
2235 MPS 0.23/0.15 1.439 10
2236 MPS 0.13/0.21 1.428 22
2237 MPS 0.13/0.21/0.13 1.412 32
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torted due to additions at the minimum of light from oth
polarizations~samples 1848, 1966, 1959!. This result is easy
to explain if we postulate that the small-area regions of
quantum-well layers, with strongly asymmetric profiles
the indium distribution or a high degree of intermixing atom
at the heterojunction, are responsible for the 90° polar
tion, whereas the primary region of the In~Ga!As quantum-
well layers is occupied by the quantum-well or a quantu
dot layer with 0° polarization. This is possible, e.g., as
result of local segregation of indium16 or some electrically
active impurity at one of the heterostructures.

3. MULTILAYER InAs / In 0.5Ga0.5As / InP STRUCTURES

It has been reported in the literature that the sign of
PL polarization from InGaAsP / InP structures with quantu
wells corresponds to the sign of mechanical strain.4 It has
also been reported that the photosensitivity
InxGa12xAs / InP structures depends on the polarization, a
that the direction of polarization corresponding to the larg
photosensitivity agrees in sign with the mechanical strain
the solid solution.7 However, the changes in signal report
were considerably smaller than 100%.

The results of our investigations of the polarization P
from InxGa12xAs / InP and InAs / In0.53Ga0.47As / InP
multilayer periodic structures reveal new features about
polarization of edge PL. We found that even when thex-ray
diffraction curves indicated that the solid solution was un

FIG. 3. Dependences of the PL intensity~normalized! at the spectral maxi-
mum of multilayer InxGa12xAs / GaAs structures with quantum wells an
quantum dots on the angle of rotation of the polarization. Sample num
~see Table II!: 1 — 1848,2 — 1966,3 — 1959,4 — 1960,5 — 2065.

TABLE II. Parameters of multilayer InxGa12xAs / GaAs structures.
~QW–quantum well; QD–quantum dot.!

InGaAs Carrier
Structure Type of thickness, concentration~per hnA ,
No. structure x nm period! n,p, cm22 eV

1848 QW 0.2 4.5 p, 1011 1.389
1966 QD 1 0.65 p, 1011 1.412
1959 QD 1 0.76 n, 1011 1.395
1960 QD 1 0.73 p, 1012 1.393
2065 QD 0.5 3.4 n, 331010 1.282
e
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compressive strain, its edge PL was often polarized along
normal to the plane of the layers (90°, vectorE along@001#!.

Figure 4 shows the spectrum of 0°-~curve 1! and
90°-PL ~curve 2! for a multilayer periodic structure with
8-nm-thick InxGa12xAs quantum wells,x50.535. Despite
the fact that thex-ray diffraction curves indicate the presen
of a tetragonal compressive strain of no more than
31024, we observed strong polarization at the maximum
the spectrum:P5225%. As the excitation intensity de
creased, the maximum of the PL shifted slightly towards l
energies and the degree of polarization increased
P5260%.

This degree of polarization is predicted by light-hole s
lection rules.17 The shift of the maximum with changes in th
level of excitation indicates screening of electric fields in t
quantum well by the excited carriers. Increasing the leve
excitation decreases the asymmetry of the quantum-well
tential profile. Therefore, we propose to interpret the pr
ence of 90° polarization as an indication that electric fie
are present in the quantum well during growth, which lead
strongly nonrectangular potential wells~recall that in
InxGa12xAs / GaAs quantum wells the surface electric fie
also shifts the direction of polarization!. The appearance o
these electric fields could be a consequence of segregatio
electrically active impurities.

The InAs layer makes a potential well within the InGaA
quantum well. Because it serves as an effective sink for
cited carriers, the features of the fundamental PL line of
sample should correspond to its structure. Actually, the
mary PL line of the InAs / In0.53Ga0.47As / InP multilayer pe-
riodic structures is shifted towards lower energies and w
the nominal thickness of the InAs layer is increased to
monolayers, the PL line shifts to 1.8mm ~77 K!. The mag-
nitude of this shift corresponds to data obtained in Ref.
for samples grown by molecular beam epitaxy. The abso
value of our PL maximum is located 0.04 eV higher in e
ergy than in that paper.~Because our growth temperatu
was higher than that reported in Ref. 18, the effective thi
ness of our strained layer was somewhat decreased du
reverse evaporation.! The photoconductivity spectrum is i
agreement with this PL data. We did not investigate the s

rs

FIG. 4. Spectral dependences of the intensity~1,2! and degree of polariza-
tion ~3! of PL from a In0.535Ga0.465As / InP quantum well. Polarization:1 —
0°, 2 — 90°.
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faces of the quantum-well layers in these structures
atomic-force microscopy; however, the Gaussian form of
ground-state PL line is evidence of the formation of ze
dimensional states characteristic of quantum dots.

In InAs / In0.53Ga0.47As / InP structures, like structures o
a GaAs substrate, the InAs layer is subject to strong tet
onal compressive strain.~The mismatch in lattice paramete
of InAs and InP is on the order of 3%.! Therefore, we expec
that the edge PL will be polarized along the plane of
layer, i.e., at 0°. In a sample with small InAs thickness this
in fact observed. However, studies of a number of samp
show that the maximum of the PL corresponding to reco
bination in the InAs layer can nevertheless have 90° po
ization.

Figure 5a shows edge PL spectra of
In0.537Ga0.463As / InP heterostructure with thin~2.5 mono-
layer! InAs layers at the center of an In0.537Ga0.463As ~25 nm!
quantum well. It has 0° polarization. PeakA (hn50.78 eV!
corresponds to recombination of carriers trapped by the I
layer, while peakB (hn50.8 eV! corresponds to recombina
tion in the layer of In0.537Ga0.463As solid solution. PeakA is
polarized more stongly thanB: P550% and 20%, respec
tively.

FIG. 5. PL spectra of InAs / In0.537Ga0.463As / InP structures. a — 25-nm-
InGaAs quantum well, 2.5 monolayers of InAs; polarization:1 — 0°, 2 —
90°. b — 25-nm-InGaAs quantum well, 5 monolayers of InAs;1, 2 and3, 4
correspond to mutually perpendicular end facets; polarization:1, 3 — 0°;
2, 4 — 90°.
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When the thickness of the stressed layer is increase
five monolayers, the direction of the polarization chang
~Fig. 5b!. This figure shows spectra of 0°-~curves1 and3!
and 90°- ~curves2 and 4! PL emitted from two mutually
perpendicular cleaveage planes~curves1, 2, 3, and4!. It is
clear that at the PL maximum (A) we observe a strong 90
polarization, for whichP530%.

This change in the direction of the polarization is ev
dence of the existence of structural features that lead to
ticipation of light-hole states in the recombination. One su
feature could be a decrease in the symmetry of atomic bo
at the heterojunction, which leads to a higher degree of m
ing of the states than in In~Ga!As / GaAs. Another is stratifi-
cation or the presence of regions of structural order in
solid solution,19 which can also lead to effects such as ca
ture of nonequilibrium holes by inclusions and indirect r
combination~in real space!. In real-space indirect recombi
nation, the participation of tunneling implies that the prima
role is played by states that penetrate far into the barr
Both effects are associated with the structure of the s
state solution layer.

The properties of lineB ~Fig. 5b! give information about
the complicated structure of the solid solution. When
measured PL from the two perpendicular ends, the directi
of the polarization in the region of lineB did not coincide:
curves1 and2 exhibit 0°, while curves3 and4, which were
obtained by measuring from the other end, exhibit 90° p
larization. This is characteristic of an ordered so
solution.20

CONCLUSIONS

We have experimentally observed the effect of asymm
try of In~Ga!As / GaAs quantum-well structures on the d
gree of polarization of edge PL, and an increase in the deg
of linear polarization of edge PL when quantum dots form
the structures.

In InAs / In0.5Ga0.5As / InP structures the direction of po
larization of PL from stressed quantum wells and from t
solid solution itself varies in a more complicated way.

This work was supported by RFFI~Grant 95-02-05610!,
the ministry of science~Program FTNS, Grants 95-2004, 97
1089!, and CRDFRESC02.
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Doping and impurity compensation by ion implantation in a-SiGe films
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This paper discusses the electrical properties ofa-SiGe films (NGe;2.2 at. %! prepared by
co-evaporation of Si and Ge from separate sources and doped by ion implantation of
substitutional impurities~B1 and P1!, as well as the results of controlled impurity compensation
by ion-beam doping. It was found that B1 and P1 implantation intoa-SiGe films in the
dose range 1.33101421.331017 cm22, followed by annealing at 350 °C, increased the
conductivity of these films from 1029 to 1024 and to 1025 S/cm for B1 and P1,
respectively. The position of the Fermi level could be varied from (Ev10.27) to (Ec20.19) eV.
These investigations indicate that compensation of pre-dopeda-SiGe films by ion
implantation is feasible and reproducible. It is also found that higher doping efficiency ofa-SiGe
films is obtained by using boron than by using phosphorus. ©1998 American Institute of
Physics.@S1063-7826~98!02410-7#
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At this time, there is much interest in studying the pro
erties of amorphous hydrogenated silicon (a-Si : H! as a
promising material for making thin-film, large-area, sola
cell elements, field-effect transistors, etc.1 Interest in study-
ing the electrical properties of films of amorphous hydrog
less silicon, which contains small additives of an isoval
impurity like germanium (a-SiGe!, arises from the possibil
ity of obtaining a material with properties similar toa-Si : H
but with more stable characteristics.2–4

In this paper, whose topic is investigating the possibil
of doping these films with substitutional impurities, w
present the results of ion-implanting boron and phospho
into a layer ofa-SiGe obtained by co-evaporation of Si an
Ge. Our work demonstrates the possibility of compensa
impurities in films that are previously doped.

Thin ~;100 nm! films of a-SiGe with Ge contentNGe

;2% were obtained by combined evaporation of Si and
from different sources in a VU-1A vacuum setup under co
ditions similar to those we described in Ref. 4. The amo
of isovalent Ge impurity in the layers was varied by varyi
the rate of evaporation of the germanium, and was de
mined fromx-ray spectral fluorescence analysis according
the method of Ref. 5. Thea-SiGe films were doped by
implantation of B1 and P1 ions with energiesE 5 15 and
40 keV, respectively, at room temperature. The ion dose
varied from F51.331014 to 1.331017 cm22. In order to
compensate the ‘‘impurity’’ conductivity ofn-type samples
that were previously irradiated with phosphorus, we irra
ated these samples with B1 ions atE 5 15 keV in doses of
F51.53101524.431016 cm22. In order to compensate th
p-type conductivity ofa-SiGe : B, we irradiated with phos
phorus ions atE 5 40 keV in doses ofF51.53101523
31017 cm22. In both cases, the preliminary irradiation dos
1121063-7826/98/32(10)/3/$15.00
-

-
t

s

g

e
-
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were F51.331017 cm22 ~leading to a concentration o

;231021 cm23).
In order to avoid the incorporation of hydrogen in th

films, the impurity ions were obtained by ionizing BF3 and
PCl3 gases. The samples were then annealed in vac
at a residual pressure of no more than 531025 Torr and
temperature 35065 °C for 30 minutes.

Aluminum contacts were deposited on the samples i
coplanar configuration in order to measure their electri
conductivity. The measurements were made in a vacu
cryostat in the temperature range from 100 to 420 K. T
field intensity between the contacts did not exceed 103 V/cm.
The conductivity mechanism was identified on the basis o
modified Mott–Davis model of the density of localize
states.6 The correctness of this model for layers ofa-SiGe
was discussed previously.3,6

Under the conditions described in Ref. 4, we obtaine
series ofa-SiGe films with germanium concentrations
2.2 at. %. Measurements of the electrical conductivity of
films after annealing at 350 °C showed good agreement w
the data of Ref. 4, which is evidence that our method
obtaininga-SiGe is highly reproducible. The films obtaine
by us had a conductivity of 131029 S/cm, which at room
temperature comes about via transport in the conduc
band with an activation energy of 0.63 eV. The width of t
optical gap of the films had a value of 1.58 eV, and the ra
of the photoconductivity measured from the source close
AM1 to the dark conductivity was 62.

Figure 1 shows the dose dependence of the conduct
s(F) measured in the dark at room temperature and its
tivation energyEa(F) for a-SiGe films ion-dosed with phos
phorus and boron and annealed at a temperature of 350
5 © 1998 American Institute of Physics
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Introducing boron ions in doses from 1.331015 to
1.331017 cm22 leads to considerable increase in t
conductivity—from 131029 to 531024 S/cm, i.e., more
than five orders of magnitude. In this case, measuremen
the sign of the thermoelectric power indicate that the c
ductivity is hole-like in nature, starting with a dose of 1
31015 cm22, which is evidence that type of majority carrie
has changed compared with the unirradiated sample in w
electron transport dominated. Thus, doping takes place e
at these low doses of boron. Boron compensates the elec
transport of then-type original samples for boron-ion dose
in the interval 0,F<1.331015 cm22.

Ion doping the films with phosphorus increases th
conductivity by four orders of magnitude to values as high
s'131025 S/cm.

Measurements of the temperature dependences of
conductivity show that in the entire range of boron and ph
phorus doses the contribution of electrical transport alo
delocalized states to the conductivity of the film at roo
temperature is dominant. There is an appreciable contr
tion to the conductivity from hopping transport via localize
states near the Fermi level in the temperature range be
250 K for films doped with these impurities at doses grea
than 631016 cm22.

FIG. 1. Magnitude of the electrical conductivity activation energy ver
dose fora-SiGe films ion-doped with boron and phosphorus and anneale
350 °C.
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With regard to the behavior of the activation energy, t
function s(F) is in qualitative agreement with data on th
sign of the thermoelectric power. However, it is notewort
that for doping with P1 ions the behavior of the activatio
energyEa5Ec2EF ~whereEc is the edge of the conductio
band, andEF is the Fermi level! is less monotonic than fo
irradiation by B1, and begins to decrease strongly f
F.631015 cm22. Apparently, the reason for the nonmon
tonic portion of the functionEa(F) is the presence of peak
in the density of localized states nearEc ~similar to X),
which ‘‘hinder’’ the motion of the Fermi level toward the
edgeEc at small doses. This fact, and also the weaker
crease ins with P1 dose, are evidence that the efficiency
doping with phosphorus is lower than with boron. We es
mated the efficiency of dopinga-SiGe with boron and phos
phorus atoms using the method described in Ref. 7. In
method, we first estimate the magnitude of the density
localized states near the Fermi level from those segment
the temperature dependences of the electrical conduct
that involve hopping transport of carriers~along states nea
the Fermi level! for films doped in doses greater tha
631016 cm22, under the assumption that the localizatio
radius for the carriers equals 1 nm. This density of sta
turned out to be;(329)31021eV21

•cm23 for impurity
doses of;1017 cm22, which is in good agreement with val
ues fora-Si : H, in which doping places the Fermi level in th
region corresponding to the band tail.6 Then, based on the
magnitude of the shift of the Fermi level with increasin
dose, we determine the impurity dose at which electrical
tivity equal to the ratio of concentrations of ionized to inco
porated impurities appears. For B1 and P1 ions in doses of
131017 cm22 this quantity is 0.14 and 0.09, respectively.
is clear that the efficiency of doping with boron ions is a
most 1.5 times higher than for phosphorus ions. Compari
of these results for the efficiency of ion doping ofa-SiGe and
a-Si : H films give comparable results for concentrations
boron and phosphorus impurities:NB,P>1020 cm23 ~Ref. 7!.

Thus, films of a-SiGe obtained by the method of co
evaporation can indeed be doped. In this range of acce
and donor impurity ion doses, the position of the Fermi le

s
at
FIG. 2. Magnitude and activation energy of the electrical conductivity ofa-SiGe : P films versus additional dose of incorporated boron ions~a!, and the same
for films of a- SiGe : B versus additional dose of incorporated phosphorus ions~b!, after annealing at 350 °C.
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can be controllably varied fromEv10.27 (Ev at the edge of
the valence band! to Ec20.19 eV.

Figure 2 shows the dose dependence of the magni
and activation energy of the conductivity ofn-type films
compensated with impurities boron~a! andp-type films com-
pensated by phosphorus ions~b!.

Let us first consider the results of our attempt to co
pensate the electrical conductivity ofa-SiGe : P by additional
incorporation of boron~Fig. 2a!. Increasing the boron ion
dose to 631015 cm22 ~for a concentration of;431020

cm23) decreasess from 131025 to 1.531026 S/cm; in this
case,Ea increases to 0.38 eV. Further increasing the d
leads to a change in the sign of the thermoelectric powe
an increase in the conductivity, and to a decrease in the
tivation energy to 0.1 eV. These data indicate that comp
sation is occurring. Here a transition of the sample to ‘‘
trinsic’’ behavior occurs in the dose range nearF51
31016 cm22. This corresponds to a boron concentrati
NB;831020 cm23, which is somewhat smaller than th
original phosphorus concentration. Obviously, doping w
boron initially shifts the Fermi level from the bottom of th
conduction band to the center of the mobility gap, af
which the conductivity of the sample converts top-type. Fur-
ther changes inEa reflect a shift in the Fermi level awa
from the edge of the valence band.

The process by whicha-SiGe : B films are compensate
by phosphorus atoms~Fig. 2b! differs somewhat from the
case described above. We observed no change in condu
ity type due to ion implantation with phosphorus in the do
range we studied; i.e., the films retained their original ho
like conductivity. Moreover, increasing the phosphorus d
to 1017 cm22 leaves the magnitude and activation energy
the conductivity unchanged. A tendency toward compen
tion is observed only at the maximum phosphorus dose
this case the conductivity decreases by roughly an orde
magnitude and the activation energyEF2Ev increases to
0.25 eV. The low electrical activation of phosphorus ina-
SiGe films is also revealed in experiments on compensat
de

-

e
to
c-

n-
-

r

tiv-
e
-
e
f
a-
In
of

n.

It is difficult to identify the reason for this because of th
absence of exact information regarding the distribution of
density of states in the mobility gap ofa-SiGe obtained by
co-evaporation of Si and Ge. We probably should anticip
that in this material the peak in the density of states nearEc

is considerably sharper than the peak near the edge of
valence band.

In summary, we have shown that films of amorpho
silicon with small additives~;2 at. %! of germanium ob-
tained by co-evaporation from separate sources of Si and
can be successfully doped with boron and phosphorus i
The electrical properties of the dopeda- SiGe films can be
controlled by introducing opposite-type impurities to brin
about compensation.

This work was carried out with the support of a gra
from Goskombuz for fundamental and applied investigatio
in the area of materials for electronic technology under
direction of ‘‘Electronic Technology Materials,’’ in the
‘‘Promising Materials’’ division of MNTP ~No.
01.9.60012617!.
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Long-term structural relaxation and photoinduced degradation in a-Si : H
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The effect of heating-illumination cycling on the electrical properties ofa-Si : H fabricated in a
glow discharge was investigated. Comparison of experimental and theoretical results
shows that photostimulated degradation ofa-Si : H ~the Staebler–Wronski effect! may occur due
to long-term degradation of structural defects generated by preliminary heating. ©1998
American Institute of Physics.@S1063-7826~98!02510-1#
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1. Studies of the photoinduced degradation ofa-Si : H
~the Staebler–Wronski effect1! always incorporate the fol
lowing two ideas: 1! nearly all the experiments require th
the sample first be heated to a temperature ofTA;500 K,
and then cooled to a temperatureT0 at which the measure
ments are made; it is assumed without comment that
annealed state~stateA) is also the ground state of the mat
rial that possesses the lowest internal energy; 2! despite the
multitude of proposed interpretations of the Staeble
Wronski effect, all of them in general outline can be reduc
to a phenomenological model that postulates a set of de
formation centers, each of which can be in two stable sta
separated by a potential barrier. The model of such a ce
can be represented schematically as a double-well pote
with parametersU andDE that fluctuate randomly~Fig. 1!.2

In this paper we will analyze the behavior of an e
semble of random double-well potentials during therm
treatment as applied to investigation of the Staeble
Wronski effect, compare the results of calculations with
experimental data, and draw conclusions about poss
mechanisms for this effect.

2. The samples under study were prepared by hi
frequency decomposition of silane-containing gas mixtu
in a system with capacitive coupling, and equipped with c
tacts deposited in a coplanar configuration for measu
dark conductivity and photoconductivity.

3. Figure 2a shows the temperature dependence of
electrical conductivity measured before~1! and after ~3!
illumination at 100 mW/cm2 for 2 hours at 293 K. The mea
surements were made after the customary prelimin
‘‘anneal’’ at 500 K. Point~2! corresponds to the electrica
conductivity of the material after;7 years of being kept in
the dark.

If we concede that the variations observed in the elec
cal conductivity are associated with transitions of defect- f
mation centers from one stable state to another, then t
variations should be correlated with variations in the po
lations of wells of the double-well potentials used to mod
these centers. Let us calculate the temperature dependen
the average occupation coefficient of the upper wells of
1121063-7826/98/32(10)/3/$15.00
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ensemble consisting of 50 double-well potentials with barr
(Ui) and asymmetry (DEi) parameters distributed accordin
to a normal law around average valuesU andDE with mean-
square deviationsdUi anddDEi . The occupation of each o
the potentials is calculated from the equation

dni /dt52nip↓1~12ni !p↑ , ~1!

whereni is the occupation coefficient of thei th upper well,
andp↓ andp↑ are rates of transitions from the upper well
the lower and vice versa:

p↓5n exp~~Ui2DEi !/kT! and p↑5n exp~Ui /kT!,
~2!

wheren51012 Hz is a phonon frequency. As an initial con
dition we use the equilibrium condition atT 5 500 K:

ni~500 K!5p↑~500 K!/~p↑~500 K!1p↓~500 K!!. ~3!

When temperatureT is a linear function of time, Eq.~1! can
only be solved numerically. The temperature dependenc
each occupation coefficientni is calculated separately an
the results are then summed so as to average over al
potentials of the ensemble.

The initial parameters of the calculation were chosen
looking for the best agreement between calculation and
periment according to the procedure described later in
text:

U51.22 eV dU50.14 eV,

DE50.08 eV dDE50.02 eV. ~4!

The results of this calculation are shown in Fig. 2b. Curve1
corresponds to an initial cooling of the ensemble from
equilibrium state achieved atT5500 K. The ‘‘plateau’’ ob-
served forT,300 K indicates that the excess population
the upper well has become ‘‘frozen,’’ because under equi
rium conditions the population should follow curve4. At
room temperature this ‘‘frozen’’ population can relax bo
under the action of temperature and other factors. The ca
lations show that the ensemble parameters given ab
hinder purely thermal relaxation, which is illustrated by po
8 © 1998 American Institute of Physics
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2 in Fig. 2b, which corresponds to a time interval of 7 yea
It is clear that the system is still far from its equilibrium sta
even after being held for such a long time.

Let us assume, however, that we have found a way
stimulate relaxation of this system and have lowered the
zen population by a factor 100. Curve3 ~Fig. 2b! will then
describe the temperature dependence of the average po
tion when the system is heated. Let us now turn to the pr
lem of an optimal choice of model parameters. These par
eters were chosen so as to ensure the best agreement be
calculation and experiment as follows. Since the conduc
ity in a-Si : H takes place via delocalized states, we have

s~T!5s0 exp~2~Ec2m!/kT!, ~5!

whereEc2m is the distance from the mobility edge in th
conduction band to the Fermi level. Hence, features of
temperature dependences(T) can be associated with motio
of the Fermi level during the structural reconfiguratio
Assuming the shift in the Fermi level is directly proportion
to the change in occupation of the potential wells, i.e.,

uDmu}uDnu, ~6!

where Dm is the shift in the Fermi level, andDn is the
change in occupation coefficient, and comparing Eqs.~4! and
~5!, we may conclude that over a rather limited temperat
range the derivatives with respect to temperature~or some
function of it! of n and ln(s) will differ by no more than a
constant; normalization by some ‘‘reference’’ functio
s(T) andn(T) will allow us to eliminate this factor as well
An example of this procedure is shown in Fig. 2c, where
compares(T) and n(T) differentiated with respect to in
verse temperature and normalized by the functionss(T) and
n(T) obtained during the initial cooling of the sample~curve
1 in Figs. 2a and 2b!. It should be noted that the choice o
other reference functions leads to a change in the shap
the resulting curves shown in Fig. 2c, but the optimum v
ues of the parameters of the calculations themselves wil
unchanged and will coincide with those given previously

We next consider the mechanism for relaxation of
frozen population~transition from curve1 to curve3!. As we
have already shown, this role could be played by therm
excitation~point 2!, but the latter is insufficiently effective
Therefore, in our view another mechanism is more like
which is also connected with excitation of lattice vibration
nonradiative recombination of nonequilibrium carriers. E

FIG. 1. Schematic illustration of the two-state model of a defect-forma
center.E is the center energy,q is the configuration coordinate.
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dence in favor of this mechanism comes from experiment
which the parameters of the material are changed by pas
a current through a diode structure. In these experimen
was shown that the degradation is minimal when only el
trons are injected, is somewhat accelerated by injection
few holes, and increases greatly when carriers of both s

n

FIG. 2. a—Temperature dependence and electrical conductivity ofa-Si : H
annealed and unirradiated~1! and subjected to illumination by AM1 for 1
hour ~3!. Point ~2! corresponds to electrical conductivity of annealed a
unilluminateda-Si : H held at room temperature and in the dark for 7 yea
b—Temperature dependences of the average occupation of upper we
an ensemble of double-well potentials (n) as it is cooled from 500 K~1! and
heated after stimulated relaxation of the frozen population~3!. Point ~2! is
the average occupation at room temperature after a preliminary annea
lowed by a 7-year stay in the dark. Curve~4! corresponds to equilibrium
occupation with no freeze-out effects. c—Comparison of experime
~points! and calculated~solid curves! results. The procedure for compariso
is described in the text of the article. Notation:y5s3(T)/s1(T);
z5y5n3(T)/n1(T); x5100/T.
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are injected, i.e., when recombination takes place.3 The ab-
sence of a threshold in the spectral dependence of
Staebler–Wronski effect for ‘‘device’’-quality samples o
a-Si : H also suggests that it is impossible to directly exc
defect formation centers, and so an intermediate mechan
must exist for transferring energy from light quanta to the
defects. Recombination of nonequilibrium carriers also p
vides such a mechanism.4

Thus, relaxation of the system under the action of lig
from the upper frozen state to the lower can be a manife
tion of the Staebler–Wronski effect. To what extent is th
identification justifiable? It is obvious that such a transition
connected with a decrease in the system energy, w
agrees with the increase in activation energy of the dark c
ductivity, and consequently with the decrease in the Fe
level for undopeda-Si : H. The increase in defect concentr
tion observed during the Staebler–Wronski effect is also
agreement with transition 2→1 ~Fig. 1!, because according
to the results of Ref. 2, this frozen state of the system co
sponds to the decreased defect concentration.

In conclusion, let us discuss the parameter values for
model obtained by us. The quantityU51.22 eV apparently
can be associated with hydrogen diffusion, since it is in r
sonable agreement with the results of other authors regar
the magnitude of the potential barrier for this process in m
terial of ‘‘device’’ quality.5 As for the value ofDE50.08
eV, its interpretation is not so obvious, especially since
he

m
e
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t
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ch
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n
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e
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e

have used a simple approximation of immobile poten
wells. If we take into account the possibility that the extrem
of the double-well potential can shift as the temperat
changes, then we can only assert that the difference in e
gies of states1 and 2 ~Fig. 1! is on the order of few hun-
dredths or at the most few tenths of an eV, which in itself
an interesting result since it forces us to resist identify
states1 and2 ~Fig. 1! as states of an isolated dangling bo
either saturated or unsaturated with hydrogen, because in
case the energy difference should be at a minimum an o
of magnitude higher. Therefore, one probable explanation
must consider for the photoinduced effect is rearrangem
of the hydrogen subsystem, evidence for which comes fr
experiments in which changes occur in the infrared spect
corresponding to collective vibrations of hydrogen atoms6

1D. L. Staebler and C. R. Wronski, Appl. Phys. Lett.31, 292 ~1977!.
2S. B. Aldabergenova, V. G. Karpov, K. V. Kougiya, A. V. Pevtsov, V. N
Solov’ev, and N. A. Feoktistov, Fiz. Tverd. Tela~Leningrad! 32, 3599
~1990! @Sov. Phys. Solid State32, 2087~1990!#.

3L. Xu, G. Winboume, M. Silver, V. Canella, and T. McGill, Phil. Mag. B
57, 715 ~1988!.

4S. B. Aldabergenova, A. A. Andreev, A. Ya. Vinogradov, K. V. Kougiy
and T. A. Sidorova, inInternational Conference on Noncrystalline Sem
conductors–89 @in Russian# ~Uzhgorod, 1988!, p. 222.

5R. A. Street, C. C. Tsai, and J. Kakalious, Phil. Mag. B56, 305 ~1987!.
6G. L. Kong, D. L. Zhang, Y. P. Zhao, and X. B. Liao, Sol. St. Phenome
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A model of the decay kinetics of photoconductivity in amorphous hydrogenated silicon, in which
recombination of excess carriers is assumed to occur via tunnelling, is proposed. It is
shown that study of the decay shape after flash illumination can be a very effective way to detect
structural inhomogeneities in amorphous or disordered semiconductors. ©1998 American
Institute of Physics.@S1063-7826~98!02610-6#
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1. A characteristic feature of the nonstationary photoc
ductivity of disordered semiconductors, including amo
phous hydrogenated silicon (a-Si : H!, is the presence of a
long-period ‘‘tail’’ in the photoconductivity that persists a
ter switching off the illumination. Two possible mechanism
can give rise to this tail. The first is thermally stimulate
emptying of traps~localized states! distributed with respec
to energy in the band gap~mobility gap! of the semiconduc-
tor. In this case, the shape of the photoconductivity de
curve can be used to infer the distribution of localized sta
with respect to energyN(E), since at a given temperature th
decay time will characterize the depth of the localized sta
being emptied, and the magnitude of the photoconducti
will depend on their concentration. That possibility was me
tioned for the first time in Ref. 1 as applied to semicondu
tors in powder form. Subsequently, analogous ideas for
termining N(E) were developed for chalcogenide-gla
semiconductors2,3 and recently a similar method was pr
posed fora-Si : H as well.4,5

A second possible mechanism for the appearance
tail in the photoconductivity~or photoluminescence! is re-
combination of nonequilibrium carriers via tunneling. In th
case, the slowing of the photoconductivity decay is co
nected with recombination of more and more distant pa
and the magnitude of the photoconductivity is proportio
to the concentration of carriers that have not yet recombin
This phenomenon is observed both in doped and comp
sated semiconductor crystals6,7 and ina- Si : H.8,9

It is obvious that at sufficiently low temperatures t
second mechanism becomes the mechanism of choice
the temperature increases, it is usually assumed that
mally activated processes begin to overwhelm it. Howev
there is rather weighty evidence that even at ‘‘high’’ tem
peratures~above room temperature! recombination can take
place via below-barrier tunneling.10–13

In this paper we will show that the data reported in Re
4 and 5 on photoconductivity kinetics ina-Si : H after exci-
1131063-7826/98/32(10)/3/$15.00
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tation with short light pulses at room temperature can
explained and modeled by postulating the tunneling reco
bination of nonequilibrium carriers in a two-phase hetero
neous material.

2. It has been established experimentally that photoc
ductivity of undopeda-Si : H obtained by rf decomposition
of silane is caused primarily by thermally activated moti
of nonequilibrium electrons, whereas holes are considera
less mobile.14 If we assume that after an initial thermaliza
tion ~which occurs within times of order of the inverse ph
non frequency, i.e.,,10211 s! the long-period decay of the
photoconductivity is connected with a drop in the concent
tion of nonequilibrium carriers due to tunneling recombin
tion, then by analogy with donor-acceptor recombination
crystalline semiconductors we can assert that this drop in
concentration is connected with successive emptying of ‘
combination channels’’ consisting of ‘‘donor- like localiza
tion center-closest electron capture center’’ pairs. The ch
acteristic lifetime of an electron-hole pair trapped in one
these channels is

t~r !5n0
21exp~2r /q!, ~1!

wherer is the distance between a localized electron and h
n051.431011s21 ~Ref. 15! and a'12 Å is the radius of
localization of the least localized carrier, i.e., an electron16

If Nh1 andNe1 are concentrations of localization cente
for electrons and holes, respectively, and if their spatial d
tribution is uncorrelated, then for the distribution of recom
bination channels with respect to distance we may use
formula17

g~r !5
3r 2

R3
expS 2

r 3

R3D , ~2!

whereR353/4pNe1.
After a short ~in the limit an infinitely short! optical

pulse, nonequilibrium carriers are trapped at localized sta
1 © 1998 American Institute of Physics
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1132 Semiconductors 32 (10), October 1998 Kougia et al.
at a rate determined by the capture cross sections1. If only
one type of recombination channel is assumed, then the
tial occupation of the channels will be approximately u
form:

f ~r !5N0 /Nh1 , ~3!

where N0 is the total concentration of electron-hole pa
created by the optical pulse. Then the decay of the conc
tration of nonequilibrium holes will be described by the e
pression

p~ t !5E
0

`

f ~r !g~r !exp~2t/t~r !!dr, ~4!

which can be related to the decay of the photoconductiv

s~ t !5mDn~ t !5mDp~ t ! ~5!

by virtue of the condition of electrical neutrality, and if th
electron drift mobility mD is time-independent. Expressio
~5! allows us to compare calculated curves for the decay
the photoconductivity with experiment, using the quantit
mD , Nh1, andNe1 as fitting parameters. As we showed pr
viously for the case of photoconductivity decay from a s
tionary state, even this simple model gives good agreem
with experimental data over a wide interval of time and e
perimental temperatures.13 However, for a short optical puls
a model with one type of recombination channel does
satisfy the experimental data and requires the introductio
a second type of channel characterized by concentrat
Nh2, Ne2 and hole capture cross sections2. Then

p~ t !5(
i 51

2 E
0

`

f i~r !gi~r !exp~2t/t~r !!dr, ~6!

wheregi(r )5
3r 2

Ri
3 exp(2

r3

Ri
3), Ri

353/4pNei , while

f i~r !5N0

s iNhi

s1Nh11s2Nh2
, ~7!

wheres1 and s2 are the cross sections for capture of no
equilibrium holes.

Equations~6! and ~7! can be transformed as follows:

s~ t !5emDp~ t !;E
0

`

f 1~r !g1~r !exp~2t/t~r !!dr

1bE
0

`

f 2~r !g2~r !exp~2t/t~r !!dr, ~8!

whereb5(s2Nh2)/(s1Nh1).
Expression~8! allows us to calculate the decay of th

photoconductivity and compare it with experimental da
An example of a comparison with data obtained in Ref. 4
shown in Fig. 1 for twoa-Si : H samples deposited at diffe
ent substrate temperatures. The fitting parameters that en
best agreement between calculation and experiment are l
in Table I.

3. In discussing these results several questions a
above all: How can two sets of independent recombina
channels coexist? It is obvious that they should be separ
i-
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either in energy or in space. Attempts to construct a mo
with energy differences~e.g., the first set made up of dee
states, the second of shallow! must postulate the near
complete absence of thermally activated transitions, whic
doubtful at the experimental temperatures. Therefore,
prefer the second model, in which a set of recombinat
channels is separated in space, possibly concentrated in
ferent phases of thea- Si : H. This point of view is confirmed
by the results of our experimental studies, in which w
showed thata-Si : H is structurally quite nonuniform, con
taining at least two phases, one hydrogen-enriched and
hydrogen-depleted.18 In this model, the decrease ofb and
Ne2 with increasing deposition temperature is entirely na
ral, because it reflects the increase in degree of uniformity
material obtained at higher substrate temperatures due
decrease in the concentration of the hydrogen-rich phase
order to identify the phases of the material we must a
investigate the stability of values ofNe1, and ask whether
they are in fact identical to values that we obtained in Ref.

TABLE I.

Ts , °C b5
s2Nh2

s1Nh1

Ne1
cm23 Ne2

cm23

200 4000 4.731017 2.231018

300 110 4.731017 1.231018

FIG. 1. Time dependence of the photoconductivity decay after pulsed e
tation of samples ofa-Si : H obtained at various substrate temperaturesTs

~the squares are experimental data and the solid curves are the res
calculations!.
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for our intrinsic materials. This kind of stability implies tha
the phase labeled 1 is a certain ‘‘intrinsic’’ characteristic
the material, and does not depend as strongly on the co
tions under which it is obtained, which is entirely charact
istic of the phase ofa-Si : H that is hydrogen-depleted.18

Thus, studies of the shape of the photoconductivity
cay under pulsed optical excitation can be effectively use
observe structural nonuniformities in amorphous or dis
dered semiconductors. This is especially interesting with
gard to materials such as microcrystalline, nanocrystall
and porous silicon.
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Relaxation of photoinduced metastable states in a-Si:H films deposited
at high temperatures
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The results of an experimental study of dark-conductivity kinetics ina-Si:H after short-term and
long-term illumination, are presented. The films were deposited at temperatures in the
rangeTs53002390 °C. Data on relaxation of the photoinduced metastable states were found to
correlate with the Fermi-level position. ©1998 American Institute of Physics.
@S1063-7826~98!02710-0#
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The kinetics of formation and relaxation of photoi
duced metastable states ina-Si:H films have been investi
gated in a number of papers.1,2 In recent years attention o
investigators has focused on photoinduced metastable s
in films obtained under various growth conditions.3,4 In this
paper we study the kinetics of formation and relaxation
photoinduced metastable states ina-Si:H films obtained by rf
glow discharge at high substrate temperatures:Ts>300 °C
~Ref. 5!.

The kinetics of time-dependent changes in the conc
tration of photoinduced metastable states ina-Si:H films af-
ter switching off illumination are determined by the meth
described in Ref. 6. It is assumed that the density of st
near the Fermi level is constant while the dark conductiv
sd(t) changes with timet. In this case the motion of the
Fermi level, which is proportional to the logarithm of th
ratio of dark current to its equilibrium value at a given tem
peraturesd0, is determined by the concentration of phot
induced metastable states:

DF~ t !5kT ln@sd~ t !/sd0#5N~ t !/r0~EF!, ~1!

wherer0 is the constant density of states in the neighb
hood ofF01DF ~whereF0 is the initial Fermi level!, andN
is the concentration of photoinduced metastable states.

The sign ofDF, i.e., the direction of motion of the Ferm
level up or down within the band gap, is determined
where the photoinduced metastable states are located re
to the initial equilibrium Fermi level. Thus, in undoped film
the formation of photoinduced metastable states~in this case,
neutral photoinduced dangling bonds! near the center of the
band gap forF0 in the upper half of the latter leads to low
ering of the Fermi level and a decrease in the d
conductivity;1 The annealing of photoinduced danglin
bonds after switching off the light then leads to an incre
in sd . The increase in the number of electrically active im
purity states under illumination gives rise to an increase
the dark conductivity in doped films as a result of the mot
of the Fermi level towards the corresponding bands. Dea
1131063-7826/98/32(10)/3/$15.00
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vation of the impurities is accompanied by a decrease in
dark conductivity. It should be noted that processes c
nected with activation and deactivation of impurities a
slower, and therefore are actually observed at higher t
peratures than processes connected with photoinduced
gling bonds.7 When formation or relaxation of several type
of photoinduced metastable states can take place at va
energy intervals in the band gap above and belowF0, the
kinetics of changes in the dark conductivity can be no
monotonic. In Table I we show several parameters of
films we studied, which have different activation energiesEs

for the dark conductivity.8 The position of the Fermi leve
is given atT 5 370 K, and is determined from the value o
smin523102 V21

•cm21 in the relation Ec2F0

5kT ln(smin /sd0), wheresd0 is the dark conductivity of the
film at that temperature.

Figure 1 shows the kinetics of the change in dark co
ductivity of films 1–3 after illumination atT 5 405 K for
15 s with white light at an intensityW590 mW/cm2. It is
clear that the relaxation curves forsd for films 1 and 2 are
nonmonotonic, i.e., after an initial increase there is a sl
decrease insd as a function of timet. For film 3 the decrease
in sd is observed to be monotonic. The character of
relaxation curves corresponds to changes insd for these
films under illumination. Figure 2 shows the kinetics ofsd

during illumination: a monotonic increase ofsd with illumi-
nation timet ill for film 3, and nonmonotonic changes insd

for film 1.
For film 3 we observed monotonic relaxation ofsd , and

consequently photoinduced metastable states, for illum
tion times t ill up to 23103 s over the entire temperatur
range 360–430 K investigated. In this case the relaxation
the photoinduced metastable states is described by a s
‘‘stretched’’ exponentialN5A exp(2t/t)b, where the param-
eterst and b depend on temperature~Figs. 3 and 4!. The
nonmonotonic relaxation ofsd , and consequently the photo
induced metastable states for films 1 and 2, is described
sum of two ‘‘stretched’’ exponentials with different param
4 © 1998 American Institute of Physics
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eters t1, b1 and t2, b2. Label 1 refers to the short-tim
relaxation of the photoinduced metastable states, du
which sd increases, while label 2 refers to the long-peri
relaxation of these states assd decreases to its equilibrium
value. As we already pointed out, the first of these proces
is probably connected with photoinduced dangling bon
while the second is connected with impurities.

Figures 3 and 4 show temperature dependences oft and
b for films 1–3 determined from the relaxation kinetics
sd . It is clear that for all the films the values of the param
eter t depend exponentially on temperature, i.e.,t;exp
(2E/kT), and the energy for the short-time anneal of t
photoinduced metastable states (E1) in films 1 and 2 is
smaller than the energy for the long-period anneal (E2):
E1'1.1– 1.0 eV andE2'1.5 eV ~see Table I!. For film 3,
with its monotonic relaxation of the photoinduced metasta
states, the annealing energy comes to 1.1 eV, i.e., it c
cides with the values ofE1 obtained for curves1 and 2.
Moreover, the temperature dependence of the parametb
for film 3 is analogous to the temperature dependence ob

FIG. 1. Relaxation kinetics of the dark conductivity of films 1, 2, and
~curves1, 2, and3, respectively! after illumination atT5405 K for 15 s.

FIG. 2. Kinetics of the change in dark conductivity of films 1 and 3~1, 3!
and their photoconductivity~1a, 3a! under illumination at 405 K.
g

es
s,

-

e
n-

for films 1 and 2. Thus, the monotonic relaxation of pho
induced metastable states in film 3 is a fast process c
nected with photoinduced broken bonds. We note that
film 3, in contrast to films 1 and 2, the dark conductivi
increases during the formation of photoinduced dangl
bonds, while it decreases as these states relax. We as
that this is determined by the deeper location of the equi
rium Fermi levelF0 in the band gap of film 3~see Table I!.
Because of this circumstance, neutral photoinduced dang
bonds form aboveF0 and act as donors, giving up electron
As a result, the Fermi level moves upward towards the c
duction band and the dark conductivity in film 3 increas
under illumination, and accordingly the relaxation of th
photoinduced dangling bonds is accompanied by a decr
in sd . In film 1 the Fermi level is located above the phot

FIG. 3. Temperature dependences of the parameterst for the relaxation
processes of photoinduced metastable states in films 1, 2, 3.1,2—t1, 4,5—
t2, determined forsd of films 1 and 2, respectively. Curve3 describes the
monotonic relaxation of the photoinduced metastable states in film 3.
mination timet ill 5 15 s.

FIG. 4. Temperature dependence of parametersb for relaxation processes
of photoinduced metastable states in films 1, 2, 3.1,2—b1, 4,5—b2, deter-
mined for sd of films 1 and 2, respectively. Curve3 describes the mono-
tonic relaxation of photoinduced metastable states in film 3. Illuminat
time t ill 5 15 s.
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induced dangling bond energy levels, which in this case
as acceptors. As a result, during illumination of film 1 t
Fermi level moves downward and the dark conductivity d
creases. The change in photoconductivity of films 1 and 3
the process of illumination also has different signs: T
change in photoconductivity for film 1 has a negative sig
while for film 3 the sign is positive~Fig. 2!. Thus, the pho-
toconductivity of film 3 also changes anomalously, i.e.,
increases with time, which is explained by the upwa
motion of the Fermi level.

The slow change insd for films 1 and 2 under illumina-

TABLE I. Parameters ofa-Si:H films.

Film Ec2F0 , eV
number Ts , °C Es , eV (T5370 K! E1, eV E2, eV

1 300 0.71 0.57 1.1 1.5
2 340 0.82 0.64 1.0 1.5
3 390 0.87 0.70 1.1 –
ct

-
in
e
,

t

tion and after it is switched off can be explained by activ
tion and deactivation of uncontrolled impurities of don
type, probably O, N, and C. Such processes are not obse
to operate in film 3, which may be due to the lower conce
tration of uncontrolled impurities, a consequence of t
higher growth temperature for this film.

This work was supported by a grant from INTAS
931916.
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Molecular beam epitaxy of alternating-strain ZnSe-based multilayer
heterostructures for blue-green lasers
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High-quality ZnSe-based heterostructures are grown by uninterrupted molecular beam epitaxy
using the concept of strain compensation and alternating-strain multilayers. To verify
the advantages of this technique, optically pumped ZnSSe/ZnCdSe laser structures containing
short-period superlattices or multiple quantum wells have been grown and studied. A
room-temperature injection laser diode with a BeZnSe/ZnSe superlattice waveguide is described.
© 1998 American Institute of Physics.@S1063-7826~98!02810-5#
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1. INTRODUCTION

Despite the considerable progress in increasing the
time of blue and violet lasers based on~In,Ga!N quantum
wells,1 interest in lasers based on II–VI compounds2 contin-
ues, in particular, with regard to the green region of the sp
trum where the human eye has its maximum sensitivity.
cause this spectral region remains unreachable by o
semiconductor material systems at present, the search
new solutions that could improve the emission characteris
of heterostructures based on ZnSe is still a topic of ac
research. Among the many fundamental problems that l
device use of these structures we may list the appearanc
metastable compensating centers in dopedp-layers, sizable
lattice-constant mismatches between epitaxial layers
growth substrates, and the relatively low energy of format
and evolution of extended defects.

The most familiar recipe for making ZnSe separate- c
finement laser diode heterostructures uses a single qua
well as the active region, placed at the center of an opt
waveguide consisting of ZnSSe~Ref. 3! or BeZnSe solid
solutions4 enclosed by layers of wider-gap quaternary so
solutions. From the point of view of molecular beam epita
technology it is important that different contents of sulfur~in
ZnSSe and ZnMgSSe! and beryllium ~in BeZnSe and
BeMgZnSe! are required to lattice- match the ternary a
quaternary layers to a GaAs substrate, which imposes ce
limitations on the technological processes involved in obta
ing pseudomorphic heterostructures. The authors of Re
investigated various ways of providing the changes in su
content needed for lattice-matched growth of separate- c
finement laser diode heterostructures, including: 1! increas-
1131063-7826/98/32(10)/4/$15.00
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ing the substrate temperature during growth of the active
waveguiding regions compared to the growth temperature
the emitters, and 2! changing the intensity of the ZnS flu
~i.e., the temperature of the ZnS source! at the ZnSSe /
ZnMgSSe boundary. We note that both methods requ
stopping the growth near the active region, which can lea
uncontrollable loss of fabrication parameters and the form
tion of additional defects. As an alternative approach
have proposed an uninterrupted-growth regime character
by cutting off only the Mg flux at a constant growt
temperature.6 As we showed experimentally, this decreas
the content of sulfur in the ZnSSe layers by only 1.5–2
compared to the quaternary solid solutions, and as a re
the waveguiding layers undergo a considerable tensile str

In order to ensure a total balance of the stresses in
structure, we proposed an approach that replaces the
tively thick layers of ternary solid solution~e.g., ZnSSe and
BeZnSe! by short-period superlattices whose parameters
chosen so as to completely compensate for the stresses.7 The
idea of stress compensation, which is not new~see, e.g., Ref.
8!, is to compensate for the stress due to mismatch in lat
constants of a layer and its substrate by introducing ano
layer of corresponding thickness that possesses the opp
sign of the lattice parameter mismatch. In addition to alt
nating layers with different-polarity stresses~tension-
compression!, the growth of pseudomorphic heterostructur
also requires that the thickness of both individual layers a
of the entire structure as a whole not exceed a critical va
The possibility of using alternating-stress layers of bina
compounds in laser structures was considered in Ref
where ZnSe / MgSe / ZnSe / ZnS short-period superlatti
were used as the equivalent of ZnMgSSe emitters. Howe
7 © 1998 American Institute of Physics
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1138 Semiconductors 32 (10), October 1998 Ivanov et al.
the large mismatch in lattice parameters of the binary co
pounds and the small critical thickness of the individu
component layers imposes strict requirements on consta
of the growth rate, and consequently the intensity of the m
lecular fluxes and substrate temperatures. As a result,
authors of Ref. 9 reported making only light- emitting d
odes, and not laser diodes.

In our study we have emphasized the use of ternary s
solution superlattices, and also stress compensation in
active and waveguiding regions~not just in the emitter and
contact regions! of the laser structure. In order to determin
the limits of applicability of this method and to study th
optical and structural properties of alternating-stre
multilayer heterostructures, we grew laser structures for
tical pumping in the system ZnMgSSe / ZnSSe / ZnCdSe
addition to structures with superlattices whose total thickn
was less than the critical value, we investigated systems
multiple quantum wells whose total thickness was in
critical range,7 in particular, between computed values of t
critical thickness obtained in the Matthews–Blakes
model10 and the People–Bean model.11

There is particular interest in extending the method
stress compensation to the growth of heterostructures
include layers of new beryllium-containing solid solution
which possess the highest hardness and stability agains
fect formation of all the II-VI compounds. Furthermore, th
use of these compounds simplifies the problem of effec
acceptor doping, which is necessary to create injection la
that operate at room temperature.12 In this paper we show for
the first time that it is possible to make BeMgZnSe / ZnCd
separate- confinement laser diodes with a waveguiding
gion in the form of an alternating-stress BeZnSe / Zn
short-period superlattice.

2. EXPERIMENT

The structures were grown by MBE on a GaAs~001!
substrate with a GaAs buffer layer grown in a separate III
MBE chamber. Peculiarities of MBE technology for terna
and quaternary compounds in the systems~Zn,Mg,Cd!~S,Se!
and ~Be,Mg,Zn!Se, and also methods for controlling the

FIG. 1. a—Schematic band diagram of an optically pumped laser wi
waveguide region based on a ZnSSe / ZnCdSe superlattice; b—profile o
variation in mismatch of bulk lattice parameters with thickness, illustrat
compensation of stresses in the structure.
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composition, stoichiometry, and growth rates were publish
previously.4–6,12–15

A schematic band diagram for an optically pumped la
with a waveguiding region based on a short-period super
tice is shown in Fig. 1a. The structure contains a 0.6-mm-
layer of Zn0.93Mg0.07S0.17Se0.83, whose lattice parameter i
close to that of GaAs with a low- temperature value of t
band gapEg;2.95 eV, a 70 Å – Zn0.87Cd0.13Se quantum well
bounded by superlattices (42 Å – ZnS0.15Se0.85/12 Å –
Zn0.87Cd0.13Se21) on both sides, and a 0.12-mm-thick capping
layer of ZnMgSSe. The sketch in Fig. 1b shows the cha
in mismatch of bulk lattice parameters with thickness, a
illustrates the compensation of stresses in the structure.
structure with a central region of multiple ZnSSe / ZnCd
quantum wells has an analogous construction and cont
30 pairs ~170 Å–ZnS0.1Se0.9/50 Å–Zn0.82Cd0.18Se! with a
total thickness of 0.66mm. A BeMgZnSe / ZnCdSe structur
for a separate-confinement quantum-well laser diode c
tained a 40 Å – Zn0.63Cd0.37Se quantum well in the center of
(10 Å – Be0.05Zn0.95Se/15 Å – ZnSe)82 waveguide superlat-
tice, wide-gap emitter layers of n- and p-type
Be0.05Mg0.06Zn0.89Se doped with iodine and nitrogen, respe
tively, and a ZnSe / BeTe modulation-doped graded supe
tice with a 10-nmp1-type BeTe layer for forming low-
resistance ohmic contacts.

In order to characterize these structures we used dou
crystal x-ray diffractometry and transmission electron m
croscopy. The photoluminescence~PL! spectra, excitation of
photoluminescence, and light absorption in free epitaxial l
ers were recorded in a circulating helium cryostat in the te
perature range 5–300 K using an STL-2 setup. As source
excitation we used a He–Cd laser with an emission wa
length of 325 nm or a halogen lamp. The laser characteris
were studied under conditions of pulsed optical pumping~a
nitrogen laser with pulse duration 8 ns! and injection pump-
ing ~with a pulse duration of 100 ns!. Cavity laser mesa-
structures were fabricated by the usual photolithography,
ing Al2O3 as a dielectric and depositing Pd / Pt / Al contac
to the dopedp- layers. Free epitaxial films were obtaine
after removal of the GaAs substrate by selective chem
etching.

a
he
FIG. 2. Double-crystal x-ray rocking curve of a ZnMgSSe /~ZnSSe /
ZnCdSe superlattice! / ZnCdSe separate-confinement laser structure gro
by the method of overlapping molecular fluxes.
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FIG. 3. TEM image of a cleavage plane of
ZnMgSSe /~ZnSSe / ZnCdSe superlattice! /
ZnCdSe heterostructure.
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3. RESULTS AND DISCUSSION

Double-crystal x-ray rocking curves of a typical stru
ture with a ZnSSe / ZnCdSe superlattice are shown in Fig
The position of the zero-reflection peak from th
ZnS0.15Se0.85/Zn0.87Cd0.13Se superlattice nearly coincide
with the ZnMgSSe peak, and both these peaks are loc
near the GaAs substrate peak. In images of the struc
obtained by TEM from a cleavage plane of a sample~Fig. 3!
one can observe distinct boundaries, and in fact the abs
of misfit dislocations. Figure 4 is revealed in the PL a
excited- state PL spectra of this structure at 77 K. The h
width of the PL line was 14 meV~10 meV at 5 K!. The solid
curve also shows the absorption spectrum of a free film
which the heavy-hole exciton peak from the isolated qu
tum well is clearly resolved. The exciton peaks for heavy a
light holes in the superlattice coincide with the absorpt
spectra of free films and excited-state PL of the origi
structure, which attests to the pseudomorphic nature of
growth and the absence of uncompensated stresses in
epitaxial structure. The solid-solution content of the ZnCd
quantum well in this sample corresponds to luminescenc
a wavelength near 490 nm at 300 K. Calculation of ba
parameters taking into account the pseudomorphic stress
the layers confirm that the confinement of holes in suc
quantum well is comparable to structures with a correspo
ing ZnSSe waveguide, along with better optical confinem
determined by the small effective width of the superlatt
band band, which is comparable toEg for ZnSe ~see Ref.
16!. Laser oscillation under optical pumping is observed
this sample at wavelengths of 473 and 491 nm at 77
300 K, respectively, and the measured value of the thres
pump power density is less than 20 kW/cm2 , which is one of
the best values published for lasers based on ZnSe with
cillation wavelengths near 490 nm at 300 K. The thresh
pump power density changes by less than a factor of 3 w
the temperature rises from 77 to 300 K, which confirms
presence of good electronic confinement.

The optical properties of a structure with multiple qua
tum wells were investigated both in initial samples and
free films. In the absorption spectra of free films clea
marked exciton peaks were tracked up to temperature
2.
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300 K. Comparison of low-temperature absorption spec
and excited-state PL spectra measured on the same sa
with the substrate removed show that freeing the epita
structure from the substrate leads to a rather small shift (; 8
meV! in the heavy-hole exciton peak and a larger shift in t
light- hole exciton peak (; 15 meV!. These values are in
good agreement with calculations for pseudomorphica
stressed heterostructures, which also indicates the absen
significant relaxation via misfit dislocations.

Laser oscillation in a structure with multiple quantu
wells under optical pumping was studied in fourfold-cleav
samples~in the usual waveguide geometry! and in surface-
emitting lasers made from free films, and was observed
both types of samples up to room temperature. Surfa
emitting lasers were made by placing a free film in a re
nator based on a quartz film with a metal mirror deposited
it. The characteristic form of the laser oscillation spectru
~77 K! under illumination from the surface and from th
backside is shown in Fig. 5. The points show the shape of
absorption spectrum. Lasers with the usual waveguide ge

FIG. 4. Absorption spectrum of a free film~solid curve! and also PL~dashed
curve! and excited-state PL~dots! spectra of the original sample of a
ZnMgSSe /~ZnSSe / ZnCdSe superlattice! / ZnCdSe structure measured a
77 K.
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etry demonstrated threshold pump densities of 11 kW/cm2 at
77 K and; 22 kW/cm2 at 300 K. The values of threshol
pump density for the surface- emitting lasers was 65 and
kW/cm2 at 77 and 300 K, respectively.

Typical electroluminescence and laser oscillation spe
at 300 K for BeMgZnSe / ZnCdSe separate-confinem
quantum-well laser structures with BeZnSe / ZnSe supe
tice waveguides are shown in Fig. 6. The average value
the threshold current density was 750 A/ cm2, with a char-
acteristic temperatureT0 of 307 K. Despite the lack of dop
ing, waveguiding superlattices provide good carrier coll
tion and confinement in the quantum well. We note that
optical confinement, and consequently the threshold cha
teristics, of the laser structures can be further improve
superlattices based on BeZnSe / ZnCdSe are used, due t
increase in the refractive index difference between the wa
guide and quaternary solid solution that makes up the em
layers.

CONCLUSIONS

We have proposed and experimentally tested
uninterrupted-growth MBE technology for making laser h
erostructures based on ZnSe. High-quality alternating- st
superlattice and multi-quantum-well structures were m
over a wide range of quantum-well compositions and emi
compositions by simply changing the ratio of well and b
rier thicknesses. The use of short-period superlattices
waveguides for optically pumped ZnMgSSe / ZnSS
ZnCdSe lasers leads to a decrease in the threshold pu
power density. For the example of a structure with multip
quantum wells we show that it is possible to make structu
with a low level of misfit dislocations at thicknesses close
the critical thickness.

For the first time we have shown the usefulness of
concept of alternating-strain superlattices for the mate
system~Be,Mg,Zn!Se, and we have obtained laser diod
with waveguides based on BeZnSe / ZnSe superlattices o
ating at room temperature.

FIG. 5. Laser oscillation spectra at 77 K of ZnMgSSe / ZnSSe / ZnC
multiquantum-well laser samples. The solid curve corresponds to a sur
emitting laser and the dashed curve corresponds to a laser with wave
geometry. The absorption spectrum of a free film is shown by dots.
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FIG. 6. Laser oscillation spectrum of a BeMgZnSe / ZnCdSe separ
confinement quantum-well laser diode with a waveguiding region base
a BeZnSe / ZnSe superlattice, measured at 300 K.e
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