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The method of capacitance—voltage characteristics is used to investigate the concentration
profilesn(x) of 2Si, implanted in GaA$E=50 and 75 keVF = (1.88—6.25)x 10*?cm™ 2] after
“photonic” and “electronic” annealing with a protective dielectric coating covering the
surface and without it. It is shown that in contrast to thermal anneg8ag °C, 30 min, after
photonic and electronic annealing diffusive redistribution of silicon into the interior of

the GaAs sample is observed. The diffusion coefficierand degree of activation 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 proced3esnfibr
7 for radiation annealingphotonic and electrgrare lower than the corresponding values

for thermal annealing. The values Dfand » after photonic and electronic annealing without the
protective dielectric coating are higher than with it. 198 American Institute of Physics.
[S1063-782608)00110-F

INTRODUCTION chromium concentration in the material did not exceed

10*cm™3. Before implantation the wafers were processed in
It is known that radiation annealing of implanted GaAs he etchant KSO, : H,0,: H,0=1:1: 10.
takes place at temperatures above 800 °C over a time of a A g 25x1022cm 2 dose of28Si ions with an energy of
few seconds:? At such temperatures the dominant role in thegg kev were implanted, followed by a 1.880cm™2 dose
processes of activation and distribution of the impurity isof 75-keV ions and a 4,.3?10120m*2 do.se, also of 75-keV
accorded to thermal effects while the influence of ionizationionS at 300K in a vacuum of¥810-° Pa. To eliminate axial
in speeding up these processes is assumed to be negfigible. " ’

On the other hand, the brief duration of the anneal makes i}nd planar channehrfgl;he wafers were placed in such a way

possible to perform it without using protective coatifgé that the angler between the surface normal and the direction

At the same time, at temperatures above 450 °C arsenﬁf the ion beam in the plane parallel to the base cut was 10°.

evaporates, and the concentration of vacancies in the subIa{'[——he wafers were.then rotated in the cloikW|se' direction
tice of the GaAs sample increases substantially in the skifPout the[100] axis through an anglg=235°. A film of
layer. Arsenic vacancies, which are nonradiative recombina>/Cz doped with samariumNs,=6—12at. % was depos-
tion centers, can lead to changes in the impurity concentra-it€d on one part of the wafer using the technique described in
tion profiles. Ref. 7. The other part was not coated. “Electron” annealing
In this paper we report the results of an experimental(EA) with the dielectric coating and without it was per-
study of the behavior of silicon in Si-implanted GaAs during formed on a “Modul” setuf§ with an electron beam energy
radiation anneals with a dielectric coating that protects thef 10keV and power density 6-83.8 W/cnf for 10 and 12s
implanted surface and without such protective coating. in a vacuum of 10°Pa. “Photonic” annealing(PA) of
samples without the dielectric coating was performed on an
“Impul’'s-5” setup in a stream of nitrogerithe dew point
was held at or below-65 °C) with the help of halogen
EXPERIMENTAL PROCEDURE lamps with 1-kW power each, over the temperature range
805-925 °C for 10 s. For comparison, photonic anneals were
Measurements were performed on wafers of semiperformed on coated samples at 870 °C. Thermal annealing
insulating GaAs, 37 20um in thickness, oriented in the (TA) of coated samples was performed at 800 °C for 30 min
(100) plane, with a resistivity greater than1Q-cm and a in a stream of hydrogen. After each anneal the dielectric
dislocation density no greater thanx30*cm 2. The coating was removed by cleaning the wafer surface to form

1063-7826/98/32(10)/4/$15.00 1029 © 1998 American Institute of Physics



1030 Semiconductors 32 (10), October 1998 V. M. Ardyshev and M. V. Ardyshev

1 1‘ p— -~
10":— //"\\\ 10 F // N
-/ \\ B //
_/, \ ;-,
/ 3
kit i " i
g g .,
g;m":— s 107E
\
5 | 1 16 1 i 1 A
1075 0 00 750 200 0% G 100 750 200
z, nm x, nm

FIG. 1. Calculated profile of the implanted silicon concentratidh FIG. 3. Calculated profile of the implanted silicon concentration(E,
(E,=50keV, F,=6.25x102cm 2 and E,=75keV, F,=1.78  —50keV,F;=6.25¢10cm ? and E,=75keV, F,=1.78<10"cm ?)

% 1012cm’2)’and electron concentration profiles obtained’ by photonic an-and electron concentration profiles obtained by electronic annealing with the
nealing at 805 °Q2), 825 °C (3), 870 °C (4), and 925 °C(5) without the  Protective dielectric coating (7.6 W/én(2), (8.8 Wicn?) (3), and by ther-
protective dielectric coating, and at 870 °C with the dielectric coatfiig mal annealing800 °C, 30 min (4).

Schottky barriers (SB) with dimensions 108 100um? EXPERIMENTAL RESULTS AND DISCUSSION
which were metallized on the basis of the alloy AuGe
+ 14%Ni. The method of capacitance—voltage characteris-
tics was used to measure the electron concentration profile

Figures 1-3 show experimental electron concentration
rofiles obtained after PAFig. 1) and after EA(Figs. 2 and
), and calculated profiles of the implanted impurity concen-
tration based on values dR, and ARgp determined by
secondary-ion mass-spectroscq®MS).” For comparison,
a typical profile of the electron concentration after TO is
plotted in Fig. 3(curve4).

It can be seen that after PA and EA the electron concen-
tration profilesn(x) lie deepena “broadening” of the pro-
files is observedthan the calculated profile and the profile
obtained by TA. As the temperature is increased in the case
of PA, and the power in the case of electronic annealing, the

T

tron concentration profiles are concentrated nearer to the sur-
face in comparison with the profile in GaAs that has been
annealed without a protective coatifigigs. 1 and 2 After

EA (Fig. 2, in contrast to PA(Fig. 1), segments of rapid
(segment ) and slow(segment I variation ofn(x) are ob-
served. The boundary between these segments shifts into the

" / . ' . . .

) / thickness of the layer with electrically active silicon grows.
510 i In addition, for PA(Fig. 1, curves) and EA(Fig. 3, curve

; N and3) of GaAs with a protective dielectric coating the elec-

16 . , , \ . interior of the GaAs sample as the power is increased in the
170 0 50 100 150 200 case of EA: from 120 nm at 6.8 W/éniFig. 2, curve2) to
x, nm 160 nm at 7.6 W/crh(Fig. 2, curved). For EA in the case of

] ) - . coated samples, this peculiarity in the behavionf) is not
FIG. 2. Calculated profile of the implanted silicon concentratidn

(E=75keV, F=4.4x10"cm?) and electron concentration profiles ob- observedFig. 3). . .
tained by electronic annealing (6.8 W/&Nn(2), (7.2 Wicn?) (3), 7.6 Wicn? . From a comparison of the mea_tsured concentration pro-
(4) without the protective dielectric coating. file n(x) after TA (Fig. 3, curve4) with the calculated con-
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TABLE I. Values of the diffusion parameters and the degree of electrical
activation of silicon in GaAs for different types of annealing. 31
Type of 100 L‘ o 1700
annealingP,Wicn? T,°C D,cm?/s 7, % Remarks - .
TA - 800 2.3x10 % 71.2  With dielectric coating R .
6.8 — - 74.5 Without dielectric coating i i
7.2 - 5.1x107'% 88.9 (segment ) - .
76 - 118102 954 2
6.8 - 27x10°*? 78.2 Without dielectric coating ~ ® L -
EA 7.2 - 41x10°'% 81.9 (segment 1) NE
7.6 -  6.1x10°'% 88.1 O e
7.6 — 1.35x10 %2 56.3  With dielectric coating 2 - 1 °.
8.8 -  3.8x10'? 655 8 &~
"
- 805 4.1x10 * 61.0 Without dielectric coating i
- 825 6.4x10 1% 63.2
PA - 870 1.5¢<10 12 76.8 100 170
- 925 5.0<107*? 89.9 B 1
o E
- 870 4.9x10°'% 71.1  With dielectric coating L 4
- 4
| 1 1 1 1 1 i 4
| . | | “0.90 7.8 7.92
centration profilgFig. 3, curvel) it follows that channeling 103/7,K7

of silicon ions was essentially absent during implantation. It

can thus be Concluded that the observed “broadenlng” |S noflG 4. Diffusion COeﬁlClent(1—4) and degl‘ee of electrical activation of
associated with channelization silicon (1'—4") plotted as functions of the inverse temperature for photonic

. .. . . . . annealing without the protective dielectric coatifigl’), and for electronic
Assuming that the distribution of electrically active Si annealing without the protective dielectric coatifegment 11,2,2'; seg-

after PA and EA is due to diffusion processes, the depenment I,3,3) and with the dielectric coatingt, 4').
dencen(x) can be represented in the foifn

n(x)=n-F[(2m) Y4 ARS+2Dt)*?] Figure 4 plotsD and # as functions of the inverse
Xexp[—(x—Rp)2(2AR§+4Dt)*1], ) temperature for PA and EA. The temperature for EA was

calculated with the help of the equation
whereF is the implantation dosey is the degree of electrical

_ 4_ T4
activity of silicon, D is the diffusion coefficient of silicon, p-C-d-dT/dt=P=2Xz-o(T"=To), @
andt is the annealing time. wherep, C, andd are the density, specific heat, and thick-
We used formuldl) together with the experimental data ness of the GaAs wafers, respectivelyandT, are the tem-
to estimateD and 7 (Table ). perature of the sample when acted on by the electron beam

The following conclusions follow from Table I:)l1the  for a timet and its initial temperature, respectiveR,is the
diffusion coefficient for PA and for EA is 2 3 times greater power directed on the sample,is the reflectivity of GaAs,
than for TA; for EA (power greater than 7.2 W/@&nof un-  ando is the Stefan—Boltzmann constant.
coated samples the degree of activation of silicon is higher It can be seen that the dependenceDoénd » on the
on segment | than on segment Il ofx); 3) for PA and EA  inverse temperature takes the form of straight lines. The val-
of coated sample®) and » are lower than their values after ues of activation energf, for D and » determined from
radiation annealing for the uncoated samplesgsithe power their slopes along with the values of the pre-exponential
is increased in the case of EA, and the temperature in th&actor D, are given in Table II.
case of PA, the diffusion coefficient and the degree of The following conclusions follow from the results pre-
activation of the implanted silicon grow. sented above:)IFor EA (segment I} and for PA the values

TABLE Il. Values of the activation energy and pre-exponential factofaand » 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 )l (segment |)
Parameter D 7 D 7 D 7 D n
E,, eV 5.74 0.79 2.66:0.05 0.38:0.09 2.7 0.4 2.560.01 0.31:0.04

Do, cnt/s - - 8.85 - 5.8 - 0.173 -
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of E, for D are roughly 0.7 eV lower than the value 3.3 eV CONCLUSIONS

(Ref. 11 for thermal diffusion of silicon; forp the activation 1. After “photonic” annealing and after “electron” an-
energy under these annealing conditions is also lessEhan nealing as opposed to thermal annealing, a diffusive redistri-
(0.5eV, Ref. 12 for purely thermal activation of silicon.)2 bution of silicon into the interior of gallium arsenide samples
For EA the pre-exponential factdd, in the dependence is observed. As the temperature is increased in the case of
D(T 1) is greater than its value for PA) The lowest values photonic annealing, and the power in the case of electronic
of E, for % are observed for PA and for Efsegment Il of annealing, the diffusio® and the degree of electrical acti-
n(x)]. The highest values dE, for % correspond to activa- vation of the impurity» are observed to grow.
tion of silicon on segment | of(x) for EA (Table II). 2. When GaAs samples are radiation-annealed with the
If we wish to trace out the radiation-stimulated mecha-implanted surface not protected by a insulating coating, the
nism of speeded-up annealfig*and if we assume that va- values ofD and 7 are larger.
cancies in both GaAs sublattices are centers of nonradiative 3. After electronic annealing without the protective film,
recombinatior?, then it is necessary to assume that a higha segment of rapid variatiomear the surfageand a segment
concentration of these vacancies is present in the startingf slow variation(at depths<>120- 160 nm) of the electron
material, and also that when GaAs is radiation-annealedoncentration profile(x) are observed. After electronic an-
without a protective coating the newly formed arsenic vacannealing(power greater than 7.2 W/dnthe value ofy on the
cies (Vas) migrate to significant depths (26@50 nm) inthe  rapid segment is greater than on the slow segment.
annealing time (16129. The first assumption probably We wish to express our gratitude to L. A. Kozlova for
holds since the total vacancy concentration in GaAs singldier assistance with the experiments and V. S. Budishevski
crystals can reach values10®®cm 2 (Ref. 15. The second for performing the “electron” anneal.
assumption also holds as a res-u“ O-f the decreasgd \-/alue qfﬂ\ V. ChernyaevMethod of lon Implantation in the Fabrication of GaAs-
the -actl\{atlon energy, of the diffusion of vacanmgs ,mto based Devices and Integrated Circuif;y Russiad (Radio i Svyaz’,
the interior of the GaAs sample as a result of of radiation, as poscow, 1990.
has been observed for silicon. 2Neutron Transmutation Doping of Semiconducteited by J. M. Meese
Taking this circumstance into account, the results can be3(P"f/”“g:/lifeecshsén’:ewwgog" éggﬁ;rﬁigtgfsgﬂ‘gé zgggnea“n of Sermi
explained in the following way. Under the action of radia- ;. cior MaterialSL[in Russiad (Nauka, Moscow, 1982 9
tion, electron—hole pairs are created. They participate in the|, Kazuhiko, Y. Masahircet al, Jpn. J. Appl. Phys22, L299 (1983.
process of nonradiative recombination at the vacancies irfS. Y. Chiang and G. L. Pearson, J. Appl. Ph¥8, 2986(1975.
both sublattices of the virgin GaAs, and also at the arsenicGV- M Ardyshev, L. A. Kozlovaet al, Author's Certificate No. 235899,
. . registered 01.04.86.
\{acanmeslAs., Wh'_Ch are for_med asa reSUIt of the e‘(apora' V. V. Titov, in Obzory po &ektron. tekhn., Ser. Poluprovodn. Prib.
tion of arsenic during radiation annealing of GaAs without a [Electronic Engineering Reviews, Series: Semiconductor DeyieNo.
protective insulating coating. In this context, the enelgy; 10 (223, 62 (1974.

. . N . . 8 5 ’ P .
which is converted into the energy of vibrations of the atoms YU E- Kreindel’, N. |. Lebedevaet al, Pisma Zh. Tekh. Fiz8, 1465
(1982 [Sov. Tech. Phys. LetB, 630(1982)].

(mc_ludlng the |mplgnted |m_purlbysurr_ound|ng the r_ecomb|- 9D. H. Lee and R. M. Matbon, Appl. Phys. Le&0, 327 (1977.

nation center, merits special attention. If the height of thel®MoP-SBIS. Modeling of Circuit Elements and Production Processes

barrier for TA is equal tcEt, then under the action of ra- [in Russian, translated from the English and edited by R. A. $(Riadio
ot ; : : : i Svyaz’, Moscow, 1988

d|at|o_n the af:tlv.atlon energy of Processes of migration anqlT. T. Lavrishchev and S. S. Khludkov, Ballium Arseniddin Russian

electrical activation of the impurity can be Iovyered by the (Tomsk State Univ. Press, Tomsk, 197Ho0. 5, p. 57.

amountE;— Eg (Ref. 16. The electron—hole pairs thus has- '?B. M. Goryunov, E. I. Zorinet al, in Gallium Arsenide[in Russiai}

ten, through the recombination process, the migration of the, (Tomsk State Univ. Press, Tomsk, 1977Mo. 4, p. 102.

impurity and its distribution at the vacant sites of the gallium \F/,'hy'\g' ;‘;’i‘ghsetg't‘g'l Fe'flé (Tl‘gegg'] Telaleningrad 11, 799 (1969 [Sov.

sublattice. Since the recombination rate depends on the COmp_ v Lang and L. C. Kimerling, Phys. Rev. Le83, 489 (1974.

centration of recombination centers, the efficiency of the®M. G. Milvidskii and V. B. Osvenskj Structural Defects in Single-

y : _ ' ,
given process will be higher in samples with hiylﬂs con- 16Crystal_Sem_|conduct0r[sn Russian (Metallurgiya, Moscow, 1984
centration, as has been observed in experiments on the ant & Kimering, IEEE Trans. Nucl. SCN5-23, 1497(1976.

nealing of GaAs without a protective insulating coating.  Translated by Paul F. Schippnick
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A model of electrically active and neutral native point defects in SisQleveloped.
Thermodynamic analysis of the equilibrium of the native point defects makes it possible to
construct the phase diagraﬁﬁoz—T—x of lead dioxide. The contradiction betweeamntype

monopolar conductivity and the two-sided homogeneity region of the, ff@se is
resolved. ©1998 American Institute of PhysidsS1063-78208)00210-3

Tin dioxide is a wideband semiconductor, whose prop-the main defect type we chose Schottky defects and Frenkel’
erties depend dramatically on the oxygen pressure duringefects in the tin sublattice, and also the appearance of Sn
synthesis. Undoped Sn@ possesses only electronic vacancies during processing of stoichiometric tin dioxide in
conductivity.l'2 However, thermogravimetric studies of de- oxygen. Interstitial tin and vacancies in the oxygen sublattice
viation of the phase composition from stoichiometric as aare responsible fon-type conductivity in Sn@ and vacan-
function of temperature and oxygen pressure show thap Snceies in the tin sublattice fop-type conductivity. The pro-
has a two-sided homogeneity regidmhis contradiction can cesses of formation and ionization of these defects, and also
be resolved only by way of a thermodynamic analysis of the¢he equilibrium constants of the corresponding reactions, are
equilibrium of electrically active and neutral native point formulated in the following equations:
defects in Sn@ 0—e +h*+AE, K=np, AE=35eV; (1)

Despite the wide use of this material, the results of stud-
ies of its properties are also of a contradictory nature. Thi®— Vsn+2Vo+AHg,
pertains to the phase diagram in the system SnRefs. 4 _ 2 _ .
and 5 and to the available data in the literature on the energys_[vsr‘][VO] » AHs=10eV; @
spectrum of levels in the band gap. Using various methods ony+ V;—Sn+ Vg, + AHg,
investigation, the authors of Refs. 6—8 found donor levels
with activation energies in the range from 0.2 to 1.9 eV,KF:[VSH][Sn]' AHg=6.5¢eV; )
whose physical nature has not been reliably identified. Efp, v +20,+AH,.y,
forts to explain the presence pitype conductivity in Sn® 2

in terms of measurements of the electrical conductivity as & v=[Vsi/Po., AHgy=1¢€V; 4
O,V snl/Fo, O,V

function of the oxygen partial pressure at different tempera- .

tures are presented in Ref. 9. The author of this paper o _[Vo]n _ )

assumed that the conductivity in the temperature interval @~ Vo€ TEo, Ko= [Vol Eo=075evi ()

8301226 K is due to singly and doubly charged oxygen ”t

vacancies. The authors of Ref. 8 conclude that the main , ., _[Vo'In B _

types of defects in tin dioxide are interstitial metal ions andQ/O_)VO +e +Eo, Ko~ Vil Bo, =14V,

complex anion vacancies. (6)
However, we have not been able to find in the literature

a complete and noncontradictory model of native defects i T _ [Sﬂ+]” _ )
SnO, which takes into account all of the peculiarities of this%n_)Sn te +EBsy Ken= [Sn] "’ Esn=1.8eV;
material. The reason for this, in our opinion, is the absence (7)
of a thermodynamic analysis of the equilibrium of electri- [Vslp

cally active and neutral native defects in Snld a wide Vg Vgnth™ +Egp, KSHZL, Es=2.1eV. (8
range of temperatures and oxygen pressures. The goal of our [Vsnl

study, which involves such an analysis, was to create ghe temperature dependence of the energy of formation of

model of the native point defects in tin dioxide based on thehe defects is assumed to be analogous to that of the width of

electrical properties of this material and on the results ofthe band gap. As an example, we calculate the energy char-

thermogravimetric studies of the homogeneity region ofacteristics of these processesTat 1223 K. The energies of

Sno.. formation of the Schottky and Frenkel’ defects were calcu-
The choice of the point defect model in Sp@sts on  lated by the crystal-chemical methddhe ionization ener-

the results of a thermogravimetric analysisid on the data gies of the defects in Eq$5)—(8) were taken from Refs. 6

for the energy levels in the band gap, taken from Ref. 6. Asand 8. The pre-exponential factor in the temperature depen-

1063-7826/98/32(10)/3/$15.00 1033 © 1998 American Institute of Physics
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0
Poz , atm

FIG. 1. Equilibrium diagram of the native point defects in Snét
T=1223 K;[A],p,n are the concentrations of tiedefects and the charge
carriers. The curves plot the concentrations of the following speties:
Vsl 2—[V5],3—p, 4 —[Vs], 5—[V5],6—n, 7—[Vol, 8—
[SH"], 9 — [Sn]. The arrows labeledB mark the boundaries of the
homogeneity region.

dence of the equilibrium constants of reactiqy (5)—(8)

Bogdanov et al.

yo———-

pO
S
T

. ]
04 05 06 07 08 09 7
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FIG. 2. Phase diagram of lead dioxile,z—T—x. The dashed lines are
isoconcentrates of the composition for deviatiéria atomic fractions1 —
1075752 —10°% 3 — 1045 4 — 1073. The filled triangles plot experi-
mental data from Ref. 3.

From the results of a thermodynamic analysis of the de-
pendence of the point defefA] and charge carriefp,n]
concentrations on the oxygen partial pressiagg and tem-
peratureT we constructed the phase diagram of tin dioxide
Po,~T—X, shown in Fig. 2. In the construction of the three-

phase equilibrium line we used the projection of the x

(entrppy0 term was calculated by a method of statistical ppase diagram of the system Sn~@om Ref. 4. In this
physics'® We calculated the entropy and enthalpy of procesgjiagram, to the left of the Snbhase no stable SnO phase is

(4) from the results of thermogravimetric studies.

found, and Sn@ (solid) and Sn(liquid, solid) coexist in

In addition to the above equations, we included thegqyilibrium. The right-hand boundary of the Spflomoge-

equations of electrical neutrality and material balance
N+ [Vl =p+[V5]+2[V5 1+[Sn'], )
A=[Vo]+[V5I+[VE']
—2{[Vsil+[ Vsl —[Sn]1-[Sn'I}. (10
The combined system of equatiofi9—(10) was solved

by the Brower method, the sense of which consists in apPfessure

proximating the equation of electrical neutral{§) for vari-

neity region corresponds to SrE0, equilibrium. Thus, we
obtain the right-hand boundary from the oxygen pressure
above tin dioxide saturated with oxygen. The left-hand
boundary is the tin vapor pressure above pure tin plotted as a
function of temperature and converted to an oxygen pressure
through the dissociation constant of SnO

Figure 2 plots the temperature dependence of the oxygen
P2, above the stoichiometric tin dioxide phase

(the line §=0), and also the dependen@@;’(T) — the line

ous regions of the oxygen pressure with allowance for onlyn=p. These lines were constructed from the results of a
the largest terms in the given region. We considered the folthermodynamic analysis of the equilibrium of the native
lowing regions of approximation of the equation of electrical point defects and charge carriers in a wide range of oxygen

neutrality for an ionic semiconductor: pressures and temperatures. FromPg—T—x diagram it
l—n=[S], ll—n=[VS], M—n=2[V3] can be seen th '8‘2’ and ngo do not coincide. This has to
- - - do with the fact that all types of defects, including electri-
IV—[Vg]=2[V5"], V—[Vgs]=p. cally neutral defects, contribute thZO(T), whereas the

For the indicated regions we calculated the point defect anfnain contribution toPg’(T) comes from the electrically ac-
charge carrier concentrations as functions of the oxygetive defects. Note that the line=p is located in region IV
pressure forT=800-1700K. As an example, we present corresponding to the equalifwgr;]=2[v(2)+], and was ob-
results of the calculation foF =1223 K in Fig. 1, where the tained from the conditiom= p, while the line5=0 lies in a
arrows labeledB indicate the boundaries of the homogene-different approximation region of the electrical neutrality
ity region (BHR) of the SnQ phase. It can be seen from Fig. equation(lll), specifically, in the regiom=2[V3"]. Thus,

1 that the predominant type of defect within the limits of the stoichiometric composition of the Sphase §=0) does
homogeneity region of Snfor realistic oxygen pressures is not coincide with the composition corresponding to inversion
doubly ionized oxygen vacanci&%* (curve?2). of conductivity type in Sn@ The boundary line of the
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homogeneity region on the oxygen side turned out to lieand also the monopolar conductivity of Sp@ithin the
between the line$=0 andn=p. Thus, within the limits of  |imits of the homogeneity region of this phase confirm the
the homogeneity region in the investigated temperature intefyalidity of our model of electrically active and neutral native
val the Sn@ phase has-type conductivity, but can have an point defects in Sn@
excess oxygen content relative to the stoichiometric compo-
sition (SnQ.,). In this case, the excess oxygen is found in | _ _ N . _
the electrically neutral state. Thus it can be either interstitial Y: M. Vainshtén and V. 1. Fistul' Itogi Nauki i Tekh., Ser.. [Bktronika

. . . i Ee PrimeneniydProgress of Science and Technology, Series: Electron-
oxygen or a vacancy in the Sn sublattice which creates aicg ang its Applicationk No. 4, 108(1973.

deep acceptor level. 2p. Kofstad,Nonstoichiometry, Diffusion and Electrical Conductivity in
In the Po,— T—x diagram we have also plotted lines of Binary Metal OxidesWiley-Interscience, New York, 1972; Mir, Moscow,
L2 " L 1975.
equal deviation of the phase composmaﬁ) (from stoichi- 3H. Koinuma, J. Shimoyama, J. Mizusaki, M. Kawasaki, and K. Fueki, in
ometry in atomic fractionsisoconcentrate$—4). The varia- Extended Abstracts of the 18th International Conference on Solid State

tion of the slope of the isoconcentrate in the high- Devices and Material¢Tokyo, Japan, 1986p. 763. _
temperature region is found to be in agreement with the \(u. V. I_.evmskn, P—T_—x Phase Diagrams of Binary Metallic Systems

3 . [in Russian (Metallurgiya, Moscow, 1990
data” For comparison we have also plotted the results ofs; g kyiikov, Thermodynamics of Oxidgén Russiad (Metallurgiya,
thermogravimetric studies from Ref. 3 fé=0 (shown as Moscow, 1986.
points. Special note should be made of the fact that accord-% ';35 HDOUT:OIH aNnd E. EI fo,grzlkéé J(i gAggl- Phgs, 3931(1965.
. . . E. Dyshel’, Neorg. Mater32, .
!ng to the data of Ref. 3, an Oxygen excess In the mse 8V.0. Shvalev and V.G. Teplov, Poverkhnost: Fizika, Khimiya,
is possible only for temperaturé’s< 1423 K. At higher tem- Mekhanika[Surface: Physics, Chemistry, Mecharjdso. 1, 98(1991).
peratures only a metal excess is possible in the,Jrt@se. 123. Rudolph, Techn. Wis. Abhandl. Osrar®,,86 (1963.
This result agrees with the temperature dependence of thei- At- Igroge;,gg;e Chemistry of Imperfect CrystaléNorth-Holland,

. . . m rdam

oxygen pressure above the stoichiometric SpBase. The sterdam,
satisfactory agreement of the data of Ref. 3 with our resultsTranslated by Paul F. Schippnick
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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
30nm. It is found that the excess arsenic concentration in such a superlattice<is0elem3.
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. @998 American Institute of PhysidsS1063-782@08)00310-X

Gallium arsenide, grown by molecular-beam epitaxymethod was also used to estimate the excess arsenic concen-
(MBE) at low temperature§ ~200°C (LT-GaAs, has at- tration in the samplebFor a more accurate measurement of
tracted significant attention because of its large electrical rethe excess arsenic we used measurements of optical absorp-
sistance, high breakdown voltage, and record-short lifetiméion in the near-IR due to Ag antistructural defect¥:*! The
of nonequilibrium charge carriets® The primary peculiarity microstructure of the samples before and after annealing was
of LT-GaAs is an excess of arsenic Agp to 1.5 at. % investigated by transmission electron microsc¢pgM) of
which is captured in the growing layer during low- cross sections. To prepare the samples, we used the usual
temperature epitaxy. During annealing at a sufficiently highprocedure of mechanical grinding and polishing with subse-
temperatureT=500 °C the excess arsenic forms clustersquent etching by Af ions*? The studies were performed in
built into the GaAs matrix. In ordinar T-GaAs the clusters the diffraction regime and in the high-resolution regime with
are randomly distributed over the entire volume of the epithe help of Philips EM 420 and JEM 4000 electron micro-
taxial film. It has been shown, however, that the spatial disscopes.
tribution of the arsenic clusters can be controlled with the  Figure 1 shows a dark-field electron-microscope image
help of indium delta-dopin§® In this case, heterogeneous of a cross section of a structure in which periodic contrast is
creation of excess arsenic clusters on the InAs delta-layemsbserved in the form of thin dark lines. The positions of the
leads to the formation of two-dimensional sheets of clustersdark contrast lines coincide with the expected positions of

Our aim was to construct a multiperiod superlattice ofthe InAs delta-layers in the superlattice. The period of the
two-dimensional sheets of arsenic clusters separated by superlattice turned out to be equal Tg,=28=1 nm. This
GaAs matrix not containing any clusters. To create the twovalue is in good agreement with the data of earlier studies
dimensional sheets of clusters we used indium delta-dopingitilizing the method of high-resolution x-ray diffraction

An InAs/GaAs superlattice was grown by molecular- (Tg =28+ 2 nm).:3
beam epitaxy at 200 °C in a two-chambered “KatuUMBE XSMA showed that the average indium concentration in
setup on a substrate of semi-insulating gallium arsenide ahe structure is 1:£0.1 mol.%. Allowing for the fact that the
diameter 50 mm and orientatiqt00). The superlattice con- superlattice periodl's;=28 nm, the thickness of the InAs
sisted of 30 periods. The nominal thickness of the InAslayers should be 0.3nm, i.e; 1 ML. However, electron-
delta-layers was one monolay@iL). The thickness of the microscope studies in the high-resolution regime showed
GaAs layers was 30 nm. The structure was divided into thre€Fig. 2) that the thickness of the indium-containing layers is
parts. One of those parts was not subjected to any proces4-ML. The difference between the nominal layer thickness
ing. The other two were annealed at 500 and 600 °C, respeand the observe@using TEM layer thickness is probably
tively, for 15min on the MBE setup with excess arsenicdue to small-scale relief in the growth surfdée.
pressure. According to the XSMA estimate, the excess arsenic

The average indium concentration in the structure wasoncentration in the InAs/GaAs superlattice grown at 200 °C
measured by x-ray structural micro-analy§SMA). This  turned out to be on the order of 0.6 at. %. Figure 3 shows

1063-7826/98/32(10)/4/$15.00 1036 © 1998 American Institute of Physics
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FIG. 2. High-resolution electron-microscope image of an InAs delta-layer in
a GaAs matrix grown at low temperature. The nominal indium content in the
layer is one monolayer. The sample was not annealed.

should lead to the result that during Ostwald ripening, upon
increasing the duration or temperature of the anneal, the clus-
ters located between the two-dimensional sheets will tend to
dissolve®1>16
FIG. 1. Dark-field electron-microscope image of a cross section of an InAs/ '_:'gure 5 shows an electron-microscope image of a cross
GaAs superlattice grown at low temperatui290) reflection. The dark con- ~ Section of a structure annealed at 600 °C. It can be seen that
trast corresponds to delta-layers of InAs. The sample was not annealed. the mean size of the clusters has increased onm, but in
the electron-microscope images of the clusters one observes
the characteristic moirpattern, which reflects the difference
optical absorption spectra in the wavelength range 0.etween their atomic structure and the structure of the GaAs

—1.2um, measured at 300K, for an INAs/GaAs supe”aﬁiCematrix.l?'18 The cluster concentration after annealing at
before and after annealing. It can be seen that the absorptiGP0 °C is significantly lower than after annealing at 500 °C,
coefficient in the unannealed sample aith wavelength is @nd is equal to~2x10"cm™2 in each two-dimensional
equal to 1.X10*cm™%, which corresponds according to
Martin’s calibratiort* to a concentration of antistructural ar-
senic defects of 0:9107°cm™2 and an excess arsenic con-
centration of 0.8 at.%. This latter value is in satisfactory
agreement with data on the relaxation of the lattice parameter
of the structure upon annealifgfrom which it follows that

the arsenic excess is equal to 0.7 at. %.

During annealing the concentration of antistructural de-
fects decreases substantialfyig. 3) and the excess arsenic
forms clusters. Figure 4 shows an electron-microscope image
of a cross section of the sample after annealing at 500 °C. It
can be seen that most of the clusters are accumulated intc
two-dimensional sheets, whose positions coincide with the
positions of the InAs delta-layers. The actual thickness of the o L 3 T
two-dimensional layers of clusters is 5—-6 nm. Note that a 900 1000 1100
considerable fraction of the clusters are located between the
two-dimensional sheets and form a disordered system. It is Wavelength, nm
important that the mean sizdiametey of the clusters in the FIG. 3. Optical absorption spectra of an InAs/GaAs superlattice grown at

two-dimensional sheets<(3 nm) is larger than _the mean size |ow temperature, before annealirig) and after annealing at 50@) and
of the clusters between sheets Z.5nm. This difference 600 °C(3) for 15 min.
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FIG. 4. Light-field electron-microscope image of a cross section of an INAs/F|G, 5. Light-field electron-microscope image of a cross section of an InAs/
GaAs superlattice grown at low temperature and annealed at 500 °C. ThgaAs superlattice grown at low temperature and annealed at 600 °C. The
positions of the two-dimensional sheets of clusters correspond to the posjositions of the two-dimensional sheets of clusters correspond to the posi-
tions of the InAs delta-layers. tions of the InAs delta-layers.

sheet. In this case the As clusters located between the twohe anneal should lead to further growth of the thickness of
dimensional sheets have mostly dissolved as a result of Oshe sheets of clusters. As a result, when the thickness of the
twald ripening, and the two-dimensional sheets contain morsheets of clusters reaches one period of the superlattice
than 90% of the clusters. The remaining uncoalesced largg28 nm), the ordered system of two-dimensional sheets of
scale clusters have reached the size of the clusters in thdusters should transition to a disordered system of clusters,
two-dimensional sheets. This is a consequence of the diffedescribed by the Lifshitz—Slezov thed¥/Such a transition
ence in the kinetics of Ostwald ripeningoalescendein  was observed for arsenic clusters in GaAs in Ref. 15.
two-dimensional and three-dimensional systéaccord- In summary, we have used low-temperature molecular-
ing to the Lifshitz—Slezov theot§ and the results of experi- beam epitaxy to grow an InAs/GaAs superlattice containing
mental studie$® such large-scale clusters between the two-30 periods of thickness 28 nm each. The superlattice con-
dimensional sheets cannot be eliminated by furthetained 0.8 at. % excess arsenic. Annealing of such a super-
increasing the temperature or the anneal times. lattice led to the formation of a periodic structure of two-

As was shown in Ref. 15, the actual thickness of thedimensional sheets of nanoscale arsenic clusters. As a result
two-dimensional sheets of arsenic clusters is close to doublef annealing at 500 °C for 15 min, the thickness of the two-
the mean diameter of the clusters. The increase in the thicldimensional sheets of clusters was reduced to a thickness
ness of the sheets during Ostwald ripeningalescendeis  corresponding to much less than one period of the superlat-
due to nonequilibrium growth of the clusters in different di- tice; however, a fraction of the clusters are now located be-
rections, depending on the local environment of each clustetyween the two-dimensional sheets. Such clusters for the most
and to diffusion smearing of the InAs delta-layers, which ispart dissolve when the annealing temperature is raised to
significantly enhanced due to the large concentration of in600 °C. As a result, more than 90% of the clusters are now
trinsic point defect$? After the anneal at 600 °C the thick- concentrated in the two-dimensional sheets. In this case,
ness of the two-dimensional sheets of clusters reachedowever, the thickness of the two-dimensional sheets of
~12 nm. Further increases in the temperature or duration aflusters is increased te 12 nm.
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Photoconductivity of copper-compensated gallium phosphide
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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 atom&99® American
Institute of Physicq.S1063-782@08)00410-4

INTRODUCTION ing time, from 8 to 24 h. At the end of the anneals the

samples were quenched by throwing the cells into water. The

The behavior of copper impurity in gallium phosphide . 4
= . . samples were processed with abrasive powders and then pol-
has been probed by a number of authofsising various ; : ; o
ished and etched in a mixture of hydrofluoric and nitric ac-

photoconductivity methods. The main interest in GaP : Cu . .
. o . ._.._1ds. Indium contacts, deposited on as-grown samples, en-

stemmed from the high sensitivity of the material to radiation . .

. ) .. . sured linear current—voltage characteristi@&v/C) over a

in the short-wavelength region of the visible spectrum,wh|chWide range of aoplied voltages. The highest-resistance

is attributable to the presence on the copper impurity of %amples \Q/]vere obtpaFi)ned in thg tém eraturg interval 800-—

deep level in the band gap with high asymmetry of the Cap@SO E)C At room temperature their Fr)esistivit stood at 3

ture cross sections for electrons and hdles. ><101°Q cm P y

The presence of self-compensation in gallium phosphidé - .
due to diffusive copper doping was established elsewhere: Photoconductlvny spectra were measured for both ord|_-
ary and Raman excitations. In the first case monochromatic

Regardless of the type of conductivity of the starting materia['2Y @ ) .
. : . Y 4 radiation from a single source was directed upon the surface
after its doping, samples with resistivities from “1fo

100 cm at 300 K were obtained. at normal incidence; to record the Raman spectra, we used

The results of different authors. which were i O[adiation from two monochromators incident at an angle of
, ' . generaiize hly 45°. The modulation technique was used to record
in Ref. 3, are comparable: All reports mention the presenc%ﬁug hy L : o
of the dominant ‘A” states in the energy ban&=E, e photoconductivity. The current s_lgnal was ampl!f!ed and
1 (0.5-0.55) eV and sometimes the presence BfStates synchronously detected by a selective phase-sensitive UNI-

in the energy rang&, +(0.68-0.82) eV. Assigning the PAN 232B nanovoltmeter with subsequent recording on a

. . X : . measurement—calculational complex built into an SDL-2
level to copper is open to discussion since the concentrations P

of the A and B levels in the investigated samples were notspectrometer, or on a tape cassette. A 1-kW NARVA halo-
correlated gen lamp and a xenon gas-discharge lamp served as the ra-

Since the nature of th level has not yet been deter- diation sources. All measurements were performed in the

mined and since its influence on the photoelectric propertieconStant_fleld regime. As the voltage source in the case of

of GaP : Cu has not been investigated, a study of the photoﬁ-1e high-resistance samples we used a stabilized power sup-

conductivity of this material with different copper doping ply for the UBPV-1 photomultiplier.
levels is of interest.

MAIN EXPERIMENTAL RESULTS

EXPERIMENTAL PROCEDURE 1. Photoconductivity spectra dbaP : Cusamples.The

The starting samples of gallium phosphide consisted ofoom-temperature photoconductivity of the samplesg. 1)
wafers with thickness 1 mm, cut from single crystals grownin the long-wavelength region of the spectrum is character-
by the Czochralski method and doped with tellurium with anized by an impurity band with a 0.7eV threshold, whose
electron concentration of %410 cm~2 and Hall mobility — maximum is at 1.05eV, which extends to photon energies
130cnt/(V-s). Diffusive saturation of the samples with ~2 eV, where an abrupt growth of the photocurrent takes
copper was carried out in evacuated quartz cells from layerplace right up to the edge of the band of the intrinsic transi-
of the metal sputtered onto both surfaces. The doping tentions. Because the sum of the threshold energies of the bands
perature was varied in the range 800—1200 °C, and the dojis close to the width of the band gap of gallium phosphide,

1063-7826/98/32(10)/4/$15.00 1040 © 1998 American Institute of Physics
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FIG. 1. Photoconductivity spectra of GaP : Cu samples doped with copper at various temperatures.

we can assume that they are connected with Bhkevel  the investigated samples of centers which sensitize the intrin-
which lies in the lower part of the band gap and which issic photoconductivity. Also, the observed thresholds are
partially filled with electrons. close to those of other authdts.

The form of the photocurrent spectra for Raman excita- 2. Relaxation of the intrinsic photoconductivity. The
tion depends strongly on the intensity of either of the photorkinetics of variation of the photoconductivitisee Fig. 3
fluxes: It is possible to decrease the modulated current agepends on the excitation intensity. After holding the
well as to vary its phase, i.e., to obtain quenching of thesamples in the dark, switching on unmodulated light with
intrinsic photoconductivity shown in Fig. 2. It can be seenwavelength 547 nmhir=2.27 e\> E,) leads first to rapid,
that in the long-wavelength part of the spectrum unmoduand then to slow growth of the photocurrent up to its steady-
lated interband illumination reveals a new band with threshstate value. We found that the rate of growth of the photo-
old near 0.6 eV. This result clearly confirms the presence ityrrent in the initial segment depends on the time between
switching the light off and switching it back on. The form of
this dependence is shown in the inset in Fig. 3. After switch-
6r ing the light off, the current in the sample circuit is observed
to decay exponentially nearly to its dark value with a time
constant of 1.2 s. If the light is switched back on immediately
after the dark photocurrent is reached, rapid growth of the
photocurrent to its steady-state value is observed. Thus, the
samples show evidence of a memory effect at room tempera-
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 investigated
samples. The kinetics of quenching was recorded at photon
energies of 0.7 and 1.24 eV, which excite holes only from the
A level in the first case and from both levels in the second.
For the same quenching depth, which is achieved by varying
the width of the monochromator slits, relaxation of the pho-
tocurrent within the limits of error of the recording devices
does not depend on the photon eneffgig. 4). Switching off
the infrared excitation results in a still greater decrease of the
0 ! 1 L current in the sample circuit with subsequent slow recovery.

0.5 0.7 0.9 1.1 1.3 The rate of growth of the photocurrent after infrared quench-
Energy , eV ing is independent of the intensity and duration of the infra-
FIG. 2. Extinction spectrum of the intrinsic photoconductivity of a sample F€d €xcitation and depends only on the depth of quenching of
of GaP : Cu doped at 930 °C. the intrinsic photoconductivity, and for a constant level of

Photocurrent , A
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L GaP:Cu samples are obvious. These anomalies are ex-
pressed in the strong dependence of the photocurrent growth
kinetics on the dark storage time of the sample and the
greater rate of decay of the photoconductivity over its growth
rate. This phenomenon was observed in Ref. 1, but was not

?" : specifically discussed. A qualitative explanation of the ob-
served photoconductivity effects is possible on the basis of

‘ the following assumptions:

— As a result of copper doping, two energy levels can
arise in the gallium-phosphide band gap: the lower one, an
J acceptor level—theA level, and the upper one, a donor

level—theB level, whose states are denoted, depending on
the presence or absence of electrons in thend aB°, and

A® B™, respectively;

— the neutral acceptor state of the copper impuriy)(
and the neutral donor state of the copper impurBy)(are
equivalent in charge and can be obtained, one from the other,
by changing the type of conductivity of the material.

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

4

[
L]
T

-
> S

Photocurrent, arb. units
S
dl/dt , erdb. units
S
1

-
(=3
Q"#l

1 (1 ]
200 400 600
V i,s B +e,sSA +pys. )
from which it follows that an excess of electrons in the band
gap leads to a prevalence of the acceptor stAtesand an
¢ excess of holes is compensated for at the expense of the
1 L L donor properties of th° states.

0 50 t 100 130 On the basis of the above assumptions the kinetics of
>3 growth of the intrinsic photoconductivityFig. 1) is governed
FIG. 3. Kinetics of the intrinsic photoconductivity of a sample of GaP : cu by the following factors: photogeneration of electron—hole
doped at 930 °C. The inset plots the dependence of the rate of growth of tf‘pairs at the commencement of excitation cannot deliver a
photocu!’rent dl1/dt) in arbitrary units as a function of storage time of the significant concentration of free charge carriers because the
sample in the dark at room temperature. .. _
holes are efficiently captured by ti#e" states, and because

electrons are captured by thi&" states. The presence of
shallow donors in the initial samples accounts for the fact
that the concentration of the™ states exceeds that of tB&
states and filling of the latter by electrons occurs earlier than
filling of the A level by holes. Generation of additional pairs
leads to an increase in the electron concentration in the con-

In the experimental results presented in the precedingluction band and an increase in their lifetime due to continu-
section, anomalies in the properties of the investigatedng localization of holes at the lower level. We link the very

intrinsic light is significantly lower than after holding the
sample in the dark.

DISCUSSION OF EXPERIMENTAL RESULTS
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FIG. 4. Kinetics of extinction and recovery of the
intrinsic photoconductivity in the sample doped at
930 °C.
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slow growth of the photocurrent observed directly after theis governed by the competition of the mechanisms of
brief segment of rapid growth with the processes by whichelectron—hole pair recombination at the center and by the
the neutralB® states transition into neutrdl® states. This energy losses needed for the reconstructienB. The trans-
reconstruction is dictated by the photogenerated electronggrmation of acceptor states into donor states brought about
which govern the conductivity of the sample. As a result, theby infrared illumination of the centers is quite rapid.
number ofB levels decreases with a corresponding increase  We do not know of any electron-spin-resonance studies
in the number ofA levels. Increasing the concentrationAff  of the electronic structure of copper impurity states in 11—V
centers increases the thermal generation of holes from thisompounds; we can therefore discuss possible reasons for the
level into the valence band and results in saturation of thelonor properties of thg® centers only by analogy with
photocurrent. After the light is switched off, the thermally known models for amphoteric impuritig®t and Au in Si,
generated holes recombine with electrons, which leads to Refs. 8 and 8 In our case, the copper acceptor state is real-
rapid decrease of the photocurrent and to the establishmerted upon its isovalent substitution for gallium by virtue of
of a p-type conductivity of the sample, which stimulates athe fact that one electron from the filledshell of the impu-
reversal of the direction of reactiofl). The high rate of rity is excited to a level of the valence electrons and another
growth of the photocurrent after quickly switching the light is accepted from the lattice. The copper donor state is real-
back on is governed by the redistribution of the density ofized by formation of a center, which consists of a copper ion
states between thB and A levels in favor of the latter, and bound to only two of the four atoms of its phosphorus envi-
also by the fact that the rate of capture of holes byAtevel  ronment with the two remaining phosphorus atoms closing
is substantially greater than the rate of capture of electrontheir valence electrons on each other. The given center
by the B level. If there is a pause between removal andshould have lower point symmetry due to the displacement
restoration of the light, the kinetics of growth of segment 1,o0f a Cu ion from a gallium site in thgl10] direction. The
which reflects the restoration of the equilibrium distribution possibility of lowering the point symmetry of a copper center
of the copper states, changes in a way that depends on tliwe a gallium vacancy has been experimentally demonstrated
length of this pause. The time constant of this process, fountbr GaAs (Ref. 10. Polarization of photoluminescence has
from Fig. 3(inseY, is approximately 135s. also been observed in GaP : (Ref. 7).

The kinetics illustrated in Fig. 4 is explained by the fact
fcha_t mfra_red radiation genergtes only hole_s, and increasing, o dS. S Periman, Phys. RE48 715 (1966.
its intensity leads to an inversion of the dominant carrier typezg g schulze and P. E. Petersen, J. Appl. PHgs5307 (1974.
if the rate of optical generation of holes exceeds the rate ofp. 0. Fagersim, H. G. Grimmeiss, and H. H. Titze, J. Appl. Phy®,
thermal generation of holes. As a result of recombination, the‘tﬁg‘g(lﬁ?ﬁneisg and H. Scholz, Phiips Res. Reg, 107 (1963
current falls precipitously, the sample acquires p-type Con-s ;' & Cimmeice and B, Monemar, Pkr:ys. Solid Sts8e505 (1973.
ductivity, and the balance of reactidfh) shifts to the left,  ¢g ponemar, H. P. Gislason, P. J. Dean, and D. C. Herbert, Phys. Rev. B
which leads to a redistribution of the density of states be- 25 7719(1982.
tween theA andB levels in favor of the latter. After remov- 'I- A. Buyanova, S. S. Ostapenko, and M. K. Sfienan, Fiz. Tekh. Po-
ing the infrared illumination, recombination of electron—hole 8IH“P:_?Vs\?;éﬁg’uszi(dlééav&.sfzdvsgsﬁ,hsyir.ngg;}z‘%o"ééz&ég?a]'
pairs proceeds mainly through tii level due to the low  °n. 7. Bagraev and V. A. Mashkov, JETP LeB9, 251 (1984).
concentration of sensitizing centers. However, with local- *°N. S. Averkiev, V. A. Vetrov, A. A. Gutkin, I. A. Merkulov, L. P. Nikitin,
ization of some of the holes at thelevel, the type of con- . I. Remina, and N. G Romanov, Fiz. Tekh. Poluprovo@f, 1617
ductivity of the sample changes af states accumulate, -8 [Sov- Phys. Semicon@0, 1014(1986]
The rate of reconstruction of donor states into acceptor stateBanslated by Paul F. Schippnick
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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 temperatilfeGaAs

and containing As clusters was sandwiched between two uniformly copper-doped layers of
n-GaAs grown at standard temperatures. We detected electron accumulatiorLif-GaAs

layer surrounded by two depletion regions in the adjace@@aAs layers. Emission of electrons
from the LT-GaAs layer at 300K results in an extended plateau in the capacitance—voltage
characteristic. It is found that the presence of the @rh thick LT-GaAs layer sandwiched
between the two much thickerGaAs 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 Aui-GaAs structures. €1998 American Institute of Physid$1063-78208)00510-9

INTRODUCTION ture 580 °C, electron concentratiorx20®cm™3), a layer of
Gallium arsenide grown by molecular-beam epitaxy at-T-GaAs (thickness~0.1.m, growth temperature 200 jC

low temperature§ <300 °C (LT-GaAs has attracted wide 2and alayer oh-GaAgSi (thickness~0.5um, gl’O\éVth t%m-
attention because of its high resistivity, high breakdown volt-Perature 580°C, electron concentrationx 20'°cm™).

age, and record-short lifetime of nonequilibrium chargeGrowth of the uppen-GaAs layer of the structure for 0.5h
carrierst~® The most striking feature df T-GaAs is an ar- €d to annealing of the T-GaAs layer and formation of ar-
senic exceséup to 1.5 at. % incorporated into the growing SENIC clusters in it. _ _

layer during low-temperature epitaxy. This excess gives rise 1 he crystal structure of the samples was investigated by
to a high concentration of point defects such as that of th&r@nsmission electron microscogfEM) in cross sections
antisite defect As,, of interstitial arsenic As and of gal- and in the growth plane. A Philips EM 420 electron micro-
lium vacancy Vg, and their complexes. Annealing of SCOP€ was used having an accelerating voltage of 100 keV.

LT-GaAs at high temperature3 500 °Q leads to the for- The Schottky barriers were form_ed by sputtering Au
mation of nanoscale As clusters, which are built into the®nto the surface of the samples. The diameter of the Schottky

GaAs matrix. Such clusters, like point defects, should be&ontacts was 0.35 mm. Capacitance—voltage V) charac-

electrically active and can influence the electronic propertiederistics were measured at frequencies in the range 100 Hz—
of the material. 1 MHz in the temperature range #800 K. The amplitude

In our study we used capacitance spectroscopy to invef the measured signal was 25mV. Also, the dependence of
tigate Au/GaAs Schottky-barrier structures in which a thinth€ conductivity G) on the reverse bias was investigated.
layer of LT-GaAs containing As clusters was sandwiched ~ ElectrochemicaC—V profiling was done using the stan-
between two uniformly doped-GaAs layers grown at stan- dard technique at a frequency of 3 kkfzef. 6.
dard temperatures. Our goal was to study the influence of
the thin LT-GaAs layer on the electrical properties of the ResuLTS

structure. . . .
Figures 1a and 1b show electron-microscope images of a

cross section of one of the investigated structures. It can be
seen that th& T-GaAs layer containing arsenic clusters has a

The investigated samples were grown by molecularthickness of~0.1um and is sandwiched in between two
beam epitaxy in a “Katur’ two-chamber setup on*-GaAs n-GaAs layers which do not contain clusters. The cluster
substrates witl{100) orientation. The samples consisted of adensity in the layer is~4x 10 cm 2, and their average
layer of n-GaAgSi) (thickness~0.5um, growth tempera- diameter is~10nm.

SAMPLES AND EXPERIMENTAL TECHNIQUE

1063-7826/98/32(10)/4/$15.00 1044 © 1998 American Institute of Physics
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FIG. 1. a — Light-field TEM image d=220) of a cross section of the structuré&saAsL T-GaAsh-GaAs b — magnified TEM image of a thin layer of

LT-GaAs containing arsenic clusters.

Capacitance—voltage characteristics of a MAGlaAs/

val. The region of quasiconstant capacitance extends from

LT-GaAsh-GaAsh™-GaAs structure, measured at a fre- —2 to — 12 V. With further increase of the reverse bias, the

quency of 10kHz at 94 and 300K are shown in Fig. 2a.

capacitance gradually decreases. At voltages arcuf VvV

At 300K, as the reverse bias is increased, the capacklectrical breakdown is observed.

tance at first decreases rapidlgt — 2 V) falls precipitously,

As the temperature is decreased, the wide plateau in the

and then remains almost constant over a wide voltage intelc—V characteristics gradually narrows. At 95K the plateau
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FIG. 2. C-V (a) andG-V (b) characteristics of the structure AuGaAs/
LT-GaAsh-GaAsh*-GaAs, measured at 10 kHz at 300(K) and 94 K(2).

is not observed, and the precipitous fall of the capacitance at
—2 V is followed by a gradual decreag€ig. 29. Note that
the observed peculiarities of tli&—V characteristics at 300
and 94 K are not associated with leakage currents. As can be
seen from Fig. 2b, the conductivity of the structure for re-
verse biases is small. The conductivity peaks are connected
with the abrupt changes in the capacitance with increase of
the reverse bias.

Employing the depletion-layer approximation, we calcu-
lated the free-carrier distribution profilesl¢,— W) from the
C—V characteristics:

8 €€

o AT @
Jeeg W

Neu(W) =

where g is the charge of the electros, is the dielectric
constant of the vacuung is the dielectric constant of the
semiconductorWV is the width of the space charge region,
andA is the area of the Schottky barrier. Profiles calculated
for 300 and 94 K are shown in Fig. 3a.

As can be seen from Fig. 3a, the electron concentration
near the surfaceW<0.35um) is ~2.5x 10*%cm™3, which
is in line with what is expected given the level of doping of
the uppemn-GaAs layer. A depletion layer, which includes
the LT-GaAs layer and the adjacentGaAs layers, is ob-
served in the region 0.35W<0.75um. Beyond the limits
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9 a _ DISCUSSION
A N 2 .
” Our studies show that the presence of the thinGaAs
- 10’8 L layer leads to a significant increase in the electrical break-
lE K down voltage of a Schottky diode. The breakdown electrical
e ,017 field strength, averaged over the structure, amounts to
> _E ~230V/cm, which corresponds to values characteristic of
= %= thick LT-GaAs layers, and substantially exceeds values
- characteristic of ordinarym-GaAs and stoichiometric semi-
U ~ ‘ insulating GaAs.
- The observed behavior of the—V andNg,— W char-
Dl N TN TR SN NS N TR S acteristics indicates an accumulation of electrons within the
ol b LT-GaAs layer and depletion arounditt® The presence of
7 - built-in depletion regions leads to the appearance of a jump
wl | in the C—V characteristics at- 2 V, when these regions be-
- (4 =2 ‘ gin to overlap with the space charge region of the Schottky
§ B | barrier which expands as the reverse bias is raised.
;10’7 — | Accumulation of electrons in th& T-GaAs layer can
=2 — ! take place both at deep-level defects and at arsenic clusters.
Y iad - X % ' The parameters of the deep levels characteristiclofsaAs
- were previously investigated by deep-level transient spec-
0% __ troscopy(DLTS) and the temperature-dependent conductiv-
S — L ity method!! % Such levels areEL2 (0.73e\}, EB4

04 0.6 0.8 1.0 (0.65 eV}, andEL3 (0.57 eVj. Studies using a scanning tun-
w, pm . . .
’ neling microscope show&that the arsenic clusters also
FIG. 3. a — Comparison of th&lc,—W characteristics calculated from create levels deep in the GaAs band gap. The indicated elec-
C—-V measurements at 10 kHz at 300(K) and 94 K(2) with the electro-  tron levels are compensated in part by acceptors such as
chemical profile(3). b — Ncy—W characteristics calculated fro@—V gallium vacancie$’ The concentration of compensating ac-
measurements at 300K at different frequencies: 100Hz 1 kHz (2), ceptors inLT-GaAs is very large and in the unannealed
10kHz(3), 1 MHz (4). material reaches 1Bcm 3, which significantly exceeds
the concentration of dopant-silicon shallow donors

(2x10*cm™3). It may be expected that the concentration of
compensating acceptors remains high also after annealing of
YheLT-Gaas layers despite conversion of most of the point
defects formed by the arsenic excess into nanoscale clusters.
In such a case, accumulation of charge inltfieGaAs layer
takes place due to transitions of electrons into the deep elec-
¥ronic levels(which are created by point defects or clusters
eXfrom the shallow donor levels of the adjacenGaAs layers.

As a result, theLT-GaAs layer is surrounded by space
charge regions. Assuming that the concentration of compen-
sating deep levels in thHeT-GaAs layer is much greater than
the concentratiom of the shallow donors in th&-GaAs
?ayers, the width of the depletion region is

of the depletion layer the electron concentration agai
reaches values near X30%cm 3, which corresponds to

the doping level of the lowen-GaAs layer. With further

increase inW, we see another depletion region which is
probably caused by defects in the metallurgical boundar
between the substrate and the epitaxial film. Immediatel
beyond this depletion region the carrier concentration ris
abruptly to ~2x10®cm™3, which corresponds to doping
level of the n™-GaAs substrate. The carrier concentration
depth profile inferred from th&€C—V measurements is in

good agreement with the charge-carrier concentration profil
obtained independently by electrochemical profilifgee

Fig. 3a. 2eg9AV
TheNcy— W profile calculated at 300K is distinguished AW=2 T+ dir, 2
by the presence of a narrow peak which is due to the emis-

sion of electrons and which corresponds to the plateau in thehere AV is the contact potential difference, and
C—V characteristicgFig. 33. In the range of measurement d,t=0.1um is the width of theLT-GaAs layer. Setting
frequencies from 1 MHz to 10 kHz this peak is located at theAV~0.5V, we obtainAW~0.4um, which corresponds to
edge of the depletion region induced by th€-GaAs layer. the experimentally determined width of the depletion region
However, at lower measurement frequencies the peak shif{ig. 3a.

into the middle of the depletion layer, and at the very lowest  Thus, ourC—V studies show that the T-GaAs layer
frequencies {100 H2 its position corresponds to the geo- accumulates electrons and induces space charge regions in
metric position of theLT-GaAs layer in the structuréFig.  the adjacenh-GaAs layers. An external bias should, in gen-
3b). Note that at 94 K the plateau in ti&-V characteristics eral, lead to emission of the accumulated charge. However,
is not observed and the emission peak in kfhg,—W pro-  since the levels at which the electrons are trapped are located
files is absent at all of the frequencies at which measuredeep in the GaAs band gap, the emission rate should depend
ments were made. strongly on the temperature. At low temperatures the emis-
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sion rate is extraordinarily low and at 94 K we did not ob- formation of depletion regions in the adjacenGaAs layers.
serve the characteristic plateau in te-V characteristics In the C—V characteristics at 300 K we have discovered a
even when the frequency was lowered to 100 Hz. At roomwide plateau of quasiconstant capacitance. This plateau is
temperature the emission rate is quite high; however, even imost likely due to emission of electrons from the deep levels
this case quasi-equilibrium does not have enough time tand arsenic clusters in theT-GaAs layer. The concentration
establish itself at high frequency. As a result, the peak in thef accumulated electrons was found to be close to that of the
Ncy—W characteristic due to electron emission is shiftedemitted electrons:~1x102cm 2. At low temperatures
relative to the geometric position of tHeT-GaAs layer to- (94 K) electron emission has not been observed experimen-
ward the edge of the depletion regitfig. 33.'® A situation  tally.
similar to quasi-equilibrium can be realized by lowering the  This work was supported by the Russian Fund for Fun-
measurement frequency from 1 MHz to 100 Hz. In this casedamental Research and by the Russian Ministry of Science
the capacitance increases from 17 pF to 26 pF in the regiofwithin the context of the programs “Fullerenes and atomic
of the plateau and the peak in tiN-,—W characteristic clusters” and “Physics of solid-state nanostructurgs”
shifts toward the geometrical position of th&-GaAs layer
(Fig. 3b.
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A detailed study of the effect of rapid thermal annealing in.adl 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 Sdatings was observed following the
anneals. ©1998 American Institute of Physids$1063-782608)00610-3

1. INTRODUCTION advance the post-growth technology of fabricating devices
based on such films.
Nitrides of group-Ill elements, in particular, GaN are of In this paper we report the results of an in-depth study of

significant scientific and practical interest. This interest hashe effect of RHTA in N and in an argorAr) atmosphere
to do, first of all, with the possibility of building lasers and on the crystallographic and optical propertigsirfface mor-
photodiodes based on them, which emit in the blue and ulphology, crystal quality, photoluminescencef GaN thin
traviolet regions of the spectrum, and also high-temperaturéims.
electronic device$.

It is known that the optical and electronic properties of
GaN films depend substantially not only on their conditions

of growth, but also on their post-growth processing. For ex-  we investigated GaN films with-type conductivity and
ample, to obtairp-type conductivity, Mg-doped GaN layers electron concentratiom~10"cm 2 and 1um thickness.
are subjected to high-temperature annealing. In this case, aguch films were grown on sapphire substrates with orienta-
nealing breaks the H—Mg bonds, which activates the Mg asion [0001] using a Varian Modular Gen II MBE setup with
an acceptor impurity® a growth rate of 0.3m/h at 700 °C. As the Nsource we

The authors of Ref. 4 noted an increase in the intensityjsed an Oxford Applied Research CARS 25 source with an
of the electroluminescence of Mg-doped diodes after subjecRFC discharger at 13.5 MHz. The design of the experimental
ing them to a rapid high-temperature ann¢RHTA) at  setup and characteristics of the nitrogen RFC discharger are
1150°C. described in detail in Ref. 7.

A substantial increase in the intensity of the photolumi- RHTA was performed in a quartz reactor at 100 °C for
nescencéPL) and an enhancement of the surface morphol-30s in a stream of Nor Ar. The samples, placed in a silicon
ogy after RHTA in a nitrogen atmosphere JNwere ob-  holder, were heated by a quartz lamp. Both uncoated GaN
served by the authors of Ref. 5, who examined the effect ofiims and GaN films coated with protective layers of SiO
RHTA on the physical properties of undoped, relatively thickwere investigated. Such layers were deposited by chemical
(~5um) GaN films grown by metallo-organic chemical vapor deposition.
vapor depositiofMOCVD). A Kimmon He—Cd laser with a lasing wavelength of

In addition, the successful application of RHTA in the 325nm (photon energy 3.8156Vand maximum optical
context of ion implantation of dopant impurities into GaN power about 5 mW was used to excite photoluminescence.
films has been reported in the literatdre. The He—Cd laser beam was focused on the sample in a spot

Thus, a study of the effect of RHTA on the properties of about 10Qum in diameter and was attenuated with the help
GaN films(such as their crystal quality, surface morphology,of neutral glass light-filters as needed. The photolumines-
optical properties, etgis necessary both for an understand-cence of the samples was analyzed with the help of a 0.75
ing of the processes occurring during RHTA and to furtherSpex monochromator with gap widths equal to 0.2 mm,

2. SAMPLES AND MEASUREMENT TECHNIQUES

1063-7826/98/32(10)/6/$15.00 1048 © 1998 American Institute of Physics
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which provided spectral resolution on the order of 1 meV inTABLE I.
the region of the edge photoluminescence, and was recorded

Position of reflection A26;,, AQqp,,

with a “bi-alkali” photomultiplier. Signal gain and detection Samples maximum & deg deg deg
were performed with a standard lock—in amplifier.
For low-temperature photoluminescence measurementgiannealed GaN 34.574 0099 0.250
! ) . . GaN, RHTA in N, 34.563 0.074  0.234
we used a special helium cryostat, which provided temperaz ' riy7a in Ar 34.553 0073 0298
ture (T) stabilization in the range from 10 to 300K with an gan; with Sig, RHTA in N, 34566 0.069 0272

accuracy oft0.5K.
In the x-ray measurements we recorded the reflection of

the CuK @, line from the(0002 plane of the GaN samples.

Measurements of the x-ray reflection spectra were carried o4 ExpERIMENTAL RESULTS AND DISCUSSION

using two techniques. The first was standard recording of the )

rocking curvese(26), where the receiver is rotated through 3-1- Effect of RHTA on the crystal quality and surface

the angle 2 at the same time as the sample is rotatecf“orlohoIogy of GaN

through an angl® relative to the incident x-ray beam. In this The results of the x-ray studies of GaN films subjected to

event, the half-width of the reflection spectrux2 0,,, gives  RHTA under various conditions are listed in Table I.

information about the spread in the lattice parameter in the It is clear from the table that regardless of the conditions

GaN film. of annealing, RHTA leads to a decreaseAR6,,,, which
Using the second method we measured the angular spesuggests an enhancement of crystal quality of the GaN lay-

trum of the x-ray reflection from the samplg () without  ers; i.e., the spread in the lattice parameter in the epitaxial

varying the orientation of the receiver. In this case, its half-layer is reduced. At the same time, the narrowing of the

width AQ,,, gives information about the misorientation of x-ray reflection spectra((2) of the unprotected layers after

the crystallites, of which the GaN film is composéd. RHTA suggests a decrease in the misorientation of the crys-
The surface morphology was investigated with a profilo-tallites.

meter which gave an accuracy of measurement of the surface However, in the case of RHTA of protected GaN films

roughness on the order of 1 nm. the misorientation of the crystallites, in contrast, increases
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FIG. 1. Photoluminescence spectra of GaN films at room temperature lafaed after(b) RHTA.



1050 Semiconductors 32 (10), October 1998 Katsavets et al.

1.2f
1.0
J.473 eV
1.0f
[ 24
»
R
3
o
505
a 08F :
o a
R ~
3
<
~
‘L ]
30.6 - I.
~ . {
0 1 1 N N 1]
.45 3.47 3.49 350 !
ho , eV :
|
L}
0.4 1
|
)
|
|
1
'
1
0.2 i
1
i
\
\:.\
0 o~ AT Y o S
3.25 3.30 3.35 .40 3.45 3.50

FIG. 2. Low-temperature photoluminescence spectra of the unannealed GaNdjjro$ unprotected GaN films after RHTA in a,Nb) and in an Ar
atmospheréd), and of GaN films protected by a layer of Si@fter RHTA in a N atmospheréc). T=10 K.

(AQ4, grows. This is probably due to additional mechani- the disappearance of interference modulation of the spectrum
cal stresses imposed by the Sifayer. in the “yellow” band.

Photoluminescence studies of unprotected GaN films in It can thus be assumed that the increase in the intensity
N, and Ar atmospheres showed that the form of the photoef the photoluminescence of unprotected GaN films after
luminescence spectra at room temperati®ee Fig. 1 and RHTA is connected with a growth of the external quantum

also the ratio of intensitied ) of the edge band and impu- vyield due to an increase in the surface roughness.
rity (“yellow” ) band change hardly at dlh the investigated

GaN films this ratio is~100:1), but asubstantialmore than )
fivefold) increase in the photoluminescence intensity is ob>-2 'tzﬁeCt of R';'ch (’_':hlow'_tfmperat“f_ phtf’to'“m'”escence
served in the entire spectral range, which is in accord witlyPectra associated with exciton recombination

the data of Ref. 5. The increase in the photoluminescence At low temperaturesT=10K) the form of the photolu-
intensity is accompanied by a disappearance of interferenaminescence spectrum near the fundamental absorption edge
modulation in the “yellow” band(see the inset in Fig.)1  after RHTA is radically altered. The narrow photolumines-
Measurements of the surface roughness of the GaN filmsence line with energyfiw=3.473eV and half-width
before and after RHTA showed that RHTA of unprotected14 meV (Fig. 2), which is usually attributed to the recombi-
samples leads to an increase in surface roughness from 1 pation of excitons localized at a neutral don@°¥ transi-
100 nm. tions; Ref. 9 in the case of RHTA of unprotected GaN films
RHTA of samples protected by a layer of Si@oes not in both a N and an Ar atmosphere is substantially broadened
lead to an increase in the photoluminescence intensity or tby up to 20 meVY and shifted into the low-energy region of
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the spectrum by 24 meV (see inset in Fig. 2 In the case
of RHTA of unprotected samples, the exciton band is br
slightly narrowed(to 12me\} and shifted into the high-
energy region of the spectrum by-3! meV.

From an analysis of the photoluminescence and x-ray
data it can be assumed that the low-energy shift of the exci-

J"A
ton band after RHTA of unprotected samples is due to a Ir
decrease in the mechanical stresses in the GaN film associ-
ated with misorientation of the crystallites. In contrast, the -
high-energy shift of the exciton band under RHTA of GaN ~
films with a protective Si@ layer is presumably associated | J
_L_N/\/L
1

oo

with a growth of these mechanical stresses due to an increase
in the misorientation of the crystallites.

The change in the width of thB°X exciton photolumi-
nescence band after RHTA may be connected with the
change in the crystal quality of the lattice of the GaN layers 4|
after RHTA® However, the width of théd°X photolumi-
nescence band after RHTA under various external conditions
does not correlate with the rocking-curve x-ray da(@6).

The explanation for this may lie in the fact that the x-ray

I, , arb. units

measurements contain information about the crystal quality g}

of the entire GaN layefthe x-ray penetration depth in GaN g L N e ! f
is on the order of Jum) while the photoluminescence mea- 31 3.2 33 34 35 3.6
surements contain information only about the surface layer Rw,ev

[th? penetration depth of th_e_ e>_<C|t|ng radiation _and _the dlf'FIG. 3. Temperature dependence of the form of the photoluminescence
fusion length of the nonequilibrium charge carriers in GaNspectrum of GaN films after RHTA in aatmosphereT, K: 1 — 10,2 —

do not exceed 0.2bm (Ref. 11]. 50,3 — 100,4 — 150.

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

usually been linked with recombination of free holes with
electrons localized at donor levels due to the presence of
oxygen*?13|t can thus be assumed that the abrupt growth of
RHTA of GaN samples leads to a radical change in thehe photoluminescence line in the region of 3.41eV after
form of the photoluminescence in the impurity region of theRHTA in a N, atmosphere is due to the presence of water
spectrum at low temperatures. vapor as the oxygen source. The invariability of the intensity
In the case of unprotected GaN films, RHTA in, N of these lines after RHTA in an Ar atmosphere can then be
causes an abrupt incread®sy more than a factor of)3f the  attributed to a higher purity of Ar. However, the above-
maximum in the region of 3.41 eV and an additional maxi-expressed supposition cannot explain the disappearance of
mum in the region of 3.29 e\(see Fig. 2, curveéh). This  the photoluminescence line in the region of 3.41eV after
effect is not observed after RHTA of GaN films with the RHTA of GaN films which are protected by a Si©oating.
protective SiQ coating (see Fig. 2, curvee). In the latter  Thus, in our opinion, the nature of this line is still unclear
case the maximum in the region of 3.41 eV has almost disand requires further study.
appeared and the additional maximum is not seen. The low-temperature photoluminescence line in the re-
RHTA of unprotected samples in an Ar atmosphere alsayion of 3.287 eV is usually linked with the second-order pho-
does not lead to an increase in the maximum in the region afion echo of the excito®®X band (the LO,, transition.'*
3.41 eV and the appearance of an additional maximum in thelowever, in this case the behavior of the photoluminescence
region of 3.29 eM(see Fig. 2, curvel). line with variation of the sample temperature and photoexci-
To elucidate the nature of the photoluminescence bandstion intensity should correlate with the behavior of Bf&X
with maxima atzw=3.41 and 3.29eV we carried out an band itself, which is not confirmed by our experiments.
additional study of the dependence of these bands on the Apparently, the maximum in the region of 3.29¢eV is
temperature(see Fig. 3 and the photoexcitation intensity associated with recombination of nonequilibrium electrons
(see Fig. 4. The abrupt temperature dependefite bands with holes localized at acceptor levels, as was observed by
almost disappear at 150 Kthe sublinear character of varia- the authors of Ref. 15. Thus, the appearance of a maximum
tion of the photoluminescence intensity, and the shift of thein the region of 3.29 eV after RHTA of unprotected GaN
maxima toward higher energies with increase of the photofilms in a N, atmosphere may be caused by an increase in the
excitation intensity indicate that these levels are of the im-concentration of acceptor levels. This assumption accords
purity type. with the results of Ref. 5, whose authors observed a decrease
Previously, in the low-temperature spectra of GaN aof the free electron concentration as a result of RHTA in a
maximum was observed in the region of 3.42 eV, which had\, atmosphere.
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4. CONCLUSIONS along with a low-energy shift by 24 meV in the case of
RHTA of unprotected GaN films, and a moderate narrowing
And high-energy shift by 34 eV in the case of GaN films
protected by a layer of SiQ

b) RHTA of unprotected GaN films in a Natmosphere

On the basis of the results of our experimental studie
we can thus draw the following conclusions:
1. RHTA of GaN films in both a nitrogen and an argon

atmosphere leads to an improvement of their crystal qualltE(eads to a substantial increase in the intensity of impurity

(the spread in the lattice constant is decrepsed radiative transitions near the fundamental absorption edge,

2. RHTA of unprotected GaN samples leads to a de'vvhile RHTA of samples protected by a layer of Sil@ads to

crease in the misorientation of the crystallites of which the_ _. .. . .
S : ignificant r ; no effect of RHTA on the impurit
GaN film is composed. In the case of RHTA of GaN films a significant decrease; no effect o ° € Impunty

tected by a | fSi the other hand. the misori transitions was observed in an Ar atmosphere.
protected by a layer of SiQon the other hand, the misori- The present work was partly supported by the Royal

entation of the crystallites is increa_s_ed. This incre_ase is prObSociety, which provided financial support for a scientific
ably due to the appearance of additional mechanical stress sit of N. I. Katsavets to the University of Nottingham, and

3. RHTA of unprotected GaN samples leads to an abrupE)y the Russian Fund for Fundamental Resedf&tant No.
(by more than a factor of )5growth of the photolumines- 96-02-1720%

cence intensity over the entire spectral range. This is appar- We would like to thank D. M. Demidov and A. V.

e_ntIy connected with an increase of the external quamun;&ndrianov for a helpful discussion of the experimental re-
yield caused by a growth of surface roughness of thesults

samples. In the case of a GaN layer with a protective,SiO

film, the surface roughness does not vary even in the smallest

amount, and an increase in the photoluminescence intensitys syipe and H. Mocros, J. Vac. Sci. Technol1@ 1237(1992.

is not observed. 2H. Amano, M. Kito, K. Hiramatsu, and I. Akasaki, Jpn. J. Appl. PI38.
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Nitrogen divacancies — the possible cause of the “yellow band” in the luminescence
spectra of GaN

A. E. Yunovich*)

M. V. Lomonosov Moscow State University, Department of Physics, 119899 Moscow, Russia
(Submitted March 6, 1998; accepted for publication March 12, 1998
Fiz. Tekh. Poluprovodn32, 1181-1183October 1998

A strong analogy is demonstrated between the well-known impurity complexihi&aP

consisting of a pair of nearest-neighbor isovalent nitrogen impurity atoms in the nitrogen-doped
gallium phosphide lattic€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 S(Ratyg, September

1997 by A. E. Yunovich, irProceedings of the Second Symposium on IlI-V Nitride

Materials and Processeg&lectrochemical SacietfPennington, New Jersey, 1998/ol. 98-02,

p. 258. © 1998 American Institute of Physids$$1063-7828)00710-§

One of the unresolved problems in the luminescencedire complex is surrounded by the GaP sphalerite lattice with
spectra of gallium nitride is the origin of the so-called “yel- width of the band gajt,(GaP)=2.3eV. The presence of N
low band” (see Refs. 2 and)3and the references cited atoms lowers the mass of the complex of 17 atoms relative to
therg. This band has a spectral maximum near-2212eV  the mass of the 17 analogous atoms in an ideal GaP lattice.
and predominates in the luminescence of imperfect GaN et there be N vacancie®/{) in the GaN lattice and let
crystals. It is associated with some native defects or theitcomplexes of two nearest-neighbor vacancies be possible.
complexes in the GaN lattice. The theory of native pointywe represent the structure of the complexdivacancy in
defects in GaN was considered in Ref. 4. The experimentahe following way (Fig. 2). The central Ga atom has four
data on structural defects in GaN were analyzed in Ref. Syeighboring atoms at the sites of a deformed tetrahedron,
The absence of the yellow band or its low intensity relativey,o N atoms and twd/, vacanciedinstead of two P atoms
to the main blue edge band in the spectra is usually taken 88, of these four sites has three more tetrahedrally coordi-
a criterion of perfection c_Jf GaN crystal_s and epitaxial fi_Ims. nated Ga atoms surrounding it. The complex is surrounded
However, the microscopic nature of this spectral band is noE)y a GaN wzite lattice withEy(GaN)=3.4eV.
yet understood. Two of the vacancies are neutral, the same as with the P

_The Iummgscence spectra Qf hea_tvny n!trogen_—d_opedatoms in the preceding case. The presence of vacancies low-
gallium phosphide, GaP : N, were investigated in detail in the

1960s and 1970ee Ref. 6 and the references cited there ers the mass of the complex relative to the mass of the 17

The properties of the solid solutions GaRN, were recently analogous atoms in an @eal G.aN.Iattlc.:e. Th? analogy be-
, ) . tween the two complexes is easily visualized. Figure 1 shows
investigated in Ref. 7.

The bright luminescence line with maximum at 2.18 evspectra of the yellow band of the GaN luminescefice,

and intense phonon echoes is clearly distinguished in thgogether with the Ium?nescencg spectrum of the; NiNes in
GaP:N spectra at temperatures bel®w 77 K and can be GaP : N; the rather wide band is broadened by the electron—

seen up toT=300K (Fig. 1. It has been identified with Phonon interaction.
recombination of the exciton bound in the complex No§ There are sufficient reasons to assume that the reason for
nearest-neighbor isovalent atoms of the N impurity. Thesdn€ appearance of the yellow band is recombination of exci-
atoms replace P atoms at neighboring sites of the anion sul2nS bound in the complex of nitrogen divacancies in GaN. It
lattice of the GaP sphalerite structdrén Ref. 9 it was Would be very interesting to validate this model by theoreti-
shown that the external quantum yield in the Némission ~ cal calculations and various experiments.
band for GaP : N photodiodes reaches 27% at60 K for In favor of this model we cite several well-known facts
currents on the order of ZA. Thus, the probability for the about the formation of nitrogen vacancies and evaporation—
recombination of an exciton bound in a Nilomplex is very ~ escape from the lattice of Nmolecules during heat treat-
high. ments of GaNsee the original papers of J. Pankateal

We represent the structure of the NNomplex as fol- and the more recently published pap@Refs. 13 and 14 Of
lows (Fig. 2. The central Ga atom has four neighboring course, the formation of divacancies is possible at high con-
atoms at the sites of a deformed tetrahedron—two N atomeentrations of single vacancies. It is possible that their for-
and two P atoms. Each of the four atoms has three mormation is energetically more favorable than formation of iso-
tetrahedrally coordinated Ga atoms surrounding it. This enkated vacancies. This assumption is in line with the recently

1063-7826/98/32(10)/3/$15.00 1054 © 1998 American Institute of Physics
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FIG. 1. a — Electroluminescence spectra of GaP : N, in which the bidds predominaf®® T, K: 1 — 83,2 — 120,3 — 160,4 — 200,5 — 250,6 —

293;1=10 mA. b — electroluminescence spectra of GaN manifesting the yellow band for direct currents in the tunnel emissitfrarepiorer conditions
of ionization breakdown!

published calculations of the probability for the formation of pensation, and excitation. In Ref. 16 it was suggested that
pairs of vacancies in GakRef. 15. Ga, antisite defects and the oxygen impurity participate in
In a real crystal divacancies can be filled either by atomghe formation of the yellow band. The answers to these ques-
of the main lattice, with formation of Gaantisite defects, or tions require detailed study.
by impurities. In particular, they can be filled by neutral In summary, the considered analogy between a complex
donor—acceptor pairs. It is not clear what the charge state afonsisting of a pair of nearest-neighbor isovalent nitrogen
the complexes is under various conditions of doping, comimpurities in GaP : N and a complex of nitrogen divacancies
in GaN, and also the luminescence spectra of these materials
suggest nitrogen divacancies and/or complexes of nitrogen
divacancies with impurities in GaN as a possible reason for

N the yellow band in the luminescence spectra of GaN. To
validate this model, it would be advantageous to perform
2 theoretical calculations of the energy spectrum of complexes

of 17 atoms surrounded by a GaP or GaN lattice.

N *)E-mail: yunovich@scon175.phys.msu.su
Ga 2,
R -
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A new recombination center in heavily doped GaAs:Zn grown by liquid-phase epitaxy
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The photoluminescence propertiespaAs : 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 5.350.1. The exponent is independent of the growth rgdillium 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 vacancie$99® American

Institute of Physics[S1063-78268)00810-3

INTRODUCTION was determined from the ratio of the intensities of the sec-
; 4+ [ T5A ot :
Epitaxial layers of heavily zinc-doped gallium arsenideOndary ion fluxes“Zn"/ .AS ; The measurements were av
. . " .~ eraged over a layer with dimensions0.5x0.5mnf and
are widely used in the fabrication of photocathodes Wlththickness~ 1000 A
negative electron affinity and in the base layers of heterobi- . ) : .
. 15 Stationary photoluminescence was measured in the
polar transistorsHBT).™
. . . , . wavelength range 0.781.0um on a setup assembled from
To improve the main characteristics of HBT's—the lim- : . :
iting frequency of the combined gaiiy and maximum fre- n SDL-1 double monochromator having gratings with
g freq Y g 600 rulings/mm. Photoluminescence was recorded by a pho-

guency of generatiori,,,, it iS necessary to increase the . . S i
conductivity of the base layer, which is achieved by raisingtomu'tlpller with anS1, photocathode operating in the pho

the doping level of the latter. It is well known, however, that g)nn XS*ur:gggrn\j\%;Ln%/;/c:alz)r:miﬁ %qc;:[g Ergr?gscgcvc;’ Ovl\éenlsji‘:’ed
raising the doping level ip-GaAs can lead to the formation 9 P y

of defect$ which, being recombination centers, shorten the30 wicnt.
lifetime of the nonequilibrium charge carriers. As a result,
the transmission coefficient of the HBT is lowered alongexpERIMENTAL RESULTS
with the characteristic frequenciés and f .

Our goal was to identify the recombination centers  Figure 1 shows photoluminescence spectra of GaAs:Zn
formed in GaAs as a result of heavy zinc doping. Accord-layers with various hole concentrations, grown at
ing'y, we investigated the photo'uminescenaﬁEL) of TGZBOOQC from a gal“um melt, measured at 77 K. In all of

GaAs:Zn layers prepared by liquid-phase epitakPE) the spectra the band—acceptor recombination IBledomi-
from gallium and bismuth melts. nates. A shoulder is observed in the long-wavelength limb of

the B line, which becomes more pronounced as the doping
level is increased, and in a layer wifh=1.8x10"%cm 3
transforms into a line with Gaussian shape and maximum at
Layers were grown on substrates of semi-insulatingl.35 eV, denoted in the figure as li@ The energy position
GaAs (100 in two temperature intervals: from 708 to 650 °C of this line is close to that of the line due to transitions
and from 800 to 750 °®. The thickness of the layers was through the levels of the deep acceptor associated with cop-
10— 15um. The hole concentrationp] at room tempera- per (e, Cu).®> The abrupt growth of the intensity of the
ture, measured by the van-der-Pauw mettidall factor was  line as the doping level is raised from K80®cm 3 to
assumed to be unity varied from 6<107cm 3 to  1.8x10cm 2 and the absence of the phonon echoes char-
2x10%cm 2 in layers grown from a gallium melt, and from acteristic of the ¢, Cu) line, however, are surprisiny.
7Xx10cm 3 to 7x10%cm 2 in layers grown from a bis- To identify theC line we measured at various tempera-
muth melt. Details of the growth technique and electricaltures the photoluminescence spectra of a layer with hole con-
properties of the layers are given in Ref. 4. The dependenceentrationp=2x10cm™2, in which this line is quite pro-
of the concentration of zinc atoms in the investigated layersiounced. The spectra are shown in Fig. 2. It can be seen that
on the doping level was determined by secondary-ion masas the temperature is raised from 300 to 190 K, the position
spectroscopySIMS) on a Riber LAS-3000 setup equipped of the maximum of theC line varies hardly at all, in contrast
with a quadrupole mass-spectrometer with resolutiorto the position of thed, Cu) line, which varies by more than
M/AM=2.1M. The samples were etched using Gons 20 meV in this temperature intervaln addition, the activa-
with an energy of 10keV. The concentration of zinc atomstion energy of quenching of th€ line, found from the tem-

EXPERIMENTAL PROCEDURE
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1058 Semiconductors 32 (10), October 1998 Zhuravlev et al.

how , eV ho, eV
1.5 1.4 1.3 1.6 1.5 1. 1.3
\ ! 1 T L1 | |
107 8 i,' 77K i.
. x 1000 R
10°F
4 =
105 70 K
..°3’ -
- 41
g 10 ’E 110K
f‘ 3
8 ol ——
J10%F §
~ Sk 150 K
Q
H ————————
10%+
1071 -
190 K
100 1 1 1 | ]
800 850 900 950 1000
A » VM 1 1 ! |
0
FIG. 1. Photoluminescence spectra of GaAs:Zn layers grown at 75‘? 600 M;ﬂ am 900 9
Ts=800°C from a gallium melt. Measurement temperature 77 K. Hole ?
concentratior; in }l;e layerst — 2.0x}§)17cm’3, 2 — 2.2x10%cm ?, FIG. 2. Photoluminescence spectra of a layer with2x10°cm 3,
3—7.6x10%cm 3, 4 — 1.8x10¥cm ™2, measured at various temperatures.

perature dependence of the total interfSityhich is plotted  proportional to their concentration, the rasds proportional

in Fig. 3, is equal to 432 meV, which is much less than the o the ratio of the concentrations of the recombination
activation energy of quenching of the,(Cu) line which is  gnters8

equal to 140 me\(Ref. 5.

Thus, the temperature dependence of the position of the S=a(Ng/Na). @
Cline and the activation energy of its temperature quenchingiere N andN, are the concentrations of tlecenters and
indicate that this line is not associated with copper, but is dugha”ow acceptors, and is a factor which cannot be deter-
to recombination through levels of an unknown center
formed in GaAs:Zn at high doping levels, which we have
denoted as th& center. T, K

Figure 4 shows photoluminescence spectra measured i 4p% zfm ﬂ.m 2l
77K of layers with nearly the same hole concentration, C
grown from a gallium melt §=1.8x 10'°cm™3) and a bis-
muth melt p=2.1x10"%cm 3) at T;=800°C. It can be
seen that the intensity of th€ line is higher in the layer
grown from the gallium melt. At the same time, lowering the
epitaxy temperature fromfg=800°C toTg=708 °C does
not lead to any changes in the shape of the photolumines§
cence spectra of layers with the same doping level growr& |
from either the gallium melt or the bismuth melt.

To determine the connection between the intensity of the
C line and the concentration of tife centers, we calculated +L , , ) | . L L
the ratio of the total intensity of th€ line (I:) to the total 07 10 15 20 25_7 3o 35 40
intensity of theB line (1g) at 77 K,S=1./1gz, in layers with 1000/7, K
various doping levels. Since the fraction of nonequilibriumeg. 3. Temperature dependence of the total intensity ofGhee in a
charge carriers that recombine through levels of centers igyer withp=2x10°cm™3.

sity
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mined from the available data. We assumed that this factor is

independent of the doping level. To ensure that this condiFIG. 5. Dependence of the relative total intensity of @band on the hole

tion is satisfied, we measured the photoluminescence spectfdcentration for layers grown from a gallium mett, 2 and a bismuth
L. ! . . .. melt (3,4) at two different temperaturest, 3 —T;=708°C, 2,4 —

at a sufficiently low power density of the exciting radiation To=800°C.

that the intensity of the photoluminescence lines is propor-

tional to the excitation intensity.

The dependence &on the hole concentration for layers of N, the hole concentration increases linearly with increas-

grown from gallium and bismuth melts is plotted in Fig. 5 jng concentration of zinc atoms; consequently, we can as-
for two different temperatures. The solid lines are fits togyme that

these dependences by functions of the form

P~Nz~Na, (4)
Y=b-p”. 2 . .
and we can write Eq(3) in the form
Figure 5 shows tha$ is essentially independent of the hole
N~ (b/a)p?**~(b/a)(Nzy) " *. )

concentration at low doping levels, and that it increases rap-
idly with slope y=4.45£0.1 (of the log—log plo}, which Using the value of the exponemt=4.35, we find that in
does not depend on the growth conditions of the layers, whefayers withp>p., grown from gallium and bismuth melts
the hole concentration exceeds a critical vajiyg equal to  the R-center concentration for the growth temperatures used
5x10'%cm? for the layers grown from the gallium melt, by us is proportional to the hole concentration raised to the
and 1x10'cm™2 for the layers grown from the bismuth power 5.35.
melt? The value of the coefficiert also does not depend on
the epitaxy temperature and is equal tx 10”1+ 10 and
8x 10 ¥+10% for layers grown from gallium and bismuth
melts, respectively. Consequently, changing the metal- The power-law dependence of tliecenter concentra-
solvent(replacing gallium by bismuthleads to a decrease in tion on the doping level indicates that this center has a com-
Ng by more than an order of magnitude in the layers withplicated makeup and is probably a complex consisting of
hole concentration exceeding<110°cm™3. native point defect$PD), whose concentration, as we know,
Using relationg1) and(2), we obtain the functional de- increases with doping levét. Such complexes can also in-
pendence of th&®-center concentration on the doping level clude atoms of the dopant impurityhowever, in the inves-
in layers withp>py,: tigated layers the hole concentration depends linearly on the
concentration of zinc atoms over the entire range of dopin
Nr=(Na-S)/a~(b/a)N-p”. ©®  levels examined, and this fact indicates that thegimpurit;j atg-]
Figure 6 plots the ratio of fluxes of ionized zinc and oms form simple substitution acceptors and do not enter into
arsenic atoms obtained by SIMS, which is proportional to thehe composition of the complex responsible for Beenter.
concentration of zinc atomd\g,,),'° versus doping level for To determine the possible composition of tRecenter,
layers grown from a bismuth melt &;=800°C. It can be we analyzed data on the variation of tReenter concentra-
seen that within the limits of accuracy of the determinationtion as a function of the growth temperature, doping level,

DISCUSSION



1060 Semiconductors 32 (10), October 1998 Zhuravlev et al.

cally neutral complex explains all of the above experimental
data.

During epitaxy zinc is built into GaAs in two forms: as a
substitution acceptor & and as an interstitial donor Z#
(Ref. 19. Upon cooling, the zinc atoms located at interstices
are built into the gallium sites, pushing the latter out into
interstices” according to the well-known theory of Zn
diffusion in GaAs via the reactidn®

Zn/*=Ga 2+ 2zngt. (6)

3.5F

2.5

It is energetically favorable for the interstitial gallium
atoms G@? formed as a result of this reactito interact
with an arsenic vacancy .+ with formation of an antisite
defect GaZ, which, in turn, by interacting with two arsenic
vacancies forms a neutral complex (Ga2Vae)™:

Ga 2+ V,il=Ga2+5h, (7)

+

1.0
Ganl+2Vad S (Gans—2Vag)*,

whereh denotes a hole. The formation of a neutral complex
of point defects carrying charges of opposite sign is thermo-
dynamically favorable since the enthalpy of formation of the
. . . | . , X | complex is lower than the sum of enthalpies of formation of
0 0 20 30 40 50 60 70 6o  theindividual charged defects.

p =10 % em™d According to the law of mass action, starting with reac-

tions (6)—(8) and allowing for the fact that Gg=Ga,?

FIG. 6. Ratio of zinc and arsenic ion fluxes in layers with different doping +2.h, and thatp is proportional to the concentration of
levels atT¢=800°C. shallow ionized acceptors &g, it is possible to obtain an
expression which relates the concentration of complexes to
the hole concentration:

0.5

and choice of metal—solvent. We also analyzed the results of  Ng~[(N%.)%/(N2,)?]p°®, 9

electrical measurements in the investigated GaAs:Zn Iayersh N is th rati fh tral antisite defect
reported in Ref. 4. whereNg, is the concentration of the neutral antisite defects

; +
1) The concentration oR centers is independent of the Gass, which depends only on the temperat&n?e,ndNZn. It

growth temperature. This means that the concentration o(f?n be Seen fro:p E01|9t) t?r? t theﬂf oncentre:ctlg]n %f tlhe com-
these centers is not proportional to the equilibrium concenP'€X€s IS proportional to the sixth power ot tné hole concen-

trations of point defects at the growth temperatures, which i raioln,_ :5” 39500_d agreement W'tu.tue vla![ue tohf the exp(t)nent
possible if the centers are formed not during epitaxy, bu YL ) in expressiof5) whic relates the concentra-
during cooling?l tion of theR centers to the hole concentration. The difference

2) The concentration oR centers is lower in layers between the power of the hole concentration in expression

grown from a bismuth melt. This suggests that point defectég) and the exponeng+1 in expressions) is due to growth

enter into its composition, whose concentration falls wheref the concentration of interstitial donors Zhwith increase

the gallium melt is replaced by a bismuth melt. Such defect?f the doping level.
can be arsenic vacancie¥ {;),*® interstitial gallium (Gg),
or an antisite defect—gallium at an arsenic site !(@a . CONCLUSION
3) The degree of compensation of the investigated
GaAs: Zn layers, with doping level betweerx30' cm™3 In summary, we have established that a center of radia-
and 8x10%cm™3, is independent of the melt—gallium or tive recombination is formed in GaAs:Zn prepared by
bismuth—from which the sample was grotit the same liquid-phase epitaxy. This center manifests itself in the pho-
time, the concentration dR centers in layers with doping toluminescence spectra of layers with doping lepet5
level greater than X 10°cm™ 3 depends in a substantial way x10"¥cm™3 and p>1x10°cm™2 for layers grown from
on the metal—solvent used to grow the layer. This fact suggallium and bismuth melts, respectively. As the doping level
gests that th&® center is a neutral formation, i.e., both donor is increased, the center concentration grows in proportion to
point defects and acceptor point defects should enter into ithe hole concentration raised to the power 5851, where
composition. This is extraordinarily surprising since it is cus-the exponent is independent of the epitaxy temperature in the
tomarily assumed that increasing the doping levepitype  range Tc=800-708 °C. Replacing the gallium melt by a
layers increases the concentration of donor point defects arfdlsmuth melt leads to a change in the concentration of the
lowers the concentration of acceptor point defétts. centers by more than an order of magnitude. The experimen-
The following scheme for the formation of an electri- tal data are explained by assuming that the center is electri-
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In the quaternary solid solutions (JBm,_,)0.9:G& osT€ (z=0.35 and 0.4Pthe effect of addition

of indium (in amounts of 5-20 at. %9 on the temperature dependence of the electrical

conductivity o, Hall coefficientR, Seebeck coefficiers, and Hall mobilityu is investigated on

samples prepared using powder technology. We found a monotonic dependence of the

hole densityp on the indium contentN,, with a tendency toward saturation at a level
max=3X10%cm™3, an abrupt drop in the mobility in samples with=p.«, and changes

in the character of the temperature dependeR{d9 and o(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 spegtritimenergye,,~ 0.3 eV)

and resonance hole scattering into these states19€8 American Institute of Physics.

[S1063-782628)00910-1

Tin telluride and germanium telluride and their mutual and their small values are evidence of high current-carrier
solid solutions crystallize with a large deviation from stoichi- concentrations and strong degeneracy of the hole gas. Note
ometry (~1at.% or morg on the side of a chalcogenide that the variation of the Hall coefficient with growth bf,
excess. The vacancies formed in the metal sublattice angrobably reflects a change in the hole concentration in the
electrically active—they deposit holes in the valence bandvalence band since it correlates with the variation of the ther-
The samples have typical hole concentratiops-10?°°  mal voltageS (see Fig. 1
—10?*cm 3 (Ref. 1). For this reason, doping with impurities Unfortunately, the energy spectrum of the quaternary
is an ineffective means of controlling the electrical propertiessolid solutions (P, ), ,Gg Te, so far as we know, has
of these materials. The exception is indium, which combinesiot been studied. Therefore, for estimates we used data for
a huge solubility ¢10at. % in IV=VI compounds with an  SnTe®® According to Refs. 8 and 9 the values of the Hall
extraordinarily strong localization of the impurity electron coefficient at 77 K R;;) give Hall concentrations close to
states® In the series of IV-VI compounds, indium creates the true hole concentration. Therefore, in the investigated
quasilocal impurity states against the background of the alsolid solutions we determined the hole concentration from
lowed electron spectrum in the crystals. In SnTe and ternarthe R,; data asp=(eR;;) ! and the Hall mobility as
solid solutions based on it, indium forms quasilocal statesi(T)=R;;0(T). The observed nonmonotonicity in the de-
which are located deep within the valence bam. pendence of the hole concentratipon N,, is probably con-

It is of interest to examine the possibility for the exis- nected with fluctuations in the vacancy concentration in the
tence of such strongly localized indium states in the quatermetal sublattice of the solid solution (F8m,_,); ,GegTe.

nary solid solutions (Pisn,_,), ,GgTe, in particular, in Let us consider the data obtained by us. As can be seen
connection with interesting properties of the superconductivfrom Table | and Figs. 1 and 2, with growth of the indium
ity of thin layers of such systenfs. content in the samples the Hall coefficient decreases, the Hall

In the present paper we report the results of an experihole concentration increases with increasing saturation at the
mental study of the electrical properties of solid solutionslevel (2—3)x 10?*cm™ 3, the temperature dependence of the
with a fixed concentration of leadz€0.35 and 0.4pand  Hall coefficient weakens, and the Hall mobilityat 77 K
germanium ¢=0.05) and variable concentration of indium decreases radicallfpy 1.5-2 orders of magnitude In the
N, (5—20at.%. The composition of the samples corre- process, the nature of the temperature dependence of the con-
sponds to the formul@(Pb,Sn, _,)o9:G& 05]1—xINkTe. The  ductivity changes from a decreasing dependefseenple 1
samples were polycrystals prepared by a powder techniqu&ith the lowest hole concentration; see the inset in Fjigo2
subjected to a homogenizing anneal. The compositions of the monotonically increasing dependencfT) in the samples
samples and their main electrical characteristics are listed iwith the largest indium conterisee the inset in Fig.)2
Table I. We investigated the temperature dependence of their The above-noted peculiarities in the behavior of the ki-
electrical conductivity ) and Hall R) and SeebeckS) netic coefficients with growth dfl,, and with penetration of
coefficients in the temperature interval-7400 K. the Fermi levek into the valence band of these quaternary

Judging from the sign of the thermal voltage and Hallsolid solutions are similar to those observed in lead chalco-
coefficient, all the samples possess a p-type conductivitygenides with a thallium impurity?® and can also be ex-

1063-7826/98/32(10)/3/$15.00 1062 © 1998 American Institute of Physics
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TABLE |. Composition and electrical parameters of samples of the system of solid solptRISn, ) 0.9:G& osl1-xINcTeE.

Composition R, cnP/C o, Q t.cm?t S, wVIK u, cné/(V- )
Sample
No. z, at. % X, at. % 77K 300K 77K 300K 300K 77K
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 -5 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 -8 0.9

plained by_ the existence of a band of quasilocal impurityp~10?*cm™2 and Fermi levekg~ ¢, to the activation of an
states against the background of the spectrum of states of theficient additional scattering mechanism—resonance scat-
valence band. In this model the nonlinear character of theering of holes into the band of quasilocal indium states.

dependenc@(N;,) and its saturation are linked with the en- Estimates of the mobility for resonance scattering, based on
trance of the Fermi level into the band of indium states andhe expression for the relaxation tithe

pinning of the Fermi level by the peak of the density of
impurity states.

An estimate of the position of the indium level inferred _"9u(en) @
from the position of the Fermi level in the samples with N,
maximum hole concentration using SnTe band parameters
gavee,~0.3 eV (on the scale of the hole energies . . . .

Thlg change in the shape of tHR(T) curve for the Wherggb(s,n) is the density of band states |n'the region of
indium-doped samples may be due to a temperature shift aneiglles n?r;e\:;lr the rr].eshonance' I.el\mﬁs'”t’h give "f”"“est |
the &,,(T) impurity level [if the coefficient |de,,/dT| is  Ures™ 1 CMT/(V-s), which are similar to the experimental
small, then INR(T)~const in the above-considered model values. Thus, resonance scattering can indeed be responsible
with 6’1 quasilocal indium leval for the experimentally observed hole mobilities in

It is logical to attribute the significant lowering of the [(PB,SM_)0.05G& 05]1-xINxTe (2~0.35-0.40) with large

. h . . indium content.
mobility in the samples with hole concentrations n . . .
y P The experimental data obtained by us on the kinetic

phenomena in the quaternary solid solutions
o4k (Pb,Sm_,),-,GgTe:In can thus be explained in the frame-
’ work of a model which assumes the existence of a band of
quasilocal indium impurity states against the background of
the valence band with energy,,~0.3eV and resonance

0.30 scattering of holes into these states.
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FIG. 1. Temperature dependence of the Hall coeffic®(t) in samples of p, 10 Wem3

[(PB,SNn;_,) 0.5 05l1—xINcTe. Points correspond to experiment. The num-

bers labelling the dependences correspond to the sample numbers in théG. 2. Dependence of the Hall mobility on the hole concentratiop in

table. The inset plots the dependence of the Seebeck coeff@nt20 K samples of (Pb,Sn;_,) 0.95G& 051 _xIN,Te at 77 K(pointg. The dashed line

on the hole concentratiop (points; the dashed line plots the dependence plots the dependence~p~*?, which is valid for the case of a strongly
S~p 28, which is valid for a quadratic dispersion relation for strong degenerate hole gas and dominant impurity scattering mechanism, where
degeneracy of the gas of current carriers; the cross is the data point fg@@~Njy,, where N;,, is the impurity concentration. The inset plots the
sample 6. dependence of the conductivity on temperature for samples 1 and 6.



1064 Semiconductors 32 (10), October 1998

IN. Kh. Abrikosov and L. E. ShelimovalV—VI Based Semiconductor
Materials[in Russiarn (Nauka, Moscow, 1975

2V. 1. Kaidanov and Yu. I. Ravich, Usp. Fiz. Naulk5, 51 (1985 [Sov.
Phys. Usp28, 31 (1985].

L. D. Dudkin, N. A. Erasova, V. |. Kalanov, T. N. Kalshnikova, and
E. F. Kosolapova, Fiz. Tekh. Poluprovod8, 2294 (1972 [Sov. Phys.
Usp. 6, 1934(1972].

4G. S. Bushmarina, I. A. Drabkin, V. V. Kompaniets, R. V. Parfen’ev,
D. V. Shamshur, and M. A. Shakhov, Fiz. Tverd. Télaningrad 28,
1094(1986 [Sov. Phys. Solid Stat28, 612 (1986)].

5G. S. Bushmarina, I. A. Drabkin, D. V. Mashovets, R. V. Parfeniev, D. V.

Shamshur, and M. A. Shachov Physical 89, 687 (1991).

6S. A. Nemov, S. F. Musikhin, D. I. Popov, V. I. Proshin, and D. V.
Shamshur, Fiz. Tverd. Tel@t. Petersbung37, 3366(1995 [Phys. Solid
State37, 1850(1999].

Nemov et al.

’S. A. Nemov, S. F. Musikhin, R. V. Parfen’ev, V. N. Svetlov, D. . Popov,
V. I. Proshin, and D. V. Shamshur, Fiz. Tverd. Ted@ 3523 (1995

[ Phys. Solid Stat®7, 1936(1995].

8B. F. Gruzinov, P. P. Konstantinov, B. Ya. Nhes, Yu. |. Ravich, and
L. M. Sysoeva, Fiz. Tekh. Poluprovodh0, 497 (1976 [Sov. Phys. Semi-
cond.10, 209(1976)].

9B. F. Bushmarina, I. A. Drabkin, M. A. Kvantov, and O. E. Kvyatkowski
Fiz. Tverd. Tela(Leningrad 32, 2869(1990 [Sov. Phys. Semicon@&?2,
1666(1990].

10y 1. Kaidanov, S. A. Nemov, and Yu. |. Ravich, Fiz. Tekh. Poluprovodn.

26, 201 (1992 [Sov. Phys. Semicon@6, 113(1992].

11y, 1. Kaidanov, R. B. Mel'nik, and I. A. Chernik, Fiz. Tekh. Poluprovodn.

7, 759(1973 [Sov. Phys. Semicond, 522(1973].

Translated by Paul F. Schippnick



SEMICONDUCTORS VOLUME 32, NUMBER 10 OCTOBER 1998

Differential methods for determination of deep-level parameters from recombination
currents of p—n junctions

S. V. Bulyarskil, N. S. Grushko, and A. V. Lakalin

Ulyanovsk State University, 432700 Ulyanovsk, Russia
(Submitted April 6, 1998; accepted for publication April 8, 1998
Fiz. Tekh. Poluprovodr82, 1193-1196October 1998

Two techniques for determining the activation energies of centers that create deep levels in the
space-charge regio(6CR 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 rdg,(U)/9U and the second technique
involves an analysis of the dependekR%(U)/exp(qU/ZkT) These techniques are used

to analyze the current—voltage characteristics of gold-doped sifiéonn diodes. The gold-

related deep center activation energies obtained from the current—voltage characteristics

are in good agreement with the available data in the literature19@8 American Institute of
Physics[S1063-782808)01010-3

INTRODUCTION are constantthe p—n junction is sharp, as is confirmed by
_ o _ the results of capacitance measurements. This choice was
Generation—recombination processes in the space-charggotivated by the fact that gold in silicon has been studied

region(SCR) of ap—n junction were first considered in Ref. extensively® and can be used as a test of the proposed tech-
1. Using the statistics of recombination through a simplenjques.

two-charge Shockley—Read—Hall center, the authors of Ref.
1 obtained a general expression for the recombination CURECOMBINATION CURRENTS IN THE SCR AND
rent density in the SCRin the form of an integral over the THE REDUCED RECOMBINATION RATE
SCR of the recombination rgteThey were able to obtain o ) _ )
analytical expressions only for some particular cases for vari- Recombination currents in the SCR ofpa-n junction
ous simplifying assumptions. The entire current— voItagethrOUgh simple two-charge deep centers are described by the
characteristic(CVC) due to recombination currents in the expressmﬁ
SCR of thep—n junction for a low injection leve(LIL ) was qu
obtained in Refs. 2—6. Although complete agreement with s qSWU)ChnCpmN; ( F{kT) l)Ntm
the results of numerical integration of the recombination rate  i,= E
was not obtﬁlined, some estimates may still be considered as m=1 2nimexp( q_) +ComN1m+ ComPim
satisfactory’~’ 2kT

The approach developed in Refs. 5 and 6 allows one to 2kT
determine the activation energy of deep levels, and with ad- X ——
ditional information it also allows one to determine the ratio 4(Ua—U)
of capture coefficients or lifetimes in the quasineutral re-wherew(U) is the width of the SCRsis the number of deep
gions. In comparison with the techniques of transient generdevels, S is the area of thep—n junction, n;,,=N.exp
tion of carriers in the SCR of thp—n junction [thermally (= Ep/KT), pim=N, exp(— Epm/KT), ¢, and c, are the
stimulated capacitand@SC),® deep-level transient spectros- electron and hole capture coefficients for capture by the
copy (DLTS)®] which require measurements over a widegiven center averaged over all statls,is the concentration
temperature interval, an analysis of the recombination curef deep levels, ané; is the position of the deep level in the
rent can be performed at some fixed temperatere., room  band gapE;,=E.—E;, E;;,=E;—E, . Expression(1) holds
temperaturg This leads to simpler measurements. On theprovided the following conditions are satisfied: the deep cen-
basis of the method developed in Ref. 8 we developed twders are uniformly distributed over the band gap, the levels
additional techniques of processing the recombination curare discrete, the system is found in thermal equilibrium, il-
rent in the SCR for low injection levels. What sets this work lumination is absent, and tunneling transitions and recombi-
apart is the use of the computer at every stage of the processation are controlled entirely by thermal processe&x-
from performing the measurements to producing the finapression(1) was derived on the basis of the Shockley—
result. The objects of study were gold-doped siligph—n Read—Hall theory of recombination through a simple two-
diodes of commercial manufactu¢®-220. About these di- charge center and differs somewhat from the expression
odes(D-220 it is known that they are produced by an alloy derived in Ref. 1. This difference was discussed in detail in
technology, and the doping levels of thé andn regions Refs. 4 and 7, and the derivation is given in Ref. 6; we will

()
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therefore not consider it here. The limits of applicability of THE DIFFERENTIAL TECHNIQUE (dR,,(U)/dU)
expression(1) were also determined in Refs. 4—6. Each term ) ) o )

in expression(1) is the recombination current through the ~ Fom Eq.(4) we finddR,,(U)/4U. Differentiation gives
corresponding rfith) deep level. Expressiofl) can be rep- qu
resented in the forfm RopU) G 3 ¥ exp< m)(fnﬁ 1)

7. (1)

U 2kT =1 qu
U m 2
2kTWU)SR & “m<eXp(?<_T -1 (zgmex’](sz temtl
= Ugi(u)—U #=1 qu ’ @ It is easy to see that the functigi@) has maxima. To find
2 —=|+5+1
{m 2kT {im them we search for extrema:

9*Ryp(U
where am=(N1m)/N;)ChmNim and {m=(N1m,/Ni) VCnm/Cpm npl ):

(here we have made use of the equaﬁ%plmzn?). The au?
dependencebl 4;(U) andw(U) in Egs.(1) and(2) can be
found from the capacitance measurements. Thus, only the p<_U
. s apeX
parametersy,, and/,,, which depend only on the nature of > 2kT
m=1

q 2
ﬁ)

2 2 _ ﬂ
(§m+1>(§m+1 2§mexp(2kT>)

the deep levels, on their concentratian, f,Com,Eim:Nim), qu ) 3
and on the material of the semiconducter)( remain un- 2{mex okT Timtl
known. Earlier it was proposed to analyze the recombination
currents with the help of the reduced recombination Rafg ) o
(Refs. 4—6, which is defined as Since we have assumed that the recombmaugn processes
proceed independently through each center, (Bgis satis-
qu fied if each term in the sum is equal to zdessumption of
|r(U)exp< m) Ugi(U)—U the techniqug Thus
Rnp(U): qu 2kT SN 2 qUom
S\/\(U)ni(ex;{ﬁ) —1) {mt1-20mexp 5 7] =0. 9
. . _ m=1,2,...s, whereUg, is the position of the maximum
From Egs.(2) and(3) the relation between this quantity and for the mth term. Solvinogmthe qua?jratic equation oy, we
the deep-center parameters is apparent: find '
U U U 2
s s am(exp<q— -1 {m=ex om +\/ ex 9om -1 (10
kT 2kT 2kT
Rup(U)= 2 Ropn(U)= X 5 :
m=1 mtor exp(q— +2+1 (we have chosen the root with the +* sign). If
m m
2kt exp@Uon/2kT)>1, then
N qUom 11
If s=1 (one deep leve) then Eqs(2) and(4) are described {m=2ex o2kT |- (11

by only two parameters, which can be found by the trial-and-
error method. In general, the number of fitting parameters i§’Sing expressior10) or (11) for £y, we find E,y, using

2s. They can be found by the method of successive trial andormula (5). Substitutingy+1 from Eq.(9) in expression
error in each segment &, ,(U) for everymth deep center (7), we find that the amplitude of thmth maximum,A,, is

and successive subtraction®f,(U) from the curveR(U).

This procedure can be done graphicafiyor automated. A
Having determined,,, we easily find for fixed temperature

q an

mzm % (12)

Knowing ¢, it is easy to finde,, or ¢/ ay,.
Eq 3 msy 1 Crm Thus, instead of findingy,,, and ¢,,, it is possible by
Einm=" —KTIN{ut 7 kKTIn—"+5kTIn——. (5 expandingR,,, into its components to construct the depen-
Mo pm dencedR,,(U)/dU and find{,, and {,/ @y, from the posi-
tions of the maxima{,,,) and the value of the function at
these points. Next, using Eq&) and (6), we can calculate
tﬁ1e required parameters.

The given technique has two important advantages in
comparison with the technique proposed in Ref. 5, which
analyzes dy(U)/dU and y(U)=(2kT/q)d(InR,,(U))/dU:

12 12 first, it is necessary to construct only the first derivative of
ﬁ:( 1 ) ( 1 ) — W (6) Rnp(U), and not the second, and second, the positions of the
fm  \CnmNim CpmNtm nom- Tpom- maxima in the first derivative are determined more accu-

The activation energy of theath deep level is determined to
the last term, which can be found by making measuremen
at several temperature-or many centerg,/c, does not
exceed 18, thus atT=300K (kT/2) In (Ca/cp) =0.06€V) In
addition,
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the search folJ,,, substantially. Therefore, we propose an-

8L
10 other approach. We introduce the functiofJ) as follows:
RAp(U)
L(U)= T qu|’ (13
ok OB 2kT
NS This function has maxima. To find them, we search for
- extrema:
s °
= = 2R, e 9
o L) _ o [ RV \_ AU TakT
EVERE] qul | qu I
OB 2kT XA 2kT
(14
5 ! 1 1 . .
0%, 0.2 g Y Using Eq.(7), we obtain
u,v U
| o ; amexp(qﬂ (2+1)
FIG. 1. Separation of the reduced recombination rate into its components i 2 2kT
(T=297K). 2kT =1 qUom 5 2
2¢{mex KT +int1
rately than in the second since the numerical “noise” in the U
first derivative is always less than in the second. s a; ex;{%
q
- == =0. 1
THE (R3,(U)/exp(qUI2kT) TECHNIQUE 2kT 121 5 qUy; 5 (19
g"] ex KT + gl +1

The differential technique described above has one dis-
advantage: numerical differentiation of the experimentalKeeping track of the summation indices and reducing the
points dR,,,(U)/dU leads to an increase in the level of nu- left-hand side of Eq(15 to a common denominator, we
merical noise in the curveR,,(U)/dU, which complicates obtain

2 B qUom qQUom
(¢mt1) amex;{ KT 2{mex KT

m
Zémexp(m

D Ex qUom
%m 2kT

+2+1

As above, we assume that EG6) is satisfied if each term is RESULTS OF ANALYSIS OF THE CURRENT-VOLTAGE
equal to zero. Then CHARACTERISTICS OF Si:Au— p*—n DIODES
AND DISCUSSION

Current—voltage characteristics of a gold-doped silicon

(17) p*—n diode (D-220) were measured af =297 K (24 °C).

The reduced recombination ra,,(U) was calculated ac-

cording to formula(3) for each voltagéFig. 1). U 4:(U) and

w(U) were found in the usual way from the results of
m=1,2, ... s, which exactly coincides with Eq9), and the  capacitance measurements plotted in the same figure. Ac-
roots of this quadratic equation i}, are given by formula  cording to formula(4), R,,(U) was expanded into its com-
(10) or (11). However, in the analysis ¢f(U) the parameter ponents by the method of successive trial and gimameri-
a, cannot be determined from the amplitude of the maxi-cal search of the parametersy,, and {,, (m=1,2) (each
mum or in any other waysee Eq(13)]. Thus, by analyzing “ledge” is described by the pair,, and ¢,,; see Fig. L
L(U) it is possible only to findf,, and then determing;,,,  From the parameter valués and{, the activation energy of

qUOm
2 —_ —_— =
imtl ngex;{ ZKT) 0,

using formula(5). the deep levels is calculated using form(fa

In comparison with the previous technique, the given
technique has the advantage that it does not use numerical ct 0
differentiation; its disadvantage is that it allows one to deterEt*nzo,33+ 0.0L1In —'(‘); E;,=0.53+0.0L |n—f. (18

mine only the parametef,,. Cp Cp
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FIG. 2. Derivative of the reduced recombination rate with respect to ther|G. 3. Reduced recombination rate by théU) method. Maximum at
voltage (T=297 K). Maxima at 0.06 and 0.44 V. 0.43V.

+

Since ¢, c), cp, and c, are known [In(c;/cp)~1, L Cn
In(cy/c,)~0.4; Ref. 10, we can determin&, and E,, ex- En=0.33+0.01In S’ (20

actly; however, in generdlf the capture coefficients are not o o
known a priori) we can only make an approximate estimate.!t ¢an be seen that results8), (19), and(20) coincide within
From the expansion dR,,(U) into its components we ob- 0.01 eV with the results of Ref. 10.

tain E;,~034eV andE,,~0.53eV, which are in good 'S, T. Sah, R. N. Noyce, and W. Shockley, Proc. I1&E; 1228(1957)
agreeTgnt Wlt.h the. re_Sl‘”t_S. of other StUdllgiAs IS We”_ 2. V. Bul);arski and N. S Grushkd?hysical’Principles of the Functional
known;™ gold impurity in silicon forms two deep levels in Diagnostics of pn Transitions with Defect§in Russiad (Kishinev,
the band gap: )Llan acceptor leveE;=E.—0.55¢eV; for Shtiintsa, 1992

3 ’ . .
T=300K 0_ 1.7X10"%cm? and o= =1.1xX 10" “cmé: V. I. Starosel’ski, Mikroelektronika23, 50 (1994.

d O-CT level E—E +0 305-9 Vo f T—300k 4S. V. Bulyarski and N. S. Grushko,Generatior-Recombination
arl 2 a O:{;OI’ eve 6_ v T 0. 1? ; Jor 1= Processes in Active Elemerfi® Russiad (Moscow State Univ. Press,
o, =6.3x10 ®cn? and o =2.4x 10" *cn?]. Moscow, 1995,

Let us now apply the differential expansion technique to °S. V. Bulyarski, N. S. Grushko, and A. V. Lakalin, Zavod. LaB3, 25

Rnp(U). The derIVQtlveﬁRnp(U)/&U is plotted in Fig. 2. 3. V. Bulyarski’, N. S. Grushko, A. I. Somov, and A. V. Lakalin, Fiz.
There are two maxima &1o;=0.06 V andU,;=0.44 V. We Tekh. Poluprovodn31, 1146(1997 [Semiconductor81, 983 (1997)].
find ¢, and{, from formula(10) and calculate the activation 7S. V. Bulyarski, N. S. Grushko, and A. V. Lakalin, iRroceedings of the

energy of the deep levels from formu(): International Conference on Centers with Deep Levels in Semiconductors
and Semiconductor Structurfis Russian (Ul'yanovsk State Univ. Press,

cr 0 Ul'yanovsk, 1997, p. 65.
E, =0.33+0.01 In—-: E,,=0.52+0.01 In—. (19 8M. G. Buehler, Solid-State Electrod5, 69 (1972.
cg cy °D. V. Lang, J. Appl. Phys45, 3014(1974.

A, G. Milnes, Deep Impurities in Semiconductot®Viley, New York,
The result of processinB,,(U) using the second technique 1973.

. . . . . 11 i
[L(U)]is plotted in Fig. 3. The first maximurdy; does not L. S. Berman and A. A. LebedeCapacitance Spectroscopy of Deep
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we calculate the activation energy of the deep levels Translated by Paul F. Schippnick
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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.
[S1063-78268)01110-1

The problem of determining the hot heavy-hdldH) conditions at a temperatufiewith the absorption coefficient
and light-hole(LH) distribution functions in germanium has « measured in the presence of electiif) @nd magneticB)
arisen in conjunction with the necessity of experimentallyfields, we can then determine the distribution function in the
estimating their degree of inverse intersubband redistributionth subband (g;) from the relation
in crossed electric and magnetic fields the far-infrared.

It is known that the structure of the valence band of at fr(ej)
germanium(Fig. 1) consists of three subband@iH) & a f(e)’ @

. . 1 a (SI)
(LH) &5, and the subband; split off as a result of the
spin—orbit interaction. The magnitude of the splitting for where f1(g;) is the equilibrium (Boltzmann distribution
=0 is 0.29eV; i.e., the subbang, is almost empty at low function at the temperature. The experiment measures the
temperatures. The fact that the valence band has such a strugodulation of the absorption in crossed electric and mag-
ture allows one to determine the distribution functions of thenetic fields Aa(\) and, consequently,a(\)=agy(\)
hot heavy and light holes using the following technique. ~ +Aa(\), where ao()\) is the absorption measured under

As is well known? the absorption occurring as a result equilibrium conditions E=B=0) at the temperature of the
of intersubband direct transitions of holes is written as experimentT,.

o 1= 5 An analogous procedure was used earlier to determine
2e*h|Py; (K) k[ i (i) — ()] (1) the heavy-hole distribution functidft in strong electric
memgnhu(de; 1 ok2— dej1ok?) fields without a magnetic field. As for the light holes, some
] . . ] ] comments are in order. First, the reduced density of states of
wheren_ is the _md.ex pf refracyonc is the speed of light, supbands 2 and 6,19k%— de4/9K?) for £,~0.09 eV has
fs(ep) is the distribution function of holes in the subbands, gingularity—the slopes of subbands 2 and 3 are identical.
eg (B is the number of the subband3=i,j=1,2.3), Thjs leads to a rapid growth af,(\) with increase of the
|Py; (k) |2= (m3k¥/:2)W;; (k) is the square of the modulus of electric field due to the resulting increase in the number of
the matrix element of the momentum operator averaged ovajght holes in the region of the singularity. Second, broaden-
directions of the wave vectork, and p(k)=(k/2m) ing of the absorption due to intense emission of optical
X(deil0k*— de;/k?) is the reduced density of states of the phonons by holes in subband 3 becomes noticeable in com-
ith andjth subbands, which is found from their dispersion parison with the width of the absorption peak for the:3
relations. According to Ref. 2, for smak (which corre-  transitions. Third, the dependenice,(¢,) is not one-to-one
sponds to the far-infrared for direct optical transitions be-(see the inset in Fig.)1which is especially important when
tween HH and LH subbanfisthe transition probability determining the distribution function in strong electric fields.
W;; (k) can be assumed constant and the absorption for thdevertheless, as was shown by direct calculations in Ref. 5
transitionsi— 3 can then be written in the simpler and more for the case in which only an electric field is applied to the
convenient form for practical applications sample, the light-hole distribution function in the range of

_ energies below the optical phonon energy (e,<gg),

@is=BOVfi(e). @ Wwhich corresponds to transition wavelengths,;=4.2
Here \ is the wavelength of the radiation corresponding to—4.5um (the so-called passive regiprcan be found quite
the i—3 transitions, and(\) is a coefficient. Comparing accurately if the mean hole energy is not too large
the absorption coefficienter measured under equilibrium ({e5)<gg). In this case, the above-enumerated factors are

aij(hv =

1063-7826/98/32(10)/3/$15.00 1069 © 1998 American Institute of Physics
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FIG. 1. Structure of the germanium valence basHown schematically
The inset plots the photon energy for the-3 optical transitions as a
function of the light-hole energy.

not too important and the proposed scheme for determining
the distribution function remains valid for light holes. This
condition leads directly to measurements in crossed electri€lG. 2. Distribution functions of the light holed) and heavy holeg2).
and magnetic fields, where the magnetic field prevents th&o=10K; B=22T;p=16x10"cm >

light holes from acquiring a large energy, and our experi-

ments in electric fields up to 2 kV/cm again confirm the va-

lidity of the conclusions drawn in Ref. §For a more de- ar]y=aq(eq)|y+ az(eh)]y - (5)

tailed treatment of the determination of the light-hole i o ) i
distribution function in crossed fieldsL B, see Refs. 6 and Analysis of the heavy-hole distribution function confirms
7). this assumption. Figure 2 plots the logarithms of the light-

However, in the course of the experiments the necessit nd heavy-hole distribution functions for different electric

arose to determine the light-hole distribution function in thefli€ld strengths. In fields up to 2 kviem ife,) is rectilinear
passive region and in stronger electric fields. Here the mealf the passive region. At the same time, - 3.2kV/cm
energy of the light holes becomes greater than the opticgt"d, more visibly, folE=3.8kV/cm, Irf(e) exhibits a ten-
phonon energy and the absorption coefficient for the® dency to increase at lower energies. Since there are no physi-

transitions is a multiple-valued function of the energy of theC@! réasons explaining this fact if we only consider heavy-
light holes, including in the passive region. As is shown inhole subbands, it is logical to assume that it is associated

the inset in Fig. 1, the absorption measured in the experi%ith the contribution of high-energy light holes to the mea-
ured absorptiony,|, . Thus it is obvious that rectilinear

ment, e =ay, can be written as a sum of two components® ' _ LHied
extrapolation of the logarithm of the heavy-hole distribution

;|\ = az(ez) [\ + ax(el)ly, (49 function into the low-energy region corresponds to its actual
where a(e}) is the light-hole absorption on the left side of values. Next, we use a procedure that is the reverse of recon-
the dependender,«(e,), anda(s%) is the light-hole absorp- structing the distribution function to find the true heavy-hole
tion on the right side fo,r the sanzwe photon enehgy(wave- absorption from the known heavy-hole distribution function
length\). Thus, to correctly determine the light-hole distri- | (¢1), i-€., from its values obtained by extrapolation into
bution function it is necessary to estimate the contribution of€ low-energy region
high-energy holes with energy,= 0.Q9 eV FOaZexp. Res_ults f'(e))ar
of our experiments indicate a way in which to do this. The  ai(e1)= m (6)

method can be described as follows. . , _ ,
It follows from the form of the dependendev,y(s,)  From Egs.(5) and(6) we find ay(e3). Assuming thaf (e;

that the range of energies, which can contribute to the is the Boltzmann distribution function with temperatdrg,
absorption coefficient for the energie$ extends from 0.09 &)

to 0.13eV. Fore;>0.13 eV the energy of the photons ab- f(s’2’)=Aexp< - F) @
sorbed by the light holes corresponds to the spectral range h

for the 1— 3 transitions neas;=0. Thus, in strong electric and that all the experimental data and the Monte Carlo cal-
fields the heavy-hole absorptian can also be written as the culations confirm this assumptidnye can reconstrudt(e’

sum of two terms, by analogy with expressi@h, in explicit form from the two equation&’) (for the two val-
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then find the contribution of the high-energy light holes to HTECH. LG 960931.

the experimentally measured light-hole absorption at a given

photon energy. Next, from Ed4) we find the “true” ab-

sorptiona(e,) and we findf,(e5) by the usual technique. | _

The dashed lines in Fig. 2 plot the light-hole distribution fétféé’nggcﬂcl’g};: A Kozlov, L. S. Mazov, and V. N. Shastin, JETP
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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. @998 American Institute of Physid$$1063-782608)01210-1

Calculationssee Refs. 1 and)Zhow that a nonuniform samples. However, it follows from Fig. 1 that as the photon
distribution of nonequilibrium electron—hol&H) pairs over energy of the exciting radiation is decreased from 3.68 to
a crystal distorts the spectra of the series of recombinatio@.58 eV, the volume of the region occupied by the electron-
emission bands in direct-gap semiconductors. In some casa®le plasma will increase by roughly a factor of 2.5. The
one can even expect conversion of one spontaneous emissigolume of the region occupied by excitons will increase to a
band into several seemingly independent bands. significantly lesser extent. Therefore, it may be expected that

A nonuniform distribution of nonequilibrium electron— when the crystals are excited by radiation with=2.58 eV,
hole pairs with deptim(x) arises for single-photon excitation the relative intensity of the band of the surface electron—hole
of semiconductord However, there have been no studies ofplasma in the peak-normalized recombination emission spec-
the influence of the profila(x) on the edge emission spectra tra will grow.
of direct-gap compounds under conditions of strong single- In the calculations and in what follows we take into ac-
photon excitation, when various forms of interactions appeacount that to obtain the same concentration of electron—hole
in the ensemble of nonequilibrium carriers and nonlinear repairs at the boundaries of the sampleg, for different val-
combination mechanism are brought into play. ues of hv,, the intensity of the laser radiation should be

It is convenient to consider this question in the contextincreased by roughly a factor of 2.5, and the power density
of a specific semiconductor material. Figure 1 plots the calP,, by roughly a factor of 1.8 in the case of dye-laser ex-
culated dependena¥x) for two values of the interband ab- citation (hve,=2.58 eVj.
sorption  coefficient k;=5x10*cm ! and k,=2 To test the above hypothesis we studied experimentally
x10*cm™! and the case of strong stationary single-photorthe recombination emission of intentionally undoped bulk
excitation of a half-infinite sample of zinc telluride. In the single crystals of zinc telluride for the indicated photon en-
approximation of direct interband transitions, the chosen valergies of the exciting radiation. Luminescence was excited
ues of the absorption coefficients correspond to excitation dby a nitrogen laserhr.,=3.68€eV}) and a dye laserh(yqy,
crystals by a nitrogen laser with photon energy=2.58¢€\) from freshly cleaved samples and studied with
hv,=3.68eV and a dye laser with photon enerfy., the help of a stroboscopic recording system. To reduce the
=2.58eV. The calculations were based on the technique dénfluence of induced emission and to minimize the influence
scribed in Ref. 3 using the concentration dependence of thef nonuniformity of the distribution of electron—hole pairs
lifetime of the electron—hole pairs given in that work. The over the excited surfaces on the luminescence spectra, the
absorption quantum vyield and reflection coefficient of theemission was recorded in a direction approximately normal
crystals were taken to be 1 and 0.3, respectively. The diffuto the excited surfaces from the center of the excitation spots.
sion length at low electron—hole concentrations wasThe spectral width of the monochromator slit was 0.3 meV,

Lo=0.5um, and the temperature=5 K. the diameter of the excitation spot was0.2 mm, and the
In the surface regior<l,,l,, in which the condition of temperature was 5K.
the Mott transition is satisfied anu> n(';’)'(: 1.4x10cm ™3 In the recombination emission spectra of crystals excited

(Ref. 4, the electron—hole plasm&HP) is responsible for by photons with energyhv.,=3.68eV, a new band with
the edge emission of zinc telluride; far>1,,l, mainly ex- maximum nearhv=2.37 eV appears and develops on the
citons are responsible for the emission. The volumes of théong-wavelength side of the bound-exciton lihg (Fig. 2,
regions occupied by excitons are greater than the volumes @lrvesl and?2). It has a complicated contour, which varies
the regions occupied by electron—hole plasma. Thereforayith variation of the excitation intensity. For excitation by
there are insufficient grounds to expect that the EHP emisphotons with energhv.,= 2.58 eV another band with maxi-
sion band dominates in the edge emission spectra of theum nearh»=2.36 eV develops on the long-wavelength
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not possible to link the band at 2.36 eV exclusively with
induced emission at the frequencies of the 2.37-eV band.

It follows from an earlier analysi€Fig. 1) that the
2.36-eV band is due to recombination of charge carriers in
the surface EHP, whose volume increases significantly as
hv,, drops from 3.68 to 2.58 eV. In the case of excitation by
a nitrogen laser, because of its small volume, the EHP par-
ticipates only in the formation of the long-wavelength limb
of the band at 2.37 eV, although substantially greater values
of ny are reached in this case than ®g,=1 MW/cm? and
hve=2.58 eV, for which it shows up clearly in the spectra.

In the foregoing discussion, | presented a simplified

a,pm analysis of the influence of nonuniformity of the nonequilib-

rium carrier distribution on the edge emission spectra of
FIG. 1. Calculated dependencemfx) for T=5 K andL,=05um.1—  direct-gap semiconductors under intense laser excitation. |
hve,=3.68 €V,Pe,=3 MWI/CITF; 2 — hre,=2.58 6VPe,=5.4MW/cM’.  a55umed that the EHP can have only one emission band. In

reality, the situation is somewhat more complicated. The
electron—hole plasma in ZnTe crystals, like free excitons in

””_“b (curves3 and4). In some c_rystal_s the intensity)( of CdS crystalgsee Ref. ¥, has two bands under conditions of
this band can even exceed the intensity of the 2.37-eV ban(]‘jecombinatiorl with creation of mixed plasmon—phonon

;Zist;rgi;g are in good agreement with the known EXPelodes. The band at 2.36eV is due to recombination of

Under excitation conditions witthy..=2.58eV and electron—hole pairs with creation of mixed plasmon—phonon

ex & . .
Pex=2MW/cn? lower concentrations of nonequilibrium modesL+ , and the band_ near 2.37eV |s_due to r_ecomblna-
on of electron—hole pairs in the EHP with creationlof

electron—hole pairs were reached near the excited surfac i
than for excitation with hv,=3.68eV and P, modes(see Ref. 4 It overlaps the bands due to exciton

=3 MW/cn?. Therefore, the luminescence of the 2.36-evrecombination with creation ot . modes and inelastic
band atv.,=2.58 eV cannot be due to the development of aéXciton—exciton collisions and is masked by them and is not
new recombination mechanism characteristic of an ensembl€solved in the emission spectra of the investigated samples.
of nonequilibrium carriers with higher density. This is also Thus, this work shows that at high densities of single-
indicated by the fact that under excitation whtr=3.68€eV  photon excitation the nonuniform distribution of nonequilib-
this band is not destroyed even up to the point at which theium carriers with depth exerts a strong influence not only on
excited surfaces of the samples are destroyed. the contours of individual bands, but also on the ratio of the

The depth of the region occupied by the ensemble ofntensities of different bands in the edge emission spectra of
nonequilibrium electron—hole pairs is small and does noyjrect-gap crystals. When nonequilibrium electrons are ex-
vary substantially abv,, is decreased. For this reason, it is jteq deep into the conduction band, large values of the in-
terband absorption are reached. This absorption may lead to
masking and even to almost complete suppression of the
emission bands of the electron—hole plasma.

Let us finally consider an important fact. In Ref. 8 it was
found that in crystals of cadmium sulfide entrainment of non-
equilibrium excitons by phonons disappears for exciton life-
times 7,,<2%x10 °s. The calculations ofi(x) disregarded
spreading of the nonequilibrium electron—hole pairs as a re-
sult, e.g., of the phonon wintsee Ref. 8 Clearly, if the
spreading length constant of the electron—hole pairs in the
surface EHP exceed§~3k2’1~1 mm in the approximation
of exponential depth distributions(x), the edge emission
spectra and consequently also the spatial distribution of the
electron—hole pairs in the EHP could not depend so strongly
on the photon energy of the exciting radiation. Therefore, on
the basis of the above-mentioned dhalculations of the
Lt depth distributionsn(x),® and the preceding study we can

I, arb. units

| { 1 ) {
2.3 2.37 2.9 conclude that at low temperatures the nonequilibrium

hv,ev electron—hole plasma in [I-VI compounds with lifetimes of

. _10 .
FIG. 2. Emission spectra of ZnTe crystalsTat5 K. hveV: 1,2— 3.68; the electron—hole pairs 10" ~"'s has a spreadlng Iength con-
3,4— 2.58.P,, MW/cm* 1 — 15,2 —3,3—27,4—54. stant no greater than Am.
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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 PhysidsS1063-782808)01310-9

INTRODUCTION wafers was raised to 500°C and they were processed for

. . o 20min with the current through the plasma equal to
It is generally known what importance nitrides of group- 30— 40 mA

[l elements have acquired since Nakamura and coworkers

demonstrated the efficiency of GaN-based optoelectronic

devicest GaAs and GaP are frequently used as the substrateg40TOELECTRIC PROPERTIES OF LAYER/SUBSTRATE

for growing epitaxial GaN layers and heterostructures based TRUCTURES

on it. An important element of the technology here is the . _

operation of preliminary nitrogen treatment of the substrate Mmmediately after creation of the layers we measured the
surface, performed in a nitrogen plasma discharge. The e|e@_hotoelectr|c properties of the structures. Towz_ard this end_,
tronic properties of the arising transitional layer have notsamp!es were cleaved from the strucFures having mean di-
been adequately investigated. In the present article we repo??e,ns'ons of 22>0.3mm. After ohmic contacts of pure
the results of a study of the photoelectrical properties anddium were created on the layers and on the substrates, the

photoluminescence of layers formed on the surface of singlesUPStrates were mounted in the housings of mass-produced

crystal GaAs and GaP substrates during treatment in a nitrdiodes. ,
gen gas discharge plasma. lllumination of such structures by unfiltered or mono-

chromatic focused radiatiofwith a diameter of 0.1 min

from the side of the layers and from the side of the substrates
SAMPLES resulted in the appearance of a photovoltaic effect. In all of

the investigated structures the sign of the photovoltage was

Single-crystal wafers oih-GaAs andn-GaP oriented independent of the spectral composition of the light and the

in the (100 plane with free electron concentration energy of the incident photons and also the location of the
n=10"cm 3 were subjected to nitrogen treatment Bt light probe on the surface of the structures. This suggests that
=300K. For this purpose, the wafers were placed in aseparation of photogenerated pairs takes place in a single
screened cavity in a metal vacuum chamber with vacuum oactive region that arises as a result of the formation of the
the order of 210 ° Torr. In the first stage of the process, layer on substrates of the two different semiconductor com-
hydrogen was admitted to the chamber at pressures up fmounds. The photosensitivity of such structures is maximal
those permitting a stable constant-current gas discharge, aftethen they are illuminated from the side of the layers and for
which the GaAs or GaP wafer was processed in a hydrogethe better structures reaches* Y0W at T=300K.
plasma at temperatures of about 50 °C for 5min. Immedi- Typical spectral curves of the relative quantum effi-
ately after this procedure, the chamber was flushed with nieiency of photoconversion, defined as the ratio of the short-
trogen and at pressures abowt 80~ 2 Torr an rf discharge at  circuit photocurrent to the number of incident photons, are
a frequency of 13.6 MHz was ignited. The temperature of theplotted in Fig. 1(curvesl1 and 2). The long-wavelength

1063-7826/98/32(10)/2/$15.00 1075 © 1998 American Institute of Physics
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structures based on two different binary compounds with
widely different band gaps is the fact that the onset of the
short-wavelength falloff is localized about a common photon
energyzw above 3.4eV. This circumstance may be due to
the effect of absorption in thin wideband layers, for which
the width of the band gap is similar for different structures
and exceeds the width of the band gap of the substrate ma-
terials. Growth of the width of the band gap in the layers
relative to the initial substrates, with allowance for the spe-
cial features of the growth process developed by us, may be
a consequence of replacement of As or P atoms in the sub-
strates by nitrogen atoms.

10°

=N
<

I, arb. units

7, arb. units

B
23

1072
- PHOTOLUMINESCENCE OF THE LAYERS

1 2 4113
{ /X Typical spectral curves of the photoluminescerieg)
L L 0 of the layers formed during the implemented production pro-
2.0 3.0 4.0 cess on the surface of GaAs and GaP single crystals are
hw , eV plotted in Fig. 1(curves3 and 4). Photoluminescence was

FIG. 1. Spectral dependence of the relative quantum efficienof GaAs/ excited by a DUIsed nitrOgen Iaseth:3.68 eV with a
layer (1) and GaP/layef2) heterocontacts at 300 K and photoluminescence pulse duration of 2ns and pulse repetition rate equal to
of the layers in GaA$3) and GaR4) at 80 K. Spectrd and2 were obtained 100 Hz. The spectral curves of the photoluminescence plot-
for illumination from the layer side. ted in the figure were measured in the stroboscopic regime
with a delay time relative to the exciting pulse=0 s for a
time constant of 100 ns.

boundary of the photosensitivity of the structures is deter-  Visually, the photoluminescence at 80K in the localiza-
mined by the substrate material. In the case of layer/GaA§on region of the exciting light probe on the surface of the
structures, the long-wavelength growth of the quantum effilayers formed on the GaAs and GaP substrates has the form
ciency is exponential with semilog slope equal 4& 40 of a blue band, within the limits of which in a number of
—50eV 1. The spectral position of the long-wavelength samples it is possible to distinguish points whose brightness
edge of the photosensitivity of these structures may be due @xceeds that of the blue band. As can be seen from the figure,
direct interband transitions in gallium arsenide. With growthfor layers on substrates of GaAs and GaP the recombination
of the photon energy over the wide spectral rangeadiation has the form of a wide, structureless, asymmetrical
1.7-2.7eV, the photosensitivity remains nearly constantpand, whose maximum is centered in the vicinity of 3eV,
which indicates a low level of optical absorption of the layerwhich is substantially higher than the width of the band gap
in the indicated spectral range, on the one hand, and a higff either GaAs or GaP and is in qualitative agreement with
efficiency of separation of photogenerated pairs in the electhe data presented above on the photosensitivity of the layer/
tric field of the layer/GaAs heterojunction, on the other. Thesubstrate structures. The full width at half-maximurn), of
full width of the photosensitivity spectra of such structures athe photoluminescence bands for the layers on GaAs is equal
half-maximum(FWHM) &, reaches 2.2 eV. The wideband to 630 meV, where the long-wavelength width= 380 meV
character of the photoconversion taking place in these stru@xceeds the short-wavelength widtfy=250 meV. In the
tures indicates that the layer is a wideband layer relative t6ase of the layers on GaP we hawe,,=550 meV
the substrate materiéGaAs, and that the interface region of (W;=410meV,w;=180meVj at T=80K. For the layers on
these structures is of high quality. Note that when thesé>aP, a doublet structure of the photoluminescence maximum
structures are illuminated from the side of the 0.3-mm-thickwas also detectetturve 4). The large values of the photo-
substrates, the photosensitivity spectrum transforms into Bminescence bandwidths indicate that the bands responsible
narrow selective spectrund{,,= 25— 35 me\j due to abrupt for the observed radiation are of a non-elementary nature and
growth of the optical absorption as the photon energy aptheir identification will require further study.
proaches the width of the GaAs band gap. The main result of our photoluminescence studies is that
Layer/GaP structuresee Fig. 1, curv®) also manifest the developed production process results in an increase in the
wideband photosensitivity when illuminated from the layerwidth of the band gap of the GaAs or GaP substrate, which
side. The lower value ob;,=0.9eV is due to the larger may be a result of replacement of As or P by nitrogen.
band gap of GaP relative to GaAs, which also causes a siz-
able shift of the Iong—wayelquth edge of the photosensitivityls. Nakamura, M. Senoh, N. lwasa, S. Nagahama, T. Yamada, and
of the layer/GaP heterojunctions toward higher photon ener- 1. mukai, Jpn. J. Appl. Phys30, 1998(1991).
gies. The spectral contour of the long-wavelength edge of théYoshida, J. Cryst. Growthi36, 37 (1994.
photosensitivity of these structures is governed by absorption S: G- Konnikov, V. Yu. Rud’, Yu. V. Rud’, D. Melebaev, A. Berkeliev,
in GaP and is characteristic for gallium-phosphide photo- ' Serdinov. and . Televov, Jpn. J. Appl. Ph§as 515(1993.
converter$® The main peculiarity of these photosensitive Translated by Paul F. Schippnick
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Thin interference layers af-GaN were grown om- and p-type GaP substrates witi00) and

(11D 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 componeGaN) at oblique incidence were investigated. Induced polarized
photosensitivity was observed, and peculiarities of this photosensitivity caused by interference in
the GaN layers are discussed. 1®98 American Institute of Physid§1063-782608)01410-7

The creation of epitaxial layers of gallium nitride and help of an SPM-2 monochromator with a SiPrism and a
heterostructures based on them is of great interest in shorget of polarization filters.
wavelength semiconductor optoelectronics because of the 2. As follows from measurements of the steady-state
favorable combination of fundamental parameters of thisurrent—voltage characteristigS8VC), all of the isotypic and
material’™ Note that the photoelectric properties of GaN anisotypic heterojunctions fabricated by the indicated tech-
and device structures based on it have not been adequateijyue reveal a sharp rectification. A typical CVC of one of
investigated, and the studies that exist were performed onlghe heterojunctions is shown in Fig. 1. Forward bias in the
with unpolarized light. In the present paper we report theoverwhelming majority of the heterojunctions corresponds to
results of the first studies of photoelectric phenomena in hetpositive polarity of the external bias on theGaN layer. For
erojunctions created by deposition of GaN layers on singleforward biases) >U, the current in the investigated hetero-

crystal wafers oh- andp-type gallium phosphide. junctions grows with the voltage according to the linear law
1. p*-GaPh*-GaN andn*-GaPh*-GaN heterojunc-

tions were prepared in the following way. Single-crystal wa- | = i(U—UO)

fers of n- and p-type gallium phosphide with free-charge- Ro ’

carrier concentration in the range £80)x10cm 2 at

T=300K, with 0.4 mm thickness and00 and(111) orien-
tations, were etched in a saturated aqueous solution of H 0’ Q), and the cutoff voltage varied in the interval

+KoCr;03+H,0 for 10 min. They were then washed in 0.7—2.0V (it increased with increasinBy). In the region of

deionized water, dried in isopropanol vapor, and placed in mall forward currents the CVC'’s of the investigated hetero-

reaCtor for growing gallium-nitride layers. Growth took junctions are consistent with the standard diode equation
place in an open Ga—HCI-NHH, gas-transport system.

The temperature in the deposition zone was 900 °C. Under
these conditions thin~0.5,m), uniformly colored layers

of gallium nitride were formed on the GaP substrates, whichand the ideality factor takes a high valoe4—5, which is
varied in color from red to a dark lilac, depending on theprobably due to the influence of the high series resistance.
growth conditions. The layers exhibit high adhesion toFor the better heterojunctions the reverse current at room
the substrate and have a free electron concentration @émperature is 10 ° A for a reverse bias),.,=2 V. Note
10°-10°cm 2 at T=300K. Note also that the described also that the orientation of the GaP substrates has hardly any
growth method leads to the formation of mirror-smooth GaNeffect on the observed regularities in the CVC'’s of the inves-
layers, regardless of the orientation of the substrates. Thiigated structures.

created GaP/GaN heterojunctions had average dimensions of 3. Exposure of the heterojunctions to unpolarized light
10x10 mm and were mounted on a Fedorov stage to pergives rise to a photovoltaic effect which is attributable to
form the polarized photosensitivity measurements. Thiseparation of the nonequilibrium charge carriers of the com-
made it possible to vary the angular coordinates of the remon active region that forms at the GaP—GaN contact. This
ceiving plane with an accuracy of 3@r better. Monochro- conclusion is based on the fact that the photovoltage does not
matic, linearly polarized ligh{LPL) was produced with the change sign, regardless of the magnitude of the change in the

where R, is the residual resistance. For the investigated
eterojunctions R, varied over wide limits(from 10° to

eU
| =1 (enkT—1),
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L nated from the side of the GaN layer was found to vary
over six or seven orders of magnitude in the spectral range
5 0.8—3.5eV. Comparison of the spectral dependencs fr

the investigated heterojunctioigBig. 2) with the analogous

< dependence for GaP-based surface-barrier structires
Lt lows us to link the long-wavelength part of these curtfes

~ photon energieg w<3 eV) with photoactive absorption in
the narrowband component of the heterojunction. The pho-
- tosensitivity in the region of the baritw<2.2 eV, as can be
seen from Fig. 2, varies widely from sample to sample. This

—5/ 5 may be due to differences in the concentrations and types of
-0.1F u,v defects in the substrate material. These differences may be

due to the particular features of the initial substrate param-

-0.2f eters and due to the influence of the growth conditions of the

FIG. 1. Stationary current—voltage characteristic of GaSAP heterojunc- Gal\,l Iaye_rs. Th_e growth Of? starting athw>2.25eV and
tions at T=300K. (The pass-through direction corresponds to positive the inflection points at 2.70 and 2.80 eV are well reproduced

polarity of the external bias on the GaN layer, sample 107-3 in the photosensitivity spectra of all the investigated hetero-
junctions and are due to indirect and direct interband optical
transitions in the energy spectrum of the narrow-band
localization of the light probe or in the wavelength of the componenf.
exciting light. The the sign of the photovoltage and the sign  The maximum photosensitivity of the investigated het-
of the pass-through voltage of the hypothetical band diagramaerojunctions, as can be seen from Fig. 2, is observed in the
of the heterocontact agreed for all of the investigated heteranterval between the widths of the band gaps of the contact-
junctions. The maximum voltage photosensitivity in the het-ing semiconductors GaN and GaP. If surface recombination
erojunctions is observed when they are illuminated from then the GaP-based surface-barrier structures is efficiently sup-
side of the widebandGaN) layer and for better samples pressed, and if the short-wavelength falloff gfis essen-
reaches 1DV/W at T=300K. Figure 2 plots typical spectral tially eliminated® then for all of the heterojunctions investi-
curves of the relative quantum efficiency of photoconversiorgated in this study the falloff of the photosensitivity starts to
7, calculated as the ratio of the short-circuit photocurigéat  be discernible at photon energigs>3—3.2 eV for differ-
the number of incident photons of natural light. It can beent samples and becomes precipitous near the width of the
seen from Fig. 2 that when the heterojunctions are illumi-GaN band gapEy~3.5eV. This has to do, first of all, with
the onset of strong absorption by the wideband layer and
recombination of carriers in the active region of such hetero-
junctions, as is indicated by the magnitude of their ideality
factorn>2. The wideband character of the photosensitivity
of these heterojunctions relative to the light intensity is char-
acterized by a half-width at half-maximum of thespectra
in the regionéy,=0.5—0.7 eV for different samples.
4. Studies in linearly polarized light have shown that
when the angle of incidence of the linearly polarized light

10

[73
TE 104 ®=0°, no sensitivity of the photocurrent to changes in the
S orientation of the electric field vectdt relative to the prin-

o cipal crystallographic axes of the substrate is observed in the
% entire photosensitivity region for all the heterojunctions. This
& circumstance allows us to conclude that the given direction

=
S
[

of propagation of linearly polarized light in the investigated
heterojunctions is photoisotropic and, consequently, the
natural photopleochroism is equal to z&rd/hen the angle
of incidence is different from zero, a difference begins to
show up between the photocurrents for the case wWhdies
in the plane of incidence of the incident ligh?) and when
it is perpendicular to itif). This inequality takes the form
,,"0 210 3"0 410 iP>i% in the entire photosensitivity region of the heterojunc-
hw, eV tion. An example of the angular dependendB&®) and
i5(®) is given in Fig. 3 for illumination with photon energies
FIG._2. Spectral dependence c_)f the' relat_ive quantu_m effi_ciency of photoconnearEgaN. Similar angular dependences of the photocurrents
@ riog:Nc/:-GG:F':l,/(s;:erTee tf(;c;]én;m_nng'Nz_'ch;?f"i?ng?: tngg;_o?,OE' turned out to be characteristic of the entire photosensitivity
GaNp-GaP, sample 1074, illumination from the side of the GaN layer €giON. It can be seen that in contrast to the surface-barrier
normal to the layer surfage structures and GaP/Si heterojunctién®~**for both polar-

10°
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other hand, the observed oscillations allow us to conclude
that fabrication of heterojunctions with thin interference lay-
ers can find application in the production of tunable selective

ou L . w 0 photoanalyzers of linearly polarized light.
8, deg

FIG. 3. Dependence of the short-circuit photocurrgnt— i°,2 — i) and

induced photopleochromisit8, 4 of a GaNp-GaP heterojunction on the 15 Nakamura. M. Sench. N. Iwasa. S. Nagahawa, T. Yamada, and
angle of incidence of linearly polarized light onto the GaN plane at 1 pukai Jpn.’J. Appl. Ph;/s. Pt 24 L1332(1993. ' '

T=300K. (Sample 106-p, A =0.355um.) 2S. Nakamura, M. Sench, Y. Nagahawa, N. Iwasa, T. Yamada,
T. Matsushita, H. Kiyoko, and Y. Sugimoto, Appl. Phys. L&8 3269
(1996.

izations the photocurrent at first increases wéh then 3Y. C. Yeo, T. C. Chong, and M. F. Li, J. Appl. Phy&3, 1429(1998.
passes through a maximum, and then starts to fall. This trendJ: C. Carrano, T. Li, P. A. Grudowski, C. J. Eiting, R. D. Dupuis, and J. C.
seems to indicate that for both polarizations an increa® in sgagng'r:'nﬁ(%f’/"g h,f'ﬂilé's;zs’ 34%1933&, M. Serginov, S. Tilevov, and
is accompanied by a reduction of reflection losses. Taking zh. Khanov, Pisma zh. Tekh. Fizi8, No. 24, 11(1992 [Sov. Tech.
the results of Refs. 13 and 14 into account, this trend can bePhys. Lett.18, 798(1992].
linked with interference effects in the wideband GaN layer. °S: G- Konnikov, D. Melebaev, V. Yu. Rud’, A. Berkeliev, M. G.
Obviously, the clearing effect is maximized if the photocur- (Dl%gj;n#éiﬂ?\gyzhﬁe%: 'Zg((){g@kfva’ Fis'ma Zh. Tekh. f9, 57
rents approach each othgr—iP. As a result, the induced 75 G. Konnikov, V. Yu. Rud’, Yu. V. Rud’, D. Melebaev, A. Berkeliev,
photopleochroism coefficier; tends to zero. As can be M. Serginov, and S. Tilevov, Jpn. J. Appl. Phya2, Suppl. 323, 545
seen frpm Fig. 3, mt_:reasmg th.e angle of InCIdzemveSS Sl(:%glg.akesamanli, V. Yu. Rud’, and Yu. V. Rud’, Fiz. Tekh. Poluprovodn.
and 4) is accompanied by an increase M~ 0~ as in the 30, 1921 (1996 [Semiconductor§0, 1001 (1996)].
absence of interference’ SV. Yu. Rud’, M. Serginov, and S. Tilevov, Pisma zh. Tekh. Fis, 50
Figure 4 plots the spectral dependenceRqgf for two lO(1992) [Sov. Tech. Phys. Lettl8, 44(1993]-, .
different heterojunctions fo® = const. It can be seen that for ;-] Gfe’iﬁ”r;ikzol’é Dl- l“é'f‘é%;afg’é\\//-T\;“C-hR;f&Sa”Ldet'E sMé (Flegdgoég"’* Pis'ma
the investigated heterojunctions the induced photopleochrosy,, v zhilyaev, N. Nazarov, V. Yu. Rud’, Yu. V. Rud’, and L. M.
ism experiences oscillations which are due to interference. It Fedorov, Fiz. Tekh. Poluprovod27, 1611 (1993 [Semiconductor£7,
is characteristic that the energy positions of the minima anq2i54§érlki?i2ill- Yu. V. Zhilyaev, N. Nazarov, V. Yu. Rud', and Yu. V
maxima of the two different heterojunctions are different. - == "-"=1 "= *- . P T ’ o
This is due to differences in the parszlmeters of the GaN lay- (F%%g;]'.:'z' Tekh. Poluprovadn28, 14 (1994 [Semicanductors23, 8
ers, which causes the corresponding differences in th&T. val'ter, V. Yu. Rud’, Yu. V. Rud’, and G. V. Shok, Fiz. Tekh.
P, (% w) spectra. An estimate of the layer thickness based 09450'&”?0(1”31"( 825 (\}9? [SI?TC?/ndSthorit Gﬁlh(lg97£- Sheherb
the spectral position of neighboring maxima Rf (Fig. 4, v, ™ 0 Y KR8 B felJrTaF?oluep\?cfvc;dél 800 (Clgegrnan'
curve 1) and the index of refraction of GakRef. 19 gives [Semiconductor§1, 677 (1997]. '
d.~0.3um, which agrees with the measured value of the™Selected Topics in Electronics and Systexl. 4, Compound Semicon-
thickness of the GaN |ayer_ duptor. Electronics: The Age of Maturityedited by M. Shur(World
The presence of oscillations My thus characterizes the ~ SCentfic: 1996

GaN layers as being of high quality and uniform. On theTranslated by Paul F. Schippnick
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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 Physids$1063-782808)01510-5

The presence of a strong electric field in a semiconducbe due to the Franz—Keldysh effect. The forward bias volt-
tor crystal has a substantial effect on radiative recombinatiomgeVs compensates for the contact barrier, and the shape of
of the nonequilibrium charge carrief<onditions for study- the spectrum in this case approaches that of the neutral
ing such processes can be easily realized in structures withaystal?
rectifying barrier—heterojunctios or Schottky diodes.In The intensitylp, of photoluminescence depends sub-
such structures, one observes, in particular, modulation dftantially on the magnitude and sign of the voltage applied to
the photoluminescence intensity by the barrier electric fieldthe diode withV, having a stronger effect thavis (Fig. 2).

In this paper we report the results of a study of such pheThe decrease df,_ with increasingV, is due to an increase
nomenon in Ni—ZnSe contacts. in the fraction of electron—hole pairs separated by the barrier

As the starting substrates we used low-resistanzaSe  electric field that do not participate in radiative recombina-
crystals that contain isovalent tellurium impurity. A charac-tion. Note that a steeper dependencd 9f(V) is observed
teristic feature of these samples is the presence of an efficiefer structures with higher concentration of ionized donors in
(~20% at 300K orange y-luminescence band that pos- the diode substrate. This is explained by an increase in the
sesses a high thermal and radiation hardfégse technol-  electric field strengtlifor the same value o) with growth
ogy of fabricating the diode structures is described in Ref. 50f the doping level. The same figure plots the dependence of
The choice of Ni as the rectifying contact is dictated by thethe photocurrent, onV for the same two diode@vith dif-
fact that it forms a high potential barrier withZnSe (Ref.  ferent doping levels For a specific value of the reverse bias
6), and thin nickel films possess good transparency in th&oltage the following empirical relationship roughly holds
spectral range 0:21 um (Ref. 7. Photoluminescence was for each samplé?
excited by a nitrogen laser with,,=0.34um, and the spec-
tra were measured using an MDR-23 monochromator and a
lock-in detector system with automated recording. Since th@he increase irp_ for forward bias is the result of a de-
ionized donor concentration in the diode substrates varies inrease in the fraction of carriers separated by the barrier elec-
the range 18— 10cm 3, the width of the space charge tric field. The latter decreases with increasiig, and the
region (SCR at zero bias varies in the range (85) probability for the radiative recombination increases.

X 10 °cm. On the other hand, the absorptierof ZnSe at The photoluminescence intensity, of the investigated

Am is not less than 510* cm™! (Ref. 8 and, accordingly, samples was also found to depend on the switching regime
the absorption lengtlx~*<2x10°cm. We can conclude, of the structure in the absence of an external voltage. How-
therefroe, that at zero bias the laser radiation is almost conever, in contrast to the results reported in Ref. 3, the photo-
pletely absorbed in the space charge region of the diode. luminescence intensity of the Ni-ZnSe diodes for open con-

The photoluminescence spectrum of the Ni—ZnSe contacts |y, was lower than for shorted contadt$, (Fig. ).
tact at zero bias consists of a wide band with its peak afhe shape of the spectrum in this case remains unchanged,
about 0.64um (Fig. 1). Emission is due to transitions of free but the ratioK ,=1% /15, increases with decreasing excita-
electrons to a deep acceptor level, which is attributable to thdon level. (Note thatK,,=1.65 for curve4 in Fig. 1) The
complex grougf, which consists of doubly charged Frenkel’ above-noted experimental results can be explained as fol-
pairs of the cation sublattice and a neutral atom of the isovalows.
lent tellurium impurity. The magnitude and sign of the ex- According to Ref. 6, the height of the potential barrier
ternal voltage do not alter the position of the peak of theV. of metal-ZnSe contacts depends not only on the work
emission band; however, they affect its intensity and shapdunction of the metal but also on the surface levels at the
Photoluminescence spectra are shown in Fig. 1, of whiclinterface. They are distributed quasicontinuously in a wide
spectral—3 are peak-normalized. Increasing the reverse biagnergy interval, and their density is aboux 50'?cm™2. In
V, leads to a smooth deformation of the the long-wavelengttihe no-load(open circuij regime the photocarriers are sepa-
limb of the photoluminescence bafske Fig. 1, which may rated by the barrier electric field. The electrons migrate into

IPL+|p:C0nSt. (1)

1063-7826/98/32(10)/2/$15.00 1080 © 1998 American Institute of Physics
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FIG. 1. Photoluminescence spectra in different switching regimes of the

Ni—ZnSe contact:1 — The short-circuit regime2 — V=1V, 3 —
V=-6V, 4 — the no-load regimeT =300 K.

junctions considered in Ref. 3, for whidh,.~V.. For the
Ni—ZnSe contacts investigated here, however, even under

] . ] conditions of maximum excitatioV,./V.<0.5, for which
the quasineutral region of the crystal and the holes migrate tRm is always greater than unity.

the metal-semiconductor interface. Here the holes can be |t thus follows from the above discussion that metal—

captured by the surface levels at which the electrons argnse contacts can be used to modulate the intensity of pho-

found. Thus, some of the nonequilibrium holes are excludedo|yminescence not only by varying the external voltage but
from the process of radiative recombination, which accountgso in the absence of an external voltage by closing and
for the decrease imp. The concentration of holes at the gpening the contacts of the diode at a fixed frequency.
surface levels increases with increasing excitation level. The
exce;s positive charge limits th'e h0|e' fIUX.tO the Suncace’lG. P. PekaPhysical Phenomena on Semiconductor SurfateRussian
causing the photoluminescence intensity to increase. In par-(vyshcha Shkola, Kiev, 1984
ticular, a 50-fold increase in the excitation leviel compari- ZZha I AIferO\? D. 7)2[ GabeﬁOVy and E. PdMoroiov, ;iz Tekh. Polupro-

: : ; : vodn. 1, 465 (1967 [Sov. Phys. Semicond., 389 (1967].
son with the power at which curvélsand4 in Flg. 1 were 3N. Adib, A. V. Koval’, O. S. Koshchuch, A. V. Simashkevich, and D. A.
measure)il_eads FO a decrease ﬁf_n from 1.65to 1.05. Inthe Shcherban, Fiz. Tekh. Poluprovodt9, 2102 (1985 [Sov. Phys. Semi-
short-circuit regime, accumulation of holes at the surface cond.19, 1297(1985].

levels does not occur because of their outflow into the exter-'V- D. Ryzhikov, Scintillation Crystals of K-VI Semiconductor Com-
nal circuit pounds[in Russiar (NITEKhIM, Moscow, 1989.

. 5V. P. Makhni and V. V. Melnik, Fiz. Tekh. Poluprovodn29, 1468
In conclusion, we note that the proposed model does not (1995 [Semiconductorg9, 764 (1995].

in principle rule out the possibility of obtaining,<1. It is ®v. P. Makhni, Poverkhnost5, 83 (1995.

first necessary, therefore, to create conditions under whichjK: Gopra and S. Dasthin-Film Solar Cells(Mir, Moscow, 1986.
the no-load voltage will be close to the height of the potential '~ "YSics and Chemistry ofll CompoundsMir, Moscow, 1970.
barrier. Such a situation is realized in theO—CdTe hetero- Translated by Paul F. Schippnick
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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 ar®X centers formed by the silicon impurity. TheBX centers probably

appear during growth of the structures as a result of silicon diffusion from the quantum wells
along as-grown defects. Faf383-2 35-08-58 © 1998 American Institute of Physics.
[S1063-782608)01610-X]

1. INTRODUCTION unintentional deep levels. The data indicate that the uninten-
tional deep levels responsible for photoelectrical memory are
A number of studies have showsee Refs. 1-)ahat the DX centers formed by the silicon impurity.
dark current and photocurrent in GaAs/Blk _,As
multilayer quantum-well (MLQW) structures grown by
molecular-beam epitaxy possess an asymmetry in their dé- EXPERIMENT AND RESULTS

pendence on the polarity of the applied bias voltage and e investigated GaAs/AGa _,As MLQW structures
correspond, on the whole, to the AlGaAs rectangular potengith x=0.335 and 0.385, grown by molecular-beam epitaxy
tial barrier model. The excess dark current in apn Riber 32P and Katun'-S setups. These structures had
GaAs/AkGa x As MLQW structure with composition the following parameters: width of the quantum wells
X< 0.3 due to the presence of defects in the barrier is usually = 43(48) A, barrier thicknesk,=400(500) A, number of
small and has been observed only at temperaflire37 K periodsN=25(50), and sheet concentration of the silicon
(Ref. 7. In MLQW structures withx>0.3 a significant ex-  impurity I'5=10'3(2%x 10*) cm™? (delta doping at the well
cess current has been observedTor77 K, which increases centej for x=0.385(0.335). The mesa-structures had a
by two or three orders of magnitude after exposure to lighisquare shape with side length 3@t. (For more details, see
with wavelengthh <1.3um. This current persists for an ex- Ref. 8.
tended time at lower temperatures and then decreases to the |n order to(1) confirm the hypothesis of the prevalence
initial value after the sample is heated above 17@R€f. 7).  of one type of recharging deep level and determine the ab-
The indicated photoelectrical memory is explained by thesolute value of their photoionization cross sectit®), iden-
model of the AlGaAs barrier with a sagging conductiontify the dependence of the photoionization cross section of
band, which facilitates electron tunneling. The magnitude othe deep levels on the wavelength of the optical radiation,
the sag and the current increase as the incident radiatiosnd (3) determine the parameters of capture of electrons by
ionizes the local clusters of unintentional deep leu@&) the deep levels, we have investigated the following
present in the barrier and then decrease as the conductioprocesses.
band electrons are captured at these le¥els. 1. The kinetics of growth of the dark current of GaAs/
On the basis of an analysis of the kinetics of the excesg\lGaAs MLQW structures af = 75 K during illumination of
current in a GaAs/AlGaAs MLQW structure observed duringthe structures by optical radiation from a THR 1000 mono-
exposssure to light and after it we have identified the depenchromator at the fixed wavelengih=1 um up to saturation
dence of the photoionization cross section of the deep levelsf the current. The intensity of the incident radiatiBi1)
on the photon energy of the optical radiation, the capturavas measured by means of the photocurrent of a calibrated
cross section, and the height of the energy barrier for captursilicon photodiode and was found to be equal to 8.2
of electrons from the bottom of the conduction band to thex 10'°photons/(crh-s). For this intensity of radiation with

1063-7826/98/32(10)/5/$15.00 1082 © 1998 American Institute of Physics
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FIG. 2. Dependence of the normalized dark currémn the timet after
illumination of GaAs/AlGa, _,As MLQW structures at various tempera-
FIG. 1. Dependence of the dark currehon the exposure time (A\=1.0 turesT. Jg is the dark current at thg mqment the _iIIumina_tion'is switched on
um) and on the wavelength for GaAs/ALGa,_,As multilayer quantum- (t=0); Vp,=0.2V. The AlAs fraction in t_he solid solutiow is equal to
well structures(MLQW) with x=0.335 (1) and x=0.385 (2). T=75K, 0.335(a) and 0.385(b). The temperatures in graph(®, K) are equal to 78
Vy=0.2V. (1), 100(2), 130(3). In graph b they are equal to 80), 90(2), 101(3), 115

(4), and 130(5).

A=~1 um the photocurrent in a MLQW structure is negli-
gible and the dark current varies as a result of charg@ptical radiation intensities and wavelength scanning rate
exchange of the deep levels in the AlGaAs barrier laffers. used by us, it was possible in all cases to reach a state close
2. The kinetics of growth of the dark current of the struc-to current saturation.
tures atT=75K during illumination by optical radiation Figure 2 plots the dependence of the dark curdenh
from a THR 1000 monochromator, whose wavelength wagdhe timet after switching off illumination of the structures.
varied from 1.4 to 0.7um at the rate X10 *um/s. The The curves are normalized to the currdpiatt=0. It can be
relative intensity of the radiatio(\) was measured with S€en that relaxation of the dark current slows down as the
the help of a RTN-30S thermocouple, after which absolutdemperature is lowered and as the time is increased. At at
values were determined from the already known value of thd =80K the current has decreased by roughly 10% after a
intensity P(1)=8.2x 10 photons(cn?-s). time on the order of 10s.
3. Relaxation of the dark current at various temperatures
T after illumination of GaAs-photodiode structur@snission
maximum at A~0.95um) for 10—20s, which leads to
an increase in the dark current by two or three orders of According to the model proposed in Ref. 8, there are
magnitude aff =77 K (Ref. 8. local regions in MLQW structures that penetrate through the
Before recording the variation of the dark current duringentire structure, within the limits of which the barrier layers
illumination, the samples were brought back to their initial contain unintentional donor levels, in general, both shallow
state, which is characterized by minimal dark current. Thisand deep. The latter are characterized by a relatively high
state is prepared by heating the sampleTte 170K with  energy barrier for capture of free electrons from the bottom
subsequent cooling in darkness to the measurememtf the conduction band. Under equilibrium conditiofse-
temperaturé. The structures were illuminated from the side fore illumination at least the shallow donors are ionized.
of the i-GaAs substrate. The measurements were performethis leads to the appearance of an internal electric field and
for the biasv,=0.2V. sagging of the conduction bar(&ig. 3). As a result, ther-
Figure 1 plots the dependence of the dark current for thenally assisted tunneling of electrons from quantum wells
above-indicated MLQW structures as a function of exposurénto the conduction band of the barrier layers through the
time at the fixed wavelength=1.0um and as a function of relatively narrow potential barriers leads to an increase in the
the wavelength which varies from a larger value to a smalledark current. lonization of deep leveBL) when the sample
value at the rate 10 % um/s. The choice of this direction is illuminated increases the degree of sagging of the conduc-
of variation of the wavelength was dictated by the fact that intion band, which leads to further increase of the dark current.
this case a significantly greater relative variation of the cur-The presence of a high energy barrier for capture of electrons
rent takes place at larger wavelengths, at which the photaat the deep levels ensures remembering of the new state after
ionization cross section is very small. In both cases thahe illumination is switched off at low temperatures. With
currentJ grows from its minimum valud,,,;,, which corre-  subsequent heating of the sample to temperattired70 K
sponds to the initial state of the sample, to values exceedintpe electrons, by surmounting the energy barrier, return to
Jmin by two or three orders of magnitude. For the the deep levels located below the Fermi level and neutralize

3. ANALYSIS OF EXPERIMENTAL RESULTS
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where
7 1=2(1-R)a3(N)P(N), ®)

and the variation oWV with time is given by

t
Vi—Vgo= AVS,,{ 1- ex;{ =

Here V4, is the value ofVg at t=0,which corresponds
to minimal sag of the conduction band, andiVg,
=qN,LZ/8e,, .

According to the results of Ref. 8, in the
/ z GaAs/ALGa _,As MLQW structure withx=0.385 at tem-
peratures neaf =77 K the main current is the one flowing
along the local regions with a sagging conduction band, and
a its valueJ can be accurately related to the degree of sagging
of the conduction ban¥ by the formula

: 4

| {J(t)
ogl —
J

min

. (5

MILOW sttioune with  sagging conducton band. Deep ovels aré anown by 1093/ Jmin) = B(T) (Vs=Vso),
e e e ) o1 yf5€ Fig. 1 and the caletlated valuesigfin Ref. 8. Similar
notation is explained in the text. calculations ofJ(T) for GaAs/AlGa _,As MLQW struc-
tures withx=0.335 have demonstrated the applicability of
the above formula to this sample as well. Using B, we
their positive charge. The sag of the conduction band isbtain the dependence of the currdnin the exposure time
decreased and the dark current returns to its original value(t) for fixed \
Following Ref. 8, for simplicity, we assume that the
shallow and deep levels are uniformly distributed over local = B(T)AV ,,{1—exp( _ E)
regions whose dimensions exceed the thickness of the bar- S T
rier, so that the potential can be assumed to be one-
: - : Dependences calculated from E() for r=260s for a
dimensional and the same for all local regions. GaAs/ALGa, As MLOW structure with x=0.335 and
7=750s forx=0.385 are plotted in Fig. 1. The good agree-
3.1. Photoionization cross section of unintentional deep ment between calculation and experiment indicates that the
levels deep levels present in both samples are characterized by one
Since ionization of deep levels as a result of exposure teharge-exchange time and, correspondingly, one optical
light occurs uniformly in the local regior(sve ignore capture ionization cross section. Consequently, we can assume that
of electrons at the deep levelst 75 K), the degree of sag in each sample one type of deep level predominates. From
of the conduction band/, (see Fig. 3 is related to the the found values of, from the known photon fluR (1), and
number of ionized donor leveN™ by the equation from relation(3) we find the optical ionization cross sections
Ve— qN*L28ep n fg;A A=1um:  09(1)=4.3¥ 10’190_mz B for  the
s/ALGa _,As MLQW structure with x=0.335 and
HereN* =Ngy+ (N,—n,), andN4 andN, are respectively the ¢2(1)=1.1x10 ¥cn? for the MLQW structure with
concentration of shallow and deep donaisjs the concen- x=0.385.
tration of occupied deep levelg,is the electron charge, and The spectral dependene€(\) can be determined from
ey, is the dielectric constant of the barriers. The variation ofthe dependenceXt) andJ(\) in Fig. 1. Using Eqs(1) and
n; obeys the following differential equation: (2), we find
dni/dt=—2(1-R)ap(\)P(M)n, @ RN CIALUN(E) 6
where g2(\) is the optical ionization cross section of the n(M) =l )(st/dt)tP(R) ' ©
Qeep Ieyels, an@(1) is the photon f!ux of the opftlcal rad"?" where the subscripts andt on the derivatives indicate that
tion incident on the sampl&k=0.28 is the reflection coeffi- : i
cient of optical radiation from ari-GaAs substrate. The they are to be calculated respectively from _the_exp_erlmental
factor 2 on the right-hand side of E(R) takes into account dependences)(\) and J(t). Here the derivative in the
. e . denominator is calculated for the same valué/gfior J) as
the optical radiation flux reflected from the metallized upper he derivative in the numerator. The dependened&.) so
contact of the mesa structure. FB(«), which does not the : - ) P . .
: . obtained are plotted in Fig. 4. Comparison with the data in
depend on timgfor the case of measuring the dependencey, . e 4y 10 plotted in the same figure, shows that the
J(t) for A=1um], and for complete filling of the deep ' NN .
levels before startup of illumination of the structure spectral dependence of the photoionization cross section of
the unintentional deep levels correspond<Di¥ centers in
n;=N;exp(—t/7), Si-doped AlGaAs.
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Eq. (7), the charge exchange of the deep levels located at
x=0, which have the lowest barrier height, and, corre-
spondingly, the shortest charge-exchange time, occurs at the
10°"+ WX X e onset of relaxation. This is followed by the charge exchange
X of the deep levels afx|>0, whose charge-exchange time
o, increases in accordance With' éE«pEc(x)JrAEb(x,t)
70" ° fAEF]/kT}. It can be assumed, for simplicity, that at a given
) time t the charge exchange of the deep levels occurs in a
o *o narrow range of energy barriers: charge exchange has al-
S -l ° ready occured for the deep levels with barrier heights less
.70 %o than some valug&,, while the charge exchange is negligible
°°= o ,(.°° for those with higher values. In this case the charge exchange
20 . for the deep levels, whose energy barrier is less than
70 occurs at the time

® o ¢ 1 F{Eb—'_AEb(th)_AEF
=——exX
10"} X o v(t) kT
° It follows from Eqgs.(7) and(8) that the relaxation process is
determined to a significant degree by the capture cross sec-
10~ ——x=o : L tion o and the distribution of the deel-level sheet concen-
0.8 1.2 1.6 . c X .
By . eV tration (integrated over the barrier thickng¢ssver the total
? energy barriel’,(E,). To determine these quantities, we em-
FIG. 4. Spectral dependence of the photoionization cross section of thploy an approach proposed in Ref. 11 for the case of electron
uncompensated deep levels in a GaAgBd,_,As MLQW with x=0.385  emission from the surface states in a metal—insulator—
(1) and 0.3352) at T="75 K and of theDX centers in Si-doped AlGaAS) semiconductor structure
at T=80K (Refs. 9 and 1D . N
Noting that the barrier incremetE,(x,t) < AV, we
assume that\E, is significantly less thark, and, conse-
quently, can be considered as a correction, which we expand
3.2. Parameters of the capture of electrons at unintentional to first order: AE,~a(X,t)qAV,. Here AV =V~ Vs
deep levels where V¢, and Vg are the initial (maximum and current
According to Ref. 8, the charge exchange of ionizeddegree of sagging of the conduction band. The coeffiaent
deep levels, whose energy levels are found below the Fernhias a complicated dependence on the coordiraiad the
level, proceeds by capture of electrons from the conductiotime t, taking the valuea=1 at x=0 and values

L

10°%

T
&

e o
]
X e o
[SXAS-R Y

®

band: a<1 for [x|>0. For simplification, we assume it to be con-
_ stant for all charge-exchange deep levels and indendent of
ﬂz(Nt—nt)v(T)ex;{ — Ep T AB (X~ AR . (7) time. Itfollows from Eq.(8) that at the time the deep levels
dt kT undergo charge exchange with the energy barrier

HereE, is the total energy barrier for capture of electrons at g, (t)=kTIn[ »(T)t]— aqAVs+AEE. 9
deep levels att=0 (for brevity, the energy barrigr
AEp(x,t) andAEg are the increment in the barrier heidky
due to decrease in the degree of sagging of the conducti
band, and the change in the Fermi level relative to the bot- dVq qzl'(E,) dEy
tom of the quantum well during relaxation, respectively; W:_Z—%W’
v(T)=0;VeNep; o¢ is the capture cross section for
1/T=0; V, is the thermal velocity of the electrons; aNd,,

is the effective density of states in the conduction band of th

The rate of variation of the degree of sagging of the conduc-
Ot"Llon bandVg is

(10

wherez, is the effective distance from the charge-exchange
eep levels to the quantum well. Differentiating expression

barrier. According to the model proposed in Ref. 8, 9), we find
dg, kT dv. I'y \dE
E,=E,+En+AE.(X - s_|—t|I=k
b m o(X) dt n +aq dt (Nzo) dt

(see Fig. 3. Here E, is the height of the energy barrier . . _ . .
(activation energy of the capture cross sedtion capture of Here N,p is the two-dimensional densny of states in the
electrons at a deep level from the bottom of the conductiofft@ntum well, and we have taken into account that
band;E,, is the minimum energy of the conduction band in AEp=AT,/Nyp and, *?y virtue - of electnca}I neutrality,
the region of its local sagging, measured from the Fermprn/dt:_rtdEb/dt' Finally, after transforming Eq(10)

level att=0; AE((x) is the energy of the bottom of the W€ find
conductior] band &t=0, measured from its minimum energy T'(Ep) ~ 26, B .
En (see Fig. 3 1+T/Nyp g2z, (1—aB)’ (11)

Note that in the investigated MLQW structures the
valley of the conduction band is the lower one. According towhereB= —1t(q/kT)dV,/dt.
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3t If we know the values ofE,) and E,,, we can use
x relation (12) to determine the energy barriéhe activation
energy of the capture cross seclidor electron capture from
the bottom of the conduction band to the deep lekgl,
which for the samples witlv=0.335 and 0.385 turns out to
be equal to~170 and 224 mV. Here we have used values of
E., which were obtained from a calculation of families of
temperature dependences of the dark current in the investi-
gated MLQW structuressee Ref. 8 and which are on the
order of 30 mV in the structure withk=0.335 and 1 mV in
the structure wittk=0.385. Note that the obtained data on
the parameters of capture to unintentional deep lefaap-
ture cross section and their activation energgrrespond to
the data for théX centers in Si-doped AlGaARef. 9. We
explain the somewhat depressed valuesrdf in compari-
i [l . . . .
0 50 100 750 200 250 300 son with the values given in Ref. 9, by the fact that besides
£y 4 meV direct capture of electrons to deep levels, which we have
considered, another capture process is possible. This process
IF'G-I Sf DiStTEUtLOOSh?f tfhfh'oca' Shee; CQ”C‘?”"&?C": of U”‘”E”tﬁoﬁ' deepinvolves preliminary tunneling of the electron into the band
evels on the height o € energy barrier tor electron captdgen the . . _
barrierst of the GaAs/AGa, _,As MLQW structure, found from the relax- 9ap .Of the AIG.aAS bam?r from. the lOW,GSt point .Of the con
ational dependences plotted in Fig. 2 for structures witqual to 0.335a)  duction band in the region Of Its sagging. In this case, the
and 0.385b). The points are experimental values, the curves are a Gaussiameasured capture cross section IS equafﬁD, whereD is
fit‘ to the experimental values. The dependences are numbered the same asfijp probability that the electron tunnels to some effective
Fig. 2b. depth. In this case, the energy barrier for capture of an elec-
Relations(9) and (11) allow us, if V4(t) is known, to  tron can decrease so that the process of capture with tunnel-
determine the distributionE,(E,). In this case, by combin- ing becomes more probable. We will not dwell on this point
ing the distributiond™,(E,,) found from the relaxation depen- in more detail since the indicated process of electron capture
dencesV(t) measured at various temperatures, we can deat DX centers requires separate detailed study.
termine the capture cross section§ entering into»(T)
(Ref. 11. The dependenceg,(t) can be constructed from )
the measured relaxation dependences of the dark cufent The data obtained on the spectral dependence of the
(see Fig. 2 making use of the relation betweehand V. photoionization cross section, on the electron capture cross
. s . . .
established by calculating the family of dependenagE) section, and on the magnitude of the energy barrle'r for cap-
(Ref. 8. Figure 5 plots the distributionE,(E,) for the in- f[ure_: of an elect_ron fr_om the bottom of the Con_ductlon band
vestigated structures, obtained fg=L,/2 anda=1. Good indicate that unintentional deep levels responsible for photo-
agreement between the distributidigE,) for the structure ~ €l€ctric memory in GaAs/AlGaAs multilayer quantum-well
with x=0.385 is observed for==10"1" cn?. The solig Structures areDX centers formed by the silicon impurity.
. . . .
curve plots a Gaussian distribution with mean value!"€S€DX centers probably appear during growth of the
(Ey)=225meV and variance 25meV, in approximate agree_structures as a result of silicon diffusion from the quantum
ment with the experimental data. For the structure with wells along as-grown defects. . .
~0.335 only the Gaussian distribution with mean value _ We are grateful to A. F. Kravchenko for fruitful discus-
(E,)=200meV and variance 35meV fitted to the data isS'O"S:
plotted. For this structure, good agreement between theg ¢ | eyine, J. Appl. Physz4, R1(1993.

e X P+ 0
Qi

I, (E), 10" cm2ev?

4. CONCLUSIONS
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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. @998 American Institute of Physids$$1063-78208)01710-4

1. INTRODUCTION sitions, as it does in the presence of a magnetic field. In a
previous papef,we studiedp-type quantum wells with a

The phenomenon of weak localization arises from quansingle occupied quantum-well subband.

tum interference between waves propagating along the same Our goal in this paper is to formulate a theory of weak

path in opposite directions. One of the most striking consetocalization in 111-V semiconductop-type quantum wells

guences of this phenomenon is an anomalous change in redth several occupied quantum-well subbands that predicts

sistance in classically weak magnetic fields. This happenanomalous magnetoresistance, and cast the results of this

because electron waves traveling along a path in two oppdheory in a form that allows direct comparison with experi-

site directions in an external magnetic field pick up an addiimental data. By making a detailed comparison of this data

tional phase difference proportional to the field. This phasewith the theory, we can determine a number of parameters of

difference disrupts the initial interference, which decreaseshe structure that determine the spin-relaxation rate. In order

the anomalous contribution to the conductivitye., the to simplify the theoretical model, we do not include terms in

negative magnetoresistance the energy spectrum of electrons that are odd with respect to
The interference is disrupted not only by the magneticthe wave vector. Preliminary results of our study were pre-

field but also by inelastic processes, and also as a result sented in Ref. 7.

spin relaxation. The theory developed in Refs. 1 and 2 takes

into account these circumstances and explains the anomalous

magnetoresistance in metals and metal fims, while Refs2- ANOMALOUS MAGNETORESISTANCE

2-5 treat the same problem for two- dimensional carriers in - one of the most striking consequences of weak localiza-
semiconductor heterostructures. In these papers it is assumggh is the way it modifies the effect of a classically weak
that the spin relaxation time can be comparable to the timgyagnetic field on the static conductivity. The expression for

for breaking of the wave-function phase, but both of thesgne |atter can be written in the form of the three diagrams
times are assumed to be much longer than the momentughown in Fig. 1:

relaxation time. In this case the spin-orbit interaction that

. L. B _ 0 (1) ()
leads to spin relaxation is treated as a perturbation. Howevef 0ij=Aaij’+Aoij + Ay, @
current experimental and theoretical studies of heterostruc- 5 2 2
. eh d<k dq ~ ~
tures based on Ill-V semiconductors, whose valence band@UEJ_I):_ f f v{”(—k)v}ﬁ‘”(k)
form under the influence of a strong spin-orbit interaction, 27 agys ) (2m)? ) (27)?

indicate that the spin and momentum relaxation times are the A R, A R VB
same order of magnitude in these systems. Consequently, the X G (=K)G(=KIG(K)G5(K)Ch(k, —k.a), ()

method used to calculate the magnetoresistance in Refs. 1-5 &7 f d2k f d2k’ d%q
e

is inapplicable for these systems. Moreover, in real structured o' = —

4 2m aBySuv

(2m)? J (2m)? ) (2m)?

more than one quantum-well level may be occupied. Transi-
tions between these levels can also lead to relaxation of

“(am) _ I\ BV (e oA _ R/ _
wave- function phases, and can change the anomalous con- X (v K GL(= k)G —k)

tribution for the conductivity. The specific form of the mag- XGg(k’)GFj(k’)(VM(—k,— k' )Vsp(k,k'))
netoresistance curve depends on the ratio of phase- breaking A A .
rates within each subband in the presence of interband tran- X G, (—K")Gs(k)Cra(k,—k,q), (3)

1063-7826/98/32(10)/9/$15.00 1087 © 1998 American Institute of Physics
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Y! -k B; k a'-k B'-k a,-k Bl-kl a,-k P,'g B,'kl
oD — > _’,—»' e
cf = i o+
— - —b:—b —-::—:

vk+tq 8,k'+q vk+q §k'+q yk+qv.9+q 5k'+q

a, -k S, k FIG. 2. Diagrammatic representation of the cooperon integral equation.

coordinate of the scatterer, aridak(r) is the wave function
Sk of state |ak). GAR(k) are the advanced and retarded
Green’s functions:

oy 1
- GhR(k) = : 6
a, -K v, k' () E—E.(0+ in ik ©
F~ Ea — - a
. 27,(K) 279 (k)
u, -k B, k' where E¢ is the Fermi energy, and,(k) is the total resi-
dence time of particles in the stdtek):
2 ’
% ok - (k) - 2 f <|vw<k k)% S Er—E,(k')].
y I” (7)
a, v, k'

Here 7 (k) is the relaxation time of the wave-function
phase, andt (k) is the dispersion law for the corresponding
quantum-well subband.

In studying the contribution of weak localization to the
conductivity, we will usec%g(k,k’,q) to denote the sum of
ladder diagrams at low total momentupti.e., the cooperon;

FIG. 1. D|agrammat|c representation of the contributions to the conductiv-
ity: a —Ac), b — A, ¢ —AM",

A= e f il f il j il See'll':rilge' z-orres onding integral equation for the cooperon
J 2 wbvowr ) (2m)?* ) (2m)® ) (2m)* averaged over E)he dis?ributic?n of i?npurities has the forpm
X oL (—K)p P (K )GA(—kK) CoB(k K’ ,q)
X G~ K)GRKIGT(K )NV g
X (=K', =KV, 4(k K)GH(K)GE Vel ki kValkrak+@)+ 2 | 500
x(—k")CL(k,—K’,q). @ X (Vou(—K,— @V, (K+ 0.+ )
Herei andj label directions in the plane of the quantum well, ch;g(g,k’,q)G'f(gnL q)Gﬁ(—g). (8)

and Greek letters denote states with a given wave vdctor
and various subband labels and momentum projectiond’he matrix element of the velocity operator, denoted by the
Thus, v(®A)(k) is the matrix element of the velocity operator, crosshatched vertex, satisfies the equations

andV,g(k,k") is the matrix element for scattering of a par-

ticle of type @ with wave vectok into a statd 8k’), includ- V@B (k) =yl (K) 8o+ 2 j
ing dependence on the concentration of scatterers. The

(2m)?

angle brackets denote averaging over the positions of the - R A
scatterers: X(V (K@) V,5(9,K)WVH(9)GR(9)Gl(9),

<Vaﬁ(k!k,)v'yb‘(gig,)> (9)
R — . 1 9E (k)
=> fdr\pzk(r)V(p,z—z)\pﬁk,(r) v<“(k)— K (10)

In a classically weak magnetic field, as a particle moves
xf dr’\Ing(r Wi(p',z2' —z)llfﬁg/(r ), (5 around a closed trajectory its wave function acquires a phase
equal tord®/d,, whered is the value of the magnetic flux
wherep andz are coordinates that characterize mgtion in thepassing through the trajectory, adg,= w#c/e is the mag-
plane of the quantum well and along the growth axis the  netic flux quantum. Therefore, when two waves propagate
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along the same trajectory in opposite directions, they acquire T
an additional phase difference equal te®/®,, which dis- T,(g.q) =iv”(gqr,+[vV"(gaqr, ]+ o
rupts their interference. This is equivalent to the additional 7y (9)
phase acquired in the magnetic field by particles with charggjere N, is the density of states for subbamdat the Fermi
2e. The magnetic field begins to affects weak localizationjeye|, which is given in terms of the velocigt” and quasi-

(14

starting at the value at which momentumk!") of the particles as follows:
e o 15)
wherel ; is the magnetic length of a particle with chargs 2 " 2mho)

andD is the diffusion coefficient. This condition can be re-

written in the form The factor {(w,v), which equals unity if statege and v

belong to the same subband, and zero otherwise, takes into

wcTEpT, /=1, account the fact that states from different subbands do not
interfere since their wave vectors at the Fermi surface differ
whereEg7,7i>1. Herew, is the cyclotron frequency. in magnitude by a quantity of ordég .

Let us consider the case of a rectangular symmetric  Expression(13) represents a complicated system of
quantum well with infinitely high barriers. In order to de- equations, since the cooperon depends not only on the spin
scribe the valence-band states, we will use the spherical apndices and subband labels but alsokgrk’, andg. In Ref.
proximation. The spectrum and wave functions of valence¢ we outlined a general method for solving this system of
band carriers have been investigated in many papers usingjuations, but in this paper we will explicitly solve it for the
these approximations. We will use the form of the wavetwo most interesting cases, in which one and two quantum-
functions given in Ref. 8. If Bloch functions fdr at the top  well subbands are occupied.
of the valence band are used, there is a basis corresponding
to projections of angular momentum 3/2, 1R21/2, —3/2, 3. A QUANTUM WELL WITH A SINGLE LEVEL
and the wave functions form four- component column vec-
tors in this basis. In the spherical approximation each energy In Ref. 6 we showed that the solution to Ed.3) de-
level is doubly degenerate, and the corresponding wave fungends on the ratio oEg to A, whereA is the minimum

tions can be written in the form energy difference between the two lowest subbands. If
. o Er<A, the spin relaxation time is the same order as the
W =€ (k,2), (1) momentum relaxation time, and only states with zero total
) 3, angular momentum contribute to weak localization. Conse-
_”OC(Z_) lvsS(z)e _ quently, the cooperon can be represented in the form
. iv,S(z)e' %k . v,C(z)e" 2% « ) 'y o
B 19(2) | R, .2 (2) ~ 12 Cyg(k,k ) =s(k,k q)sysg. (16)
—v,C(z)e"" %k iv,S(z)e "%k
iv,S(z)ed ¢k C(z) Here
U2 Vo
Sl=g82=0, Si=-S2=1/\2. (17

Here ¢, is the azimuthal angle of the vectiy andC(z) and . o )

S(z) are symmetric and antisymmetric functions of the co-TNiS Structure ofSJ implies that the cooperon acquires a
ordinatez. The dispersion relation for the energies of thesediffusive contribution due to interference of waves with op-
statesE(k), as well as the expressions 16¢z), S(z) and the posﬂgly directed spins. The functistk,k’q) satisfies the
real coefficients); (i = 0 to 3), which are independent of €guation

¢k, are given in Ref. 8; all of these quantities dept_end on thes(k, k', q) = (| Vi1 ex— @k |2+ | Vi ex— @x)|?)

subband level. Note that the choice of wave function phases

made in Eq.(12) implies that|V 4 depends only on the 4 27N f% v —eo)|?
phase difference,— ¢,/ , and hence the residence times h 27 (IVi(e—eq
do not depend ok. ,

It is well known that Eq.(8) is singular in the limitq Vi o= eg?)s(gk a)1-T(gm)]. (18
—0. In order to obtain the contribution associated with thisHere the residence is calculated by using &
singularity, we must retaiq only in G'f(g+ q). Expanding 2aN [ de
E,(g+q) to second ord_er ig and t_hen integrating with flzT 2—<|V11(<P)|2+|V12(¢)|2>- (19
respect toe,(g), we obtain the equation ™

In deriving Eq.(18) we took into account that the quantities

ap ’ — _ . ’
Cla(kK" @)= (Vap(—k,—k")V,s(k,k")) |Vl depend on the phase differengg— ¢4, and assumed

2w7,N, [ deg that 7, like 7, does not depend om
+2 L) 7 JZ We solve Eq(18) by expandings(k,k’,q) in a Fourier
- series:
X<V¢m(_ka_Q)Vw(k,g)> o

xClB(gk' Ql1-T(g@], (13 skk'\q)= 2 sk’ e (20
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The coefficients of the expansion satisfy the equation:

ﬁ - o]
(1_Wn)sn:m_wn equn@k’)_m:z_w Tom(d)Sm,
(21

where

27Nt
W,= 7

d )
f£<|V11(<P)|2+|V12(<P)|2>efln¢, (22

UEQT (veqn)?
Tam(Q) = Wn[_IFTanml,l"' F2

X

1
5nm+ Eé\nfml,z . (23)

"5
+ —dnm
Te

Since according t@19) we haveW,=1 and|T,, <1,

the coefficientss, have different orders of magnitude. It is

clear from Eq.(21) that s,~q 2, while s.~q 1. For the

remaining n quantities we havds,|<|s;|. Equation (21)
specifies a coupling betweesy ands..; for n=*x1:

vegdT W,
TST T I Tw,

So- (24

It is clear, therefore, that; does not depend ok'’. Substi-

tuting Eq.(24) into Eq.(21), we finally obtain an expression

for s(k,k’,q):
s(k,k’,q)~sg= h ! , (25
27NT Dg?r+ 1/ 7,
where the diffusion coefficient is
D=%U§n,, (26)

and 7, is the transport time:

27N (d
=T | eV V)1 -cose). (@D

Averkiev et al.

) ) ) 27N
Po(k, K", @) =(|Vi1i(ek— ex)|*— Vil ox— k) |) + 7

de
X f 2_73<|V11(90k_ @) 1>~ Vid k= 9g)|?)

X po(a,k",a)[1—-T(g,q)], (30
, 2 277N
pl(k!k rq):<V11(QDk_()Dk’)>+ %
d
Xf%<Vil(¢k_¢g)>pl(g!k,!q)
X[1-T(g,q)]. (31)

For ER<A, mixing of the hole states at the Fermi surface is
small, there is no spin relaxation, and the following equa-
tions hold:

V=0, Vi1=|Vq4. (32

In this case Eqs(18), (30), and(31) coincide, andpy=p;
=s.

If we include mixing of the hole states, then E§2)
does not hold and Eq$30) and (31) will differ from Eq.
(18) by small terms, which can be included in the same way
as the terms containingand/ 7, . We can therefore fing,
andp,; by the same procedure as

1
s(k,k’',q)= , 33
( q) 27TNOTO D0q27'0+ 7'0/7"0 ( )
(k,k",q)= ! (34)
P4 2mNo70 D g2 7o+ 7ol Tyt TO/TH’
, 1
pO(k!k ,q)z (35)

2mNg 7o D0q27'0+ 7ol T+ Tl T, .

Here the label “0” indicates that the corresponding quanti-
ties should be calculated without allowance for mixing of the
hole subbands. The small terms are

To 27

d
ok f o (Noro{ [V (9)12) ~Nr([Vas() 1)}, (30

When Eg<A, the spin-orbit interaction is suppressed, and

the spin relaxation time turns out to be longer than the mo<o _ 4_7TN d_qv v 2
mentum relaxation time. Hence, all four two- particle spin7, ~ # 070 27T< 1A 9)[%)-

37

states contribute to the weak localization. In Ref. 6 we

showed that in this limit the cooperon can be written in the

form
Co8k, k' a)=s(k,k’,q)S;S}
+pi(k,k" o) (PS PE s +P* PP

-y =

+Po(k.k’,q)Pg,PE;. (28)
where the nonzero componentsRf' are
PL=P%=1 Pg=P&=112. (29

The equation fors(k,k’,q) coincides with Eq.(18), while
the functionpg 4(k,k’,q) satisfies the equation

The quantitiesr ; have the sense of longitudinal and trans-
verse spin relaxation times, where the role of a preferred axis
is played by the normal to the plane of the quantum well.

Equations(33)—(35) are applicable whemy<7,, 7,

7, . As 7y and 7, decrease, the quantitieg andp, become
smaller thans by a factor of 0yq%7y+ 7-0/7-4,)*1, and the
expression for the cooperon takes a form analogous to Egs.
(16) and (25). Therefore, we can say that weak-localization
effects are contained in Eq§3)—(35) for arbitrary Eg/A

via modifications oD, 7, 7, , andr.

The expressions for the diffusion coefficient and relax-
ation time are valid for arbitrary scattering potentials. As an
example, we calculate these quantities for the case where the
potential is short-range:
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V(r)=Vyd(r). (39

A peculiarity of the complicated band structure is the fact

that the scattering cross section depends on the initial and
final hole quasimomenta even for this potential. Calculationd”
show that the expression for the spin relaxation time has th&12

form
70

7

4 al2
=§av‘11 fo dz%(2), (39

7o

- [a(vlvz) +203]f dzcos?( )Sz(z) (40)

wherea is the width of the quantum well, and,, v,, andv,
should be calculated to first nonvanishing orderBp/A.
Expressiong39) and (40) are valid for

kra\?

w

My,

<1,
m

wherem,, andm; are the heavy- and light-hole masses.

3.1. Calculation of the anomalous contribution to the
conductivity

Equation(9) for the matrix element is similar to the

equation for the cooperail 3), and its kernel depends on the

difference g, — ¢4. This allows us to expresg“?(k) in
terms of the residence timer) and the transport timer(,)
as follows:

vieB) (k)= v<a>(k)—5 5 (41)

Substituting this expression into Eq®)—(4), we obtain

e? 2mNrr d’q
wh % (27T)2 QEB ,Ba(q)

17—7

AO_(II)_AO_III)_2 — Ao (|) (42)

Ttr

Using Egs.(25) and(33)—(35) for the cooperon, we obtain
an expression for the contribution to the conductivity. For

Ep<A,
e? d?q [ 2
Ao=——& 2| 42 -1
(2m)? g2+ (Dor,) -1+ (Do)
1 1
9*+(Do7y) '+ (Do7, )t @?+ (Do) ]
(43
while for Ep=A
e [ d’q 1
o= — . (44)

(2m? g?+(Dr,) "t
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f d?q eH
(2m)?

hereH is the projection of the magnetic field onto the nor-
al to the quantum well.
Usually, experiments determine the difference between
the conductivity in a magnetic field and the zero-field con-
ductivity:

2, &H +1/2
Q—>7Tﬁc(n ),

>,

45
4m?he n 49

So(H)=Ao(H)—Aqg(0).
WhenEg=A, this quantity is
Sa(H)=— ¢ f2<i), (46)
47%h He
where
H :ﬁ_c. 47
¢ 4eDr,
WhenEg<A, the magnetoresistance is
2 H
So(H)= 4772ﬁ[2f2(H +f, A, _fZ(HT,”' (48
Here
MEAES  ES
4eDo\ 7, T 4eDo\7, T,
while
fo(X) = Inx+ (1/2+ 1/x), (50

where ¢(y) is the digamma function.

A peculiarity of the functionso(H) is its change in sign
as the doping level increases. The concentration dependences
of the timesr , are different:

7'0/T||~(E|:/A)2, To/TLN(EF/A)S,

due to the differenk-dependences of matrix elements,
andV,, [see Egs(36) and (37)]. As an illustration, Fig. 3
shows magnetoconductivity curves for various values of the
parameterkca. In these calculations we assumed that the
ratio 7,/7=5, and that it does not depend ¢r, while

m, /m,=0.16. These curves demonstrate the transition from
the case where the spin relaxation is slow to the case where
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 where
only one quantum-well subband was occupied. However, in
real structures two or more subbands can be occupied. In this
section we consider a situation where two subbands are oc-
cupied.

The specific form of the contribution to the magnetocon-
ductivity depends on the ratios of the intersubband transition
times to the spin and phase relaxation times. For carriers in
the lower subband the spin relaxation time is of the same

In order to calculate the magnetoresistance, we followorder of magnitude as the momentum relaxation time. This

Refs. 1 and 2 and replace the integrals in E48) according
to the rule

implies that weak localization in the lower subband is deter-
mined by the states with zero total angular momentum, so
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25F
k.a/n 1
1-0

20
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Sul(K.K", @) = (V11 (ex— o) |2+ | Vyria( ok — @x)| %)
27TT|N|

de
j g<|Vul|1(<Pk <Pg)|2

+|Vura(ex— @92 si(g.k",.a)[1-T(g,0)]

277y N, [ de
+ . fz_ﬂ_g<| u1,u1(<Pk_<Pg)|2

2 h
i
:\; + |Vu1,u2((Pk_ (Pg)|2>
>~
3 Xsu(g.k [ 1-Ty(g,a)], (54)
p su(k.k", @) =(|Vyru1(@x— ok 1P+ Vg w2 ok — o) %)
05|
27 7yN do
ﬁU f g<| Viru(@x— (Pg)|2
10} 5
+ |Vu1,u2(€Dk_ (Pg)|2> su(g.kK",Q[1-Ty(g.a)]
1.5 . | . | N 1
0 5 10 15 20 2mmN; (de
H/H + i f g<|Vulll((Pk @Dg)|
FIG. 3. Magnetoresistance curves for various hole concentrations in the + |Vu1,|2((Pk— (Pg)|2>
quantum well.

that 7o/ 7 and 7/ 7, =1 in Egs.(34) and(35). In the upper

XS|u(g,k',q)[l_T|(g,q)], (55)

(KK, @) =(|Vi101(0k= o) |2+ Vi1 ua( 0k — @1)] %)

subband, the ratio of the spin relaxation and momentum re- L 27Ny f d‘p9<|vll (or— 002
laxation times depends on the subband occupationEH ( h g ’
_A)/Az_l, the times are the same order of magnitude, and + Vi 2 0r— <pg)|2>su(g,k’,q)[l—Tu(g,q)]
the contribution also comes from states that have zero total

angular momentum, whereas whdb-(—A)/A<1, all four 2mnN; [ deg

two-particle states contribute. T f S (IViya(e—eg)l?

For (Ef—A)/A=1, we have
CoB(k.k" @) =si(k,k",q) S, S5+ sy(k k' ,a) S, SE;
+S|U(k’k,iq)slaysgﬁ

+su(kk’,9)S],Sf, (51)

where the Greek labels enumerate the upper subhgnand
the lower subbandl} and their associated spin statés 2):
a=ul,u2,I1, andl2. The nonzero components §f, is

||11:_ I|21 = uul 1/\/_ (52)

Substitutlng(51) into Eq. (13), summing over the spin
labels, and integrating ovérandk’, we obtain equations for
the coefficientss; :

si(k, k', @) =([Vizj1(ek— )2+ [Viz2( k= @xr)]?)
277N d
TR [ Mol
+[Viza(ex— o9 |2 si(g.k o) 1—T(g,0)]

27Ty N

de
h f 7 (Ve g9’

+|Vitua( ek —¢g)|%)
XSU|(g,k,,q)[1_Tu(g,q)], (53)

+|Viz2(ek— @g)|?)
Xsu(g.K,Q[1-T(g,09)]. (56)

Solutions of Eqs(53)—(56) depend on the ratio of mo-
mentum relaxation times in each subband r,, and the
ratios of interband transition times, and 7, which are
determined by the equations

_, 2@N, (de
T|ul:TufE<|V|1,u1(¢’)|2+|V|1,u2(9°)|2>* (57
_ 27TN| qu
=5 | o Vun(@) P+ Vua(e)l).  (58)

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

TUS Ty, TW>T-
If the potential is short-range, then
TU=Tu, T=T-

Let us consider these two cases separately.
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For a smooth potential we find tha(|V|1,u1|2 rate bands. Therefore, the expression for the cooperon now
+|Vi1u2l?)<(|Vyr1]?) in Egs. (53)—(56), and terms like contains generalized diffusion coefficients and phase break-
(IV11,u]2+ |V 142/ To<(IV4101?) T, need not be in- ing times, which come from averaging over both bands:
cluded. As in the single-level case, we must expand these
guantities in Fourier series in order to determsje After h 1

) ) . i . s = (68
mtegrgtmg and' solving the re;ultmg system of algebraic Lu 27T(N|+NU)T|Z,U Dq2+¢;1
equations, we find the expressions
h 1
fi q2/2+Au S, =S = 69
S = lu™ U|_2 N+N 2 _1 ( )
! 27NDO ()2 1 A+ A, 7(Ni+N) 77y Dg?+ 7,
1 1 - oo N (vi)?7 1-Ny7,U;
X + , =
P+A+A—F  QP+A+AFF Ni#N, 2 z
(u)y2
k [ZD&O)Tul]_l n Ny (UFU )Ty 1=Nj7iL4
Sul= 0, (012 2 Ni+N, 2 z
27TN|D| ('T| ) q +A|+Au N [I]N W
- 1
1 1 NN, CFE T 0
X| = +— , (60) !
g°+A+A,—F g°+A+A+F )
Z=(1-Ny7L1)(1 =Ny Uq) —NNy7 7, W1,
fi q2/2+A| 0 w
Sy= Ny /7 +N /7
(0 (0)\2 42 _ [
27N Dy (7 ) g +A+A T“’l:KhTL;@' (71
1 1 . . .
X|— +— , (61)  The methods of averaging over subbands in the expressions
qQ°+A+A—F g tA+TA+F for D and 7, are different because our phenomenological
0 -1 introduction of a phase relaxation implies that these quanti-
Sy = h (2D} 7] ties do not depend on angles.
Y 2aNDO(AM)?2 g+ A+ A, In order to find the velocity operator, we must solve Eq.
(9) while including the two subbands. This also can be done
1 1 i ion:
x| = - , 62) by Fourier expansion:
where
11 1 11 1 Vit =y '2'2>—1_N;U17“v<')+ N“V;N“vwh
A0 0 ) Ml )
112 ylulul) =y u2u2) — 1_|\;LITI v+ va;/lﬂ vilo (72
=[(A—AY*+ —— (64)
DI(O)TIquJO)TuI

For a smooth potential we hav&V,;|<|L,|,|U,|, and the
The label(0) implies that the corresponding quantities arevelocity operator is determined by scattering within a single
calculated without including interband transitions. subband:

For a short-range potential there are no simplifications 0
due to smallness of the interband matrix elements. When \7(!1,!1>:V<I)TL
expanded in Fourier series, the equations contain both zero T
and first harmonics of the potentials, as in the single-level
case[see Eq(24)]:

2 d .
L [ V(@ P+ Vo lDe ™, (69

(u)
Ttr

L) — ) L (73
Tu
In order to calculate the anomalous contribution to the
conductivity we must substitute the coperon expressions and

27 (do i . .
Un=? 2—<|Vu1u1(<P)|2+|Vu1,u2(<P)|2>e e (66) H;j velocity operator into Eq$2)—(4). For a smooth poten-

= 2 2yg=ing 2e? [ d?
f2W<|Vllu1 @[>+ [Vitwa(@)[2e . (67) Aam__ 9 IND© O s (q)

(2m)?
Since interband transitions are efficient, we cannot re- (©(0) (W
duce the diffusion process to diffusion of particles in sepa- T NDy 7y 7 su(@) ], (74)
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an an_& [ _d%a (0),(0) -(0) (1)
Act=Ac =2 (277)2[N|D| 7o (n 7y )si(a)
TN (7 = ) su(a) . (75
For scattering by a short-range potential,
e’ [ d’q -
Aol'=3] Gt NS (@)
+ [0 VPN, sy}, (76)
e’ ( d’q -~
AU(|I)=A0<|“)=—% —(Zw)z{[v(ll’ll)MT|2]2L13|(C1)

n [;(ul,ul)NuTLZJ]ZU 15,(Q) 4501117 (uLu1)

X NNy 7f 73 Wal 814(a) +Su(@) ]} (77)
It thus follows from Eqs(59)—(62), (68), and(69) that when

Averkiev et al.

transitions, both subbands give independent contributions to
the conductivity. If, however, a carrier can execute many
transitions between subbands within the phase breaking time,
then the conductivity has the standard form E4g), where
Do and 7, enter in as averages over the two subbands.
Expressior(79) implies that the magnetoresistance curve
has two structural features, one ldt=H_ and one atH
=H, . WhenH >H_ (7 <7, y<79"), the second fea-
ture can appear for fieldd=H, , since the frequency for
phase breaking by the magnetic field becomes higher than
the intersubband transition frequency. For this ratio between
times, both features can be observed experimentally. The
lack of a second feature in EGZ8) is explained by the fact
that for scattering by a short-range potential we have

H hc
*7 4eDr’

and this is the limiting field for diffusion theory.

interband transitions are taken into account, the expressions \When the mixing of states at the Fermi level in the upper
for cooperons can be represented in the form of diffusivesUbband is small, as we stated above, the contribution to
poles for a smooth potential and for a short-range potentiatvé@k localization comes from all the two-particle states

Therefore, the expression fdio(H) is obtained by substi-
tuting into Eq.(45).
For scattering by a short-range potential

Se(H)— e? . 4eDr H 78

0-( )__477'2h 2 ﬁC ’ ( )
whereD and 7, are defined in Eqg70) and(71).

For scattering by a smooth potential,

So(H)= ¢ f ( A +f H ) (79

7 azenl AR AR
where

hc
HiIE(AVFAUiF). (80

This expression for the conductivity is valid for arbitrary
ratios of the interband transition and phase breaking time

for wave functions. In limiting cases, the expressionsHar
simplify. For 7,> 74 and ;> 7\ we have

fic fic

TaeoP T aenA o
while for 7j,<7{) and 7, <7\

_ hce _he[ 1 1

H.,>H_, (82)

where 7, coincides with Eq(71), andD, is obtained from
Eq. (70) for |W;|<|L4|, |U4]:

within it. This situation is realized forE—A)/A<1. How-
ever, in the spherical approximation contributions to the
cooperon from states with angular momentum 1 and 0 are
separated. In this case, the mixing of states in the lower
subband is strong, and only states with zero total angular
momentum enter into it significantly. Therefore, the coop-
eron has the form

C58(q)= s1(a)S?,+su(a) S, S
+81,(a) (57, S5+ S5, )
+pu(a) (P, Pl s+ PI_PE )
+ puo(Q)Pﬁoypgoa-

HereSy, and Sy, are defined in Eq(52), while the nonzero
components oP;; are

(Pu)ii=(Py)u3=1, (Py)is=(Py)Z=112.

The expressions for the coefficiergisand p; depend on the
ratio of times for interband transitions and momentum relax-
ation in the upper subband. Fey,= 7, the coefficientp,,
andp,q do not have the form of diffusion poles and do not
contribute to the weak localization effect, and the expres-
sions fors; coincide with Eqs.(68) and (69). Accordingly,
the functiondo(H) is determined by Eq(78).

In the opposite case, when,>7,, the equations for
P.o and p,; are similar in form to Egs(30) and (31), in
which we had to take into account occasional transitions to
the lower subbands. Therefore, the final expression for these
gquantites has the form

(83

(84)

=N|D|<0>Jr N,D(© pul(Q)=—27TNuT(uo)
0 N,+ N,
1
The physical meaning of these expressions is transparent. If X , (8H

the phase breaking time is shorter than the time for interband

DLO)qZTfP) + TEJO)/TQ-F Tfjo)/ 7| w4 TEJO)/ Tul
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@)= h o hc [ 1 1 1 2
Puotd ZWNUTEJO) | 4eDf,°) TEPU) Tﬁu) Ta)’

X ! (86) HW= he |1 + t 1 (93
D20+ 7Ol 7+ 71 A+ 7 7, *  4eD? AW 1)

The expressions fos; are completely analogous to Egs. while the quantitiedd .. are defined by Eq80).

(59—(62). For H. <H{" the functionso(H) changes sign, while
The timesTﬁf‘j describe spin relaxation in the upper sub- for H¢>Hm it is positive in the entire range in which the

bands. We determined them for scattering by a short-rangdiffusion theory is applicable.

potential. More general expressions for these times depend As the carrier concentration in the upper subband in-

on the type of subband excited, i.e., heavy-hole or light-holecreases, its spin relaxation time#) and 7{ decrease, and

If at k = O the upper subband is the second quantum welthe first two terms in Eq(91) disappear. In this case E@1)

level for heavy holes, then becomes Eq(79).
) 4 al2
A9 302 JO dzC%(2), (879 5 concLusIONS

16 a2 2z We have derived a theory of weak localization for quan-
7' 7T . . - - . . .

(_S): g[a(v1v2)2+2v§] dzsinz( A )Cz(z), (88) tum wells W|th_s_tr_ong spin-orbit interaction, taking into ac-
T, 0 count the possibility of several quantum well subbands being
filed. We have obtained expressions for the magnetoresis-

If, however, it corresponds to the first light-hole level, then : : . .
tance for various ratios of the spin relaxation, momentum

o . [22 relaxation, phase relaxation, and intersubband transition
i §aU3f0 dzs\(2), (89  times. We calculated values of the characteristic magnetic
Tﬁ fields where features in the magnetoresistance can arise, tak-
7 16 , , (22 z| ing into account the real band structure of a quantum well

W=§[a(vov3) +2v1]J dzcog = S(2). (90 system. _ _
Ti 0 This paper was supported in part by the Russian Fund

We note here that because we have used the sphericr Fundamental ReseardiGrants Nos. 96-02-16959a and
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Capacitance-voltage measurements are used to obtain profiles of the free carrier distribution in
Schottky barriers grown on uniformly dopedGaAs hosts containing layers of self-

organized InAs quantum dots. It is found that electrons accumulate at a depth qfr@,54hich
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 £r61 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 signdl99® American Institute of
Physics[S1063-782808)01810-9

Considerable interest has recently been focused owas monitored by changes in the reflection high-energy elec-
device-related semiconductor heterostructures containingon diffraction (RHEED) pattern?3 Due to the small thick-
self-organized quantum dots, in which the motion of quasiness of GaAs between the InAs quantum dot layers, each
particles is quantized along all three coordinates and therevious quantum dot layer acts as a source of elastic scat-
spectrum of the density of states is represented by a set ¢éring for the next quantum dot layer as it grotfs® As a
& functions! In Refs. 2 and 3 the authors reported high-result, the quantum dots are ordered in the growth direction.
efficiency injection lasers with active regions containing The assembly of quantum dots was located at the center of
quantum dots. Very recently the creation of optical memoryan undoped 200-A-thick layer of GaAs grown on a
elements was shown to be possible in princfoidong with ~ 1-um-thick buffer layer of Si-doped GaAs n¢2
optical bistability and resonant-tunneling structufédased X 10cm™%). The last step in growing the structure was to
on quantum dots. In order to develop a new generation ofleposit a 0.5um-thick capping layer of GaAs n(~2
devices for micro- and optoelectronics, it is necessary to inx 10 cm™3).
vestigate the influence of quantum dots on the electrical C-—V characteristics were measured in the frequency
properties of these semiconductor structures. Capacitancange from 10 kHz to 1 MHz using a HP4274A capacitance
spectroscopy is recommended as a highly efficient methobridge at temperatures from= 4.7 to 300 K. The amplitude
for studying the properties of structures with quantumof the measurement signal was 10 mV. The helium cryostat
dots®~12In this paper we present the results of capacitancehad a built-in superconducting magnet, allowing us to make
voltage C— V) studies of the free carrier distribution profile measurements in magnetic fields from 0 to 12 T.
in a uniformly dopech-GaAs host containing a layer of self- The structures of the samples were investigated by trans-
organized InAs quantum dots. mission electron microscodifEM), using a Philips EM 420
electron microscope with an accelerating voltage of 100 kV.

Photoluminescence(PL) spectra were measured at
T=77 K using a cw helium-neon laser with a wavelength of

The structures under study were grown by molecular632.8 nm, a monochromator, and a cooled photomultiplier
beam epitaxy in a Riber 32P MBE device with a solid-stateoperated in the photon counting regime. The excitation
source of arsenic onm"-GaAs (100) substrate. The assem-power density was about 1 W/ém
bly of InAs quantum dots consists of three layers located at a
e o oS SEAPERMENTAL DATA AID DISCUSSION OF RESULTS

y straine
InAs layer with effective thickness 5A into a collection of Figure 1a shows th€ —V characteristics of a structure
islands. The transformation of the InAs distribution at thewith InAs/GaAs quantum dots measured at a frequency of
GaAs surface from two-dimensional to three-dimensionatl MHz at various temperatures. Using the depletion approxi-

SAMPLES AND METHODS OF STUDY

1063-7826/98/32(10)/5/$15.00 1096 © 1998 American Institute of Physics
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FIG. 1. C—V- (a) and Ney—W- (b) characteristics of a structure with < ’ < ’ - . 50 nm
InAs/GaAs quantum dots, measured at 1 MHz. T, K: 1— 200,2 — 77, ' 3’ - ‘*L g ’ ¢
3—30,4—15. '
FIG. 2. Bright-field TEM images: cross sectiog=200) (a) and in planar
geometry(b) of a structure with InAs/GaAs quantum dots

mation, we can use th& —V characteristics to calculate the
profile of the free carrier distributioNcy— W; see Fig. 1l

c3 g€y pletely (Fig. 19. In this case, the peak #{=0.54um in the
—T74c WEAG (1) Ney—W profile is suppressed, and a second peak appears at
qsso(d—v a depth ofW=0.61um (Fig. 1b. It should be noted that the

samples we studied contained no structural nonuniformity of

wheregy is the free-space dielectric constastis the semi- any kind at this deptiiFig. 23.
conductor dielectric constanty is the width of the space- According to our model, which is based on solving the
charge region, and is the area of the Schottky barrier. one-dimensional Poisson equatfdnl?at a given tempera-

Accumulation of carriers in the assembly of quantumture the width of the peak in thé —V characteristic depends
dots leads to the appearance of a characteristic step in tle the electron concentration in the quantum-dot laQgy,
C—V function (Fig. 18 and a peak in the profile of the which in turn is determined by the concentration of quantum
free-carrier distributioNc,— W at a depth of 0.54m (Fig.  dotsNyq and the Fermi—Dirac function, which depends on
1b). This position corresponds to the depth at which the asthe position of the electron leveE(g) in the quantum dot
sembly of quantum dots was created, as inferred from TEMvith respect to the Fermi leveEg) in the GaAs host. The
measurements. Upon decreasing the temperature from 200 two-dimensional concentration of quantum ddgy was
77 K, we observed an increase in the width of the step in theneasured by TEM and came tox8.0'° cm™2 (Fig. 2b. The
C—V characteristiqFig. 18 and an increase in the ampli- density of states in the quantum-dot layer could be described
tude of the peak in théN.y,—W profile (Fig. 1), which by a Gaussian function, reflecting the nonuniformity distri-
corresponds to an increase in the concentration of electrorimution in the sizes of the quantum dots. The magnitude of the
localized in the assembly of quantum dots. We showed predispersionAE of the quantum-dot density of states function,
viously that this process is caused by an increase in therhich was determined by analyzing REig. 3) related to
Fermi level in the GaAs hodP*! However, further decreas- electron-hole recombination in the quantum dots, 60
ing the temperature to 15 K causes this step in GheV meV. The electron concentration in the quantum-dot layer
characteristic first to decrease and then to disappear conean then be written 4%

Ney(W) =
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FIG. 3. PL spectrum of a structure with InAs/GaAs quantum dajsat
T=77 K. The solid curve?) is an approximation of the experimental data
by a Gaussian function withE=60 meV and a value of 1.22 eV at its

maximum.

2N —2(E—E,9)%/(AE)?)
qu:f qd eXIO( ( qd (

- 1+exp((E—Ep)/KT)
\/EAE

wherek is the Boltzmann constant.

This model describes th€—V characteristics rather
well for T>77 K (Figs. 4a and 4bfor the following param-
eter values: Ngg=5X10"cm 2, Eqq=70 meV, AEqq
=70 meV, andd.,;=0.52um. Note that the concentration
of quantum dot$Nyq and thickness of the capping laye,,
determined from analyzing th€ —V characteristics are in
rather good agreement with the TEM dafg. 2b). How-

2

Brunkov et al.

cies between the experimental and theoreti€atV and
Ncy— W- characteristics: the step in ti@—V characteristic

is suppressed and a second peak appears iNgie-W
profile atW=0.61um (Figs. 4c and 4d We suggest that
this is not associated with a redistribution of electron density
across the structure, but rather arises from the fact that in our
model the capacitance of the structure is calculated in the
quasistatic approximation:

C=AQ/AV, (3

i.e., we disregard the time-dependent part of the chax@e

in charge caused by a change in voltagé. However, these
changes in the capacitance can be measured by superimpos-
ing a small ac signaldV,s9 with frequencyf on the dc
reverse bias\{,.,). The measurement signd¥/, ;. modulates

the charge at the edge of the space-charge regi@yq)
formed by the Schottky barrier, and also the charge in the
quantum-dot layerdQuq) where the Fermi level intersects
the electronic level in the quantum dot. Therefore, the
capacitance of the structure with quantum dots consists of
two partst?

dQBD n qud( Eqd_ EF)
dav dav '

C=C3p+Cqy= (4)
whereCjp, is the bulk capacitance, ang) 4 is that part of the
capacitance associated with the quantum-dot layer.

Calculations of theC—V characteristics of a structure
with quantum dots show that the region of quasi-constant
capacitance from-2 to —3.5 (Fig. 59 is associated with a
linear decrease in the concentration of electrons in the plane
of the quantum dots with increasing reverse ljig. 5b. In

ever, belowT=77 K we observed considerable discrepan-this case, the changdW in the width of the space-charge

FIG. 4. C—V- (a) andNgy,— W- (b) char-
acteristics of a structure with InAs/GaAs
quantum dots, measured at=77K (a
and b and atT=15K (c and d: experi-

mental data(light symbolg and model
calculations(solid curve$ are forNyq="5
X10%cm 2, Eqq=70 meV, andAEy
=80 meV. The dotted curve& and d
show model calculations &t=15 K with

an electron concentratiam,q in the quan-
tum dots which is fixed and which is in-
dependent of the reverse bias voltage
Vrev-




Semiconductors 32 (10), October 1998 Brunkov et al. 1099

35
30}
a 30
o 25| L
- \ [}
- 25
20f \ o
1 k. " 1 ) — [
o X100 e 20
5 6x10'F
ks 10)
o 3x10°r b )
oL Q 1X1017L:' Vrev' \
o il 1 1 J (\:) [ :
6 -
5 5
© 4t -
% I >
o 2+ / C zo
0] 1 . . ! ' : ) 1x1016_
-1 2 3 4 5 i
Vm , V

FIG. 5. C—V- (&), Qqq— V- (b), andCy4— V- (c) characteristics of a struc-

ture with InAs/GaAs quantum dots obtained &t=77 K for Ngy=5

X 10 cm™2, Eqa="70 meV, andAEq4=70 meV. FIG. 6. C—V- (8 andCyq— V- (b) characteristics of a structure with InAs/
GaAs quantum dots computed Bt 29 K for various measurement signal
frequenciesf, kHz: 1 — 10,2 — 100, 3 — 1000.

region caused by a chand# in the bias voltage becomes so

small thatdQq is considerably larger thathQsp ; i.e., Cyq

will overwhelmCsp in the voltage range from2t0o—3.5V ~ ment between the experimental and calculaedV charac-
(Fig. 50. teristics(Fig. 40.

Measurements sho(Fig. 19 that when the temperature In order to remove electrons from the quantum-dot layer
is decreased below 70 K, the capacitafkg is suppressed, atT = 15K itis necessary to apply a higher electric field, so
and atT = 15 K it disappears entirely, whereas the calcula-that the electrons can tunnel from the quantum dots to the
tions imply that occupancy of the quantum-dot layer by elec-GaAs through a narrow triangular barriesee the inset in
trons saturates in this temperature regitirt’ This disagree-  Fig. 1a. This process leads to the appearance of the second
ment arises from the fact that the model assumes that thgeak in theNg,— W-profile at W=0.61um, which corre-
position of the Fermi level in the assembly of quantum dotssponds to the second plateau in {@e-V characteristic in
coincides with the Fermi level in the GaAs host. Whetherthe bias range-3 to —3.5 V (Figs. 4c and 4d However, the
this condition is satisfied or not depends on the rate of extheoretical Ncy,—W profile (Fig. 4d shows no peak at
change of electrons between the quantum dots and the bul'=0.61um. This is because the calculations were based on
GaAs. It is well known that self-organized quantum dots arethe quasistatic approximation, which disregards the tunneling
characterized by a very high rate of charge-carrier captureeffect.

Therefore, the ratio of Fermi levels in the quantum dot and  Let us assume that the rate of thermionic emission of
the bulk material will, to a considerable degree, be deterelectrons from the quantum dots depends exponentially on
mined by carrier emission from the quantum dot. In thistemperature and on the energy of the quantum state in the
case, suppression of the capacita@gg at low temperatures quantum dot. The assembly of quantum dots is characterized
could be associated with the fact that the rate of thermioniby a Gaussian density of states; therefore, at a given tem-
emission of electrons from the quantum det)(is consid-  perature and frequency of the measurement signal, one group
erably smaller than the angular frequency of the measuresf quantum dots is characterized by a high rate of thermionic
ment signal Zrf; i.e., a “freeze-out” of electrons in the emission, whend,>27f), while the rest have a low rate of
guantum dot levels takes place. This effect is a manifestatiothermionic emission &,<27f). Decreasing the measure-

of the zero-dimensional nature of states in the quantum dotnent-signal frequency from 1 MHz to 10 kHz &a&28 K

and is not observed in structures with quantum w€liFo  leads to an increase in the number of quantum dots that sat-
model this situation we calculaté&dl-V andNgcy—W- char-  isfy the conditione,>2=f; in this case, the step in the
acteristics aff=15 K under the condition that the concen- C—V characteristic broaden§ig. 63 and the peak in the
tration of electrons in the quantum dot does not depend oiNcy— W profile atW=0.54 um increases in height even as
the reverse bias. In this case we observe rather good agreifre peak atW=0.61um is suppressetFig. 6b).
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out the depth of the structure, but rather appears when the
rate of thermal emission of electrons from the quantum dots
to the GaAs conduction band becomes considerably smaller
than the angular frequency of the signal used to measure the
capacitance. We have shown that applying a magnetic field
leads to a decrease in the rate of thermionic emission from
the quantum well due to effective deepening of the electronic
level in the quantum well caused by the formation of ladders
of Landau levels in the GaAs conduction band.

This work was supported by the INTAS-RFFI 95-IN-
Ru-618 program and the program “Physics of Solid-State
Nanostructures” from the Science Ministry of the Russian
Federation.
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In contrast to group-Ill arsenide-based quantum dots, group-Ill 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. @998 American Institute of Physid$$1063-7828)01910-3

1. INTRODUCTION included, the occupation statistics change significantly. Their
derivation will constitute the second part of this paper.
At this time there is great interest in heterojunction la-
sers based on solid solutions in the InGaN system, which
emit in the blue and violet regions of the spectrum. The first

such lasers were made at the end of 1995 and the beginnir%gWAVE EQUATIONS AND ENERGY

of 19961 Their active region was a sequence of 30 to 50- A' If the quantum dot is Occupied by on|y ohe parucm]

thick Iny ,Gay gN quantum wells, each enclosed by 60 to 100-glectron or holg then the wave equation of the particle has
A-thick Ing o<Ga, o\ barrier layers. Recent studies of thesethe standard form

structure$® show that the layers that form the quantum wells

are broken up into regions that are enriched with indium 42

surrounded by regions with a InN content close to that of the- om

barrier layers. Thus, the active region of these structures can

be treated as an assembly of cube-shaped quantum dots. eresf:o)>0 are the ionization energies of a parti¢tdec-
The theory of the quantum-dot laser was develope(ﬂ @

. 6 . . on or holg in the singly occupied quantum dadd.; ,(r) is
previously™® and applied to systems b'f"s.ed on afs"t”"??‘%he step-like potential created by the heterostructure, which
However, structures based on group-lII nitrides differ signifi-

, , we set equal to zero in the host surrounding the quantum dot.
cantly from arsenide-based structures. First of all, the valu

Qvithin the dot this potential is
of the conduction band offset is small, since the ratio P

AE.:AE,=30:70./ Secondly, and more importantly, quan- U, ()=—AE )

tum dots in the nitride systems are much smaller than those o o

based on arsenides. Typical dimensions of the latter are On%r electrons or holes. For the case of interest to us, the dot
100 A. Because of the small sizes of the d'ots and the smaHas the shape of a cube with siae Following previous
value of AE., bound states of an electron in an InGaN dot
are either entirely absent or at best have ionization energi
close to thermal energy. Therefore, a quantum dot occupied
by an electron-hole pair can easily lose the electron and

cease to be a source of laser radiation. Under these condi- R— i_ 3
tions, the Coulomb attraction between the electron and hole \/5

becomes extremely important. As we show in this paper, this

interaction strongly suppresses the thermal ionization offhis choice is made so that the ground state energy of a
electron-hole pairs in a quantum dot. Its inclusion in theoretcube-shaped well with infinitely high walls coincides with
ical calculations, which was not done in Refs. 4—6 men-that of the spherical well. Equatiofl) has a well-known
tioned above, has even more important consequances wilinusoidal solution, and the energy is found from the usual
regard to electron and hole statistics in the quantum dot. Itranscendental equation.

the absence of this interaction, the way that electrons and If the quantum dot is occupied by an electron and a hole,
holes occupy their respective levels in the quantum dot ishen their wave function® ,(r) and¥,(r), and also their
described by the usual Fermi functiofig and f,, which  single-particle energy parametess>0 ande,>0, can be
have been used before. However, when the interaction i®und from the system of Hartree equations

V2O () + U, (NPT =—2%0(r). (1)

C,v

apers, we replace the cubic well by a spherical well for
mplicity, choosing the radius of the sphd®eo be

1063-7826/98/32(10)/5/$15.00 1101 © 1998 American Institute of Physics
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( K2 ) coordinates. We will consider only the ground state of the
_Z_mCV We(r)+Ug(r)We(r) electron and hole. The Hartree potential determined by
Eq. (5) simplifies for spherically symmetric ground-state
=V (NW(r)=—ecW(r), (49 functions:
ﬁZ
- V2, (1) +U, (N, (r 2[1 rr o o2(r'
am, AT WUZEFI&U%W+J¢q)W’, ®)
L Ve W, ()= —2,W,(r), (4b) LMo ror

where the potentials due to the Coulomb interaction withirwheree(r) is determined from the expression
the Hartree approximation are
2 |w,(r")|? W(r)= 1 e, fw¢2(r)dr—1
e r = =1
V=2 [ et TR
e r=r'
In Fig. 1, the original step-like quantum well is shown
e P 1we(r)]? g,  schematically by the solid curve, while the dashed curve
£ r Ir—r'| ' 5 shows how the well is distorted by the Coulomb interaction
) ] ) ) ) between the electron and hole. In our quantum-dot calcula-
Here ¢ is the dielectric constant, which we assume is thetons we assumed thaE,=3.325 eV, AE,=67.5 meV,
same inside and outside the well since its discontinuity at the, E,=157.5 meV,e=9, mi:O.Zmo, andm,=m,, where
heterojunction is only a few percent. We ignore the differ-mo is the mass of a free electron. Figure 2 shows the depen-
ence in effective masses for electrons and holes across thnce of the binding energy of an electron and hole on the
heterojunction. The total energy of an electron-hole pailsize of the quantum dot. The dashed curves show the size
located in the quantum dot is dependences of the single-particle energy parameteasd
E=Eg—ec—&,+V¥, (6) g, , which are eigenvalues of Eqgla) and (4b). For com-
parison, the solutions!®, £(©) of Eq. (1) with the step-like
potentials alone, which give the binding energies of an elec-
- - tron and hole in the quantum well without allowance for the
V§Z=J'Vcc(f)|‘1’u(r)| d r=J Voo(ND[Pe(N]?d®r. (7)  Coulomb interaction, are shown by the dashed curves. It is

clear that for a step potential there is no longer a bound state
In Eg. (6) we have subtracted the average value of th&g, the electron whem< 50A.

Coulomb interaction of the electron and hole on the right
side, as is done in helium-atom calculatiénsince it has

Vedr)=

where the matrix element for the Coulomb interaction is

As we have already said, one possible decay mode of a
: ' : e bound exciton is thermal ejection of an electron or hole from
already been included twice: once in Hga), and again in  the quantum well into the semiconductor bulk. In this case,

Eq. (4D). o o . the ionization energy of an electrog>0 or holel ,>0 will
Using the variational method which is described, for ex-pg the quantity . ,= E,—E;, whereE;=E is the energy of

a!mple, in the monograph of Ref. 9, we can successively dgne initial state determined by E¢), and E2=Eg—8£°g is
rive Egs. (48, (4b), and (6) by assuming that the system yhe energy of a bound holéelectron when its partner is
wave function has the form of a product, i.a¥(r.,rp) absent:
=W (ro)¥,(ry), wherer, andr, are the electron and hole
|C:8C+8v—vzg—8£}0), |U=8C+8v—vzg—8£:0). (9
520) c-band
< L -—Ta¢, 0.20f
| _J
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FIG. 2. Dependence of the binding energy of an electron and hole on the
FIG. 1. Schematic illustration of the shape of the energy bands in a quantursize of the quantum dat obtained by solving the system of equations; the
dot without including (solid curve and including (dashed curve the solid curves are for the Hartree Eqga), (4b), while the dashed curves
Coulomb interaction between the electron and hole. include only the step potential E¢L).
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o0.20t quantum-dot size is somewhere in the range 40-60 A, since
I, further increasing the size of the quantum dot leads to the

sk appearance of new energy levels.

>

S0l 3. STATISTICS OF ELECTRONS AND HOLES

e v I, IN A QUANTUM DOT

= 005k Our studies of the Coulomb interaction between an elec-
’ tron and hole require that we replace the usual single-particle

functions for occupation of statel. and f, by a certain
0 20 20 50 . a0 700 720 generalized functior ., that characterizes the degree of oc-

z, A cupation of the dot by electron-hole pairs, i.e., excitons. The
fact is that we no longer can separately determine energy
FIG. 3. Dependence of the Coulomb ppten\l@! and ionization energy for  |ayels for an electron and hole. We know only the total en-
an electron I) and a hole [,) on the size of the quantum dot. ergy of an excitonE given by Eq.(6). Furthermore, only
singlet excitons, for which the spins of the electron and hole
are antiparallel, are capable of radiative recombination. This
Yact is disregarded in computations of the probability for the
bsorption and emission of a photon based on the distribu-
tion functionsf. andf,, .
As usual, we assume that all the electronic states adja-

EggIen-%ir;lifesrr;:??rlgr{ispizrznl?]t:rﬁa(i?e.ri ;At‘licglr dr']ngf iﬁeﬂ;ic cent to the edge of the conduction band are in quasithermal
P 9 equilibrium, with a quasi-Fermi levet., whereas all the

Eilses?étqiczhact)ilgﬁ g;:r Va?:;'?:g:g??}f;?l wa(;/: df;an:((a)rrT:.e-rEth Cstates located near the edge of the valence band are likewise
with the sinale- artigljévener arame ig) n tr?is case in equilibrium with a quasi-Fermi leved, . The usual con-

gie-p 9y p 51a). ' dition for this approach to be correct is smallness of the
however, the agreement is somewhat worse ger50 A.

Fiqure 3 also shows the dependence of the Coulomb matrimomentum relaxation time compared to the recombination
9 oo _ b . Al me. In constructing the distribution functidnit is neces-
elementVg; on the size of the quantum dot. This function

- sary to use the grand canonical distribution, according to
has a maximum ah=40 A. For smaller quantum dots the Y 9 9

wave functions are found to be weakly localized within the\rl]vc?llgg i;he probabilityF,, of creating a system af andm
dots, and the average Coulomb interaction energy decreases.
For larger dots the wave functions are almost completely E—né.—mé,
localized, and the average energy of the Coulomb interaction Fam=Cnm exp< B kT
! B

turns out to be inversely proportional to the size of the dot.

In Fig. 4 we show the dependence of the total energy o
an electron-hole pair on the size of the quantum dot. In th
range of values=15—50 A, the energy of an emitted pho-
ton decreases rapidly asincreases by 170 meV. This is
sufficient to significantly lower the absorption of light in the
host material. For this reason, the interval of optimum

Figure 3 shows the dependence of the ionization energ
of an electron and hole on the size of the quantum dot. Not
that the ionization energy of the electrbnas a function of
the size of the quantum dat virtually coincides with the

, (10

YvhereC is a normalizing constant determined from the con-
ition 2, Frnm=1; 9nm=2Snmt+ 1 is a degeneracy factor de-

termined by the total spin of the quasiparti€lg,; andE is
the total energy of the system measured from the same level
as the quasi-Fermi levels of the electrons and holes.

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

1. Absence of particles in the quantum dot.ggo=1; in
this caseFgp="C.

2. Only electrons or only holes in the quantum dot
We note at the outset that the case of two identical particles
in the quantum dot with different spins can be excluded, due
to the strong Coulomb repulsion of identical particles. This
case, which is completely analogous to that of electron sta-
tistics in shallow donor&? obviously requires thas;o=sSp;
=1/2, g10=9o1= 2. The distribution functions is

(0)

€c T Mn
fie=>2 NFym  =2C exple, {o=——o—, (12)
1 " 1 1 1 1 m=0 B
0 20 40 60 80 100 120
a, A SE)O) “Mp
fi,=2 MFuw  =2Cexps,, {=—" <, (13
FIG. 4. Energyh v of a photon emitted by the quantum dot as a function of m n=0 B

the its size: the solid curve includes the Coulomb interaction, the dashed i i i
curve does not. The horizontal dash-dotted curves show the width of th¥vhere u, and u,, i.e., the quasi-Fermi levels of elgctrons
forbidden gap in the host crystaE) and in the quantum dot materidE{). and holes measured from the bottom of the conduction band
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and the top of the valence band in the host, respectively, ar 0.3}
positive for nondegenerate electrons and holes in the host.

3. An electron and hole in the quantum dot simulta- 0.2
neously If the spins of the electron and hole are antiparallel,
the electron and hole can radiatively recombine. Here the® 0.1
possible particle numbers are batk-m=1 andn=m=2. & 9
However, it should be kept in mind that two excitons in one ', fez~ Foo
quantum dot constitutes an extremely short-lived state™ -4
which very easily decomposes via Auger recombination. ;
Therefore, we will ignore such states, and assumsem * 0.2
=1. For this same reason, in what follows we will ignore . . . .
states for which not only an exciton but also additional holes '0-30,05 0.10 0.15 0.20 0.25
and electrons are contained in the quantum dot. Since th Pt pps eV
total spin of a singlet exciton equals zero, we haye=1.
We thus easily find that

f‘ez

FIG. 5. Dependence of the distribution functioing and (fe,— Foo) on the
sum of chemical potentials of electrons and hqlgs- w, .

E—u
fex=F11=C eXpley,  {ex=— K Tex’ (14
B
whereE is the energy of an electron-hole pair given (6, Mot pup=E4—E. (22)

and we,=Eg— un— pp is the quasi-Fermi level of the exci- For a prespecified value of required gain in the active region,
ton determined by the distance between the quasi-Fermi |e\(19) allows us to determine the ratio of quasi-Fermi levels
els of an electron in the conduction band and one in thgg electrons and holes. However, the problem is that we
valence band. If the spins of the electron and hole are parajeeq to determine not only their ratio but each of these quan-
lel, i.e., the exciton is a triplet, then the total spin of theties individually. For this we use the condition of electrical

exciton equals 1 andy;=3. Then neutrality. LetNgp be the concentration of quantum dots.
fo>=sc EXP ex= 3 ex. (15) Then the total electron concentratiag; equals
The constan€ is given by the normalization condition Niot= N+ Ne T Nex, (22)
1 wheren= N exp(—u,/KgT) is the concentration of free elec-

(16)  trons in the hostp.=Ngpf;. is the concentration of quan-
tum dots filled by a single electron; amd, is the concentra-
tion of quantum dots filed by excitons. Analogous
expressions can be written for the total concentration of
holesp,, as well, by replacinge, by u, andf,. by f,,. The

The probability of stimulated emission equals condition of electrical neutrality takes the form

W= Wy, cf ey, (17) Ntot= Prot - (23

wherew, is the probability for an optical transition, and the For simplicity of discussion we assume the active region and
radiated energy of the photon Bw=Eg—e.—¢,+Vi.  the region occupied by the wide-gap host are undoped. Sub-
according to Eq(6). The probability of absorbing a photon stituting the expression for the total concentration of elec-
at the same energyw is trons and holes int€23), we obtain the equation that relates
the quantitiesu, and u,:

c= 1+2expl.t2expl,+4expley

4. QUASI-FERMI LEVELS OF ELECTRONS AND HOLES

W,=W,cFoo- (18
According to Eqs(17) and(18), the magnitude of the optical N, ex;{ _ I:L_TI') +2NgoC exp L
gain in the active region is B
A(exp lex—1) 4 Mp

_ CE= =N — 2P 4 2NgeC , 24
g A(fex FOO) 1+2 EXp §c+2 EXp gv+4 exp gexi (19) v ex kBNT QD eXp gv ( )
whereA is an energy-dependent coefficient of proportional-whereC is determined from Eq.16).
ity. From (19) it is easy to find where the dividing line is Figure 5 shows the dependence of the functibpsand

between absorption and amplification of electromagnetic ra¢fex—Fog) on the paramete,+u,. The function f,
diation with frequencyw by the quantum dot. This condition —Fqo, according to Eq(19), is proportional to the gain
for replacing absorption by amplification has the usual form:coefficient in the active region. In these calculations we as-
B sumed that the size of the quantum dot was 40 A, the dis-

Hex=E. (20 tance between dots in the plane of a single layer was also
It is convenient to represent the quantity, in terms of the 40 A, and the distance between layers was 80 A, so that
chemical potentials of electrons and holes injected into thégp~1.3x 10" cm™3. Note that in this kind of quantum
host. Then the critical condition for the appearance of gaindot we havef,.=0. In the dashed region, the optical gain
according to Eq(20), has the form coefficient is positive.
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Far infrared photoconductivity spectra due to excitation of shallow acceptors in strained multi-
quantum well Ge/Ge ,Si, (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 to”built-in” 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, whicleguivalent to the strained Ge
layers in the heterostructures. Although this method is only appropriate for wide quantum
wells (dge~800A), the calculations are shown to qualitatively account for photoconductivity
spectra obtained from narrower welldd,~200 A) as well. © 1998 American Institute

of Physics[S1063-782808)02010-9

Strain is one of the techniques for controlling the energybound-state energies quantum-well effects can to first ap-
spectrum of both free and bound charge carriers. By lowerproximation be included through their influence on the mag-
ing the crystal symmetry, uniaxial strain in semiconductorsnitude of the subband splitting of the light and heavy holes.
with degenerate valence bandskat0 (e.g., in Ge and $i It is well known that the germanium layers in strained
causes splitting of the heavy- and light-hole subbands ante/Ge_,Siy heterostructures are potential wells for hdles.
reconstruction of the shallow acceptor spectrum. The influlf the total thickness of the heterostructure exceeds a critical
ence ofP||[001] and P|[111] uniaxial strains on the spec- value, then the germanium layers undergo compression in
trum of shallow acceptors in bulk germanium and silicon haghe growth plane of the heterostructure. This strain may be
been investigated previously, both theoreticaify and considered as hydrostatic compression plus uniaxial tension
experimentally*~® In these papers it was shown that uniaxial along the[111] axis. The hydrostatic compression, which
strain causes splitting of the ground and excited fourfold-does not decrease the crystal symmetry, leads to an insignifi-
degenerate states into two twofold-degenerate states. Singant change the hole mass and therefore has only a slight
the distance between light- and heavy-hole subbands ireffect on the binding energy of acceptors. Thus, the spectrum
creases linearly with pressuteas the strain increases the Of shallow acceptors in wide germanium layers in the
spectrum of acceptor bound states is determined primarily b§trained Ge/Ge ,Siy heterostructures can be approximately
the subband that forms the top of the valence band. It i§reated as the spectrum of shallow acceptors in bulk germa-
known' that for P+0 the dispersion relation for holes be- nium under uniaxial tension. The results of Ref. 3 cannot be
comes anisotropic in both subbands. The problem of motiotised to analyze the impurity spectra in such heterostructures,
of a particle near the top of a simple anisotropic band in fecause these calculations were made for material under
Coulomb potential was investigated in Refs. 2 and 7, wher&ompression. In this paper we calculate the spectrum of shal-
the dependences of the ground and excited state energies!8# acceptors in germanium under uniaxial tension in the
an impurity center on the anisotropy parameter of the effecdirection[111] for an arbitrary value of the strain using the
tive mass was calculated. In Ref. 3 the authors calculated théariational method discussed in Ref. 9 for calculating accep-
spectrum of a shallow acceptor in uniaxially strained germalor levels in unstrained germanium.

hium for arbitrary values of the strain. METHOD OF CALCULATION AND RESULTS OBTAINED

In this paper we will investigate shallow acceptors in . _— . . .
wide strained Ge/Ge,Si, heterostructure quantum wells The Luttlr_wger Hamllt(_)nlaﬁ?whlch descrlbe_s A||ght and
heavy holes in a Cartesian system of coordinagek10],

grown on a(111) germanium substrate. By “wide” quantum . N i
wells we mean wells whose width exceeds the characteristi}é[llz]' 2[111], has the form:
size of the wave function in the acceptor ground state. In F H I 0
such quantum wells, the spectrum of shallow acceptors is 2| H* G 0 |
primarily determined by the strain of the quantum well ma- ~ H =—| ,
terial, i.e., essentially the magnitude of the splitting of the 2mo| | 0 G —H
heavy- and light- hole subbands. Therefore, in calculating 0O I* —H* F

1063-7826/98/32(10)/5/$15.00 1106 © 1998 American Institute of Physics
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sponding to states with projections3/2 of total angular
momentum on the strain axiheavy holes transform ac-
cording to the representatidni 5. Wave functions of states
with the projectionst1/2 of total angular momentum on the
strain axis(light holeg transform according to the represen-
tation Ly . Note that for those holes determined to be
“heavy” the mass in the directiofl11] 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 strained
germanium, the top of the valence band is made up of heavy
holes, while under uniaxial compression it is made up of
light holes.

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

_ ! (B+2D)k2 \F(B 0
23\ 3/ 7 V3T B

where A, B, and D are constants that determine the hole

dispersion relationsy is the free electron masa,andd are

L :

1
constants that determine the change in the hole spectrum 0 —p?+(qz)?
under strain(see Ref. L k. =Kk,*ik,; &;; are components Yp=cy 0 X
of the strain tensor, and=e,,+ e,y +&,,. All the nonzero )
components of the strain tensor can be expressed in terms of !
Exx: ( 1 0
Exx=Eyy, 2 2(q2)7] 5 je2ie
+4cC -2(qz +c -
_ 2ACut2C,-2Cw APTAAT o | TS e
€227 T TG ¥ 2C 1 4C,, O0C T Uro¥xo \ i 0
whereC;; are elements of the elastic stiffness ten<ofhe 0
guantity e, is linearly related to the tensile streggessurg _ide — T (q2?
6C44(Cll+ 2C12) + C4pz e—iq; eX b ) (1)
=— eyy=183.%,,GPa.
C1112C1ACY, 0
In germanium uniaxially strained along the directiidri 1],
the center of the Brillouin zone corresponds to the symmetry 0
point grou_pD3d. In unstrained germanium, thepoint pos- 1 _ /p7+(qz)z
sesses this symmetry group. Therefore, wave functions of ¥,=c; 0 ex -
acceptors in the strained material will transform according to
a complementary representation of the double group at the 0
point. There exist six such irreducible representations of the 0 g¢ —ie
=+ + + . C3 +C4e
groupDsy: Ly, Lg, andLg (Ref. 12. The wave function
of the acceptor ground state transforms according to an irre- + ep?— (927 1 iz 0
ducible representation corresponding to the top of the va- 2lpm—(q 0 p 0
lence band. In unstrained germanium the top of the valence 0 0
: : 4
band corresponds to the four-dimensional representétjon _ _
(Ref. 12. This representation decomposes into irreducible Cs€” ¢+ cqe 21¢
representations under the grobDpy as follows:

p groDgy L 0 —Vp®+(q2)°
Ti=Li+Ld+Lg. ' 0 b '
Representationt, andL. are one- dimensional and 0

complex conjugates of one another; they should therefore be )

treated as the single, two-dimensional, irreducible represen-
tation LI,5 for transforming the wave functiortd.Represen-

Here ¥, and ¥, transform according to the representations

tationLg is two-dimensional. As we already noted, uniaxial L, s andLg , respectivelyp?=x?+y?, ¢ is the angle of the
strain lifts the degeneracy of the light- and heavy-hole subradius vector in the plangry, andc;, g, f, andb are varia-
bands at the poirk=0. In this case, wave functions corre- tional parameters.
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FIG. 1. Dependence of the binding energy of the ground and lowest excited

states of an acceptor in germanium under uniaxial tensile strain along the|G. 2. Dependence of the longitudir@long the tension axi¥) and trans-
(111) direction on the magnitude of the strain. The vertical lines indicateverse(2) localization scales for the wave function of the acceptor ground
values of the effective strain corresponding to the splitting of the light- andstate in germanium under tensile uniaxial strain al¢hiyl) on the magni-
heavy-hole subbands in Ge/zgSi, heterostructures 30a) and 306(2) tude of the strain.

including size quantization.

In Fig. 1 we plot the calculated energies of the compo-¥, ;=c,z
nents of the split acceptor ground state, iLQT.’5 [with wave
function (1)] and L¢ [with wave function(2)], versus the i 0
straine,,. The energy origin corresponds to the edge of the

O O =
(0]
pas
o
|
e
N
_|_
Iy
o]
N
N

1
heavy-hole subband. The ionization energy obtained in this ——s
paper for the acceptor ground state wiers 0 equals 8.87 xex;{ - M +Cqz| 22— _rz) 0
meV, which is in good agreement with the value 8.83 meV f 0
obtained in Ref. 9. At large strains (,>15x 10"%) the ion- i
ization of the ground state approaches an asymptotic value of 0
5.57 meV, which is in good agreement with calculations us- ,
ing the single-band model with an anisotropic m¥ss. Xex;{ B Vp?+(q2)? ‘ic (22— Erz) ew.)

Figure 2 shows how the scales of localization of the b P 3) e

ground-state wave function along the strain axis and in the 0
perpendicular direction depend on the magnitude of the
strain. It is easy to see that the localization radies 0_
“Bohr” radius) along the direction of tension decreases with _ Vp?+(q2)?] 2 e e
increasing strain down to 4.0 nm, while in the perpendicular X ex b Ficspz ie?e
direction it increases. This behavior is explained by the 0

change in mass in the corresponding directibns. )
. . I
Let us now considep-type excited states. The wave e’

functions of these states are odd under inversion, and there- Jp2+(qz)2 0
are odc o wexd - YPTHEDT L

fore they correspond to irreducible representatitng or b 6P 0
Lg . Note that dipole transitions from the ground state are 3o
allowed in odd states and forbidden in even states. .

In accordance with the symmetry of the problésee eS¢
Ref. 9 tr_lal Walve funct|_ons that tranfsform. according tq rep- /p2_|_ (q2)2 , 0
resentationd., 5 and Ly can be written in the following X ex T T | TP 0

form. ForL,5:
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[{ Vp?+(q2)?
X ex _T

dge~ 200-800 A, and solid solution layer thickness
) dges~200 A) were grown by the gas-phase hydride method
on(111) Ge substrates. The number of periods was chosen to

Forle : be rather large (=80+160) so that the total thickness of
0 i(C@¢+cge'?) the heterostructure would exceed its critical value. In this
i case, a relaxation of the elastic stresses takes place at the
/.2 2 ip ’
Wo=c,z 1 exr{ _\p +(a2) +p Ca€ heterostructure-substrate boundary, and the period of the lat-
0 f 0 tice in the heterostructure growth plane no longer coincides
0 0 with the period of the substrate latti¢i is determined pri-

marily by the average content of silicon in the heterostruc-

0 ture), leaving the germanium layers in the heterostructure

1 1 under biaxial compression. Thus, we can control the strain in
2
=r
5 ) 0
0

Vp%+(q2)?|

f the germanium layers by varying the fraction of silicon

the Gg_,Si, alloy or the layer thickness. In this paper we
studied heterostructures of two types, with different
7 quantum-well widths. The first typex& 0.07,dges= 200 A,
L(qz) 72— —r2) n=83), an example of which is sample 309, had thick ger-
b manium layers dg.= 800 A) that consequently were weakly
i(ce@?+cre1?) strained €,,=0.46x 10" 3). The second series consisted of
several samples x&0.11-0.15, dges~200 A, n=80
—160) with thinner germanium layersi.~200 A), caus-
0 ing them to be under larger strainse,(=(0.9—2.1)
0 x10°%). Spectra of these samples were measured

. , previously'* We measured submillimeter photoconductivity

Co€” ¢+ cye 2 spectra of these heterostructures using a “BOMEM
0 DA3.36” Fourier spectrometer at a temperatdre= 4.2 K.

The impurity photoconductivity spectrum of a sample
with thick germanium layers is shown in Fig. 3a. This spec-
0 trum is shifted as a whole towards longer wavelengths com-
pared to the spectrum of bulGe (the maximum energy
homa= 12 meV; see, e.g., Ref. 1and consists of a line at

xexpg —

xXexg —

cge ¢

Jp2+(q2)? 5 0 hw~ 5.3 meV and a broad band Atw= 7.4-10 meV. In
Xexp - " ph tp 0 this sample the quantum-well effects are unimportant, and
) ) 0 the photoconductivity spectrum is in good agreement with
the theoretical model described abotfeg. 1); the strain
\/m' corresponding to sample 309 is indicated by the vertical line
><exp R (4)  1). The line athw~ 5.3 meV corresponds to a transition

from theL, 5 ground state to the first excitdd, 5 state. The
In this paper we find two excited states with wave functionspacing(1) between level , s andLg amounts to 7.1 meV,
(4), which we denote by (1) andLg (2). In finding the  which is in good agreement with the start of the short-
second state we impose an additional condition on the variayavelength band in the spectrum shown in Fig. 3a. The pho-
tional parameters: the requirement that the upper ¢fatee  toconductivity at higher frequencies can in this case be asso-
orthogonal to the lower state. For states of tyBewe find  ciated with transitions to higher-lying excited states and to
only the lower excited state, since the second rapidly departie continuum, and also to the split-off light-hole subband
into the continuum with increasing strain. Figure 1 also(the splitting of the subbands in this sampleiiss 3 meV).
shows the dependences of the calculated excited acceptor Spectra for the Ge/Ge,Si, heterostructures with thin-
state energies on the straip,. On the right we indicate the ner germanium layers are shown in Figs. 3b and 3c. It is
corresponding acceptor states in the limit of large strain for &lear that these spectra are shifted even farther into the re-
simple anisotropic band €l 2po, 2p-). It is clear that the gion of lower frequencies; features these spectra have in
energy of the excited levels approaches its asymptotic valueommon are a line @ w~ 6.9 meV and an intense band at
more rapidly than the ground- state energy, which is obvi% o= 3-5 meV. It is obvious that in heterostructures with
ously associated with the lower binding energy of the excitecharrow germanium layers the quantum-well effects are more
states. important. As we have already noted, in these structures
strain causes the masses of light and heavy holes along the
[117] axis, i.e., the growth direction of the structure, to differ
by an order of magnitude. This leads to additional splitting of
the light- and heavy-hole subbands due to size quantization.
The strained multilayer heterostructures Gea/G8Si, In this paper this effect is included by introducing an effec-
under study (with x=~0.1, germanium layer thickness tive straine 4 corresponding to the total splitting of the sub-

EXPERIMENTAL RESULTS AND COMPARISON
WITH CALCULATIONS
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a crepancy indicates the need for a more accurate inclusion of
the quantum-well effect in structures with thin germanium
layers. The long-wavelength tail of the bafid= 3-5 meV

can be explained by the dependence of the binding energy of
an acceptor on its position in the well: At the well center the
energy is a maximum and it decreases as the acceptor moves
towards the barriel’ The additional structure in the region

\ N 1.8 to 3 meV observed in sample 306 can be related to pho-
K toexcitation ofA* centers, which form when an additional

b hole is captured by a neutral acceptor in the quantum ell.
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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 considered19@8 American Institute

of Physics[S1063-78208)02110-3

1. INTRODUCTION We calculate the potential difference across the quantum

well and the photovoltaic response arising from distortion of

There is great interest in studying the properties of ahe wave function for the example of a quantum well with
two- dimensional electron gas in coupled quantum wellsstructure A} Ga, ;As/GaAs/Al Ga, ;As and a thin AlGaAs
since it may be possible to controllably regulate the energyparrier (one to two monolayejs
spectrum and scattering rate of electrons in such a structure,
as well as its optical parameters, by changing the shape of
the quantum wells and coupling between them. Couple&' VOLTAGE ARISING FROM DISTORTION OF THE
i . ELECTRON WAVE FUNCTION IN A GaAs QUANTUM WELL

guantum wells have become the basis of many semicondu

. . i QWITH A THIN AlGaAs BARRIER
tor electronic and optoelectronic devices. These structures

have been used to make lasers in the infrared reljidom- By introducing a thin barrier into a two-dimensional
frared detector$? nonlinear optics elemenfsand high- quantum well that separates it into two unequal parts we
speed transistors. change the energy spectrum of electrons in the quantum well

In this article we discuss new phenomena caused by disand distort the electron wave functions, leading to breaking
tortion of the electronic wave functions in quantum wells of the symmetry of the charge distribution in the quantum
separated by a barrier so thin that the energy levels and waweell.
functions of the electron are common to both quantum wells.  Let us consider this phenomenon for the example of a
We discuss the asymmetry of the polarization electrorspecific Al :Ga, ;As/GaAs/Al :Ga, 7/As heterostructure with
charge in the quantum well when the thin barrier is placeda GaAs quantum-well width=20 nm, in which we place a
into it and the appearance in the quantum well of a potentiathin Aly ;Ga, /As barrier with thicknessl=1 nm in the plane
difference and photovoltaic effect connected with this barz=1I,. This structure is shown schematically in Fig. 1. Wave
rier. functions and electron energies are calculated by numerically

A photovoltaic effect is observed in coupled quantumsolving the Schrdinger equation. It is assumed that the
well structures when their electronic states form in quantunheight of the heterojunction barrier 19,=0.3 eV and the
wells separated by a thick potential barrier. A thick barriereffective masses of the electrons aré=0.067 in the GaAs
between the quantum wells prevents photoexcited electrordayer andm* =0.27 in the AlGaAs layer.
that are spatially separated with respect to the neutral posi- The computed spectrum of electron energigs ih such
tion from returning by tunneling through the barrier, which a quantum well is shown in Fig. 2, where the first three
ensures a high value of the photovoltaic response of th&evels are plotted. The energy levels plotted in Fig. 2 as a
structure and the feasibility of its use for detecting infraredfunction of the coordinates of the barrier in the quantum well
radiation*®° In a structure with a thin barrier a photovoltaic are defined by the position of the bottom of various subbands
response is possible if an alternative can be found to thé the coupled quantum wells. The introduction of a barrier
thick barrier as a means of ensuring a finite relaxation timento the quantum wells produces a radical change in the char-
of the photoexcited electrons in the equilibrium state. In thisacter of the electronic spectrum. Eneigy of the first(low-
article, we propose such an alternative: we argue that bgs) level corresponds to the energy of the bottom of the
introducing a thin barrier into the quantum well we can radi-lowest electron subband in the wide portion of the divided
cally decrease the rate of intersubband nonradiative transguantum well. The second energy le\®] in the quantum
tions . well is determined by the energy of the bottom of the second

1063-7826/98/32(10)/5/$15.00 1111 © 1998 American Institute of Physics
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FIG. 1. Potential of the bottom of the conduction band of a AlGaAs/GaAs/
AlGaAs quantum well of widti. and a thin AlGaAs barrier of thicknesk
located in the plang, ; Uy is the height of the heterojunction barrieis the
coordinate in the growth direction of the heterostructure.

subband of electrons in the wide portion of the quantum well
only in the rangel,<5.0 nm. Forl,>5.0 nm the second
energy level corresponds to the energy of the bottom of the
first (lowes) subband in the narrow portion of the quantum
well, which turns out to be lower than the energy of the
bottom of the second subband in the wide portion of the .
qguantum well. As a result, the second energy |euglap- K10
proaches the first leveE; as the barrier coordinatk, in-
creases. Analogously, fop<<5.0 nm the third leveE; cor- o
responds to the bottom of the first subband in the narrow = g5
portion of the quantum well, while fol,>5.0 nm it corre- o
sponds to the bottom of the second subband of the wide ~
portion of the quantum well.

The wave functions of electrons for levels, E,, E;
correspond to wave functions in subbands responsible for the
generation of the appropriate level. Figure 3 shows squared
wave function amplitudesp,;|? for energy levelE; at three
characteristic locations for the barrier in the quantum well:
l,= 2.5, 5.0, and 7.5 nm. Fdg,= 2.5 nm electrons in the
lower two levels are in subbands of the wide portion of the
quantum well and the region of electron charge shifts to this %
portion of the quantum well. Fdg,= 5.0 nm only electrons QE 1.0
of the first levelE,; remain in the lowest subband of the wide S
portion of the quantum well. Electrons for the second level
E, are found to be partially in the lower subband of the “'—,,,0.5

1.5
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FIG. 2. Dependence of the first three energy leve|s E,, andE; of a
GaAs quantum well of width.=20 nm with a AlGaAs barrier versus the
position |, of that barrier(solid curve$, and the energy of the first and
second subbands in widegght) (dotted-dashedand narrow(left) (dashegl
portions of the quantum well. Fog~ 4 nm the types of subbands at levels
E, andE; change.

FIG. 3. Squares of the electron wave function amplitufies|? plotted

versus coordinatefor the first(lowes (1), second2), and third(3) energy

levels in a GaAs quantum welL&20 nm) for the following positions of the
AlGaAs barrier:l,=2.5(a), 5.0 (b) and 7.5 nm(c).

which forl,=5.0 nm is very close to levét,, turn out to be
primarily at the lowest subband level of the narrow portion
of the quantum well.

Finally, for 1,=7.5 nm electrons of the first&;) and
third (E3) energy levels are found in the first and second
subbands of the wide portion of the quantum well, respec-
tively, while all the electrons of the second levElj shift to
the first subband of the narrow portion of the quantum well.
We see that by moving the thin barrier in the quantum well
we cause a significant asymmetry in the electron charge dis-
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FIG. 4. Dependence of the potential differen¢e caused by distortion of  F|G. 5. Photovoltaic responsé,, to transfer ofAn==8x 10%m~2 elec-

the electron wave function in a GaAs quantum well on the position of thetrons from levelE, to level E, as a function of the position of the AlGaAs
barrierl, for T=293 K (1) and 77 K(2). The dashed curve is the value\§f barrierl, .

assuming occupation by electrons of only the lowest energy Eyel.e.,

n02=n03=0.
the third level is important, and the maximum W9f de-
creases and shifts towards the region of smadljewhen

tribution of the quantum-well levels, which leads to the gen-lb<5 nm. _ _ .
eration of potential differences in the quantum well. VL, reaches its maximum value for that position Igf

Let us assume that the structure is uniformly doped withVhere the lowest subband of the narrow portion of the quan-
donors. These ionized donors define a distribution of positivdum well begins to be occupied by electrons from the second
charge that is uniform over the quantum-well cross sectionl€vel- If the second and third energy levels are not occupied
Solution of the Schidinger equation gives the following ex- (No2="Nos=0), thenV,_ increases as long a5 does not ap-
pression for the voltage that appears across the quantum wéfoach the center of the quantum walke Fig. 4 Note that

due to distortion of the electronic wave function for the threeth® voltageV, increases with increasing dopingy and
quantum-well levels: quantum-well width. It is impossible to observe the potential

V| in steady state due to the relaxation of charge induced in
le| L,—L, Noi 2 the quantum well with timeV ~exp(—t/RC), whereR and
Vi="Na(Lo—Ly)) — —Zl N, ). Fi(z)dz|, C are the leakage resistance and capacitance associated with
! =t Tk 1) the quantum well. Therefor&/, manifests itself only in dy-
namic perturbations of the electron gas in the quantum well.

where Such perturbations can be caused by external electromag-
netic fields via optical intersubband transfer of electrons.
_ INER Measurements of the perturbatidh can be used as an in-
Fi(2)= | leei(z')|dZ". 2 : .
Ly dicator of the degree of occupation of subbands by electrons

. ) ) ) in strongly coupled quantum wells.
Heree is the electron charge, is the dielectric constant of

GaAg, '\.Id Is the concentration of |on|zeq donorg s the 3. PHOTOVOLTAIC EFFECT IN A GaAs QUANTUM WELL
equilibrium concentration of electrons in levi|, andL, WITH AN AlGaA
; s BARRIER

andL, are the coordinates of the edges of the quantum well,
which also include regions where the electrons penetrate into  Let us assume that optical excitation is used to transfer
the AlGaAs layers. An electrons from the first energy levié} (either directly or

Figure 4 shows the dependence\gf on |, for these Vvia a third leve] to the second leveE,. A photovoltaic
heterostructures wheiNg(L,—L,)=8x10"m 2. As we signalV,, will then appear at the heterostructure, equal to
see, the voltage/, is a consequence of distortion of the the difference in the voltageg, in Eq. (1) in the absence
charge distributions within the quantum well when the bar-and in the presence of then transferred electrons:
rier is introduced into it. The electron charge in the first two

L z
subbands that are occupied at 77 K shifts towards the wide vazﬂAn f 2“' [ee1(2)|?— | @ex(2')|?]dZ } dz.
portion of the quantum well as long d§=<5.0 nm. For &1 L Jha
[,=5.0 nm electrons from the second levelyf) return to 3
the narrow portion of the quantum wefig. 3. As a result, Note that the voltag®/,, is directly proportional taAn

V_ decreases as the barrier moves further towards thand does not depend on temperature or doping l&iel
quantum-well center, reaching zero when the barrier is loFigure 5 shows the dependenceVgf, on the barrier position
cated at the center. The dependenc®0bn |, for a barrier  in the quantum well fodn=8x10**m~2. The dependence
on the right side of the quantum well repeats the picture foof V,, on |, reflects the character of the distortion of the
the left side with reversed sign. At=293 K occupation of electron wave functionV,, appears at,~5.0 nm, when
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electrons of the second energy level begin to make transi- Calculations of the rate of intersubband transitions in a
tions from the wide to the narrow portion of the quantumGaAs quantum well show that the dominant mechanism re-
well, and reaches its maximum valud g&=7.5 nm, when the  sponsible for these transitions is scattering of electrons by
electrons of the first and second levels accumulate in differemission(absorption of polar optical phonon¥>!! Calcula-
ent portions of the quantum welee Fig. 3 and maximum tions of the relaxation rate in a GaAs quantum well with a
polarization of the electron gas occurs in the quantum wellthin AlIGaAs barrier within the approximation of a dielectric
Let us consider conditions for optical transfer of elec-continuum, with allowance for the interaction of electrons
trons from levelE; to level E, and the possibility of using with trapped and surface polar optical phonong at77 K,
such structures as photovoltaic detectors of optical radiatiorshow that when the position of the AlGaAs barrier in the
Consider a structure with a barrier in the pldge7.5 nm,  structure lies in the range <6l,<15 nm if E,+E,—E;
where the photovoltage is a maximum. In this structure op<<fiwq, while E,+E3—E;>% wg (WhereE,=6.6 meV is the
tical transitions between levelg; and E, are forbidden, kinetic energy of an electron at 77 K alid(=36.2 meV is
since the overlap integral for electron wave functionsthe energy of an optical phonon in GaAke transition fre-
| 50e10e2d2? equals zero. Therefore, optical transfer of quencies areW,;=3x10°s %, Wy =1x10%s™ ! and W,
electrons from leveE; to level E, takes place via the third =3x10?s™1. If the transition energieE,— E;>% wq, then
level E5. For |,=7.5 nm we haveE;—E;=65 meV. This W,,;>10'?s™1. The decrease of frequend/,; by almost
implies that the structure can be a detector of infrared radiathree orders of magnitude when the barrier is introduced at
tion in the wavelength range 5-%8m. the central region of the quantum well is due to the energeti-
After transfer to levelE; the electrons make nonradia- cally forbidden nature of electron transitions with emission
tive transitions to the second and first levels. Denoting byof optical phonons.
W;; the frequency of nonradiative transitions between levels ~ Thus, introducing a barrier into a quantum well pre-
i andj, from the balance equation for transitions in a three-serves the high value of scattering frequeli¢y, and mark-
level system we obtain the following expression for the num-edly decreases the scattering frequeWéy;. This allows us
ber of transferred electrons from the first to the secondo increase the lifetime of electrons in the transferred state to

guantum-well level; 0.2 ps, which is comparable to lifetimes in structures with a
thick barrier between quantum wells.
W3, P When we substitute these valuesW,, Ws;, andW,,
An= Woy(Wa+Wap) hoys’ @ into Eq. (5), we obtain a photovoltaic response ¢f, /P

=8.8 V/W for the power absorbed in a quantum well with a
whereP is the optical power absorbed in the quantum well,thin barrier wherl,=7.5 nm. This is somewhat lower than in
andhvy; is the transition photon energy between levéls  detectors with a thick barrier.

and E;. Substituting Eq(4) into Eq. (3), we obtain the fol- Note that a structure with a thin barrier admits reverse
lowing expression for the magnitude of the photovoltaic re-optical transfer from leveE, to level E; via level E;. Al-
sponse of the radiation detector: though the overlap integral of the wave functions
|f::i(qo2<p3)dz|2 goes to zero fot,>7 nm, the magnitude of
Voo _ ﬂ W3, JLZ fz [ea(z)|? the photovoltaic response in a structure where the barrier is
P &1 Wy (Wai+Wahvys Ji, | Ji, el located in the plané,~6 nm turns out to be larger than the

case discussed previously with a direct optical transition.
—|<pez(z’)|2]dz’]dz. (5) The results we have 'obtained for a specific GaAs quan-
tum well structure with width.=20.0 nm have a more gen-
eral character. We can assert that if we increase the width of
In order to increase the magnitude of the photovoltaiche quantum wellL with proper allowance for scaling, a
response we must increadtéz; (which also increases the photovoltaic response will occur for barrier positions in the
speed of the detector respopskut primarily we must de-  guantum well l,>0.28_, and will have a maximum at
creaseW,;. The quantityW, ' is the lifeime of electrons | —0.33. These scaled structures allow us to specify the
transferred to the second level. In infrared detectors based afgnsition energyE; —E5 and thus choose the energy of the
intersubband transitions in coupleédsymmetri¢ quantum  detected signal.
wells, increasing the lifetime of electrons in the second level  Note that in structures with <10.0 nm the photovoltaic

is achieved by increasing the thickness of the barrier betweegesponse is zero due to the abrupt increase in the transition

quantum wells, thereby decreasing the rate of electron turfrequencyW,, whenE,— E;># w,.

neling through the barrier from the second to the first 1ével.

In structure_s with a thick barrier the first ar_ld s_econd Ievels4_ CONCLUSIONS

corresponding to the three-level model are in different quan-

tum wells. Our calculations of the distortion of the spectrum and
In the structure with a thin separating barrier which weelectron wave functions in AlGaAs/GaAs/AlGaAs quantum

are discussung, the first and second levels are common teells with width L=20.0 nm and a thind=1 nm) AlGaAs

both guantum wells and the frequend, is determined by barrier in the pland, have shown that introducing such a

the frequency of nonradiative transitions between these levbarrier into the quantum well in the region<0,<5 nm

els. shifts the electron charge toward the wide portion of the
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guantum well, and for uniform impurity doping leads to the well structures with a thin AlGaAs barrier suitable as detec-
appearance of a potential differengg across the quantum tors of optical radiation in the infrared region.
well.
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The effect of partial ordering of impuritigorrelated along one direction and uncorrelated along
the othey 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. 98 American Institute of Physics.
[S1063-782628)02210-9

The way that scattering by randomly located impurities 21 o 2
and impurities that randomly occupy sites in a periodic lat-W(Q) = 7[ dxdydz &€ WV(r)e*(z)| , q=k—k’,
tice affect conductivity is now well understood. However,
the 5-doped layers that can now be grown on vicinal surfacegvhere ¢(2) is the quantum-well wave function along the
of semiconductors constitute a class of structures that diffegirectionz, and
from those considered previously, since they exhibit partial N
ordering of the scattering centergt the surface there is a V(= v(r— R))
periodic structure of monoatomic steps, and during doping i

impurities are deposited primarily on these steps, forming T the impurity potentiatwhereR; is the coordinate of the

system of parallel chains. Along such a chain the positions o th impurity). It is easy to showthat

impurities may be treated as completely uncorrelated. In thi
case, the chains themselves form a periodic lattice, whose B 2_77 5
period depends on the angle of misorientation of the surface V(@)= =~ [v(®)|*S(a),
relative to the principal crystal plane. In its geometry this ] ) .
system differs from any studied previously. ExperimentalVnerev(q) is the Fourier transform of the effective two-
studies show that such layers have anisotropic electronicdimensional impurity potential, which for a Coulomb poten-
properties. In this paper we discuss how the geometry of thal is
system of scatterers affects the anisotropy of the kinetic co- 2 re?
efficients. v(q)= 2q
Consider the scattering of an electron localized iAn-a
layer and freely moving only in the plane of the layer. In thiswhile S(q), the so-called structure factor
case, we can write the collision integral in the Boltzmann N
> R
I

[ ex-alzheaaz

2
equation, which determines the correctibnto the equilib- S(q)=

rium distribution functionf,, in the form

@

201 which contains all the information about the system geom-
l(k)= f Z_W(k’ K[ f(k")—f1(K)]d(ex— &), etry. Assuming that the positions of the impurities are en-
m tirely uncorrelated along a chaitthe x direction), and that
@ the chains themselves are positioned on a periodic ldttiee
y direction), we obtain for the structure factor averaged over

whereW(k, k') 8(e— €) is the probability for the electron ) "
( )ole—ew) P y impurity positions

to make a transition from state to statek’ as a result of
elastic scattering. We are interested only in changes in the (2m)
distribution function associated with spatial correlations in ~ (S(Q))=N| 1+
the impurity positions, and ignore the electron density near

an impurity, which, in general, is needed to calculate kinetiovhereN is the total number of impurities in the entire plane,
coefficients. If we assume that the electron wave function irand v is the average number of impurities per unit length of
the plane of the layer is a plane wave, the probabilitychain. The quantitfS(q)) differs from the structure factor
W(k, k') can be written in the form for completely uncorrelated impurities only gt=0. Quali-

)

a

2 2
Vé(qx)En: 5( Qy— ?ﬂn)

1063-7826/98/32(10)/3/$15.00 1116 © 1998 American Institute of Physics



Semiconductors 32 (10), October 1998 Averkiev et al. 1117

tatively, this behavior 08(q) is connected with the fact that Boltzmann equation, and then add and subtract the resulting

for q,#0 the average number of impurities at the plane-equations. As a result, we find that the functioh satisfies

wave front is constant, and only fay,#0 will oscillations the Boltzmann equation without the singular term in the col-

begin in the averaged number of impurities at this front.  lision integral, and that; satisfies the homogeneous equa-
Equation(3) has a symbolic meaning to a certain extent,tion:

since when we substitute it into E¢l), we obtain the prod- do’

uct of three é-functions, which after integration formally —Tr|u(k,<p—go’)|2(f1’(k’,<p’)—fl’(k,<p))
gives the indeterminate expressiéf0). In order to assign a

meaning to such an expression, we must recall that it was |v(2K|sing)|)|2

obtained from the sung2), in which the total number of

N - ) 2
2f1 (k@) >, 5<2k|3|nzp|—?n):0.
impuritiesN is assumed to be a large but finite number. Then n=1

k|sine|
()

o We emphasize that this separation of the equations for
whereN, is the average number of impurities on one chain.and f; is directly related to the fact that the equation

27v8(0)=N2—N,, (4)

Substituting expressio(8) into Eq. (1), we obtain v(k,9)=v(k,—¢) is valid for the potential. Sincé, is the
i correction for the distribution function caused by external
, m bation, while Eq(7) does not contain the perturbation
ls=N | S lo(k=K)[2(F (k') = F1(K)) S(k—k') — perturbation, '
st J el Ak = Fa(kD & )k’ we must assume thaf =0.

Thus, in calculating the conductivity or diffusion coeffi-
cient for any spherically symmetric potential, the contribu-
tion from the singular part of the collision integral equals
zero and correlated positions of impurities in itself has no
effect on these coefficients.

From these considerations, it does not follow, of course,
that the kinetic coefficients in this system are the same as
The first term on the right side of E¢5) corresponds to the coefficients in the uncorrelated system. For an exact calcula-
collision integral for uncorrelated impurities, and the entiretion, let us say, of the conductivity, it is necessary to take
contribution from spatial correlations is contained in the secinto account the nonuniform distribution density of the elec-

o0

27y 2
+ Té(kx—kx)n;w 5( ky—k)— ?n) lv(k—k")|2

><<f1<k'>—f1<k>)5<k—k'>k—"j. (5)

ond (singulapy term. trons, which immediately leads to anisotropy of the kinetic
Next, we will discuss scattering by a potential with cir- coefficients.
cular symmetry, i.ey (k) =v (k). Then the correction to the We note that the probability of scattering, as we should
distribution function is conveniently cast in the form of a expect, contains the singular part. If we calculate the resi-
sum: dence time for elastic scattering in this system of impurities
T = - - y
where hoJ (2m)3 a a
f1(k,o)=Ff;(k,— o), as was done in Ref. 4 for a three-dimensional periodic lattice
with randomly occupied sites, then according to E2).we
and obtain
fi(ke)=—f1(k—e). 1 1 1
. . .. + — . = + "
After substituting the quantities’ andf; into Eq.(5) and (k) 7 (k)  7e(k)
integrating, the expression for the collision integral takes therhe quantityr, is determined by scattering by randomly lo-
form cated impurities, whiler; is determined by scattering at
do’ o ’ B , “Bragg” angles by the correlated chains:
=N | 5 —fo(ke—¢)[*(f1 (k@) + 11 (K ¢") 1 N m | 2
= > —v| 0—n|27v5(0).
lv(2K|sing|)|? Te ahn:&o,z—ﬁne[k — |l ky+ [KI] [k a
—fi (ko) —fi (ko) +—r—— a y Y
k|sine| €5))
o o Expression(8) implies that fork,=(2#/a)n there is addi-
x2f7 (K, @) >, 5(2k|sin<p|— ?n). (6) tional scattering that is enhanced by a factor ¥ (
n=1

—N,)/N, compared to the incoherent scattering. In this
If the field-dependent part of the Boltzmann equation issense, the situation is analogous to scattering by a crystal
an even function of angléor example, proportional to cgs  lattice: although an external beaplane wave gives rise to
as happens when we calculate the conductivity in a unifornBragg peakgan analog to Eq(8)], for an electron in the
electric field, then the equations fof; and f; separate. crystal with momentum much smaller than the size of the
This can be seen, e.g., if we replage by —¢ in the Brillouin zone the scattering by the lattice is not important at
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all, since the electronic states at the boundary of the BrillouirOrganisatie voor Wetenschappelijk OnderzgiikVO).
zone from which the scattering takes place are unoccupied
due to the relatively small concentration of carriers in these

states.

Thus, the geometry of impurity positions aftdoped ;R. Nazel, L. Daweritz, and K. Ploog, Phys. Rev. &6, 4736(1992.
.. . . . . A. D. Visser, V. I. Kadushkin, V. A. Kul'bachinski V. G. Kitin, A. P.
vicinal surfaces in itself has no effect on kinetic coefficients. Senichkin, and E. L. Shangina, JETP L&®, 339 (1994,

Partial ordering in such a system can manifest itself in scatsp. ziman, Principles of the Theory of Solid@nd ed.(Cambridge Univ.

tering of an external beam of particl@®r example, in sur- Press, 1969; Mir, Moscow, 1974
face electron holograph.y 4A.F.J Levi, S. L. McCall, and P. M. Platzman, Appl. Phys. L&#, 940
(1989.
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This paper investigates the linear polarization of photoluminescence emitted along the plane of
an InAs/Gdln)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 PhysidsS1063-78208)02310-3

Contemporary methods for investigating surfaces suclineterojunction, the IlI-V heterolayers have a lower symme-
as atomic-force and tunneling microscopy have strongly motry, and direction$110] and[ — 110] are not equivalent. Fur-
tivated the study of the complex growth mechanisms andhermore, additional lowering of the symmetry of atomic
structures of quantum-well layers. However, many feature®onds at the heterostructure is possible due to the appearance
of quantum-well layers that are a consequence of the prosf various morphological peculiarities at the time of epitaxial
cesses that occur during epitaxy have not been studied kgrowth. Therefore, mixing of heavy- and light-hole states is
these methods. Processes such as impurity segregatigrgssible at the heterojunctidfin this case, it also follows
which leads to changes in the potential profile of thefrom group theory that we should observe 100% polarization
guantum-well layers, or stratification of the solid solution, of light from a quantum well with a symmetric potential
develop in the bulk of the structure while the next set ofprofile (if the mixing parametéf is not too large However,
layers is being grown. Thus, since the evolution of the strucdeviations of the quantum-well potential profile from rectan-
ture is not over until its capping layer is grown, it is impor- gular shape should influence the degree of polarization.
tant to develop methods of investigation that allow us to  In this paper we investigate the anisotropy of PL from
study the structure of quantum-well layers buried undestructures with quantum-well layers grown by MOCVD- hy-
thicknesses of other epitaxial layers. In this situation thedride epitaxy (i.e., gas-phase epitaxy using metallorganic
method of optical anisotropy, which is very sensitive to thecompoundsat atmospheric pressure. We observe a connec-
crystal structure can be one of the most important analysion between the structure of the quantum-well layers and
tools. Among the many publications that touch on opticallinear polarization of the PL from cleaved facets of
anisotropy of 11I-V structures with quantum-well layers, the IN(GaAs/GaAs and InAs/GalnAs/InP structures with
number of papers devoted to the polarization of edge photostrained quantum wells and quantum dots. As far as we
luminescencéPL), i.e., PL emitted from quantum weli®  know, edge PL from quantum-well layers of(@a)As on
and quantum dotsin the plane of the epitaxial structure GaAs substrates or InAs/InGaAs heterolayers on InP sub-
layers, is comparatively small. However, the effect of quan-strates have never been investigated before.
tum confinement and mechanical stress in the quantum layer
on the (_)ptl(_:al anlsotrqpy should be ;trongest in this dlreC-EXPERIMENTAL METHOD
tion, which is perpendicular to the optic axis.

It is known that quantum wells made of tetragonally dis-  Our structures were grown in an atmosphere of hydro-
torted InGaAs layers on substrates of GaAs or InP contailgen, starting with trimethyl gallium{(TMG) and trimethyl
only heavy-hole levefs’ and hence the direction of the elec- indium (TMI) as sources of the group-Ill elements and an
tric field vectorE for PL emission from the quantum well excess of the group-V source, i.e., arsenic or phosphorous.
should lie in the plane of the quantum well. In this case, if = The quantum-well layers of INnA@NGaAs were grown
there were an axis of symmetry of lower than third orderon (001) GaAs substrates. The samples either contained a
normal to the layers of the structure, then states of heavy ansingle quantum-well layer capped with GaAs or were
light holes would not be mixed, and the edge PL would bemultilayer periodic structures. These multilayer periodic
100% linearly polarized® Because of the presence of the structures consisted of 10—20 quantum-well layers separated

1063-7826/98/32(10)/6/$15.00 1119 © 1998 American Institute of Physics
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. RESULTS AND DISCUSSION
Exciting
Light The photoluminescence from all the samples we studied,
which was observed in the direction normal to the surface,

90° was not noticeably polarize®. was less than 10%. The edge
E |l [a071] PL of calibration samples, which consisted of uniform epi-
taxial homoepitaxial layers of GaAs or InP, or GaAs struc-

PL tures with periodically located-layers of acceptor carbon,

also showed no significant polarization.
Also weak is the dependence of the polarization on the
EL[001] geometric parameters of the sample: the distance between the
0° excitation spot and the cleave, the thickness of the substrate,
and the quality of the sample surface. Nevertheless, in order
FIG. 1. Sketch of setup for measuring PL along the layers of the structureg decrease the possibility of errors due to these factors, only
the results of measurements made under the same conditions
were compared among themselves .
Edge PL from all the heterostructures we studied was

by 0.1um-thick GaAs barriers. The quantum wells were linearly polarized, and the directions of maximum and mini-
grown at 650 °C, with more than 20% InAs and thicknessednum PL intensity relative to the structure layers were always
below the critical thickness for spontaneous formation oféither 0° or 90°.

guantum dots? The quantum dots were grown according t0 1. |solated quantum-well layers

the Stransky—Kastanov mechanism at 630 °C with subse- . . .
quent stopping of the growth. The growth and properties of An isolated IfGaAs size-quantized layer on a substrate

these quantum dots were described in detail in Refs. 12 ancc)zllc GaAs or InP is distinguished by its weak waveguiding

13. The quantum dots contained from 2 to 5 monolayers 0?ffect compared to multilayer structures, which confine most

InAs. Studies in a TMX2100 atomic-force microscope of th92;th?npr?fafragzgo“rgZtstgr:ﬁ;rbfdl;'nlft:,ze\,tvg\f:ﬂe ?lsihoi):‘htehe
surfaces of control samples of InAs/Gadgrown without pping ay 9

. .. PLin th iali ~ 0. I fracti
the GaAs capping laypreveal the presence of mounds with of tr|1neterenir;sai1;enngl(<l)rr]1 Oltjrrlec aiintuomsivl\fgl]l)l,aae?;gerorag Igtr;s in
characteristic dimensions 10-20 nm and densit 9 q Y propag

10t o2 14 Ythe cqpping Iaygr. Near the surface there is a surfac_e—state
Multil ' iodic struct ith /InP electric field, which, on the one hand, can lead to rotation of
tu |aye”r perodic s ruc@g;els I;N' b t{SGtaOBAtsGOg"C the plane of polarization due to the electrooptic effect and,

quantum wells were grown d@01) InP substrates a ' on the other, can disrupt the polarization selection rules by

The cqmpo;mon of -the solid solution was determined bycausing the quantum-well potential profile to deviate from its
x-ray diffraction. Lattice parameters of theyta, sAs lay- rectangular shape

ers were close to that of the substrétee mismatch of lattice In fact, it was observed experimentally that the thickness

parameters was I(_ass tha!n§>< 1073). A strained layer of of the capping layer is the most important factor, and should
InAs was located in the middle of thesGaysAS layer at  pe taken into account in determining the magnitude of the
the same distance from the InP with a nominal thickness ofineay polarization of edge PL from an isolated quantum-well
2.5-7.5 monolayer0.8—2.4 nm. _ layer. The dependence of the linear polarization on thickness
Figure 1 clarifies the system for making the measureqs the capping quantum-well layer was measured on small-
ments. A beam of PL excitation light from a He—Ne Iaserang|e cross sections of GaAs/(Ge)As/GaAs and InP/
(with wavelength 633 ninwas focused onto the surface of |nAs/InP structures prepared by chemical etching. The ex-
the structure near the cleave down to a spot of diameter O.ditation beam was shifted along the wedge of the cross
mm. Emission from the sampléts PL) was focused by a gection parallel to the emitting edge.
collecting lens onto the slit of a monochromator and re- Figure 2 shows the dependence of the intendify)(of

corded using an automated system. A polarizer was placed dge PL of a GaAs/IiGaAs/GaAs structure I
front of the monochromator slit and was rotated around the= 101cm~2) on the thickness of the GaAs capping layer. If

direction of observation. The direction of the electric field the quantum-well layer is in the quasi-neutral regiae.,

vector of PL from the sampléhe vectorE) that was per- outside the space-charge region of surface states, whose

pendicular to the normal to the plane of the structure layershickness at this doping level was Qu3n; see Ref. 15 then

(i.e., along the layejswas assigned the angle 0°. When thismaximum PL intensity from the quantum-well layers is ob-

vector was directed along the normal to the layer, its direcserved for optical-wave electric-fields parallel to the plane

tion corresponded to an angle of 90° in our notation. of the layer(0°), and theminimum is observed in the per-
The degree of polarization was estimated from the expendicular direction (90°). In the range of 0—QuZn the

pressionP =100%- (1o—lgg)/(lo+ 190 (Wherelgandlggare thickness of the capping layer strongly affects the polariza-

intensities corresponding to 0° and 90°). The error in detertion of the edge PL. As this thickness decreases, the degree

mining this quantity was approximately 10%. of polarization decreases and even changes sign, reaching a
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TABLE |. Parameters of lfGa_,As/GaAs structures(QW—-quantum-
well layer; MPS—multilayer periodic structuye.
31000 Structure No. Type of structure X hvpy, eV P, %
B 1700
3 ™~ 2246 QW 0.13 1.434 35
< 700 { < 2247 QW 0.15/0.10 1.447 9
5 2248 QW 0.11/0.16 1.454 31
; | 2249 QW 0.9/0.14/0.9 1.440 36
70 0 2234 MPS 0.16 1416 33
2235 MPS 0.23/0.15 1.439 10
, N , , , ] 2236 MPS 0.13/0.21 1.428 22
1 0 0.1 ] 0.3 0.4 2237 MPS 0.13/0.21/0.13 1.412 32

0.2
h, pm

FIG. 2. Dependence of the intensity of edge Rl. (1-3) and degree of
polarization R4) of an isolated InGaAs quantum-well layer on the thickness Of the edge emission is observed in control samples and
of the GaAs capping layer. 1—Total intensity,2—intensity of PL polar-  samples with an increased concentration of indium at the
ized in the plane of the SQ(0°); 3—intensity of PL polarized normal to the center of the quantum well. Increasing the indium concentra-
plane of the SQL90°). . . .

tion near one of the heterojunctions decreases the degree of

polarization and is accompanied by a rather small shift in the

energy maximum(by 0.01-0.02 meY in the direction of
value of P=-60%, which is characteristic of transitions higher energies. The lowest degree of polarization is ob-
with the participation of light-hole states. served for increased indium concentration near the boundary

For a InP/InAs/InP structure with the same level of with the substrate. This can be understood if we take into
doping we observed the same regularities, but for cappin@gccount that segregation of indium at the growth tempera-
layer thicknesses 30—60 nm smaller, which is in agreemertures used leads to penetration of a certain amount of indium
with the characteristically smaller height of the surface barinto the cap layet® which results in a decrease in the poten-
rier for this material. tial barrier from this side of the quantum well. Therefore, the
The electrooptic effect should lead to a smooth changgotential profile is not completely symmetric relative to the

in the direction of polarization as we vary the distance becenter of the well even in the control sample. Shifting the
tween the radiating edge and the translation path of the eXayer with increased indium concentration towards the sub-
citation laser beam spot. However, since this is not observeditrate tends to make the potential profile closer to triangular
the most likely reason for the change in polarization shouldn shape. Similar layers located on the opposite side act in
be disruption of the symmetry of the quantum-well potentialthe opposite direction. The results obtained for a multilay-

profile by the barrier electric field. ered periodic structure and an isolated quantum-well layer
Deviations of the potential profile from rectangular canare in agreemen(Table ).
arise not only from the electric field but also from a nonuni-  Thus, measurements of the polarization of edge PL from

form distribution of indium concentration in the quantum a quantum well with a nonrectangular potential profile con-
well along the growth direction. In order to study how such afirm the dependence of the degree of polarization on the
nonuniformity ~ affects the polarization, we grew symmetry of the profile.
In,Ga, ,As/GaAs structures with highly asymmetric in-
dium distributions relative to the center of the quantum well. ) i odi

The control samples were “symmetric quantum wells,” 2. In(GajAs/Gaas multilayer periodic structures
containing a IRGa _,As layer during whose growth tim@ The PL of multilayer ItGa)As/GaAs structures is also
secondsthe trimethyl indium flux was either held constant polarized parallel to the plane of the layer. The degree of
or increased at the center for 3 seconds. During the growth giolarization for a quantum wellat the wavelength of the
nonsymmetric quantum wells, the trimethyl indium flux was maximum in the spectrujrturns out to be about 30% in this
increased for 2 seconds at the beginning or at the end of thease. For the same sample parameters, the PL from quantum
growth. The thickness of the cappiifignd buffej layer was dots was polarized much more strongly: 50—100%. Figure 3
0.4 um, much larger than the thickness of the space chargshows the dependence of the PL intensity from multilayer
region, which for this series of samples came to 50 nmin(GaAs/GaAs structures at the spectrum maximum on the
(samples 2246—2249, doping lever 2.5x 10 cm™3). The  angle of rotation of the polarizer. The parameters of the
thickness of the quantum well was 5 nm. These results arstructures under study are listed in Table II.
presented in Table I, where we also list the compositions Figure 3 shows that when thermalized carriers with
used to grow the quantum wells with intentionally alteredground-state energies of the quantized layers recombine, the
indium distribution profiles, computed from the growth re- angular dependence of the PL intensity has the form of a
gime data; the compositions are listed sequentially along thégure eight in the plane of the structure layers and perpen-
growth direction. In addition, Table | also lists data obtaineddicular to the optical axis. This is in keeping with the selec-
for undoped multilayered periodic structures with the sameion rules!’ However, the degree of polarization is not
guantum wellgstructures 2234-2237 100%, and depends on the layer structure. As the degree of

In fact, it turns out that the highest degree of polarizationpolarization decreases, the shape of the figure eight is dis-
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FIG. 3. Dependences of the PL intensiormalized at the spectral maxi-  F|G, 4. Spectral dependences of the intenélip) and degree of polariza-

mum of multilayer InGa,_,As/GaAs structures with quantum wells and jon (3) of PL from a Iny 536G, 46AS / INP quantum well. Polarizatior: —
guantum dots on the angle of rotation of the polarization. Sample numberge 5 __ gge. ' ’

(see Table ). 1 — 1848,2 — 1966,3 — 1959,4 — 1960,5 — 2065.

torted due to additions at the minimum of light from other COMPpressive strain, its edge PL was often polarized along the
polarizationsgsamples 1848, 1966, 195Fhis result is easy Nnormal to the plane of the layers (90°, vecibalong[001]).

to explain if we postulate that the small-area regions of the Figure 4 shows the spectrum of Ofeurve 1) and
quantum-well layers, with strongly asymmetric profiles of 90°-PL (curve 2) for a multilayer periodic structure with
the indium distribution or a high degree of intermixing atoms8-nm-thick InGa;_,As quantum wells x=0.535. Despite

at the heterojunction, are responsible for the 90° polarizathe fact that thex-ray diffraction curves indicate the presence
tion, whereas the primary region of the(@a)As quantum- of a tetragonal compressive strain of no more than 4.4
well layers is occupied by the quantum-well or a quantum-X< 10~ 4, we observed strong polarization at the maximum of
dot layer with 0° polarization. This is possible, e.g., as athe spectrum:P=-25%. As the excitation intensity de-
result of local segregation of indidfhor some electrically ~creased, the maximum of the PL shifted slightly towards low

active impurity at one of the heterostructures. energies and the degree of polarization increased to
P=—-60%.
This degree of polarization is predicted by light-hole se-
3. MULTILAYER InAs/In 45GagsAs / InP STRUCTURES lection rulest’ The shift of the maximum with changes in the

It has been reported in the literature that the sign of theIeveI of excitation indicates screening of electric fields in the

PL polarization from InGaAsP / InP structures with quantum(wa.mu.m well by the excited carriers. Increasing the level of
wells corresponds to the sign of mechanical stfainhas excitation decreases the asymmetry of the quantum-well po-

also been reported that the photosensitivity Oftentlal profile. Therefore, we propose to interpret the pres-

In.Ga,_As/InP structures depends on the polarization, anghce of 90° polarization as an indication that electric fields

that the direction of polarization corresponding to the Iargesfire present in the quantum well d_urmg growth, which Igad to
strongly nonrectangular potential wellgrecall that in

photosgnsmvn_y agrees in sign with the mgch_amcal strain "]nXGal_XAs/GaAs guantum wells the surface electric field
the solid solutior. However, the changes in signal reported . T o
also shifts the direction of polarizatinnThe appearance of

were considerably smaller than 100%. o .
. o L these electric fields could be a consequence of segregation of
The results of our investigations of the polarization PL . L "
electrically active impurities.

from InGa_As/INP —and INAS/1gsEansAS/ InP The InAs layer makes a potential well within the InGaAs
multilayer periodic structures reveal new features about the

polarization of edge PL. We found that even when xttray q_uantum _weII. Because it serves as an effective S'_nk for ex
) . S . . cited carriers, the features of the fundamental PL line of the
diffraction curves indicated that the solid solution was under . .
sample should correspond to its structure. Actually, the pri-

mary PL line of the InAs/IpsdGay 4/AS/ InP multilayer pe-

TABLE II. Parameters of multiayer UGa_,As/GaAs structures. riodic structures is shifted towards lower energies and when

(QW—quantum well; QD—quantum dpt. the nominal thickness of the InAs layer is increased to 7.5
monolayers, the PL line shifts to 1/8m (77 K). The mag-
InGaAs Carrier nitude of this shift corresponds to data obtained in Ref. 18
Structure  Type of thickness, concentratigrer hva,  for samples grown by molecular beam epitaxy. The absolute
No. structure X nm period n.p, cm ev value of our PL maximum is located 0.04 eV higher in en-
1848 QW 0.2 4.5 p, 10% 1.389 ergy than in that paperBecause our growth temperature
1222 83 1 8-?2 P 1811 1;‘;5 was higher than that reported in Ref. 18, the effective thick-
1960 QD 1 073 p: 102 1393 ness of our strained layer was somewhat decreased due to
2065 QD 05 34 n, 3x 109 1.282 reverse evaporationThe photoconductivity spectrum is in

agreement with this PL data. We did not investigate the sur-
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When the thickness of the stressed layer is increased to
five monolayers, the direction of the polarization changes
(Fig. 5b. This figure shows spectra of 0feurvesl and3)
and 90°-(curves?2 and 4) PL emitted from two mutually
perpendicular cleaveage plangsirvesl, 2, 3, and4). It is
clear that at the PL maximunmAj we observe a strong 90°
polarization, for whichP=30%.

This change in the direction of the polarization is evi-
dence of the existence of structural features that lead to par-
ticipation of light-hole states in the recombination. One such

. feature could be a decrease in the symmetry of atomic bonds
1.0 at the heterojunction, which leads to a higher degree of mix-
ing of the states than in (GaAs/GaAs. Another is stratifi-
cation or the presence of regions of structural order in the
solid solution'® which can also lead to effects such as cap-
ture of nonequilibrium holes by inclusions and indirect re-
combination(in real spacg In real-space indirect recombi-
nation, the participation of tunneling implies that the primary
role is played by states that penetrate far into the barrier.
Both effects are associated with the structure of the solid
state solution layer.
The properties of lind® (Fig. 5b give information about
the complicated structure of the solid solution. When we
measured PL from the two perpendicular ends, the directions
of the polarization in the region of linB did not coincide:
curvesl and2 exhibit 0°, while curves and4, which were
obtained by measuring from the other end, exhibit 90° po-
d larization. This is characteristic of an ordered solid
solution?°
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FIG. 5. PL spectra of InAs/ f53/G& 46AS/ INP structuresa — 25-nm-

InGaAs quantum well, 2.5 monolayers of InAs; polarizatiar— 0°, 2 — CONCLUSIONS

90°. b — 25-nm-InGaAs quantum well, 5 monolayers of InAs2 and3, 4 .

correspond to mutually perpendicular end facets; polarizatioB:— 0°; We have experimentally observed the effect of asymme-

2,4—90°. try of In(Ga)As/GaAs quantum-well structures on the de-
gree of polarization of edge PL, and an increase in the degree

) of linear polarization of edge PL when quantum dots form in
faces of the quantum-well layers in these structures b¥he structures

atomic-force microscopy; however, the Gaussian form of the | InAs / Ing §Ga, sAs/ InP structures the direction of po-

g.round-.state PL line is eV'd?”‘Fe of the formation of 28107 5rization of PL from stressed quantum wells and from the
dimensional states characteristic of quantum dots. solid solution itself varies in a more complicated way.
In InAs/Iny s8G& 4AS/ INP structures, like structures on This work was supported by RFFGrant 95-02-05610

a GaAs substrate, the InAs layer is subject to strong tetragy,o ministry of sciencéProgram FTNS, Grants 95-2004, 97-
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This paper discusses the electrical propertiesa@iGe films (Nge—~2.2 at. % prepared by
co-evaporation of Si and Ge from separate sources and doped by ion implantation of
substitutional impuritiesB* and P'), as well as the results of controlled impurity compensation
by ion-beam doping. It was found that'Band P implantation intoa-SiGe films in the

dose range 1.810%—1.3x10Y cm 2, followed by annealing at 350 °C, increased the
conductivity of these films from IC to 10 % and to 10°S/cm for B" and F,

respectively. The position of the Fermi level could be varied frén-+0.27) to E.—0.19) eV.
These investigations indicate that compensation of pre-depsiGe films by ion

implantation is feasible and reproducible. It is also found that higher doping efficier&\siite
films is obtained by using boron than by using phosphorus.1998 American Institute of
Physics[S1063-782308)02410-7

At this time, there is much interest in studying the prop-were ®=1.3x10"" cm ? (leading to a concentration of
erties of amorphous hydrogenated silicoa-§i:H) as a _oy 102t cm3).
promising material for making thin-film, large-area, solar- In order to avoid the incorporation of hydrogen in the
cell elements, field-effect transistors, étmterest in study- films, the impurity ions were obtained by ionizing BEnd

ing the electrical properties of films of amorphous hydrogean% gases. The samples were then annealed in vacuum
less silicon, which contains small additives of an isovalenrat a residual pressure of no more thaw B0-° Torr and

impurity like germanium &-SiGe), arises from the possibil-
ity of obtaining a material with properties similar &Si: H
but with more stable characteristits.

In this paper, whose topic is investigating the possibility
of doping these films with substitutional impurities, we
present the results of ion-implanting boron and phosphoru
into a layer ofa-SiGe obtained by co-evaporation of Si and
Ge. Our work demonstrates the possibility of compensatin
impurities in films that are previously doped.

Thin (~100 nm) films of a-SiGe with Ge contenNg,
~2% were obtained by combined evaporation of Si and G " . . .
from different sources in a VU-1A vacuum setup under con- _Under th? con_d|t|ons_descr|bed '_n Ref. 4, we Ot?ta'”ed a
ditions similar to those we described in Ref. 4. The amount®®S ofa-SiGe films with germamum concentrfit'lons of
of isovalent Ge impurity in the layers was varied by varyingzjz at. %. Measurements of the electrical conductivity of the
the rate of evaporation of the germanium, and was deteflilms after annealing at 350 °C showed good agreement with
mined fromx-ray spectral fluorescence analysis according tghe data of Ref. 4, which is evidence that our method of
the method of Ref. 5. The-SiGe films were doped by obtaininga-SiGe is highly reproducible. The films obtained
implantation of B" and P* ions with energie€ = 15 and DY us had a conductivity of % 10~° S/cm, which at room
40 keV, respectively, at room temperature. The ion dose watémperature comes about via transport in the conduction
varied from® =1.3X 1014 to 1.3 1017 Cmfz_ In order to band with an activation energy of 0.63 eV. The width of the
compensate the “impurity” conductivity ofi-type samples optical gap of the films had a value of 1.58 eV, and the ratio
that were previously irradiated with phosphorus, we irradi-of the photoconductivity measured from the source close to
ated these samples with"Hons atE = 15 keV in doses of AML1 to the dark conductivity was 62.
®=1.5x10%—4.4x10' cm~2. In order to compensate the Figure 1 shows the dose dependence of the conductivity
p-type conductivity ofa-SiGe : B, we irradiated with phos- o(®) measured in the dark at room temperature and its ac-
phorus ions aE = 40 keV in doses ofP=1.5x10%-3 tivation energyE,(®) for a-SiGe films ion-dosed with phos-

X 10 cm™2. In both cases, the preliminary irradiation dosesphorus and boron and annealed at a temperature of 350°.

temperature 3585 °C for 30 minutes.

Aluminum contacts were deposited on the samples in a
coplanar configuration in order to measure their electrical
conductivity. The measurements were made in a vacuum
cryostat in the temperature range from 100 to 420 K. The
ﬁeld intensity between the contacts did not exceeti\/@m.

The conductivity mechanism was identified on the basis of a
ganodified Mott—Davis model of the density of localized
state€ The correctness of this model for layers @SiGe

as discussed previousiy.

1063-7826/98/32(10)/3/$15.00 1125 © 1998 American Institute of Physics
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oF P-tupe, n-type 40.8 With regard to the behavior of the activation energy, the
P - | function o(®) is in qualitative agreement with data on the

_2f : £y 0.6 sign of the thermoelectric power. However, it is noteworthy
E ! 0.4 that for doping with P ions the behavior of the activation
o kf ' o2 > energyE,=E.—Eg (whereE. is the edge of the conduction
v | Tl band, andE is the Fermi levelis less monotonic than for
E,, -6} ) i /f 10 * irradiation by B", and begins to decrease strongly for
e ®>6x 10" cm 2. Apparently, the reason for the nonmono-
ar — -~ tonic portion of the functiorE,(®) is the presence of peaks

R T L . in the density of localized states nekg (similar to X),

“104g 16 14 0 14 16 18 which “hinder” the motion of the Fermi level toward the

Br— log (@, em%)  —P* edgeE, at small doses. This fact, and also the weaker in-

, , . o crease ino with P dose, are evidence that the efficiency of

FIG. 1. Magnitude of the electrical conductivity activation energy versus . ith ph h i | h ith b W .
dose fora-SiGe films ion-doped with boron and phosphorus and annealed agopmg wit p pSp orus Is _owe_r t an. wit oron. We esti-

350 °C. mated the efficiency of doping-SiGe with boron and phos-

phorus atoms using the method described in Ref. 7. In this

) _ ) 5 method, we first estimate the magnitude of the density of

Int(r)(l);jucm_gz boron ions in doses from oy 10 |ocalized states near the Fermi level from those segments of

1.3x10°" cm “ leads to considerable increase in thee temperature dependences of the electrical conductivity

. . _g _4 .
chondl]ictlwtyd—fron; 1x10 dto I5Xh1'0 Slcm, 1.e., moré ¢ jnvolve hopping transport of carriefalong states near
than five orders of magnitude. In this case, measurements 9. Fermi level for films doped in doses greater than

::ihuect?\l/?tn ic;f :;Tetﬂfg?gergi?g Z?;Vrﬁa'nwﬁﬁtz t(;]c?steth; (iog'Bx 10 cm™2, under the assumption that the localization
% 10% gm*Z which is evidence’ that t ge of maiorit carrier.s radius for the carriers equals 1 nm. This density of states
’ yp jority ﬁjrned out to be~(3—9)x10?*eV t.cm 2 for impurity

has changed compared with the unirradiated sample in whic 7oy .
. : oses of~ 10 cm™2, which is in good agreement with val-
electron transport dominated. Thus, doping takes place even

at these low doses of boron. Boron compensates the electr
transport of then-type original samples for boron-ion doses . g i N )
magnitude of the shift of the Fermi level with increasing

in the interval 0<®<1.3x10" cm™ 2. ) ; _ ; .
lon doping the films with phosphorus increases theirdose, we determine the impurity dose at which electrical ac-

conductivity by four orders of magnitude to values as high adivity equal to the ratio of concentrations of ionized to incor-
o~1X10"°S/cm. porated impurities appears. Foi" Band P ions in doses of
Measurements of the temperature dependences of tHeX 10" cm~? this quantity is 0.14 and 0.09, respectively. It
conductivity show that in the entire range of boron and phosis clear that the efficiency of doping with boron ions is al-
phorus doses the contribution of electrical transport alongnost 1.5 times higher than for phosphorus ions. Comparison
delocalized states to the conductivity of the film at roomof these results for the efficiency of ion dopingasSiGe and
temperature is dominant. There is an appreciable contribtg-Si:H films give comparable results for concentrations of
tion to the conductivity from hopping transport via localized boron and phosphorus impuritigsg =107 cm™3 (Ref. 7).
states near the Fermi level in the temperature range below Thus, films ofa-SiGe obtained by the method of co-
250 K for films doped with these impurities at doses greateevaporation can indeed be doped. In this range of acceptor

s fora-Si: H, in which doping places the Fermi level in the
region corresponding to the band taithen, based on the

than 6x10'° cm™2. and donor impurity ion doses, the position of the Fermi level
0.5 a 0.30t b o
|
0.4} £ AN {-4
7 n 0.25F E 1-14
5 03f : T s “\\/ &
2 . £ 3 DY
co.2f ! 1-5%  ‘ozof 12
w 7] fow \°)
01} H 3 2
' s\ I e o S
.: S osf 1-3
of ! 1-6 p- type
n-type ~———s—> p-type ] %
1 1 -
w15 16 17 18 T AT AT R
log (&, B*/cm?) log (#, P*/em?)

FIG. 2. Magnitude and activation energy of the electrical conductivitg-8fGe : P films versus additional dose of incorporated boron (@nsnd the same
for films of a- SiGe : B versus additional dose of incorporated phosphorus(lmnsfter annealing at 350 °C.
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can be controllably varied frorg,+ 0.27 (E, at the edge of It is difficult to identify the reason for this because of the
the valence bando E.,—0.19eV. absence of exact information regarding the distribution of the
Figure 2 shows the dose dependence of the magnitudgensity of states in the mobility gap afSiGe obtained by
and activation energy of the conductivity oftype films  co-evaporation of Si and Ge. We probably should anticipate
compensated with impurities bor¢a) andp-type films com-  that in this material the peak in the density of states mgar

pensated by phosphorus iots. is considerably sharper than the peak near the edge of the
Let us first consider the results of our attempt to com-valence band.
pensate the electrical conductivity @fSiGe : P by additional In summary, we have shown that films of amorphous

incorporation of boron(Fig. 23. Increasing the boron ion silicon with small additivegd~2 at. %9 of germanium ob-
dose to 6<10% cm 2 (for a concentration of~4x10?° tained by co-evaporation from separate sources of Si and Ge
cm %) decreases from 1xX 10 ° to 1.5< 10" ®S/cm; in this  can be successfully doped with boron and phosphorus ions.
case,E, increases to 0.38 eV. Further increasing the dos&he electrical properties of the doped SiGe films can be
leads to a change in the sign of the thermoelectric power, taontrolled by introducing opposite-type impurities to bring
an increase in the conductivity, and to a decrease in the a@bout compensation.

tivation energy to 0.1 eV. These data indicate that compen- This work was carried out with the support of a grant
sation is occurring. Here a transition of the sample to “in-from Goskombuz for fundamental and applied investigations
trinsic” behavior occurs in the dose range ne&r=1 in the area of materials for electronic technology under the
X 10'® cm~2. This corresponds to a boron concentrationdirection of “Electronic Technology Materials,” in the
Ng~8x10?° cm 3, which is somewhat smaller than the “Promising Materials” division of MNTP (No.
original phosphorus concentration. Obviously, doping with01.9.6001261)
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which the conductivity of the sample convertgktype. Fur- Semiconductors/Academic Press, Boston—San Diego—N.Y.—London—

ther changes irE, reflect a shift in the Fermi level away _Sydney— Tokyo—Toronto, 1988; Mir, Moscow, 1991
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The effect of heating-illumination cycling on the electrical propertiea-&fi : H fabricated in a
glow discharge was investigated. Comparison of experimental and theoretical results
shows that photostimulated degradationae®i: H (the Staebler—Wronski efféctnay occur due
to long-term degradation of structural defects generated by preliminary heating99®
American Institute of Physic§S1063-7828)02510-]

1. Studies of the photoinduced degradationae®i: H ensemble consisting of 50 double-well potentials with barrier
(the Staebler—Wronski effégtalways incorporate the fol- (U;) and asymmetry4E;) parameters distributed according
lowing two ideas: 1 nearly all the experiments require that to a normal law around average valug¢sndAE with mean-
the sample first be heated to a temperaturel 500K,  square deviationdU; and SAE; . The occupation of each of
and then cooled to a temperaturg at which the measure- the potentials is calculated from the equation
ments are made; it is assumed without comment that this dn /dt=—n.p +(1—n) &
annealed statéstateA) is also the ground state of the mate- : Ll )Pt
rial that possesses the lowest internal energydepite the  wheren; is the occupation coefficient of thi¢h upper well,
multitude of proposed interpretations of the Staebler-andp, andp; are rates of transitions from the upper well to
Wronski effect, all of them in general outline can be reducedhe lower and vice versa:
to a phenomenological model that postulates a set of defect-
formation centers, each of which can be in two stable states P.= 7 €X(Ui—AE)/KT) and p;=vexpU; /kT),
separated by a potential barrier. The model of such a center 2
can be represented schematically as a double-well potentiathere v= 10" Hz is a phonon frequency. As an initial con-
with parameters) andAE that fluctuate randoml¢Fig. 1).2  dition we use the equilibrium condition @ = 500 K:

In this paper we will analyze the behavior of an en-
semble of random double-well potentials during thermal ni(500 K) = p; (500 K)/(p1(500 K)+p (500 K)).  (3)
treatment as applied to investigation of the Staebler-when temperaturg is a linear function of time, Eq1) can
Wronski effect, compare the results of calculations with theonly be solved numerically. The temperature dependence of
experimental data, and draw conclusions about possibleach occupation coefficiemt, is calculated separately and
mechanisms for this effect. the results are then summed so as to average over all the

2. The samples under study were prepared by highpotentials of the ensemble.
frequency decomposition of silane-containing gas mixtures  The initial parameters of the calculation were chosen by
in a system with capacitive coupling, and equipped with conjpoking for the best agreement between calculation and ex-
tacts deposited in a coplanar configuration for measuringeriment according to the procedure described later in this
dark conductivity and photoconductivity. text:

3. Figure 2a shows the temperature dependence of the
electrical conductivity measured befofgé) and after (3)
illumination at 100 mW/crhfor 2 hours at 293 K. The mea-
surements were made after the customary preliminary
“anneal” at 500 K. Point(2) corresponds to the electrical The results of this calculation are shown in Fig. 2b. Cutve
conductivity of the material after-7 years of being kept in  corresponds to an initial cooling of the ensemble from its
the dark. equilibrium state achieved d@=500 K. The “plateau” ob-

If we concede that the variations observed in the electriserved forT <300 K indicates that the excess population of
cal conductivity are associated with transitions of defect- forthe upper well has become “frozen,” because under equilib-
mation centers from one stable state to another, then theseim conditions the population should follow curve At
variations should be correlated with variations in the poputoom temperature this “frozen” population can relax both
lations of wells of the double-well potentials used to modelunder the action of temperature and other factors. The calcu-
these centers. Let us calculate the temperature dependencdations show that the ensemble parameters given above
the average occupation coefficient of the upper wells of arinder purely thermal relaxation, which is illustrated by point

U=1.22eV sU=0.14eV,
AE=0.08eV SAE=0.02eV. (4)

1063-7826/98/32(10)/3/$15.00 1128 © 1998 American Institute of Physics
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FIG. 1. Schematic illustration of the two-state model of a defect-formation
center.E is the center energyy is the configuration coordinate.

2 in Fig. 2b, which corresponds to a time interval of 7 years.
It is clear that the system is still far from its equilibrium state
even after being held for such a long time.

Let us assume, however, that we have found a way to
stimulate relaxation of this system and have lowered the fro-
zen population by a factor 100. Curde(Fig. 2b will then
describe the temperature dependence of the average popula-
tion when the system is heated. Let us now turn to the prob-
lem of an optimal choice of model parameters. These param-
eters were chosen so as to ensure the best agreement between
calculation and experiment as follows. Since the conductiv-
ity in a-Si: H takes place via delocalized states, we have

o(T)=ogexp —(E;— w)/KT), (5) 0.05 . .

whereE.— u is the distance from the mobility edge in the
conduction band to the Fermi level. Hence, features of the
temperature dependena€T) can be associated with motion
of the Fermi level during the structural reconfiguration.
Assuming the shift in the Fermi level is directly proportional
to the change in occupation of the potential wells, i.e.,

| Apfc[An], (6)

where Ay is the shift in the Fermi level, andn is the
change in occupation coefficient, and comparing E4jsand
(5), we may conclude that over a rather limited temperature 02 2.5 3 3.5
range the derivatives with respect to temperatiamesome 1000/7 , K~7

function of i) of n and Ing) will differ by no more than a

constant: normalization by some “reference” functions FIG. 2. a—Temperature dependence and electrical conductivitySif H
y annealed and unirradiatéd) and subjected to illumination by AM1 for 1

o(T) andn(T) W”.I allow us to ?“mmate 'FhIS 'faCtor as well. hour (3). Point (2) corresponds to electrical conductivity of annealed and
An example of this procedure is shown in Fig. 2c, where weunilluminateda-Si : H held at room temperature and in the dark for 7 years.
compareo(T) and n(T) differentiated with respect to in- b—Temperature dependences of the average occupation of upper wells of
verse temperature and normalized by the funct(1'§) and an ensemble of double-well potentials)(as it is cooled from 500 K1) and

T) obtained duri he initial i fth - heated after stimulated relaxation of the frozen populat®nPoint (2) is
n(_ ) O tained during the initial cooling of the Samm _rve the average occupation at room temperature after a preliminary anneal fol-
1in Figs. 2a and 2b It should be noted that the choice of lowed by a 7-year stay in the dark. Cur@® corresponds to equilibrium
other reference functions leads to a change in the shape e¢cupation with no freeze-out effects. c—Comparison of experimental
the resulting curves shown in Fig 2¢. but the optimum Val_(points) and calculatedsolid curve$ results. The procedure for comparison

T ., . is described in the text of the article. Notatioy=o3(T)/o(T);
ues of the parameters of the calculations themselves will b?:y:na(T)/nl(T)' x=100/T.
unchanged and will coincide with those given previously.
We next consider the mechanism for relaxation of the

frozen populatioritransition from curvel to curve3). Aswe  dence in favor of this mechanism comes from experiments in
have already shown, this role could be played by thermalhich the parameters of the material are changed by passing
excitation (point 2), but the latter is insufficiently effective. a current through a diode structure. In these experiments it
Therefore, in our view another mechanism is more likely,was shown that the degradation is minimal when only elec-
which is also connected with excitation of lattice vibrations:trons are injected, is somewhat accelerated by injection of a
nonradiative recombination of nonequilibrium carriers. Evi-few holes, and increases greatly when carriers of both signs

o
o

idy/dx|,|dz/dxl, ard. un.
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are injected, i.e., when recombination takes pfadée ab- have used a simple approximation of immobile potential
sence of a threshold in the spectral dependence of theells. If we take into account the possibility that the extrema
Staebler—Wronski effect for “device”-quality samples of of the double-well potential can shift as the temperature
a-Si: H also suggests that it is impossible to directly excitechanges, then we can only assert that the difference in ener-
defect formation centers, and so an intermediate mechanisgies of statesl and 2 (Fig. 1) is on the order of few hun-
must exist for transferring energy from light quanta to thesedredths or at the most few tenths of an eV, which in itself is
defects. Recombination of nonequilibrium carriers also proan interesting result since it forces us to resist identifying
vides such a mechanistn. statesl and2 (Fig. 1) as states of an isolated dangling bond
Thus, relaxation of the system under the action of lighteither saturated or unsaturated with hydrogen, because in this
from the upper frozen state to the lower can be a manifestacase the energy difference should be at a minimum an order
tion of the Staebler—Wronski effect. To what extent is thisof magnitude higher. Therefore, one probable explanation we
identification justifiable? It is obvious that such a transition ismust consider for the photoinduced effect is rearrangement
connected with a decrease in the system energy, whichf the hydrogen subsystem, evidence for which comes from
agrees with the increase in activation energy of the dark conexperiments in which changes occur in the infrared spectrum
ductivity, and consequently with the decrease in the Fermeorresponding to collective vibrations of hydrogen atéms.
level for undoped-Si: H. The increase in defect concentra-
tion observed during the Staebler—Wronski effect is also in:D- L. Sltaeb|9f and C. R. Wronski, Appl. Phys. Leitl, 292 (1977.
agreement with transiion 2.1 (Fig. 1), because according g8 o0 b0 ol B P Sl s s
to the results of Ref. 2, this frozen state of the system corre- (1999 [Sov. Phys. Solid Stata2, 2087(1990)].
sponds to the decreased defect concentration. 3L. Xu, G. Winboume, M. Silver, V. Canella, and T. McGill, Phil. Mag. B

In conclusion, let us discuss the parameter values for the 57 715(1988. , _
4S. B. Aldabergenova, A. A. Andreev, A. Ya. Vinogradov, K. V. Kougiya,

mode| Obtam?d by u;. The quantltg./:l..ZZ e\_/ appa_reptly and T. A. Sidorova, ifnternational Conference on Noncrystalline Semi-
can be associated with hydrogen diffusion, since it is in rea- conductors 89 [in Russiai (Uzhgorod, 1988 p. 222.

sonable agreement with the results of other authors regardingr. A. Street, C. C. Tsai, and J. Kakalious, Phil. Mag5& 305 (1987.

the magnitude of the potential barrier for this process in ma- G: L. Kong, D. L. Zhang, Y. P. Zhao, and X. B. Liao, Sol. St. Phenomena
terial of “device” quality.> As for the value ofAE=0.08 44-46, 677(1999.

eV, its interpretation is not so obvious, especially since weTranslated by Frank J. Crowne
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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 semiconductoréd99® American

Institute of Physicg.S1063-782608)02610-4

1. A characteristic feature of the nonstationary photocontation with short light pulses at room temperature can be
ductivity of disordered semiconductors, including amor-explained and modeled by postulating the tunneling recom-
phous hydrogenated silicora{Si: H), is the presence of a bination of nonequilibrium carriers in a two-phase heteroge-
long-period “tail” in the photoconductivity that persists af- neous material.
ter switching off the illumination. Two possible mechanisms 2. It has been established experimentally that photocon-
can give rise to this tail. The first is thermally stimulated ductivity of undopeda-Si:H obtained by rf decomposition
emptying of trapglocalized statesdistributed with respect of silane is caused primarily by thermally activated motion
to energy in the band gajmobility gap of the semiconduc- of nonequilibrium electrons, whereas holes are considerably
tor. In this case, the shape of the photoconductivity decajess mobile"® If we assume that after an initial thermaliza-
curve can be used to infer the distribution of localized stategion (which occurs within times of order of the inverse pho-
with respect to energM(E), since at a given temperature the non frequency, i.e.<10™ ! s) the long-period decay of the
decay time will characterize the depth of the localized statephotoconductivity is connected with a drop in the concentra-
being emptied, and the magnitude of the photoconductivityiion of nonequilibrium carriers due to tunneling recombina-
will depend on their concentration. That possibility was men-tion, then by analogy with donor-acceptor recombination in
tioned for the first time in Ref. 1 as applied to semiconduc-crystalline semiconductors we can assert that this drop in the
tors in powder form. Subsequently, analogous ideas for desoncentration is connected with successive emptying of “re-
termining N(E) were developed for chalcogenide-glasscombination channels” consisting of “donor- like localiza-
semiconductors® and recently a similar method was pro- tion center-closest electron capture center” pairs. The char-
posed fora-Si: H as well*® acteristic lifetime of an electron-hole pair trapped in one of

A second possible mechanism for the appearance of #ese channels is
tail in the photoconductivityor photoluminescengds re- _
combination of nonequilibrium carriers via tunneling. In this ~ 7(")= 7o rexp2r/q), @)

case, the slowing of the photoconductivity decay is con-herer is the distance between a localized electron and hole,
nected with recombination of more and more distant pairs, =1.4x10's ! (Ref. 15 and a~12A is the radius of

and the magnitude of the photoconductivity is proportionalipcalization of the least localized carrier, i.e., an electfon.

to the concentration of carriers that have not yet recombined. | N, and N,; are concentrations of localization centers
This phenomenon is observed both in_dODSGS and compenor electrons and holes, respectively, and if their spatial dis-
sated semiconductor crystisand ina- Si:H.* tribution is uncorrelated, then for the distribution of recom-

It is obvious that at sufficiently low temperatures the pination channels with respect to distance we may use the
second mechanism becomes the mechanism of choice. Agrmula’
the temperature increases, it is usually assumed that ther-
mally activated processes begin to overwhelm it. However, 3r? rs
there is rather weighty evidence that even at “high” tem- ~ 9(")= Eexp( - %) @
peraturegabove room temperatyreecombination can take
place via below-barrier tunneling-* whereR®=3/47N,;.

In this paper we will show that the data reported in Refs.  After a short(in the limit an infinitely short optical

4 and 5 on photoconductivity kinetics aSi: H after exci- pulse, nonequilibrium carriers are trapped at localized states

1063-7826/98/32(10)/3/$15.00 1131 © 1998 American Institute of Physics
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at a rate determined by the capture cross seetipnf only

one type of recombination channel is assumed, then the ini-
tial occupation of the channels will be approximately uni-
form:

f(r)=No/Np1, ©)

where Ny is the total concentration of electron-hole pairs
created by the optical pulse. Then the decay of the concen-
tration of nonequilibrium holes will be described by the ex-
pression

p(t)=f:f(r)g(r)exp(—tlr(r>)dr, (4)

which can be related to the decay of the photoconductivity

o(t)=pupn(t)=upp(t) ©)

by virtue of the condition of electrical neutrality, and if the
electron drift mobility wp is time-independent. Expression
(5) allows us to compare calculated curves for the decay of
the photoconductivity with experiment, using the quantities
“o, Np1, andNg, as fitting parameters. As we showed pre-
viously for the case of photoconductivity decay from a sta-
tionary state, even this simple model gives good agreement
with experimental data over a wide interval of time and ex- ! 1 A A

perimental temperaturéd However, for a short optical pulse -8 -6 4 -2 0

a model with one type of recombination channel does not log (%, s)

satisfy the experimental data and requires the introduction quG. 1. Time dependence of the photoconductivity decay after pulsed exci-
a second type of channel characterized by concentrationstion of samples 08-Si: H obtained at various substrate temperatifies

log (Gpn , @rd. units)
1
[~}
|
L~
]
-
1
N
Sy

N2, Nep @and hole capture cross section. Then (the squares are experimental data and the solid curves are the result of
) calculation$.
p()=2, fo fi(r)gi(r)exp(—t/=(r))dr, (6)
' either in energy or in space. Attempts to construct a model
3r2 r3 5 . with energy differencese.g., the first set made up of deep
wheregi(r)=¥eXp(—E3), R'=3/4mNe;, while states, the second of shallpwmust postulate the near-
: complete absence of thermally activated transitions, which is
oiNpi doubtful at the experimental temperatures. Therefore, we
fi(r):Nom' (@) prefer the second model, in which a set of recombination

) channels is separated in space, possibly concentrated in dif-
whereo, and o, are the cross sections for capture of Non-ferent phases of the Si: H. This point of view is confirmed
equilibrium holes. by the results of our experimental studies, in which we

Equations(6) and(7) can be transformed as follows:  ghowed thaw-Si:H is structurally quite nonuniform, con-

o taining at least two phases, one hydrogen-enriched and one
(T(t)zeMDp(t)~f f1(r)gs(r)exp(—t/=(r))dr hydrogen-depletetf In this model, the decrease ¢ and

0 Ne, With increasing deposition temperature is entirely natu-

% ral, because it reflects the increase in degree of uniformity of
+Bfo fo(r)ga(r)exp(—t/=(r))dr, (8 material obtained at higher substrate temperatures due to a
decrease in the concentration of the hydrogen-rich phase. In
where 8= (o5Np2)/(01Np1). order to identify the phases of the material we must also

Expression(8) allows us to calculate the decay of the investigate the stability of values ®M.;, and ask whether
photoconductivity and compare it with experimental data.they are in fact identical to values that we obtained in Ref. 13
An example of a comparison with data obtained in Ref. 4 is
shown in Fig. 1 for twaa-Si: H samples deposited at differ-
ent substrate temperatures. The fitting parameters that ensurBLE .
best agreement between calculation and experiment are listed

. a,N N, cm 3 Ne cm™3
in Table I. T, °C =20 “ e
. . . . ’ 1'Nh1
3. In discussing these results several questions arise; e P
above all: How can two sets of independent recombinatio 00 4000 4.x1 7 2.2¢1 8
. ; ; 80 110 4.%10 1.2x 10
channels coexist? It is obvious that they should be separate
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The results of an experimental study of dark-conductivity kinetica-Bi:H after short-term and
long-term illumination, are presented. The films were deposited at temperatures in the
rangeT=300-390 °C. Data on relaxation of the photoinduced metastable states were found to
correlate with the Fermi-level position. @998 American Institute of Physics.
[S1063-782608)02710-0

The kinetics of formation and relaxation of photoin- vation of the impurities is accompanied by a decrease in the
duced metastable states @Si:H films have been investi- dark conductivity. It should be noted that processes con-
gated in a number of paperé.In recent years attention of nected with activation and deactivation of impurities are
investigators has focused on photoinduced metastable statglgwer, and therefore are actually observed at higher tem-
in films obtained under various growth conditictfSIn this  peratures than processes connected with photoinduced dan-
paper we study the kinetics of formation and relaxation ofgling bonds’ When formation or relaxation of several types
photoinduced metastable statesii:H films obtained by rf  of photoinduced metastable states can take place at various
glow discharge at high substrate temperatues>300°C  energy intervals in the band gap above and bekyy the
(Ref. 5. kinetics of changes in the dark conductivity can be non-

The kinetics of time-dependent changes in the concenmonotonic. In Table | we show several parameters of the
tration of photoinduced metastable stategi8i:H films af-  fjms we studied, which have different activation enerdies
ter switching off illumination are determined by the method o the dark conductivitd. The position of the Fermi level
described in Ref. 6. It is assumed that the density of stateg given atT = 370 K, and is determined from the value of
near the Fermi Ie_vel is constanF while the dark _conducuwtyamin:leozQ—l_Cm—l in the relation E.—F,

o4(t) changes with timd. In this case the motion of the _i1n(5. /5, whereaq, is the dark conductivity of the
Fermi level, which is proportional to the logarithm of the ¢\ o+ ihat temperature.

ratio of dark current to its equilibrium value at a given tem-
peraturec o, is determined by the concentration of photo-
induced metastable states:

Figure 1 shows the kinetics of the change in dark con-
ductivity of films 1-3 after illumination af = 405 K for
15 s with white light at an intensityv=90 mw/cnf. It is
clear that the relaxation curves fot for films 1 and 2 are
nonmonotonic, i.e., after an initial increase there is a slow

where p, is the constant density of states in the neighbor_qecrease iy as a function of time:. For film 3 the decrease

hood ofFo+AF (whereF, is the initial Fermi level, andN in g is observed to be monotonic. The character of the

is the concentration of photoinduced metastable states. ~ 'elaxation curves corresponds to changesoinfor these
The sign ofAF, i.e., the direction of motion of the Fermj films under illumination. Figure 2 shows the kinetics &f

level up or down within the band gap, is determined bydur.mg |!Ium|nat|onf a monotonic increase qﬁ with |Ilum|-

where the photoinduced metastable states are located relatip@tion timet;, for film 3, and nonmonotonic changes i

to the initial equilibrium Fermi level. Thus, in undoped films for film 1.

the formation of photoinduced metastable stéteshis case, For film 3 we observed monotonic relaxationaf, and

neutral photoinduced dangling bondeear the center of the consequently photoinduced metastable states, for illumina-

band gap foF, in the upper half of the latter leads to low- tion timesty up to 2x10® s over the entire temperature

ering of the Fermi level and a decrease in the darkiange 360—430 K investigated. In this case the relaxation of

conductivity! The annealing of photoinduced dangling the photoinduced metastable states is described by a single

bonds after switching off the light then leads to an increasé'stretched” exponentiaN = A exp(~t/7)#, where the param-

in a4. The increase in the number of electrically active im-eters7 and 8 depend on temperatul&igs. 3 and 4 The

purity states under illumination gives rise to an increase imonmonotonic relaxation afy, and consequently the photo-

the dark conductivity in doped films as a result of the motioninduced metastable states for films 1 and 2, is described by a

of the Fermi level towards the corresponding bands. Deactisum of two “stretched” exponentials with different param-

AF(t)=KkTIn[o¢(t)/ogo]=N(t)/ po(Er), @

1063-7826/98/32(10)/3/$15.00 1134 © 1998 American Institute of Physics
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FIG. 1. Relaxation kinetics of the dark conductivity of films 1, 2, and 3 .
: ) R - e FIG. 3. Temperature dependences of the parametds the relaxation
(curvesl, 2, and3, respectively after illumination atT=405 K for 15 s. processes of photoinduced metastable states in films 1,1228:7,, 4,5—

75, determined foloy of films 1 and 2, respectively. Cun&describes the
monotonic relaxation of the photoinduced metastable states in film 3. lllu-
eterst,, B; and 7,, B,. Label 1 refers to the short-time mination timet; = 15s.
relaxation of the photoinduced metastable states, during

which o4 increases, while label 2 refers to the Iong—perlodfor films 1 and 2. Thus, the monotonic relaxation of photo-

relaxation of these states ag decreases to its equilibrium induced metastable states in film 3 is a fast process con-

yalue. As we already pomFed out, the first of thesg processensected with photoinduced broken bonds. We note that for
is probably connected with photoinduced dangling bonds

while the second is connected with imourities film 3, in contrast to films 1 and 2, the dark conductivity
Figures 3 and 4 show temperaturerzjependenc o increases during the formation of photoinduced dangling
B for films 1-3 determined from the relaxation kinetics of bonds,. Wh"e It de-creases as these states_ relax. We assume
o Itis clear that for all the films the values of the param—that this is determined by the deeper location of the equilib-
etde.r r depend exponentially on temperature, i.e~exp rium Fermi levelF, in the band gap of film 3see Table)l
(—E/KT), and the energy for the short-time e;nﬁeél of theBecause of this circumstance, neutral photoinduced dangling
photoinéuced metastable stateB, Y in films 1 and 2 is bonds form abové& and act as donors, giving up electrons.
smaller than the enerav for thel long-period anneB)( As a result, the Fermi level moves upward towards the con-
E.~11-10eV ancE gyl 5eV (see 'I'gagle )L For film 3 duction band and the dark conductivity in film 3 increases
1o ' 2 ' _under illumination, and accordingly the relaxation of the

with its monotonic relaxation of the photoinduced metastable . : . :

. : . . photoinduced dangling bonds is accompanied by a decrease
states, the annealing energy comes to 1.1 eV, i.e, it coi in 4. In film 1 the Fermi level is located above the photo-
cides with the values oE; obtained for curved and 2. d- P

Moreover, the temperature dependence of the parangeter

for film 3 is analogous to the temperature dependencg of 1.0F
0.6F
0.5¢ x—"—* 3 081
04- ¥ Ko o Yoo =N K 3a
P S =
0.3¢ *{/ x
;; i v 06t
N 0.2 x/-
T o1t
A
> 0
o oqh o, 0.4
) \\V\cl\’\._/‘ 1 L L L ! L
-0.2F Saon 1a 380 400 420 440 460
031 ! \ ! T, *
i [ R A W E AT I bl £ 114 L R A |
10° 107 104 10° 10* FIG. 4. Temperature dependence of paramegefer relaxation processes
t.an of photoinduced metastable states in films 1, 21,3—p3,, 4,5—p,, deter-

mined for o4 of films 1 and 2, respectively. Cun& describes the mono-
FIG. 2. Kinetics of the change in dark conductivity of films 1 an@133) tonic relaxation of photoinduced metastable states in film 3. lllumination
and their photoconductivityla, 3a) under illumination at 405 K. timet; = 15s.
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TABLE |. Parameters oé-Si:H films. tion and after it is switched off can be explained by activa-
tion and deactivation of uncontrolled impurities of donor
type, probably O, N, and C. Such processes are not observed
to operate in film 3, which may be due to the lower concen-
1 300 0.71 0.57 11 15 tration of uncontrolled impurities, a consequence of the
2 340 0.82 0.64 10 13 higher growth temperature for this film.
3 390 0.87 0.70 1.1 - i
This work was supported by a grant from INTAS N
931916.

Film E.—Fg, eV
number Ty, °C E,, eV (T=370 K) Eq eV E,, eV

IM. Stutzmann, W. B. Jackson, and C. C. Tsai, Phys. Re32,23(1985.

induced dangling bond energy levels, which in this case acliR- S. Cram;al, Phys. Féev. 0, 4057(1991).| (1993

; ; ; ; . N. Nata and A. Matsuda, J. Non-Cryst. Solit4-166, 231 (1993.
as ac_ceptors. As a result, during illumination of fllm .1 the “D. Caputo, G. De Cesare, F. Irreea al, J. Non-Cryst. Solid470, 278
Fermi level moves downward and the dark conductivity de- (1994
creases. The change in photoconductivity of films 1 and 3 in®0. A. Golikova, Fiz. Tekh. Poluprovodr25, 517 (199 [Sov. Phys.
the process of illumination also has different signs: TheGSemlconcl'Zﬂ 690511993]& | »
change in photoconductivity for film 1 has a negative sign, figg'])Rat' W. Fuhs, and H. Mell, J. Non-Cryst. Solid$7-138 279
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The slow change iy for films 1 and 2 under illumina- Translated by Frank J. Crowne
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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 PhysidS1063-782808)02810-5

1. INTRODUCTION ing the substrate temperature during growth of the active and
waveguiding regions compared to the growth temperature for
Despite the considerable progress in increasing the lifethe emitters, and )2changing the intensity of the ZnS flux
time of blue and violet lasers based @n,GagN quantum (i.e., the temperature of the ZnS sourca the ZnSSe/
wells}! interest in lasers based on 11-VI compouhdsntin-  ZnMgSSe boundary. We note that both methods require
ues, in particular, with regard to the green region of the specstopping the growth near the active region, which can lead to
trum where the human eye has its maximum sensitivity. Beuncontrollable loss of fabrication parameters and the forma-
cause this spectral region remains unreachable by otheion of additional defects. As an alternative approach we
semiconductor material systems at present, the search f@ave proposed an uninterrupted-growth regime characterized
new solutions that could improve the emission characteristichy cutting off only the Mg flux at a constant growth
of heterostructures based on ZnSe is still a topic of activeemperaturé.As we showed experimentally, this decreases
research. Among the many fundamental problems that limithe content of sulfur in the ZnSSe layers by only 1.5-2%
device use of these structures we may list the appearance edmpared to the quaternary solid solutions, and as a result
metastable compensating centers in dopddyers, sizable the waveguiding layers undergo a considerable tensile strain.
lattice-constant mismatches between epitaxial layers and In order to ensure a total balance of the stresses in the
growth substrates, and the relatively low energy of formatiorstructure, we proposed an approach that replaces the rela-
and evolution of extended defects. tively thick layers of ternary solid solutiofe.g., ZnSSe and
The most familiar recipe for making ZnSe separate- conBezZnSe by short-period superlattices whose parameters are
finement laser diode heterostructures uses a single quantuthosen so as to completely compensate for the stréJdes.
well as the active region, placed at the center of an opticaldea of stress compensation, which is not rieee, e.g., Ref.
waveguide consisting of ZnSS®ef. 3 or BeZnSe solid 8), is to compensate for the stress due to mismatch in lattice
solutioné enclosed by layers of wider-gap quaternary solidconstants of a layer and its substrate by introducing another
solutions. From the point of view of molecular beam epitaxylayer of corresponding thickness that possesses the opposite
technology it is important that different contents of sulfur ~ sign of the lattice parameter mismatch. In addition to alter-
ZnSSe and ZnMgS$eand beryllium (in BeZnSe and nating layers with different-polarity stresse@ension-
BeMgZnSe are required to lattice- match the ternary andcompressiop the growth of pseudomorphic heterostructures
quaternary layers to a GaAs substrate, which imposes certaaiso requires that the thickness of both individual layers and
limitations on the technological processes involved in obtainof the entire structure as a whole not exceed a critical value.
ing pseudomorphic heterostructures. The authors of Ref. Bhe possibility of using alternating-stress layers of binary
investigated various ways of providing the changes in sulfucompounds in laser structures was considered in Ref. 9,
content needed for lattice-matched growth of separate- corwhere ZnSe/MgSe/ZnSe/ZnS short-period superlattices
finement laser diode heterostructures, includingintreas- were used as the equivalent of ZnMgSSe emitters. However,

1063-7826/98/32(10)/4/$15.00 1137 © 1998 American Institute of Physics
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FIG. 1. a—Schematic band diagram of an optically pumped laser with a ©-20, arcsec

waveguide region based on a ZnSSe / ZnCdSe superlattice; b—profile of the

variation in mismatch of bulk lattice parameters with thickness, illustratingFIG. 2. Double-crystal x-ray rocking curve of a ZnMgSSgnSSe/

compensation of stresses in the structure. ZnCdSe superlattigd ZnCdSe separate-confinement laser structure grown
by the method of overlapping molecular fluxes.

the large mismatch in lattice parameters of the binary comgompasition, stoichiometry, and growth rates were published
pounds and the small critical thickness of the |nd|V|duaIpreviousv}—e,lz_ls

component layers imposes strict requirer_nents_on constancy A schematic band diagram for an optically pumped laser
of the growth rate, and consequently the intensity of the MOyt 4 waveguiding region based on a short-period superlat-
lecular fluxes and substrate temperatures. As a result, th&e is shown in Fig. 1a. The structure contains a Quf+
authors of Ref. 9 rep_orted making only light- emitting di- layer of Zry odMgo.0:Se 1-5@ g3, Whose lattice parameter is
odes, and not laser diodes. _ _close to that of GaAs with a low- temperature value of the

In our study we have emphasized the use of ternary solig) ;g gaE,~2.95eV, a 70 A—ZgsCdy 1-Se quantum well
solution superlattices, and also stress compensation in thg) nded gby supérlattices '(42 AFZJ11$SQ) d12 A
active and waveguiding regior{got just in the emitter and Zno.5/Cth 1:567) on both sides, and a O.J,tzvh-thick capping
contact regionsof the laser structure. In order to determine Iayér of ZnMgSSe. The sketch in Fig. 1b shows the change
the limits of applicability of this method and to study the i mismatch of bulk lattice parameters with thickness, and
optical and structural properties of alternating-stres§jysirates the compensation of stresses in the structure. The
multilayer heterostructures, we grew laser structures for opggrycture with a central region of multiple ZnSSe/ZnCdSe
tical pumping in the system ZnMgSSe/ZnSSe/ZnCdSe. Iy antum wells has an analogous construction and contains
addition to structures with superlattices whose total thicknesg, pairs (170 A—Zn$, ;S 50 A—Zn, 5. Cch .56 With a
was less than the critical value, we investigated systems withyia| thickness of O.GQm. A BeManSe/ZthSe structure
multiple quantum wells whose total thickness was in theétqr 5 separate-confinement quantum-well laser diode con-
critical range;, in particular, between computed values of the,ined a 40 A—Z8sCdy 5:Se quantum well in the center of a
critical thickness obtained in the Matthews—BIakesIee(lo A—Bey oZN, Q—,Se/lSA—ZnSeE)Z waveguide superlat-

0 . .

modef and the People-Bean modél. _ tice, wide-gap emitter layers ofn- and p-type

There is particular interest in extending the method OfBeo.osl\ﬂgo.erno.sgse doped with iodine and nitrogen, respec-

stress compensation to the growth of heterostructures th%ely, and a ZnSe/BeTe modulation-doped graded superlat-
include layers of new beryllium-containing solid solutions, tice “with a 10-nmp*-type BeTe layer for forming low-
which possess the highest hardness and stability against dgssistance ohmic contacts.

fect formation of all the 11-VI compounds. Furthermore, the |, order to characterize these structures we used double-
use of these compounds simplifies the problem of effectivgysial x-ray diffractometry and transmission electron mi-
acceptor doping, which is necessary Fo create injection 'asefz?oscopy. The photoluminescen@®L) spectra, excitation of
that operate at room tempgrat&?dn this paper we show for — ,qtoluminescence, and light absorption in free epitaxial lay-
the first time that it is possible to make BeMgZnSe /ZnCdSey s were recorded in a circulating helium cryostat in the tem-
separate- confinement laser diodes with a waveguiding I'€erature range 5—300 K using an STL-2 setup. As sources of
gion in the form of an alternating-stress BeZnSe/ZnSeycitation we used a He—Cd laser with an emission wave-
short-period superlattice. length of 325 nm or a halogen lamp. The laser characteristics
were studied under conditions of pulsed optical pumpgig
nitrogen laser with pulse duration 8)rend injection pump-
ing (with a pulse duration of 100 hsCavity laser mesa-
The structures were grown by MBE on a G&®d3l) structures were fabricated by the usual photolithography, us-
substrate with a GaAs buffer layer grown in a separate Ill-Ving Al,O; as a dielectric and depositing Pd/ Pt/ Al contacts
MBE chamber. Peculiarities of MBE technology for ternary to the dopedp- layers. Free epitaxial films were obtained
and quaternary compounds in the systédrsMg,Cd(S,Se  after removal of the GaAs substrate by selective chemical
and (Be,Mg,ZnSe, and also methods for controlling their etching.

2. EXPERIMENT
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ZnCdSe heterostructure.
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3. RESULTS AND DISCUSSION 300 K. Comparison of low-temperature absorption spectra
Double-crvstal x-rav rocking curves of a tvpical struc- and excited-state PL spectra measured on the same sample
y Y 9 yp with the substrate removed show that freeing the epitaxial

ture with a_l_ZnSSe/ZnCdSe superlatt_|ce are shown in Fig. 2s'tructure from the substrate leads to a rather small skif8(
The position of the zero-reflection peak from the

: L meV) in the heavy-hole exciton peak and a larger shift in the
ZNS 155665/ Mg sCh.1sS€  superlattice nearly coincides Iié;ht- hole exciton peak{ 15 me\). These values are in

with the ZnMgSSe peak, and both these peaks are locate d ith calculati f d hicall
near the GaAs substrate peak. In images of the structw%[OO agreement with calcu a tions or pseudomorphicatly

. : stressed heterostructures, which also indicates the absence of
obtained by TEM from a cleavage plane of a sani{plg. 3 C . T .

- . . s(lggmflcant relaxation via misfit dislocations.

one can observe distinct boundaries, and in fact the absenc S ! .

P . . . . Laser oscillation in a structure with multiple quantum
of misfit dislocations. Figure 4 is revealed in the PL andWeIIs under optical pumping was studied in fourfold-cleaved
excited- state PL spectra of this structure at 77 K. The half- P pumping

width of the PL line was 14 meV10 meV at 5 K. The solid samples(m the usual Wavegwde.geome)rand in surface-
. emitting lasers made from free films, and was observed for

curve also shows the absorption spectrum of a free film N oth tvpes of samples up to room temperature. Surface-
which the heavy-hole exciton peak from the isolated quan- yb P b P '

: . demitting lasers were made by placing a free film in a reso-
tum well is clearly resolved. The exciton peaks for heavy an . . ; .
light holes in the superlattice coincide with the absor tionnator based on a quartz film with a metal mirror deposited on
9 sup ; PUOT: The characteristic form of the laser oscillation spectrum
spectra of free films and excited-state PL of the or|g|nalE

structure, which attests to the pseudomorphic nature of th /7 K) under illumination from the surface and from the
' P P ackside is shown in Fig. 5. The points show the shape of the

growth and the absence of uncompensated stresses in ta%sor tion spectrum. Lasers with the usual waveguide geom-
epitaxial structure. The solid-solution content of the ZnCdSe P P ' 9 g

quantum well in this sample corresponds to luminescence at
a wavelength near 490 nm at 300 K. Calculation of band
parameters taking into account the pseudomorphic stresses in
the layers confirm that the confinement of holes in such a
quantum well is comparable to structures with a correspond-
ing ZnSSe waveguide, along with better optical confinement
determined by the small effective width of the superlattice
band band, which is comparable & for ZnSe (see Ref.

16). Laser oscillation under optical pumping is observed in
this sample at wavelengths of 473 and 491 nm at 77 and
300 K, respectively, and the measured value of the threshold
pump power density is less than 20 kW/cnwhich is one of

the best values published for lasers based on ZnSe with os-
cillation wavelengths near 490 nm at 300 K. The threshold
pump power density changes by less than a factor of 3 when e L -
the temperature rises from 77 to 300 K, which confirms the 2,6 2,7 2.8
presence of good electronic confinement. Energy, eV

The optical properties of a structure with multiple quan- _ -
tum wells were investigated both in initial samples and inFIG'4' Absorpt[on spectrum of a free filteolid curve ar_ld_ also Pl(dashed
curve and excited-state Pl(dotg spectra of the original sample of a

free films. |!’1 the absorption spectra of free films clearly znmgsse (znsse/zncdse superlattideznCdSe structure measured at
marked exciton peaks were tracked up to temperatures af7 k.

Intensity, arb.units
-In(I/1,), arb. units
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confinement quantum-well laser diode with a waveguiding region based on
FIG. 5. Laser oscillation spectra at 77 K of ZnMgSSe / ZnSSe / ZnCdSed BeZnSe / ZnSe superlattice, measured at 300 K.
multiquantum-well laser samples. The solid curve corresponds to a surface-
emitting laser and the dashed curve corresponds to a laser with waveguide

geometry. The absorption spectrum of a free film is shown by dots. The authors are grateful to N. N. Faleev and A. A.
Sitnikova for making the x-ray structural and TEM studies.
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