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Transport phenomena in a quantum well containing a multivalent impurity are investigated on
the basis of a model of strong Coulomb correlations. It is shown that as the iron content

in the quantum well increases, the Coulomb correlations grow and produce ordering in the impurity
system. As a result, the scattering af 2lectrons by them should weaken, and this should

result in a substantial increase in the mobility af Blectrons. ©1997 American Institute of
Physics[S1063-782807)00207-X

1. INTRODUCTION We shall study the dependence of the conduction electron
density on the width of the QW and the doping level. We

Dilute magnetic semiconductor®©MS) in which the  shall examine the effect of mixed-valence impurities on the

magnetic ion is iron — A_,Fe B — have attracted consid- momentum relaxation of @ electrons.

erable interest in recent years. Many experiments performed

thus far ha_ve shown that rnpst phy5|2g:al propertles_of DMSZ' EQUATION OF ELECTRICAL NEUTRALITY:

are determlr_1ed by the position of the_lfestates relative to STABILIZATION OF THE CONDUCTION ELECTRON DENSITY

the conduction band bottomThe F&™ ions are neutral do-

nors, whose levels lie in the conduction band 210 meV from  We shall study a QW of widtiW,, which, for simplic-

the bottom. At a low iron content, all B& ions autoionize, ity, we assume to be infinitely deep. In this case the wave

transforming into F&" ions. This process continues until the functions of the two-dimensional electrons have the standard

Fermi energy reaches the donor level. As the iron contenform

increases further, only some donors are ionized. In this case, 1

a mixed system of65 and 3° states of Fe is realized in the V,(R;,z) =Y (R .z)= mexp(ikRj)d)L(zj).

DMS. Our analysis of the mobility of the conduction elec- x=y )

trons and thermomagnetic phenomena showed that for a suf-

ficiently high iron content in DMS the Coulomb repulsion Here ¢ (2) is the envelope of the wave function

petvyeen the charged e donpr; resultls ina strgng c;orrela- bL(z)= (2W,)Y2Sin(LZ/W, + L 7/2);

tion in their arrangement. This is manifested primarily in the

dependence of the conduction-electron relaxation tinmn Ze[ - W,I2;W,/2],

the energys.~ This behavior ofr(e) near the Fermi energy R=(xy); »=kL L=1,2 3, %)

decisively affects the density dependence of thermal mag- _
netic effects, resulting in a change in the signs of the NernstwhereL characterizes the number of the quantum-well level
Ettingshausen effectand the nonmonotonic dependence ofwhich can be realized in the QW.

the mobility on the content of iron atoms in the DMS. We assume that the dispersion relation for titecn-
Moreover, as was shown in Ref. 4, a new inelastic mechaduction electrons is quadratic and isotropic

nism of conduction electron scattering, which is associated 722 w2h2

with charge exchange of the ¥eand Fé* iron ions in a &, = e =5 TEL, E =EqL?, Eozm, ©))

scattering event, is realized in a system with mixed valence.

The possibility of the realization of a quantum well whereE, is the energy of the quantum-well level, andis
(QW), which contains two-dimensional charge carriers andhe effective mass of the electroff.aking into account the
impurities with variable valence, was first studied in Ref. 5.finite depth of the quantum well, just as the nonparabolicity
An example of such a structure is HgCdSe/ of the conduction band, does not result in any qualitative
Hg, «FeSe/Hg - ,Cd,Se with the appropriate choice of the changes in the calculations.
composition parametey. Such structures can be obtained To analyze the changes in the transport coefficients as a
experimentally by molecular-beam epitaxy. For examplefunction of the iron impurity density, it is necessary to de-
growth of two-dimensional systems based on HgSe:Fe wagrmine the Fermi energy from the electric-neutrality equa-
reported in Ref. 6. Analysis of the experimental data showedion. Since the @ conduction electron density in our situa-
that in such two-dimensional systems the Coulomb correlation is determined by the donor densifye’*) in the QW, it
tions in the system of impurities with mixed valence are veryis obvious that the electric-neutrality equation has the form
strong.

ngre we shall examine, on the basis of the model in Ref. Ne=W,N(Fe’") =W,[N(F§) ~N(Fe&*")], “)
2 the transport phenomena in a QW containing impurity Fewhere the conduction electron density is
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FIG. 1. 2d-electron density versus the iron content in QWs of different
widths W, A: 1 — 50,2 — 70,3 — 90.
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Herep(e) is the density of states in the conduction band and

f(e) is the Fermi distribution function. To calculate the den-
sity of the electron-occupietheutra) donors

N(Fe“>=f:ppe<e>f<e)ds, ©)

it is necessary to know the density of stajgs(e). The
ground state of the iron donors can be assumed fo be

Prd &) =Nped(e —epe). (7

For sufficiently high densitiedl-.in the QW the expression
(7) is a rough approximation, since it disregards the natur

and density-induced broadening of the level. However, it
should be noted that, in practice, calculations employing 3

constant value opr4¢) in the range of the finite width yield
the same results as the expression
The Fermi energyer and the conduction electron den-

sity N, curves calculated from the electric-neutrality equa-

tion (Fig. 1), just as in the case of bulk crystals, show that the
Fermi level and conduction electron density stabilize near

Since the spatial correlations in the system of ion$'Fe-
crease with the density of neutral centers Fei.e., with
increasing free locations for redistribution of electrons in
a sysetm with mixed valence. It is obvious that the QW
width should also have a strong effect on the degree of cor-
relation and hence on the momentum relaxation of tde 2
electrons.

3. ELECTRON RELAXATION TIME WITH ALLOWANCE FOR
CORRELATIONS

We shall treat the system of iron ions®fe-F€" in a
QW as a binary alloy consisting of chargecfFeand neutral
Fe&" centers. We restrict the discussion below to the scatter-
ing of electrons only by ion pairs Bé—Fe*", whose distri-
butions are correlated. This case is of greatest interest.

The degree of spatial correlations in the system of
charged iron ions is determined by the structure factor
S(q), which depends on the iron density and temperature.
The structure factor can be expressed in terms of the pair
correlation functiorg(r) for the Fé* ions as

rsin(qr) dr.

q

To determine the structure factor in the region of strong
Coulomb correlations, it is necessary to solve a nonlinear
integral equation for the pair correlation functigfr). This
problem has been solved in the Percus—Yevick approxima-
tion for a model system of hard sphefeBhe calculations of
the thermodynamic and transport characteristics of strongly
correlated systems, such as liquid metals and alloys, per-
formed in this approximation, agree well with the Monte
Carlo results. An analysis of the concentration dependence of
the mobility showetithat a complete analogy exists between
he correlation properties of ions in a liquid and the correla-
ion properties of charged donors in HgSe:Fe. The structure
and properties of the liquids are determined mainly by the
epulsive part of the ion-ion interaction potentiakshich can
be approximated, to good accuracy, by a hard-sphere poten-
tial.

Expressing the structure factg¢q) in terms of the Fou-
rier transform of the direct correlation functicB(q), we

S<q>=1+4wN(Fe3+>J:[g(r)—1] ©

the resonance donor level. However, in contrast to bulk crys-  S(q)={1—-N(Fe*)C(q)} %, (10)
tals, where Ex and N, stabilize at iron ion density where
N(Fe)=4.5x10'" cm3, the situation is entirely different in
two-dimensional structures. Stabilization occurs when the . . _ 47d® 0844 24y 2 6
Fermi level reaches the donor level of iron, but the conduc- (@)= u® at2ptay u | " u+ u(’B 2
tion electron density at which this will occur depends
strongly on the width of the QW, i.e., on the position of the —(a+ B+ y)u— @cosu
guantum-well levekor levely relative to the resonance do- u
nor level of iron. If one quantum-well energy level is real- 24y 28
ized in the QW, then the conduction electron density at +——-—1}, u=dg, (12)
which the Fermi level stabilizes is determined by the expres- u u
sion and
m 1+27)2 67(1+0.5

Ne:[Ed_EO]W- (8) aZﬁ, 277((1_—7])477), 'y=0.5a77. (12)
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Here 7 is the packing parameter, which determines the de- 4

gree of correlation in the arrangement of the hard spheres 10
n=md>N(Fe™)/6. (13 g
At T=0 the packing parameter is determined by an
equation which is valid for the case of strong correlation of Vo6
the FE™" ions?
1= | 1— exd TN ¢

For a strongly correlated liquidy. =0.45. The inequality
n<<1 will correspond to a weakly correlated gas, and in the 0 A ;
limit #»—0 the scattering centers are completely disordered 2 7 12 17
andS(q)=1. N(Fe), 10" cmd
To calculate the conduction electron relaxation rate . - ) ) ) )
7~ for conduction electrons scattered by charged correlatef})®; % = | ("M ) versus e ron contentin QWs of different width
centers, it is convenient to employ the Kubo—Mori '~ ' ' ' '
formalisn?, which yields

7 1=(3,07)5 Y300 (15) We now switch in Eq(lQ) from summation oveq a'ndk to
) ) integration, and taking into account the fact that in our situ-
HereJ are the two-dimensional charge-flow operators of thestion the electron gas is strongly degenerate, after simple

2d electrons calculations we obtain
1 +
=3 e(hkimafay, Jy=—[JHel, (16 1 8TNESHWome?
K I fkeby ¢
where H.y is the interaction Hamiltonian of @ electrons 1 x2S(2KeX)
with three-dimensional impurities Mczf dx 5 ;
0 x2+& [1-x2]¥2
— ! + 2kF
Hev=2, u(k'/k)a; ay,
" Q ! b=1+ Wz (21)
. ST o = 2 -
u(k'1K)= 3 G(k'|€%K)p_q. 17 brs Amrs
g

Here 7s=ag/2 is the screening lengthag is the Bohr ra-
Here G, is the Fourier transform of the scattering potentialdius), andy is the permittivity of the medium.

U(r), (A,B) are correlation functions This expression makes it possible to analyze the role and
o the effect of Coulomb correlations in a system of charged
(A,B(t))“’=J dtee=i9)(A,B(t)), &—+0, f:enters on _mome_ntum relaxation qnd therefore on the mobil-

— ity of two-dimensional charge carriers.

The results of a numerical analysis of the quantity

(A,B(t))= fldM(A,B(tJrihB)\)))o, B1=T; (19 M.~ u "t are shown in Fig. 2. As follows from these calcu-
0 lations, the effect of Coulomb correlations in a system of

andT is the temperature expressed in energy units. The incharged donors is stronger in narrower QWs. This effect is
dex 0 in the correlation function means that the correlatiorfitributable to the fact that in wider QWs the quantum-well
function is calculated in the zeroth approximation in the in-€N€rgy level lies closer to the donor level of iron. For this
teraction with the scatterers. Calculating the commutator anffason. the Fermi level determined by the-@ectron den-

the correlation functions, we represent the expression for thelly reaches its maximum value earlié {= Ef) as the den-
relaxation rate in the form sity of iron atoms in the QW increases. The distribution of

. charged donors in this case is random. A further increase of
_h N(Fé? )E 2 )GZE (' || )2 the iron atom content, where neutral iron atom$‘Fappear
_(LX,Ly) MN.T 4 9> = v v in the impure system, gives rise to the correlation
interaction-induced effects in the system of impurities, which
Xf(e[1—f(ew)]o(ew —ek), (19 |ead to the appearance of ordered charged impurity centers.
where the matrix element in the expressid®) is given by ~ The appearance of such ordering results in a substantial
iy i, itz weakening of the scattering in the system of charged iron
(v'[e9v)=(k’|e" T k)(L"[e9|L); g, =(ax.ay)- ions. It is natural to assume that this effect should result in a
Next, according to Ref. 10, higher mobility of 2 electrons in the QW. The mobility will
increase until the ordered centers in the impurity system
AL:E |<Lr|eiqZZ|L>|2:LZJ°° o*L(2)dz=3/2. (20) reach their maximum valge, which is determined by the. or-
a, —w der parameter. The packing parameiereaches the maxi-

T_l
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mum valuen=0.45 in the limitN(Fe)>N [(FE™)]. In this  tals, should result in a substantial weaking of electron scat-

case a system of B& ions with a high iron content near low tering by them. This effect results in higher conduction elec-

temperatures becomes similar to a liquid. The scattering ofron mobility in the QW. The energy dependence of the

2d electrons by the correlated system of impurities will thenrelaxation time at low temperatures in the region of strong

no longer depend on the iron content in the QW, and theCoulomb correlations should manifest itself in unusual de-

mobility should reach its maximum value. pendences of the thermomagnetic coefficients on the content
Finally, it is definitely of interest to examine the energy of iron atoms in the QW.

dependence of the relaxation time near the Fermi level. This work was supported by INTAS under Grant No.

Knowledge of such dependences is helpful for studying ther93-3657.
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Measurements of the charge carrier lifetime in epitaxial structures based on narrow-gap

Hg; _,Cd,.Te (x=0.22), grown by molecular-beam epitaxy with pulsed excitation using radiation
at different wavelengths, are reported. It is shown that-tgpe epitaxial films the lifetime

is determined by the Auger recombination mechanism at temperatures corresponding to the
impurity conductivity, and fon-type epitaxial films recombination via local centers is
characteristic. ©1997 American Institute of Physids$51063-782807)00307-4

The material Hg_,Cd, Te grown by molecular-beam ep- the generation of nonequilibrium charge carriers by optical
itaxy (MBE) is characterized by a high degree of uniformity radiation pulse$? Radiation with\ =10.6 um was used to
of the properties within large enough dimensions of the subgenerate photocarriers in the volume of the film and radiation
strate. In addition, it is possible to realize desired doping anavith A=0.9 and 1.5um was used to generate photocarriers
composition profiles. This makes it possible to use this main the surface layer.
terial to produce multielement semiconductor radiation de- The typical temperature dependence of the photocarrier
tectors for signal processing directly in the focal region. lifetime 7 in the temperature range corresponding to the
The most important parameter of the photosensitive materig@xtrinsic conductivity for an-type sample(sample 4 is
is the charge-carrier lifetime, which ultimately determines itsshown in Fig. 1. It should be noted that the temperature
photoelectric and fluctuation characteristics. dependences of the lifetime and photoresponse siges

It should be noted that there are now only few papers irfhe inset in Fig. 1 are similar for excitation with 10.6 and
which the results of measurements of the charge-carrier lifed-9- #m radiation. A small characteristic feature is observed
time in MBE Hg_,Cd,Te films are reportefi® For this N the temperature range 120-150 K, where the function

reason, it is of interest to perform measurements of the phoZ(T) for A=0.9 um increases more slowly than the function
for A=10.6 um, apparently because of the surface recombi-

tocarrier lifetime in epitaxial material and analyze the pos-"" | ) o
sible recombination mechanisms in the temperature rang'éat'on that accompanies the short-wavelength excitation. At

corresponding to extrinsic conductivity of the semiconductorthe same t'mf’ t_?ﬁ _temper_aturf depen:jencehof thte pr:_o toﬁe'
compound. In this paper we report the results of an experi-Sporlse signal with Increéasing temperature characteristically

mental study of the recombination properties of epitagial d_ecre_ases, a_nd the curve shifts by a small amognf[ in the
_ direction of high temperatures as the=10.6-.um radiation
andn-type Hg _,Cd,Te (x=0.22). ) -
o is replaced byx=0.9-um radiation. Forp-type samples
Epitaxial layers of Hg_,Cd, Te were grown by MBE at | h d d f the ch
temperature of 190 °€The substrates consisted of CdTe (samp es 2 the temperature depen ences o the charge-
a d GaAs plat " 112' d4(103 orientati d cdT carrier lifetime and the photoresponse signal in the case of
and q SP abefsf W'lh ) and( b ), onen ?I lon ar? € 106and 0.9«m excitation are shown in Fig. 2. We see that
an CdznTe buffer layers. To o t_ap_ type films, t € matet the presence of two components is characteristic of the tem-
rial was annealétand the composition was determined with

: oo perature dependence of the lifetimgT) in the case
an automated ellipsometer during film growtfio decrease A=10.6 um: fast and slow components. The fast component

recombination on the surface of the film and near the interygyies from 10 to 160 ns in the temperature range 80—170 K
face with the substrate, variable-gap structures with the corgpq. correspondingly, the slow component varies from 1 to
responding composition profile over the thickness werejg 4s. Forn=0.9 um the functionr(T) is characterized by
grown. A composition corresponding o=0.3 was realized the presence of a “plateau” at low temperatures. The sub-
in the surface (wide-gap layer, a composition stantial difference in the form of the temperature dependence
x=0.21-0.22(narrow-gap laygrwas realized in the central of the photoresponse for the cases studied is interesting. For
part of thickness 5-1Jm, and a less than lum-thick \=0.9 um the curve of the photoresponse versus tempera-
(variable-gap layer with x=0.5 was grown near the buffer ture has a maximum in the region 90—100 K. A similar pho-
layer. The density and mobility of the charge carriers in thetoresponse kinetics is also observed fotype samples
films were measured aT=80 K by the van-der-Pauw (sample 3, but in this case for excitation with=0.9 um.
method. The photocarrier lifetime was measured from theJust as in the preceding case, here there are two components
kinetics of the photoconductivity signal which accompaniedin 7(T) and an extremum ai=120 K. We note that, as a
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FIG. 1. Temperature dependences of the charge carrier lifetithe2) and FIG. 3. Temperature dependences of the charge carrier lifetime for the
the photoresponse signél,,(3, 4 for an epitaxial film(sample 4 The  experimental epitaxial films: experimentd-5) and computeds, 7). The
curves were measured during radiation-induced excitation Mit.0.6 x numbers on the curves correspond to the numbers of the samples with the
m (1, 3 andA=0.9 um (2, 4). following parameters: 1 — x=0.208p=2.2x10"% cm 3, 2 —
x=0.224,p=6.5x10'° cm 3, 3 — x=0.223,n=1.2x10% cm™3; 4 —
x=0.210,n=6.2x10' cm 3; 5 — x=0.225,p=1.2X10'® cm 3. Post-

owth anneal regime — temperatufg/time t,: 2 — 200 °C/100 h5 —

rule, for three samples in which the temperature dependency,.-1,0 h6, 7— see explanation in the text

of the resistance with an extremum is observed, the tempera-
ture dependence of the photoresponse is typically similar.

This should have been expected, since the temperature dfé'mperature is influenced by the dependentk), since the

pendences of the photoresponse signal are determined ngbimum absorption wavelength decreases with increasing
only by the dependence(T), but also by the temperature oy nerature and band & and, correspondingly, the ab-

dependence of the conductivity of the samfplotoresponse g htion coefficient decreases by 1. The absorption at

~Aglag, where oo is the dark conductivity, _0 g ,m occurs in the surface layer of the film, since the
Ao=nP7/hv is the change in the conductivity under the 5psorption coefficient is large in this case. This can explain
action of the radiationy is the quantum efficiency is the ¢ gifferent behavior of the photoresponse curves for the
power of the incident radiation, anlalv is the photon en- .. <oo of excitation with = 10.6 and 0.9um with tempera-
ergy). The variation of the photoresponse as a function ofure dependences(T) of similar form.
To interpret the recombination mechanisms, we turn to
Fig. 3, which shows the experimental temperature depen-
30 dences of the charge-carrier lifetime of the experimental
samples withh =10.6 wm, corresponding to volume excita-
tion of photocarriers. This figure also shows the computed
curves7(T) for Auger recombination mechanismsmnnand
p-type Hg_,Cd Te with x=0.2 (curves7 and 6, respec-
tively) with charge carrier densitiesn=1x10° and
p=1x10% cm 3, respectively. We see that fop-type
samples(samples 2 and )5the most likely recombination
mechanism in the range of temperatures corresponding to
170 extrinsic conductivity is the Auger recombination accompa-
nying hole collisions with a hole making a transition from
the heavy-hole band into the light-hole bardror n-type
samples(samples 3 and )4 as the calculations show, the
g interband recombination mechanism of the Auger type or
3 » 12 radiative mechanisms make a very small contributiolt.
10°/7,K The most likely mechanism is recombination via local cen-
o ters. The presence of two components for the lifetime could
FIG. 2. Temperat'ure dependences of the charge—c_arrler lifetithe3) and be due, forp-type samples, to the contribution of mecha-
photoresponse signal (4, 5 for p-type epitaxial films(sample 2 mea- . ! . . ’ . ! .
sured during radiation-induced excitation with=10.6 um (2—4) and  NiSMS associated with recombination centers, together with
A=0.9 um (1, 5. 2 — Fast,3 — slow components. interband mechanisms, to the recombination process. At the
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same time, fom-type samples the presence of two compo- 2v. A. Kemarski and N. A. Kul'chitski, in Review Informatiorfin Rus-
nents in the lifetime can be explained by the presence of sian, No. 5207, Part 2, p. 81990.

. . . A. V. VoitsekhovsHi, I. I. 1zhnin, N. A. Kul'chitskii, and V. A. Kemar-
recombination centers with a sharp asymmetry of the elec- skit, in Electronics Abroadin Russiaf, Central Scientific-Research In-

tron and hole trapping cross sections. stitute “Elektronika,” Moscow, 1992, No. 12, p. 3.
A substantial difference of the results obtained from the *V. C. Lopes, A. G. Syllaics, and N. C. Chen, Semicond. Sci. Tecl&ol.
data in Ref. 5 is the fact that in the-type experimental —_824(1993.

. : . SM. E. de Souza, M. Boukerche, and J. P. Faurie, J. Appl. PB§/5195
samples the interband Auger mechanism of charge-carrierygq) © Souza, M. Boukerche, an aurie, J. Appl. P8

recombination is realized in the temperature range corress.N. Shin, J. M. Arias, M. Zandian, J. G. Pasko, and R. E. De Wames,
sponding to extrinsic conductivity. This is apparently due to Appl. Phys. Lett59, 2718(1991J).

the post-growth thermal treatment of trmetype epitaxial V. S. Varavin, Yu. G. Sidorov, V. G. Remesnik, S. I. Chikichev, and I. E.

. . . . . . ... Nis, Fiz. Tekh. Poluprovodn28, 577 (1994 [Semiconductor8, 348
films, in which recombination was observed via centers with (1994].

radiation near the center of the band gap, just as in Refs. Bk. N. Svitashev, S. A. Dvoretsky, Yu. G. Sidorov, V. A. Shvets, A. S.
and 6. The decrease in the defect density in the films after Mardezhov, I. E. Nis, V. S. Varavin, V. I. Liberman, and V. G. Remesnik,
annealing makes it possible to obtain lifetimes limited by ,C'YSt Res. Techno9, 931 (1994

. . . . . V. N. Ovsyuk, V. V. Vasil'ev, T. |. Zakhar'rash, V. G. Remesnik, S. V.
interband Auger recombination. This fact is supported by the Studenikin, N. Kh. Suslyakov, N. Kh. Talipov, Yu. G. Sidorov, S. A.

temperature dependeneéT) for the p -type sample 1, pre-  Dvoretski, N. N. Mikhailov, V. I. Liberman, and V. S. Varavin, Fiz.
pared with no annealing, for which lowéompared with the Tekh. Poluprovodn2, 193(1996 [Semiconductorg, 109(1996].

el ’ 10 . . : e
values Computed for Auger recomblnat)ooharge carrier ,(Al.g\é.DVonsekhovskl and Yu. V. Lilenko, Phys. Status Solidi 87, 381

lifetimes are characteristic. 1A, V. Voitsekhovski, Izv. Vyssh. Uchebn. Zaved., Fi37, 99 (1994).
2A. V. Voitsekhovski and Yu. V. Lilenko, VINITI, No. 5200-81 Dep.,
1A, V. Voitskhovski and V. N. Davydov,Photoelectric MIS Structures ~ P- 36(1982.
Based on Narrow-Gap Semiconductdis Russiaf, Radio i svyaz’,
Tomsk, 1990, p. 382. Translated by M. E. Alferieff
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Frenkel’—Poole effect for boron impurity in silicon in strong warming electric fields
A. M. Kozlov and V. V. Ryl'kov

Institute of Radio Engineering and Electronics, Russian Academy of Sciences, 141120 Fryazino, Russia
(Submitted May 23, 1996; accepted for publication October 25, 1996
Fiz. Tekh. Poluprovodr31, 777—780(July 1997

A method based on measurement of the thermally stimulated conductivity of a weakly
compensated semiconductor, which is doped with a deep impurity and which contains an impurity
component that is shallower than the main component, has been developed for investigating
the Frenkel'—Poole effect. The results of an investigation of the thermally stimulated conductivity
of Si:Ga samples with gallium density,=(2—-3)x 10*® cm 3 and low accompanying

impurity content £10' cm™3) are reported. The conductivity was measured after extrinsic
photoexcitation of samples heated at a ate0.6 K/s in the temperature rangde=4.2—24 K in
electric fieldsE=20—1000 V/cm. It is shown that the maximum on the curves of the

thermally stimulated conductivity is due to the thermally stimulated emptying of the boron
impurity and shifts to lower values af asE increases. The decrease of the ionization energy of
impurity B in an electric field, which turns out to be somewhat weaker than the field

according to the Frenkel’-Poole model for singly charged Coulomb centers, is found from the
shift of the maximum. ©1997 American Institute of Physid$$1063-7827)00407-9

Study of the Frenkel'—Poole effect in doped semicon-tion region, the filling of the accompanying impurity in
ductors is impeded, as we know, by heating of the chargavarming electric fields will be controlled by photohole cap-
carriers in an electric field and by impact ionization of theture by ionized atoms of the impurity and impact ionization
impurities. For this reason, this effect is usually studied ornof neutral impurity centers. From the equality of the rates of
the basis of the change in the conductivity in pulsed electrithese processes
fields, and it has been observed repeatedly in the case of “N-D=a. NO )
ionization of deep impurities;* whereas for shallow impu- @a Na P= @ailNasP
rities it has been observed only recertlin addition, the  we find the density of filled impurity atoms under stationary
measurements in Ref. 5 were performed under conditions afonditions
a strong fluctuation potential, when the heating of the charge 0 _ -
carriers is weakened and the change in the ionization energy Nas=Na/(1+aq/az). @
of the shallow impurity is determined not only by the exter-Here a, is the hole capture coefficient of an ionized impu-
nal electric field but also by the random fields generated byity center,p is the hole density with photoexcitation, and
the charged centers. In this paper we demonstrate that the,, is the impact ionization coefficient of neutral impurity
Frenkel'—Poole effect can be investigated by measuring thatoms.
thermally stimulated conductivityTSC) of a weakly com- One can see from the relatiofy and(2) that in warm-
pensated semiconductor which is doped with a deejing electric fields the degree of filling of the impurity does
impurity? and which contains a shallow accompanying im-not depend on the photoexcitation level. Comparing the rates
purity. The approach is based on the fact that the impurityof impact and optical ionization of neutral impurity centers,
breakdown field is determined by the parameters of the dopt is not difficult to show that this behavior is realized as soon
ant, while the TSC in the region of prebreakdown fields isas a, = a, K, whereK is the degree of compensation. In
sensitive only to the presence of the impurity. We shall showother words, in a weakly compensated semiconductor
that under certain impact ionization conditions the impurity(K<1) the expressiofi2) is valid in fields in whichay, is
can be disregarded up to impurity breakdown fields. Thestill appreciably less tham, .
change in the position of the maximum of the curve of the  After the photoexcitation is switched off, the conductiv-
TSC as a function of temperature with increasing electridty relaxation in the sample, as a result of thermal and impact
field is determined entirely by the Frenkel'—Poole effect.  ionization of neutral impurity centers, is described by the

For definiteness, we shall study the TSC for the exampl&inetic equations
of a weakly compensateguitype semiconductor with doping __ N AN 0 0
level N, and shallow acceptor impurity density,<N,. dpfdt=—p(aNs+azNa)+ yrNa+ paal,

Just as in the preceding wofkye assume that the accompa- + paA|N2, 3)
nying impurity densityN, is less than the density4 of the 0 o 0 0
compensating donors. In this case, at a sufficiently low tem-  ANadt=pa, Ny —yNa—paa N, 4

perature, when the dark hole density<Ngy, all of the im-  \here o is the hole capture coefficient of ionized dopant
purity as well as some of the dopant will be ionized, and the;oms;

total density of ionized centersé, + N, =Ny . Under pho- B
toexcitation of the semiconductor from the extrinsic absorp- ~ ¥1= N, a5 €Xp(—&,/KT)
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is the thermal generation coefficiel, is the effective den-
sity of states in the valence bardis Boltzmann’s constant,
ap; is the impact ionization coefficient of neutral dopant
centers, and , is the impurity activation energy. 4r

In fields less than the impurity breakdown field of the
semiconductora, N, > ax NS .7 Furthermore, folN,<Ng4
the hole trapping in impurity levels can be ignored:

agNy>a;N; .

Here we have taken into account the fact that at low tem-
peratures the charge carrier trapping coefficients for attrac-
tive centers of the same type are approximately the $ame,
and

Nx=Ng>N; .

Under these conditions the expressig¢8sand (4) simplify
and for a linear heating law=Ty+ Bt (T is the initial
temperature of the sample at which photoexcitation was per=IG. 1. Curves of the thermally stimulated currdnfor a sample with

formed, andg is the rate of heatingwe obtain accompanying impurity densityN,<Ny in different electric fields
' E,E/cm: 1 — 270,2 — 540,3 — 810,4 — 1080.

p(T)=—7BdNY/dT, (5)

a’ N TN al'Na’/s . . .
dNo/d | ,3 l’y NO/(l (2% NOT) (6)
at much lower average hole energies, taklng into account the

wherer~1/(Nga,) is the hole lifetime. It follows from Eqg. fact that the hole mobility in Si:B and Si:Ga are nearly iden-
(6) that impact ionization effects can be ignored if tical under the same doping conditiots-?

ayN27<1. Taking into account the relatiof®), the maxi- The typical curves of the thermally stimulated current
mum value of this quantity is for a sample with Ga density,=2.6x 10'® cm~2 and boron
o o o densityN,=1.5x 102 cm™3 (a method for determiningy,
(@aiNaT)max= @aiNasT<(Na/Ng)(az fap), using this sample is presented in Ref.i6 different electric

fields are presented in Fig. 1. The observed shift of the

i.e. for N,<Ny the effect of impact ionization on the TSC is . N L
L . : curves in the direction of low temperatures indicates, accord-
negligible. In this case(T) has a maximum at a temperature .

T, which is determined by the standard relafion Ing to Eq.(7)_, that the f"‘Ct'Ve energy of the boron impurity
decreases with increasing electric field. One can also see that

kT2a; N, €q the maximum temperature shifAT,=0.9K (E=1080
,8—8: F{F) (7)  Vicm) is small compared with the valugT,,=18.07 K at

a m E=270 V/cm. For this reason, to obtain the field dependence
Therefore, forN,<N4 the change in the position of the €a(E), itis reasonable to employ an expansiondfin the
maximum of the TSC curve in an electric fiellis deter- small parameteAT,/Tp,:

mined directly by the dependence ©f on E. T Kt /T T Tk a
The experimental studies of the Frenkel'—Poole effect  &,=ea0—sa0— m(;( a0 m_(l)_ m, _mo% =20
were performed on Si:Ga samples obtained by the zone melt- moK T €20 \ mo €a0 @y ®

ing method, with a doping level of (2—3)10' cm 2 and
residual impurity density less than or of the order of?10 The index O in Eq.(8) corresponds to the values ef,,
cm™ 3. Previous studies of the TSC in these sanfpié®wed T,,, anda, in the initial field Eq=270 V/cm. The value of
that they can contain small quantities {0*? cm™3) of bo-  &£,, can be determined from the half-width of the TSC curve,
ron accompanying impurity. Furthermore, samples with lin-after whicha, can be founiby using Eq.(7). At E=270
ear recombination kinetics, corresponding to the cas&/cm for the present samples,=41.33 meV and
N,<Ny, were found by analyzing the increasing and de-a,,=1.74<10'® cm 2 -s7! (Ref. 6. In Ref. 6 it was also
creasing branches of the TSC cufve. shown that the change ia,, which determines the hole
The conductivity of the samples was measured after phothermal generation coefficient from neutral impurity centers
toexcitation by IR semiconductor laser radiation =5 [see Eqs(3) and(4)], is due to delocalization in the electric
um) with heating at a ratg3=0.6 K/s in the temperature field of highly excited impurity states. According to Ref. 12,
rangeT=4.2—2.4 K. The details of the measurement proce- ~ Jas = (E/E)1 )
dure are describe in Ref. 6. The maximum electric fields in %20’ *a or
the experiments=£1000 V/cm did not exceed the impurity The computational results for, as a function of E)Y?,
breakdown field £1500 V/cm). We note that impurity using expression§) and(9), are presented in Fig. @epre-
breakdown of the Si:B samples with a close doping level angented by the dots on curde. A least-squares fit to a linear
degree of compensation occurs in fiéflE<300 V/cm, i.e., dependence gives
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FIG. 3. Computed curves of the thermally stimulated conductivity in an
electric field E=1080 V/cm for values of,: 1 — Experimental,2 —
theoretical.

FIG. 2. Experimental(l) and computed2, 3) curves of the activation en-
ergye, versusE¥2 The curves were obtained using E¢l) (2) and(7) (3)
from Ref. 13. The dashed curve represents the dependencg @i E*?
obtained by a least-squares fit of the experimental dependence.

wherevyq is the thermal emission rate in a zero electric field.
£q(E)=44.42-0.186 E)"?, (100 The curve ofe, versusE¥? obtained in this manner is shown
in Fig. 2 (curve 3). It is interesting to note that in this case

(10), the activation energy in a zero fielddg=44.42 meV, the slope of thg curve inprea}ses \ME'hbut_in strong fields it
which agrees very well with the data from optical measurehanges very little and is virtually |denF|caI to the slope of
mentse , = 44.39(Ref. 14 and shows that the method devel- the experimental ~ curve. In the interval of fields
oped is correct. On the other hand, the slope of the experrj-:-zgoo_1600 vicm the slope_(il;zthe curBechanges in the
mental curve is appreciably smalldsy 15% than the slope 'ange 0.181-0.187 me(KX{//zcm) » while the experimental
of the theoretical curvéshown by the solid line in Fig.)2 ~ v&lue is 0.186 meWw/cm)™=.

which follows from the classical Frenkel'—Poole model for ~ We thank B. A. Aronzon and A. S. Vedeneev for a dis-
singly-charged Coulomb centel%: cussion and remarks. This work was supported by the Fund

5 I of the International Association INTAS under Grant 93-1403
ea(E)=e,(0)—2(e’E/x) "% (1) and the Russian Fund for Fundamental Research under Grant

wherex is the permittivity. For Six=11.7, which gives 96-02-18429-a.
Ae=2(e%E/»)Y?=0.22E2,

We note that the observed difference cannot be explained bg/X- 'é "éaft_m?ny Jb CN Bll\laifvl agd R. B(«j’:luBefi/J-TAppl- i@E-F2.46§(1k9hG®F; |
H H H H H H . G. Dmitriev, D. N. Nasledov, an . V. Isarenkov, Fiz. lekn. Polu-
impact ionization of boron, since it would account for a provodn.6, 345 (1972 [Sov. Phys. Semicond, 293(1972].

stronger temperature shift of the TSC curves and therefore tog. . N. Connel and D. L. Camphausen, Philos. M6, 541 (1972.

an observation of a sharper decrease: gfwith increasing  *S. D. Ganichev, J. Diener, L. M. Yassievich, and W. Preitl, Europhys.
E. Lett. 29, 315(1995.

. 5N. G. Zhdanov, M. S. Kagan, E. G. Landsberg, L. V. Levkin, and V. V.
Figure 3 also shows the computed TSC curves for ex- Petrishchev, JETP Let62, 119 (1995,

perimental and theoretical values of, in the field  ¢; |eotin and V. V. Rylkov, Fiz. Tekh. Poluprovod80, 1525 (1996
E=1080 V/cm. The shift of the maxima of the curves along [Semiconductor80, 802(1996].

the temperature axis is of the order of 0.5 K and is much;E' E. Godik, Author’s Abstra(?t of Doctoral DissertatiomMoscow, 1980.
greater in our case than the sensitivity of the TSU-1 Xéd'\ﬂ'_ lAZb %ktjg% [VS:OI\',_P;@'S’_ Zl‘:]:i'cg'ﬁggsf'(el\’é%]f:'z' Tekh. Polupro-
thermometer to the relative change in temperature®r. Chen and Y. KirshAnalysis of Thermaliy Stimulated Processesr-
(AT=0.05 K). 10gamon Press, N. Y., 1981’. _

The weakening of the dependencgE) is most likely —— Yu AJ.EC'T'llJDr\I/_Icrt]t’B ?- %0’\"1%3"‘0"' A. N. Shestakov, and E. M. Gershen-
attributable to the fact that the one-dimensional Frenkel’—uéc.mA’. Smith’gemgcondﬁctoras'cambridge University Press, N. Y., 1978,
Poole model disregards angular effeCtsThe decrease in  2nd edition[Russian trans., Mir, Moscow, 1982
€a with increasingE in the three-dimensional case can be®?V. N. Abakumov, P. M. Kreshchuk, and I. N. Yassievich, Fiz. Tekh.

estimated from the increase in the hole thermal emission ratggo'/‘ipr&‘;gz'lé 234 (Sltfzgt#i?]"' ;nf:jysk Ssems'gogdipljz gr%;&]%zog

where e, is in meV, andE is in V/cm. According to Eq.

vt in an electric field, using, for example, expressign (1981).
from Ref. 13 foryy: 14T, M. Lifshitz, Prib. Tekh. Ksp., No. 1, 10(1993.
Ae=KT,In(y1/v70), Translated by M. E. Alferieff
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Measurement of the diffusion length of minority charge carriers using real Schottky
barriers

N. L. Dmitruk, O. Yu. Borkovskaya, and S. V. Mamykin

Institute of Semiconductor Physics, Ukrainian National Academy of Sciences, 252650 Kiev, Ukraine
(Submitted August 7, 1996; accepted for publication October 25,)1996
Fiz. Tekh. Poluprovodr3l, 781—-785(July 1997

The characteristic features of the field dependence of the short-circuit photocurrent of real
Schottky barriers based on strongly doped semiconductors under conditions of an oscillatory
dependence of the light absorption coefficienbn the field intensity in the space-charge

region and the photon energh%>E,) are analyzed. An analytical expression is obtained for

the dependence of the photocurrent on the thickiéss the space-charge region when

the conditionaW<1 is satisfied. An improved method is proposed for determining the diffusion
length of minority charge carriers by analyzing the dependeép@#) in the spectral region

satisfying the conditions of applicability of the expressions obtained. Some improvements are also
made in the method for distinguishing the capacitance of the space-charge region from the
high-frequency capacitance of a real Schottky barrier. The method is tested on structures Au—GaAs
with Ng=4.5x10'—1x 10" cm™3. The method of determining is checked independently

on the basis of a theoretical descripion of the spectral dependence of the quantum

efficiency of the structure. €997 American Institute of Physid$51063-782607)00507-3

The diffusion lengthL (lifetime 7=L2/D) of minority ~ and the SEC in “real” Schottky barriers influences the mag-
charge carriers is a very important parameter of a semicomitude of the measured capacitance and the redistribution of
ductor. It is most sensitive to the structural-impurity perfec-voltage between the intermediate layer and the SCR in the
tion of the material, and it determines the sensitivity of pho-semiconductor. For this reason, to determine correctly the
todetectors and the efficiency of solar cells. At the samealependence of the capacitaritg-y of the SCR on the bias
time, for most semiconductor materials, whérs1 uwm, it  voltageU, it is necessary to make an additional analysis of
is difficult to determine reliably, since the methods of relax-the high-frequency capacitance versus volt&G&C) and
ation of the photoconductivity#-metey and current induced the static current versus voltagl/C) characteristics of the
by an electronic prob€EPIC) are virtually ineffective. Un-  contact. In this paper we propose an improved method for
der such conditions, when the diffusion length is short andletermining the diffusion length of the minority current
comparable to the Debye screening length and the width ofarriers in real Schottky barriers, and we analyze the mea-
the surface (near-boundary space-charge regiofiSCR,  sured spectral and field dependences of the short-circuit pho-
there is available a method based on the dependence of ttecurrent, the CVC, and the IVC, using computer data analy-
short-circuit photocurrent of a Schottky-diode-type structuresis.
on the capacitance of the SCR under a reverse'bfaEhe
advantages of this method are experimental simplicity anq ,\\, vqis oF THE HIGH-FREQUENCY CAPACITANCE
accuracy macc_essu_ale in other methods, espe_C|aIIy in the CASRRSUS VOLTAGE CHARACTERISTICS
of submicron diffusion lengths. At the same time, the possi-

bility of applying the method to real Schottky barriers, con-  In real Schottky barrier€scris related with the rf ca-
taining an intermediate layer between the metal and th@acitanceC of the contact as
semiconductor and surface electronic std&sCg, requires 1 1 1

additional investigation, especially in the case of strongly —=—+—————
doped material. Under conditions of strong doping of a semi- C Co CsclUscr
conductor, a substantial electric figki=10° V/cm forms in  where
the SCR under a reverse bias, and as a result of electroab- 2\ 12
ﬁorptlon, it leads to a nonmonotonic, _osmllator_y_spectral and CSCR:(+) (Ug—Ugep 12

ield dependence of the light absorption coefficiendf the

semiconductor.This in turn has the result that the intercept 1

on the 1€ axis depends on the wavelength of the incident =—(Ug—Uscp 2

light.® For this reason, to determine the diffusion length of B

minority carriers correctly, it is necessary to have a spectruns is the area of the diode, and the effective of the capacitance
of intercepts measured in the spectral region satisfying th€, of the intermediate layer increases with the thickness of
conditions of applicability of the method and to make anthis layer and with the doping level of the semiconductor.
analysis which takes into account the effect of the field on ~ When deep levels are present in the SCR, the capaci-
the absorption coefficient. Moreover, the presence of an intance of the region becomes frequency-dependent and, as
termediate layer between the metal and the semiconductshown in Ref. 7, the rf capacitance, for which the charge in

@
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the deep levels cannot follow the test voltage signal, must be

measured in order to measure the wiltlthof the SCR. The
relation between the rf capacitanCeand the low-frequency
capacitanc& g can also be represented in the form of Eq.
(1), where 1€, does not depend ob, but has a different

meaning. The method proposed in Ref. 7 for determining

1/C, from the intercept on the @/ axis of the straight line

which the dependence@(U'?) reaches for large values of
U2 does not rule out an effect of@} in the entire range of

U2 In the case of strongly doped material the rang®) §

bounded by the breakdown voltage; this increases the errc

in determining 1C,. Under the conditiorfNyg= const and
1/C, # f(U), using the derivative of O with respect to
Ugcr, We obtain

di/C =EB(U U R)—llz @
dUSCR 2 0 SC y
where

kT
UOZUd_ E_AUO,

whereNy= Nys+ Nyq is the total density of shallow s and
deepNy4 donors,

E.—E;

q
is the diffusion potential for an unbiased diode,
~ Ngg [Ef—Egq
NgstNagl g
¢y, is the height of the barrier in the contact, &ad, E;, and

ool |

AU,

E4q are the conduction band bottom energy, the Fermi en-
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FIG. 1. Capacitance versus voltage curve of a barrier structure with majority
carrier density 4.5 10' cm™2 (1) and the capacitance of the SCR, recalcu-
lated taking into account the intermediate layer and deep levels, versus
Uscr (2) in the coordinates 02 —U.

age drop across the intermediate layér U;+Ugcg, and
A ¢, is the decrease in the barrier height as a result of the
mirror reflection forces and the field-emission forces. For a
sufficiently thick intermediate layer and a small bias voltage
range, the dependence 4fp, on the bias can be ignored
compared withU; , setting
A(dp—Uj)
Ir=DA*sT?e” — kT ,

4

ergy in the volume of the semiconductor, and the energy of

the deep donor, respectively.
Hence

In other wordsB and hencéNy can be determined from the
slope of the curve ofJgcg versus[dUgcr/(d1/C)]?, and

where ¢, is the barrier height determined from the straight
I-V characteristic.

2. EXPERIMENT

The rf capacitance of a diode is measured with illumina-
tion at a frequency of 1 MHz. This eliminates the direct
participation of deep levels in the formation of the capaci-

Uy is determined from the intercept on the abscissa. Theance. The short-circuit photocurrent is measured with ac

constant component @} of the capacitance can then be de-

fined as
N
1 1 1
el B e _ 112
Co Ni=1<C B(Ug—Uscgr) >,

which makes it possible to calculate correctly the capacitanc

of the SCR from Eq(1), i.e., its extenMW= g,6¢S/CgcRr-
The functionUgcgU) is determined from the reverse

current-voltage characteristic, with allowance for the analy-
sis of the functionl zx(U) in order to determine the current- ¢
flow mechanism. In the case of structures where the mai

mechanism of the reverse current is thermionic emission

A(bpo—Ado(Uscr—Uj)
Ir=DA*sT?e" KT ,

)

whereD is the transmittance of the barrier with an interme-

diate layer A* is Richardson’s constant]; is the bias volt-

662 Semiconductors 31 (7), July 1997

current at a light modulation with frequeney100 Hz.

As test samples we used Schottky diodes, prepared by
the method of vacuum deposition of a semitransparent gold
film on a single-crystallinen-type GaAs (doping level
Ngy=10'-10"® cm™3) substrate heated to 100-150 °C. The
typical capacitance-voltage characteristic is shown in Fig. 1
(curvel) for a sample witfNy=4.5x 10'® cm™3. As one can
see, it is slightly nonlinear and has a large intercept on the
voltage axisdJy=1.4 V. This could be due to the presence of
an intermediate layer of oxides at the metal—semiconductor
ipterface and the contribution of deep levels to the SCR.
Taking into account these two factors by the method pro-
posed above completely rectifies this dependefstaight
line 2) and makes it possible to determine the true barrier
height at the Aun-GaAs boundary:¢,=0.82 eV. This
value agrees, to a high degree of accuracy, with the value
determined from the straight current-voltage characteristic.
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FIG. 2. Short-circuit photocurrent versus the reciprocal of the capacitance OI];IG 3 E ) | and decordi ior®) and (9
a Au-n-GaAs barrier withtN4=4.5x 106 cm™ 2 for different wavelengths of - 3. Experimental and computgdccording to expressior(8) and (9)]

the incident light, nm1 — 856,2 — 828,3 — 800,4 — 775,5 — 752. spectral dependences of the intercepfor Au—n-GaAs samples with dop-

' ' ' ' ' ing level Ng, cm™3: 1 — 4.5x10%, 2 — 3.48x10', 3 — 1.08x10'¢.

Parameters of the computed curves; 1 — 1/45, 2 — 1/64,

3—1/90;E,, ev:1—1.43,2—1.41,3—1.37;u:1—0.06,2— 0.068,

. . . 3 — 0.068;L, um: 1 — 0.77,2 — 0.35,3 — 0.27. Inset: Form of the
A series of curves of the short-circuit photocurrent ver-.q rection functionf (1/30W).

sus the capacitance of a reverse-biased barrier for the same

structure with different incident-photon energies is shown in

Fig. 2. We see that for sufficiently large values o€1lthe hqE(x)

curves are linear, but the intercepts on the abscissa are a(X)=ag| 1— 872 % hv—E,)?

different. The dependences of the intercept on the wave- H g

length for materials with different doping levels are shown in 8m(2u) Y hv—Ey)3?

Fig. 3. They are nonmonotonic. The character of this depen- S( 3hqE(x) ) ' ®

dence indicates that the electric field strongly influences the

absorption coefficient and makes it necessary to take int§/N€reao is the light absorption coefficient in a weak field,
account this fact in determining the diffusion lengttof the ~ @nd s is the effective mass of the electron. The dependence

minority carriers. It should be noted that the condition©f the fieldE(x) in the space charge region with a constant
Wa<1 was satisfied for these dependences, and all the befOPing level has the forrk(x) = (qNg/ese0) (W—x). Sub-
ter with increasing doping level of the samples. For this reaSttutingE(x) anda(x) into the expression for the photocur-

son, the intercept spectruty(\) for the most strongly rent and integrating by parts, we obtain an analytic expres-
dopedn-type GaAs withNy=1.08x 10'8 cm2 is the long- sion for the photocurrent of a Schottky barrier in the form of

est. For a material wittNg<10' cm™23 the condition of @an infinite series:

weak absorption in the SCR/a<1 holds only at the ab- 1/cogqy) . _
sorption edge itself, so that the dependehgie) becomes lp=K*ao| L+W|1- g( —sm(y)—yQ(y)”),
completely meaningless. )

The photocurrent of the Schottky barrier under the con-
dition Wa<1 can be written in the form where

1/(3bW); b a°lah
I~ K* a0L+JWa(x)dx), (5) y=13bW); e08s8m(2u)"(hv—Eg)¥*
0 . S
Ci is the cosine integral,

whereK* can be regarded as being independent of the field . ycosy)
(the width of the SCR® especially in the case of strongly Ci(y)=0.5772+In(y) — on

doped material. In fields>10* V/cm the absorption coeffi- . _ o
cient is no longer constant and, as shown in Ref. 6, for inciwhere the last integral is tabulated. The expression in brack-

dent photon energlv sufficiently greater than the band gap ©ts as a function of is shown in the inset in Fig. 3. In the
E, it can be approximately expressed by the formula general form

Ip=K* ao(L+W[1—f(y)]). ®
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Comparing the experimental spectral dependences of the it
terceptl, with the dependences calculated from ). for

diodes with a different degree of doping shows that there is i
reasonably good agreement in the region of the first mini-
mum when 0.8 g

cogy)

—sin(y) —yCi(y) |, €)

06
where the coefficientc and the values oEg or and/or u '\3‘
depend on the doping level in the semiconductor and ariwp
determined by fitting. The parameters of the computec
curves, presented in Fig. 3, are given in the caption of the
figure. The value oE4tends to decrease as the doping level
increases; this can be explained by the action of the Franz
Keldysh effect as a result of the increase in the surface fielk 0.2

04

with increasing doping of the semiconductor. The decreas a1 10'17 mlfa i

in » (decrease in the effect of the field bg) with increasing Ng,em™ }o o

Ny is apparently mainly due to the scattering of current car- 0 i 1 ] 1 lo.ece—o
riers by ionized impurities, resulting, according to Ref. 8, in 04 0.5 0.6 l,}fﬁ{ 0.8 0.9

a “broadening” of the electro-optic functions, decrease in
the amplitude and increase in the width of the eIeCtro":lbsc”nflG. 4. Experimentaldots and theoretically computed spectral depen-
tion peaks. FomMy>10'"® cm™3, effects arising due to the dences of the ratio of the short-circuit photocurrent to the number of photons
random fields of clusters of charged impurities, band degerpassing through GaAs for Au-GaAs structures witg, cm 3 1 —
eracy, optical nonuniformity of the SCR in the case where &5x10° 2 — 3.48<107, 3 — 1.08<10"%. Parameters of the computed
thin inversion layer is present beneath the contact, iptensifiglﬂgi"z';\’/‘n”;bln ,_(:r?1.’517:’f—_20>'<4f(’); S 0sasY : g LR 018,
cation of the effect of the scattering of current carriers byyoje giffusion length versus donor impurity densitywas determined by
surface defecténterface,® which likewise changes the char- the following methods! p(1/C) — circles, | ,(hv) — crosses.
acter of the field dependence af are also possible. The
diffusion lengthL of the minority charge carriers can be
determined by fitting the computed curve given by E@. where
and(9) to the experimental curve. 1w

A proof of the fact that the value &f determined in this Il:_f e~ ¥dx,
manner is the true diffusion length of minority charge carri- LJo
ers was obtained by an independent method by fitting the 1w
photocurrent spectrum calculated according to the general |2:_f (1—e™ *x)e= ¥ gy,
formula (12) of Ref. 10 to the measured spectrum. Accord- LJo

ingly, the measured photocurrent spectrum normalized to ag(q) s the field at the semiconductor—intermediate layer
incident photon was converted into the quantum efﬁCienC}boundary,w(x) is the potential in the SCRS is the boundary
spectrum, taking into account the transmission of the Au filmyecombination rateD and D,, are the diffusion coefficients,

on GaAs in accordance with Ref. 11. The thickness and OPandV, andV, are the velocities of the transport of holes and
tical parameters of the Au film were determined from ellip- gjectrons from the semiconductor into the metal. We note
sometric measurements and the transmission spectrum of §iat the second term in expressi¢oh0) describes the de-
Au film on a quartz plate—step. It was determined that tocrease in the photocurrent as a result of the direct transport of
describe the transmission spectrum of Au films obtained b¥he majority current carriers into the metal. It is important for
vacuum sputtering on a heated subst(gteart2, the optical |ow parrier heights at the boundary, and in the presence of
parameters of Au from Ref. 12 can be used starting with filmyeyerse biases in a strongly doped material it can be disre-
thicknesses of~200 A. According to Ref. 10, the short- garded in almost the entire spectral range 0.5 um. We
circuit photocurrent spectrum, calculated with the correctgye therefore assumed it approximately to de)~ay.
boundary conditions and taking into account electroabsorprhe first term describes well the long-wavelength part of the

tion in the SCR, is given by the formula spectrum, which is most sensitive to the diffusion length
exp{ —fg’a(x)dx] The values oL, S/V, anan_/Dn can be de.termined from
| 1 - T al +1, the agreement of.the theoreucal.and experimental phqtocur—
Pp_ 0 rent spectrum, using them as adjustable parameters. Figure 4
ql  1+SVp L.+ D/L o= ¥O) shows the experimental and computed quantum-efficiency
s+ Vo spectra for the same structures as in Fig. 3. The adjustable
1 parameters are presented in the caption, and the dependence
@0 /1_ qE(0) (100  of L, determined by the two methods, on the dopant density
o qE(0)| ™ KTV,/D,/ is shown in the inset. We see that the valuesLofgree
0 kT within =10%. The error of the second methdmhsed on the
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spectrumlp) is much larger, since this method requires ?N. L. Dmitruk and A. K. Tereshchenko,I&tron. Tekhn., Ser. 2, Polu-

knowledge of the spectral dependence of the optical param-provodnikovye Pribory, No. 4, 681972).

eters h1k) Of the metal and m,k’a) Of the Semlconductor, 30 Yu. Borkovskaya, N. L. Dmltruk, M. DUbOVinSki, R. V. Konakova,
which themselves can depend on the thickness of the metalo' N. Mishchuk, Yu. A. Tkhorik, P. Kardosh, and F. Shtofanik, Eleltro-
film, the surface treatment, and the doping level of the semi-4te°hn' @;.40, 877 (1989. _

conductor. Data fon k. and a(hv) given in Ref. 13 for N. L. Dmitruk, O. Yu. Borkavskaya, O. N. Mishchuk, and Ya. Charyev,

. . . . Elektron. Tekhn., Ser. 2, Poluprovodnikovye Pribory, No. 1, 21997).
GaAs, were used in the calculation. In the investigated range ; Callaway, Phys. Rev34 A998 (1964,

of Ny for single-crystal n-type GaAs, the dependence 6; parantes-Davila, A. Lastras-Martinez, and P. M. Raccah, Appl. Phys.
L(Ny) is a power law with exponent —1/3. Lett. 38, 442(1981).

In summary, the well-known method of determining the “N. L. Dmitruk, A. K. Tereshchenko, O. I. Maeva, V. I. Lyashenko, and
diffusion length of minority charge carriers, improved for A M. Raskevich, Fiz. Tekh. Poluprovodd, 671 (1973 [Sov. Phys.
real Schottky barriers taking into account the correct bound-, Semicond7, 469(1973.
ary conditions at the interface and the Franz—Keldysh effect,\- N°ttka and B. O. Seraphin, Phys. Rev.185, AS60 (1969.

. . V. A. Tyagd and O. V. SnitkoElectroreflection of Light in Semiconduc-
in the SCR, reﬂectsf to a high Qegree _of accuracy the _real tors [in Russiaf, Naukova dumka, Kiev, 1980.
values of the diffusion lengths in semiconductor materialsog vy Borkovskaya, N. L. Dmitruk, and A. N. Zyuganod, 82 (1983.
and makes it possible to describe in a self-consistent mannem. L. bmitruk, O. V. Fursenko, and O. Yu. Borkovskaya, Optoelektron. i
the spectral and field dependences of the photosensitivePoluprovodn. Tekhn., No. 27, 143994.
structures with a Schottky barrier. 12p_ B. Johnson and R. W. Christi, Phys. Rev64370(1972.

13D. E. Aspnes and A. A. Studna, Phys. Rev2R 985 (1983.

V. A. Tyagd, Fiz. Tverd. Tela(Leningrad 6, 1260 (1964 [Sov. Phys.
Solid State6, 1156(1964)]. Translated by M. E. Alferieff
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Effect of successive implantation of Ag  *(Cu™) and Xe™* ions on the recombination
properties of Cd ,Hg,_,Te crystals

M. I. Ibragimova, N. S. Baryshev, V. Yu. Petukhov, and I. B. Khaibullin

Kazan’ Physicotechnical Institute, Russian Academy of Sciences, 420029 Kazan’, Russia
(Submitted August 7, 1996; accepted for publication October 25,)1996
Fiz. Tekh. Poluprovodr31, 786—789(July 1997

The effect of successive double implantation of/AGu™) and Xe" ions on the recombination
properties of CgHg; _,Te (0.2<x<0.3) crystals has been investigated. It is shown that

after implantation of ions of one chemical element, followed by diffusion thermal annealing at
temperatures below 150-200 K, recombination through local levels lying33theV

below the conduction band bottom dominates. Successive double implantatiori (€49 and
Xe™ ions followed by diffusion thermal annealing changes the course of the temperature
dependence of the lifetime of the nonequilibrium charge carriers. It was determined that for
Cd,Hg, _,Te crystals withk=0.20-0.25 in the temperature interval 700—200 K the lifetime of the
nonequilibrium charge carriers is lowr€0.15 us) and does not depend on the temperature.
For CdHg, _Te crystals withx=0.3 recombination of nonequilibrium charge carriers

occurs through two types of levels: in the temperature range 14DK26- deep levels
E;;=E.—51 meV and at lower temperaturg§7—-140 K — through shallower levels
Ei,=E.—(16=2) meV. © 1997 American Institute of Physid&$1063-782807)00707-3

1. INTRODUCTION ties of CdHg; _,Te (x=0.2—0.3) crystals in which group-I
and Xe" ions were successively implanted and the crystals

The narrow-gap semiconductor compound &g, _,Te  were then subjected to diffusion annealing after each irradia-

is the basic material used in the fabrication of infrared-tion.

radiation detectors. From the scientific standpoint, it is of

great interest to investigate the lifetime of nonequilibrium

charge carriers in this material, since this parameter deter-

mines the characteristics of photodetectors. A great deal of ExpERIMENT

experimental data on the recombination processes and on the

clarification of the nature of Shockley—Read centers arising Bulk n-type single crystals of the solid solution

mainly in crystals subjected to special dopifgee Refs. CdHg,_,Te, grown by different methods, with cadmium

1-5 have now been accumulated. lon implantation has beetelluride contentx=0.2—0.3 were used as the initial mate-

very successful for forming high-qualitgy—n junctions on rial. Implantation in freshly etched samples was conducted in

substrates with different types of conductiVity>. Moreover,  two stages: first, Cior Ag™ ions with energy 40 or 30 keV,

in Refs. 10 and 11 it was shown that the electrical parametengspectively, and doses in the range >210'— 2.0x 10'°

of Cd,Hg; _,Te can be controlled by measured implantationcm™2 were implanted, after which 30-keV Xeions with a

of group-1 and -lll ions, which makes it possible to obtain  dose of 1.25% 10 or 2.5x10'® cm™2 were implanted. In

and p-type bulk material with a prescribed charge-carriersome control experiments the implantation was performed in

density. Investigations of the recombination properties othe reverse order. In all implantation experiments the ion

these crystals witbk=0.204—0.3 established that under con-current densityj was held below 0#ZA/cm? to prevent

ditions when conductivity-type inversion—p occurs, at strong heating of the sample. After each irradiation a diffu-

temperatures below 150—200 K recombination through locasion thermal annealingDTA) was performed in sealed

levels lying 25-10 meV below the conduction band bottom quartz cells in saturated mercury vapor at a temperature

dominates? The recombination centers arising in the pro-573+10 K for a period of 10-12 days. Such annealing is

cess are apparently associated with the formation of vacanayecessary for diffusion redistribution of the embedded impu-

complexes of the typ®,V1.. At the same time, it should rity over the entire thickness of the sample and for annealing

be noted that implantation of inert-gas ions, specificallyof radiation defects. The electric and photoelectric param-

Xe", in CdHg,_,Te followed by thermal annealing does eters of the samples were measured after each implantation

not change the electrical properties, while the lifetime of theoperation followed by diffusion annealing.

nonequilibrium charge carriefat 77 K) decreases by several The Hall coefficientR, and the resistivityconductivity

factors up to two orders of magnitud®To determine the o) were measured by the van der Pauw method at 77 and 300

specific nature of the ion implantation and subsequent diffuK in magnetic fields of 500 and 15 000 Oe. The lifetime of

sion annealing in narrow-gap semiconductors, it is of interesthe nonequilibrium charge carrieCC9 7 in the tempera-

to investigate the effect of double successive implantation oture range 77—300 K was determined by the method of pho-

the electric and photoelectric properties of,8d;_,Te. In  toconductivity relaxation with pulsed excitation by GaAs-

the present work we investigated the recombination properdiode radiation with wavelength=0.91 um.
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TABLE I. Parameters of samples at 77 K before and aftef @g*) and Xe&" implantation followed by DTA.

Implantation
Before implantation conditions After implantation DTA

Sample Type of 1/eRy, Ryl Dose, Type of 1/eRy, IRy,
No. X conductivity 10%cm™® 10t cnm?(V-s) rus  lon  10%cm™?  conductivity 10%cm™ 10t cn#(V-s) T, us
C1l 0.23 n —0.38 55 - Ag 1.8 o] 8.4 0.062 0.1

0.1 Xet 25.0 p 8.5 0.060 0.1
c2 0.24 n —4.64 6.1 - Xé 125 n —-4.7 6.0 -

— Ag* 1.25 p 2.5 0.013 0.14

C3 0.3 n —-1.23 54 - Ag 0.62 o] 2.1 0.029 0.29

0.29 Xe 25.0 o] 2.15 0.029 0.2
M1 0.25 n —1.49 1.05 - Cti 0.94 p 6.86 0.031 0.13

0.13 Xe 125 p 6.85 0.035 0.13
M2 0.208 n -21 1.07 - Cu 1.9 p 8.8 0.043 0.1

0.1 Xe" 12.5 o] 8.7 0.043 0.1
M3 0.3 n —1.23 54 - Cu 0.25 p 1.2 0.053 0.6

0.6 Xet 25.0 p 13 0.053 0.25
K1 0.24 p 1.15 0.018 7.0 Xe 37.4 o] 1.1 0.018 0.1
3. RESULTS AND DISCUSSION DTA. As one can see from the experimental data, after the

successive double implantation in ), _, Te, the tempera-
fure variation ofr(1/T) cannot be satisfactorily described in
the one-level Shockley—Read model. In a wide temperature
Yinterval (77-200 K the short NCC lifetime is temperature-
‘?hdependent. It was also determined that the order of double
irradiation of CgHg; _,Te with x<0.25 (group-I ions and
“then Xe" ions or vice versphas no effect on the value of

. + i -
only (see data for the samples K1 and) $2s no effect on - For sample M1(Cu™ ions and then X& ions) 7=0.13

. ) ) s and for sample S2(Xe' ions and then Ag
wgglﬁfcettr;ﬁ]zl parameters, but it does drastically decrease tl%ns) 7=0.14 us atT=77—200 K. Therefore, our investi-

z?tions established that successive double irradiation of
The measurements of the temperature dependences

the NCC lifetime in CgHg; _,Te after double implantation dHg, _(Te crystals(with x<0.25) with group-| and Xe

followed by diffusion annealing showed that it is convenientions results in the formation of a strong channel for recom-
y 9 bination and stabilization of the NCC lifetime in the tem-

::%n?w(;(:,ﬁiotrr:e Orfesttélés ;r;tl? d N;/glu%rg:spf’_ gez%e_ng 'gg 061?1 dtheperature region corresponding to the extrinsic conductivity.
P T ' Figure 2 shows the temperature dependences fufr

x=0.3. Usmg sample Micurve 1) as an example,_F|g. 1 .two samples of CgHg, ,Te (x=0.3), irradiated first with
shows a typical temperature dependence of the lifetime L (sample M3, curvel) or Ag" ions (sample S3

Cd,Hg, _4Te crystals withx=<0.25 after irradiation with . . :
group-I ions and subsequent DTA. The course of the temgurve 2). after which X¢ ions were implantedcurves3

perature dependence ofattests to the fact that after implan-

tation of group-I ions in CgHg, _, Te recombination through

local levels in the band gap is observed in the impurity re- o7
gion. A calculation in the single-level Shockley—Read model 7 "2
showed that recombination in sample M1 occurs through the oJ
level E;;=E.—26 meV (see data in Table JI The tempera-

ture dependence of the lifetime of nonequilibrium charge
carriers for CgHg, _,Te crystals, subjected to implantation %
with Xe™ ions combined with subsequent DTA, is shown &
using sample KXcurve?2) as an example. It should be noted
(see Ref. 1Bthat the temperature variation efin the initial

K1 crystal was explained satisfactorily by interband pro- 01 2
cesses, while as a result of implantation of ’X@ns, the o D T U T U TN R TR R T |
dependence(1/T) acquired a form characteristic of recom- 4 g 8 _zo 12 %
bination of NCCs on Shockley—Read centers with a 000/7,K

!evel E= EC_3O. m_eV (see Table Il. Curve3 in Fig. : 1 FIG. 1. Temperature dependences of the lifetime of nonequilibrium charge
illustrates the variation of _the temperature dependgnogmf carriers for CdHg,_,Te samples with=0.25: 1 — Sample M1, implan-
CdHg, - xTe samples subjected to double successive implanation of cu ions; 2— sample K1, implantation of Xeions; 3 — sample
tation with group-1 ions and Xe combined with subsequent M1, successive implantation of Cland Xe'ions.

The data from electric and photoelectric measurement
at 77 K for CdHg;_,Te (x=0.2-0.3) crystals before im-
plantation and after each stage of implantation followed b
annealing are given in Table I. As one can see from the tabl
ion implantation CgHg, _,Te < Cu* inverts the conductiv-
ity type n—p and increases the photosensitivity of the ma
terial. Bombardment of GgHg, _,Te crystals with X& ions

lllll||

T
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TABLE Il. Parameters of recombination centers.

Sample No. lon  x Dose, 16°cm™®  1/eRy, 10%cm™®  E,—Ey,meV  7,,10°%s  7,,10°s E.—Ep.meV 7,,10°s
M1 Cut 0.25 0.94 6.86 26 2.0 0.1
M3 Cu® 0.3 0.25 1.2 28 0.17 0.6

Xe* 25.0 1.3 51 0.52 0.26 18 0.055
C3 Ag* 0.3 0.62 2.1 35 0.48 0.29

Xe* 25.0 2.15 51 1.26 0.21 14 0.064
K1 Xe™" 0.24 37.4 1.1 30 0.1

Note: 7, is the lifetime of nonequilibrium electrons;,, and 7,, are the lifetimes of nonequilibrium holes relative to the recombination thrdtjgtand
E;, levels.

and 4, respectively. The temperature variationr for  prolonged DTA leads to the formation of radiation defects,
Cd,Hg, _,Te irradiated with electrically active group-I impu- which are probably constituents of the complexes of the type
rity ions shows that, just as for samples witi 0.25, recom- Vi V1. It was determined that the charged state of such
bination occurs through one local level in the band gap. Theomplexes depends oxt neutral forx=0.3 and positive
calculations presented in Table Il gave the valueq+1) forx=<0.25. The differences which we observed in the
E1=E.—28 meV andE;;=E;—35 meV for CgHg; _,Te temperature dependences of the NCC lifetime in
irradiated with Cd' and Ag' ions, respectively. Subsequent Cd,Hg, _,Te crystals subjected to successive double implan-
implantation of Xé& ions in these samples has the effect thattation, depending ox are most likely determined by the
the temperature dependencgd/T) can no longer be de- character of the initially existing complexes. Moreover, in
scribed by recombination through one local Shockley—Reathe solid solutions CgHg; ,Te with low values of x
center. As an example, Fig. 2 shoydashed lingsthe com- X (x<0.25) the complexes form more easily and their den-
putational results for the cagg,=E.—51 meV. In contrast sity is higher than in crystals with high values wfat the
with crystals with low values oX, for this group of samples same implantation doses. Therefore, it can be assumed that
the NCC lifetime increases monotonically with temperaturein CdHg, _,Te, after successive double implantation, new
The temperature dependence of in a CdHg,_,Te complexes based on initially existing ones are formed, and in
X (x=0.3) sample subjected to double successive implantasamples wit,x=<0.25, i.e., in a crystals with a narrower gap
tion was described assuming two NCC recombination leveldat 77 KE;=0.197 eV (Ref. 14] their density is high and
The computational results presented in Table Il show that inhey make the main contribution to the recombination pro-
the region 140—200 K recombination occurs through a deepesses, which is what stabilizes the NCC lifetime with low
level E;;=E;.—51 meV, and as the temperature increasevalues ofr in a wide temperature interval.
(77-140 K, recombination through the shallower levels
E;»,=E.—18 meV andE;.— 14 meV dominates in samples
initially irradiated with Cu ions (sample M3 and Ag" ionS 1 G pratt, 3. Hewett, P. Capper, C. L. Jones, and M. J. Quelch, J. Appl.
(sample SR respectively. Phys.54, 5152(1983.
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FIG. 2. Temperature dependences of the lifetime of nonequilibrium chargesﬁ_gs_ Baryshev, M. I. Ibragimova, and I. B. Kitmillin, Fiz. Tekh. Polu-
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Characteristic features of Raman scattering of light in silicon doped with high krypton
doses

M. F. Galyautdinov, N. V. Kurbatova, S. A. Moiseev, and E. I. Shtyrkov

Kazan’ Physicotechnical Institute at the Kazan Science Center of the Russian Academy of Sciences,
4220029 Kazan’, Russia

(Submitted August 30, 1996; accepted for publication October 25,)1996

Fiz. Tekh. Poluprovodr31, 790—793(July 1997

A high-frequency 20-cm? shift in the Raman spectrum of silicon implanted with krypton ions
has been observed experimentally. The dynamics of the transformation of the microscopic
structure of the surface layer of silicon was investigated on the basis of Raman scattering data
obtained for different regimes of Krimplantation and laser annealing. The experimental

data obtained by us are explained well by the presence of local mechanical stred€ekhar)

due to the presence of heavy inert Kr atoms at the lattice sites19€Y American

Institute of Physicg.S1063-782@07)00807-1

A number of interesting effects appear when heavy eleplanted samples corresponds mainly to the amorphous state
ments are introduced into silicon: Chemical activity of inertof the surface layer of Si. However, a weak doublet band
heavy gases, low-temperature recrystallization stage to- with frequencies 512 and 517 crh (Fig. 18, which indi-
gether with gas relea$eand displacement of hydrogen cates the appearance of a microcrystalline pfaisepb-
impurity, and formation of a porous structdrehich in turn  served even for an implantation doself 6 X 10 cm™2.
intensifies Raman scattering and luminescenEer reasons As the LA energy density is increased, this band becomes
of new practical applications, the physical nature of thesamarrower in the direction of the crystal peak at 518 ¢m
effects is drawing a great deal of interest. (Fig. 1 b—1d. The appearance of a doublet band in the Ra-

We have investigated by the method of Raman scatteringhan scattering spectrum is explained by an initial low-
the transformation of the microscopic structure of the crystatemperature stage of recrystallization of the disordered layer.
lattice of silicon and its dynamic properties with different Heating of the sample te-400 °C at this implantation dose

implantation regimes and laser annealibg\). can be attributed to the high ion current8 u Alcm?). It
has been determin&dhat the effect of low-temperature an-
1. EXPERIMENTAL PROCEDURE nealing is characteristic of such implantation doses of kryp-

ton in silicon.

An unexpected occurrence was the appearance of a new
narrow line at 538 cm?! in the spectrum together with the
crystal peak at 518 cit (Fig. 1b—1d. It is significant that
the position of this peak and its half-width do not depend on
g1e implantation and LA regimes, while the intensity of the
peak increases substantially, compared with the intensity of
éhe crystal peak at 518 cm, as the LA energy density in-
creases. For all implantation doses investigated the maxi-

The Raman spectra were obtained in the “reflection” M4M intensity of the low-frequency peak at 538 chis

geometry on a DFS-62 spectrometer for different conditionsOb‘Q’e.rve.d with LA energy densiwsp.s ‘_]/ cr. This (?har-
Acteristic dependence is presented in Fig. 2 for the implanta-

tion doseD=6x10" cm 2. As the LA energy density is

ing was excited by tha =510.6-nm line of a copper-vapor . d furth ~1 Jem?. the i v of th I
laser, operating in a quasicontinuous mode with frequenc%‘Crease urther t=1 J/cnt, the intensity of the crysta

11 kHz and a pulse duration of 20 ns. The power density o eak at 518 cm’ saturates while the intensity of the peak at
a laser pulse at the sample did not exceedl Wdcn?. The 238 cm * drops sharplyalmost by an order of magnituiie

spectral slit width was equal to 2 ¢éhh The Raman scatter- Under these conditions a regime of epitaxial recrystallization

ing signals were recorded in the photon counting mode witH)f the _d|sorder9d_layer_|s r_eallzed; this is also_mdlcated by
synchronization of the laser pulses. the ellipsometric investigation of the complex index of re-

fraction for such implantation and LA regimés.

The existing theories of the dynamics of nonideal crystal
lattices for a light substitution impurity explain well the ap-

The Raman spectrum obtained made it possible to followpearance of local oscillations of the initial perfect crystal
the transformation of the structure of-al00-nm-thick sur- above the photon frequency. As a rule, a heavy impurity
face layer and localization of Kr atoms in the Si matrix with leads to the appearance of quasilocalized resonance oscilla-
increasing implantation dose and increasing laser irradiatiotions, whose frequencies fall in the region of the allowed
energy. The Raman scattering spectrum for the initial im-photon frequencies of the initial crystaln our opinion, the

First, a single-crystal plate of KDB-{111) silicon was
bombarded at room temperature with krypton ion$ Kuyith
energyE=40 keV and current density of the ion beam in the
range 2—5uA/cm?. High ion-implantation doses in the range
D=6 X 10— 2.4x 10" cm™ 2 were used for the effects stud-
ied. Next, the experimental samples were annealed with
ruby laser { =694.3 nm) with pulse duration~50 ns; the
energy density in a 5-mm-diameter spot varied in the rang
W=0.2-1.5 J/crh

2. EXPERIMENTAL RESULTS AND DISCUSSION
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FIG. 2. Intensity of the 518- and 538-crhlines in the Raman spectrum of
silicon doped with K¥ ions (E=40 keV, D=6X10'" cm 2) versus the
laser irradiation energy density.

In the case of the implantation of a heavy but electrically
active indium impurity in silicon, an additional high-
frequency peak was not observed in the Raman spectrum in
the range investigatedig. J). In all likelihood, the localiza-
tion of the In atoms at the Si lattice sites does not produce a
strong deformation of the electronic subsystem of the Si at-
oms and, correspondingly, does not change appreciably the
force constants binding the atoms of the substrates, because
the covalent bond with the implanted impurity is preserved.

A small (~3 cm!) increase in the frequency of the
characteristic vibrations of single-crystalline silicon has been
observed in several studies. This was attributed to the pres-
ence of in mechanical stresses that appear because of the
differences in the lattice constants of the epitaxial silicon
film and the substrafeor as a result of local laser annealing
of the amorphous lay®or a local perturbation by the sub-
stitution dopanf. In our opinion, the observed high-
frequency shiftA v=20 cm ! could be due to strong local
mechanical stresses in the crystal lattice. We shall employ
the Grineisen approximate model to estimate these

FIG. 1. Transformation of the Raman spectrum in silicon doped with Kr
ions (E=40 keV, D=6X 10" cm™?) under the action of laser irradiation
(A=694.3 nm,r~50 ns) with energy densitw (J/cnf): a— 0, b —0.34,

¢ — 0.53d— 0.96.

high-frequency peak at 538 ¢ should be attributed to the
appearance of a local mode due to krypton atoms at the sites
of the silicon crystal lattice. The constancy of the magnitude
of the high-frequency shift and the absence of an additional
broadening of this peak, as compared with the half-width of
the 518-cm? peak show unequivocally that this signal is
due to the additional high-frequency vibration of the crystal
lattice. Such a high-frequency vibration can be attributed to
the presence of a strong deformation potential due to the
localization of heavy inert krypton atoms at the silicon-
lattice sites and, correspondingly, to a change in the elastic
coupling constants of the Si atoms. Accordingly, a local

1.0%
3
~
g ) 518
2
~
o A b S . 1
510 530 550 570
¥y,em~1

change occurs in the frequency of the characteristic vibragig, 3. Raman spectrum of silicon doped with*Irions (E=30 keV,

tions of the lattice atoms.
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stressed® In this phenomenological model the relative p=2.2x 10 cm™2 equals 6%, which agrees with our esti-

changeA v/v; of the corresponding vibrational frequency of mates based on an analysis of the decrease of the signal at
the lattice is related to the volume compresslowV of the 538 cpi .

sample through the Gneisen mode parameter for modes In closing, we note that although the nature and mecha-
with indexi in a crystal subjected to pressuffe nism of low-temperature recrystallization with gas release
Avilv;=—y(AVIV)= v, 8P, (1)  have not been inadequately studied, it can be assumed, on

the basis of the experimental data obtained by us, that recrys-
tallization is stimulated by local stresses. This conclusion is
supported by the experimentally verified results on the

, . - ) stimulating effect of hydrostatic pressure on crystallization
pressure according to the formul® with Av=20cm™=and ot amorphous silicor® where it was shown that the crystal-

— =1 i ~
v=518 cm " gives the valueP=40 kbar. Therefore, local- |i;ation rate increases by a factor of 5 under a pressure of 32
ization of heavy krypton atoms at crystal-lattice sites in sili- par ot a temperature of 520 °C.

con can give rise to substantial stresses that result in a com-  this work was supported by the Russian Fund for Fun-

pression of the lattice. o _ _ damental Research under Grant No. 96-02-18245.
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peak at 518 cm! are observed. The increase in the intensity Springer-Verlag, N. Y., 1984Russian transl., Mir, Moscow, 1986
of the 518-cm?! line saturates aW=1 J/cnt, and in the 11, N. Aleksandrov, Pis'ma Zh. Tekh. Fid1(5), 286 (1985 [Tech. Phys.
proc?ss the magnitude of the signal _at 538—&mr0ps ap- 12kﬂét:5.lé’allyl:u(t%i?r?2/],.N. V. Kurbatova,.Efu. Buinovaet al, in Abstracts
proximately by a factor of 13. We attribute these changes 10 of Reports at the Conference on the “Structure and Properties of Crys-
the low-temperature stage of recrystallization, which is ac- talline and Amorphous Materials[in Russiar, Nizhnit Novgorod, 1996,
companied by a rapid release of Kr daéccording to Ref. B 86. ,
2, the residual Kr content in the Si matrix as a result of Cuo-Quan: E.Nugren, and M. J. Aziz, J. Appl. Phye, 5323(199D.

complete recrystallization for an implantation dose Translated by M. E. Alferieff

where B is the isothermal  compressibilify,
Bsi=1.012<10"* m?/N. For the optical modeE,,, the
Grineisen parameter’{§y;=0.98. An estimate of the local
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Interest in silicon carbide as a semiconductor suitable for fabricating devices operating under
extreme conditions has increased sharply in recent years. The main problem now lies in

the mass production of silicon carbide single crystals with a low defect density and high cross-
sectional uniformity of the properties. This study involves a numerical simulation of heat

and mass transfer processes during growth of SiC single crystals by the sublimation method. The
results obtained make it possible to trace the effect of the growth conditions on the

temperature distribution and the distribution of the main components in the vapor phase, as well
as the radial profile of the rate of growth of a single crystal for different stages of growth

process. ©1997 American Institute of PhysidsS1063-782@07)00907-1

1. INTRODUCTION — determination of the temperature distribution in the

. L : : . . growth cell in order to optimize the conditions of growth of
Silicon carbide is a semiconductor material with unique iC single crystals in order to decrease the defect density and

properties. It can be used to fabricate devices operating a% 9 y . . y

to study the effect of the convection of the gas mixture on

high temperatures and also high-power and radiation- T i .
e distribution of the main gaseous components responsible

resistant devices. The main problem now lies in the mas%h tallizati 4 h the rate of th and th
production of silicon carbide single crystals with a low de- or crystaliization and, hence, on the rate of growth and the
shape of the growth front of the SiC ingot;

fect density and high cross-sectional uniformity of proper-
y g y ot prop — determination of the effect of a change in the condi-

ties. . R : . .
Investigators have concentrated their efforts on studyiné'ons of crystallization of SiC during the technological pro-

the processes occurring in a reactor during crystal grdwth. C€SS: the conditions of crystallization of silicon carbide
Nonetheless, these processes have still not been adequat§fjAn9e due to graphitization and sintering of the initial
studied because of the impossibility of using modern re<harge; and o _
search tools due to the very high working temperatures in the — allowance for the contribution of the chemical reac-
growth zone. For this reason, attempts have recently bed#Pns which occur at the graphite wall of the reactor and
made to simulate on a computer the heat and mass transféf1ich result in the formation of gaseous components that
processes with allowance for the chemical reactions occu@rticipate in the precipitation of silicon carbide.
ring in the growth celf Let us examine the convection of a multicomponent gas
The setups employed in different laboratories for grow-mixture in a two-dimensional cylindrical cavity of radis
ing SIiC single crystals differ with respect to the configura-(Fig. 1). The growth cavity is filled with an inert gdargon
tion of the reactors and the growth cells, as well as withunder pressur@,, . The source of vapor is pulverized SiC
respect to the growth conditions. This study is devoted tgPowder(2) poured into a graphite vessel 3 so that the dis-
numerical simulation of the heat and mass transfer processéance from the surface of the fill to the seed 1 eqttlShe
occurring in a reactor under the conditions employed forvessel is closed at the top by a cover 4, to which the seed is
growing SiC single crystals in the Laboratory of Wide-Gapsecured. The graphite vessel is placed into a resistance fur-
Semiconductors at the St. Petersburg Electrical Engineeringace so that the fill is located in a region of higher tempera-
University (SPEEU. The objective of this work is to deter- ture than the temperatuilg of the the cover with the seed.
mine the laws governing these processes at different stagddie temperature gradient fixed in this manner produces con-
of the technological process of growing SiC single crystalgditions for growing SiC single crystals in the process of sub-
by constructing a mathematical model of these processes atichation of the fill and subsequent transport of reagents to
performing a computational experiment. the seed and precipitation of the reagents. When the tempera-
ture gradient is directed downward in this system, free con-
vection striving to mix the gas components so as to establish
a constant temperature can appear.
The main and most important aspects of studying the Since the gas in the reactor is transparent to the thermal
laws governing heat and mass transfer processes occurrimgdiation from the graphite walls, radiation transfer can be
during growth of SiC single crystals include the following: ignored. Thus we shall seek the temperature distribution due

2. FORMULATION OF THE PROBLEM
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4 B+ is the thermal expansion coefficient of the materi{l)
VAR is the concentration expansion coefficient of ttie compo-

1/ nent; andg is the acceleration of gravity.
The computational region for the system of equatidns
“ A ) :
covers half of the axial cross section of the growth ¢etdm
/3 the axis to the side wall For this region the interior
4 /| boundary-value problem, whose solution must satisfy the
following boundary conditions, is studied:
" /1 1) At the solid walls:
2 ov g .
4 \ /| W[,=——| =const, T|p=T(&),¢"(T)——| =q"(§),
- . an b an b
>, >, A . whereé is the instantaneous coordinate;
/ L <
T 1. T 2) on the symmetry axis:
JT g2
FIG. 1. Schematic diagram of the reactor for growing SiC single crystals \I’|r:0=0, w|r:o=0, W =0, a2 =0.
r=0 r=0

and the distribution of the on-axis temperature gradient.

The boundary conditions for the vorticity at the solid

. . ) walls are determined in the finite-difference fofisee Eq.
to the mechanisms of heat conduction and convection. Wi )1 i q

shall study the mass transfer, taking into account the diffu-
sion and convection.

We shall describe the convective motion in a multicom-3, NUMERICAL SOLUTION METHOD AND DISCUSSION OF
ponent gas mixture in a cylindrically symmetric reactor by THE RESULTS
the system of Navier—Stokes equations together with the . . .
equations describing the transport of each component. The The system(l) is solved pumerlca_lly using a consFant
initial system has the following form in the variables time step7 and the computational region is covered with a

¥ —w, whereV is the stream function, and is the vortic- grid which is uniform along andr axes:

ity: Qn={z,0<1dimZ; r;, 0<j< dimR},
T 19 d for which hj=z,,—2z is the constant step along,
s F(;_r(”’rT)”L E(VZT) hj=r;,,—r; is the constant step along dim Z+1 is the
number of points on the generatrix of the side wall of the
_L1a (T)ﬂ d (T)ﬂ reactor, and dinR+ 1 is the number of points alongat the
roar| XV ar | T 9 XY oz ) base of the reactor. All variables are assumed to be deter-
PRI P mined at the grid nodes. The initial system of equatidnss
C_+ = — (v, + — (v, approximated at the wall),, by a longitudinal—transverse
gt ror 0z scheme in the operator form:
. ach 1% : ) T—T 1 1 1
= dro(m —+ - oi(T7)—— — _
roar ro (M ar + 9z ¢ (M gz I’ W:Lr F,rX(T), 1 T—kr<F,rvr)T
Jw d d 0|1l o +L[1x(T _
DT _ R D ALx(T), UT—=k(1,v,)T,
ot tor (et gz () ar[r ar[”’(T)"’]] L _
N i Tl i nm T k(l )T_
7 aT act =L = rx(T), LI T—Ke| =1y
o A (i) 7/2 LT ] r
+—lr(Mw]-G— EIG — ) )
+L[1x(T), 1T—k,(1,v,)T,
0(1 (N,) + L i=1 N—-1 (1) PO
—A -+ =-—==- i=1,...N— B _ [ ]
ar\r or | 1 9z @ o ci-cr 11 —_p (1 ~0)
_ =L, S (T), 1jc k, Cifvefc
where : :
(i) (O (i)
1av 1% av TLALr ™, 1ct —ka(1r)CT,
vz v YTz o o ¢ 1 1— 1\
o ———=L,|=re"(M), 1 c(')—kr(—,rvr) c
G=5:9.6" =59, /2 Lr . r
V=(v,,v,) is the flow velocity;T is the temperature() is +L 1re®, 1]V —k,(1,v,)c,
the molar concentration of thigh componenty(T) is the _
kinematic viscosity;y(T) is the thermal diffusivity;e" is w—®_ 1 — —
the diffusion coefficient of theth component in the mixture; 712 L 1’r (D) o=KLy e
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sures of these components. The dissociation of the polycrys-
talline fill and the precipitation of the silicon carbide single
crystal are described by the reactidns

e — (SIO) solig— Sigast Csolid» Ko1=pP(SI),

. 2(SiC)solig— (SiC) gast Sigas: kp2=P(SHP(SIC)
(SiOsolia™ Sigas— (SC)gas:  Kpz=P(SiC)/p(Si),
(SiO)solig— (SiC)gas: Kpa=p(SiC),

- wherek,,; is the equilibrium constant for thi¢h reaction and
.7 p(j) is the partial pressure of thgh component. The bound-

ary conditions for the concentrations also take into account
573K BTIK the chemical reactions which occur on the side wall of the

o graphite vessel and which lead to the additional formation of
FIG. 2. Temperature distribution in the gas volume of the growth cell at the

. . . . . 1
initial (left side and intermediatdright side stages of growth. The step the carbon-contammg components §JCS'2 C, and SiC.
between the isotherms equals 8.3 K. . . . .

Csoligt 2 S'gas: (Si,C) gas kp5: p(Sl2C)/p2(S|)-

2Csolig ™t Sigas:(SiCQ)gaSa kp6: p(SIC,)/p(Si),
CsoliaT Sigas= (SiC)gas, kp7=p(SIiC)/p(Si).

+L[1, 1p(T)]Jo—k,(1,v,) 0— Gt

N
_ 2 Gg), Since different data for the temperature dependences of
i=1 the partial pressures of the indicated gaseous components are
available in the literaturg/ the calculations were performed

w-w_ [11 (T [o—k (1) o for all known data. In addition, the change occuring in the
2 T no growth conditions during the technological process of SiC
N single crystal growth as a result of a decrease in the gas

+L,[1, 1p(M]o—k(1p,)o—Gr— >, GV, volume in the growth cell as well as graphitization of the

i=1 polycrystalline fill was taken into account.

T s 1 1 The boundary conditions for the vorticity are calculated
=L (1_ 1NP+Ll= 1 1)‘PS+Zur at each time layer. At the solid walls they are obtained by

7/2 e Art ' realizing attachment conditions, which signify that all veloc-
T 1 1 ity components vanish in an arbitrary coordinate system; i.e.,
=L (1_ UT+L.= 1 1)\If3+1+fur. any partial derivative of the stream function vanishes at a

7/2 N At solid wall with an arbitrary angle of inclination. Therefore,

(2)  we have forw at the solid walls

HereT, ¢, andw are, respectively, the temperature, con-

. X - V. gimr—2t TV 4mr— 8V gimr—
centration of theith component, and vorticity at theth 1 dimR—2 1 dimR 1 dimR—1

—_ — @i, dimR™ or h2 )
layer; T, ¢, and » are the same quantities at the it
(n+1/2)th layer; andf, ¢, andw are the same quantities W+ TWo;—8W
at the fi+1)st layer;s is the number of the iteration of woj= o112 ; 3
v;L,, L,k , andk, are operators: I
gl o 9 o :‘I’dimz—z,j+7‘I’dimz,j:8‘1’dimz—1,j
Lx(a,b,d)UZa& ba(du) , kx(a,b)u=a&(bu). dimz,j erhiz :

The temperature was fixed at the inner walls of the graphitd he system(2) is solved by successive sweeps. The algo-
vessel and at the surface of the filee Fig. L The charac- rithm for solving this mathematical problem is described in
teristic features of the crucible construction in a real setup fofetail in Ref. 8.
growing SiC single crystals were taken into account by pre-  The rate of growth of the SiC single crystal was deter-
scribing different temperature boundary conditions. Furthermined on the basis of an assumption that the limiting stage of
more, in simulating the heat and mass transfer processes infl@@ growth process is mass transfer of carbon-containing
gas volume at different stages of growth, when the growing:omponent§:
crystal fills part of the initial volume of the growth cell, we Vv —Meric/pe (4)
solved the Fourier equation for determining the temperature  * orowh— " siclc/Psic:
of the growth front. whereM g is the molar mass of silicon carbide, apg is

In prescribing the boundary conditions for the concen-the density of single-crystalline SiC. The total flux of
trations of the main components in the gas mixture, we toolcarbon-containing gaseous components is described by
into account the temperature dependences of the partial preBick’s first law
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FIG. 3. Distribution of the main gaseous components in the growth cell at the ithitfiakide) and intermediatéright side stages of growth. The values of
the molar concentrationS for each component at both stages of growth and also theAStepetween the isoconcentration lines are given in Table I.

dcSkC dcSi< dcSic experiments performed showed that for the indicated condi-
je=— (PSichArT"FZ@SiCZfArT_F Psic-ar g5 | tions of growth and the configuration of the reactor em-
(5)  ployed in a real setup, convection has a very little effect on
the heat and mass transfer. The effect of convection becomes
appreciable at pressur@s,=1.5 atm.

Examples of the computational results at the initial and
intermediate stages of growth for a growth cell with radius
R=1.5 cm and initial distance from the surface of the fill to
gwe seedH =3 cm at argon pressut,,=0.5 atm are pre-
sented in Figs. 2—4 and in Table I. The Rayleigh number is

In the relation(5) ¢;_ 4, is the binary diffusion coefficient of
the ith component in argorjwe assumep(Ar)>p(Si ),
p(Si,C), p(SiC,), p(SiC)]; dcV/dz is the gardient of the
concentration of théth component at the growth surface.
The diffusion coefficients,; 5, were calculated on the basis
of the data in Ref. 10 and the concentration gradients ar

obtained by solving the equations of convective and diffu-_~"" 2 andRa=8 for the initial and i di f
sion mass transfer in the systdft) for each component. Ra=92 andRa=8 for the initial and intermediate stages o

For quasiclosed systems, in which free convection Cargprowth, respectively; the Prandtl number varies very little

appear, the dimensionless similarity criteria are introduced ifluring the growth process and equals-Rro3. _
order to describe the hydrodynam?&s: The variation in the temperature distribution during the

a) Prandtl's criterion: P& v/ x=vpcy/x: growth process is shown in Fig. 2. As a result of the high
b) Rayleigh's criterion: pRa=g,8T5TH3/VX thermal conductivity of single-crystalline silicon carbide,

=g,8T5TH3pcp/vx,wherev is the kinematic viscosityy is there is a very small temperature difference between the
the thermal diffusivity,p is the density,c, is the specific ~9rowth front of the crystal and the temperature of the graph-
heat, » is the thermal conductivity3; is the temperature ite walls of the reactor. This increases the on-axis tempera-
expansion coefficient of argog, is the acceleration of grav- ture gradient in the gas medium of the cell.
ity, and, ST andH are the characteristic temperature drop ~ As is well known, a change in the growth conditions is
and size of the growth cell, respectively. The values of thenanifested in the graphitization of the polycrystalline fill.
indicated constants and parameters for argon were obtainddis causes a redistribution of the gaseous components dur-
by extrapolating the data given in Ref. 12 to high temperaing growth (see Fig. 3 We see that the on-axis component
tures and by estimating on the basis of thermodynamic lawsf the gradient of the SiCconcentrations is at first directed
The heat and mass transfer processes were modeled fopward(see Fig. 3c, on the left, and Tablg, lin contrast to
different conditions of growth of SiC crystals: argon pressureSi and SjC. Therefore, the growth velocity profilé o,
P, =10 31 atm, growth temperaturé=2400-2700 K, (Fig. 4, curvel) and ultimately the shape of the crystal
and on-axis temperature gradient grad20—30 K/cm. The growth front are affected mainly by the 8 distribution.
dimensions of the computational region covered by the gridDuring growth, the direction of the Siflux reversedthe
Q, areR=1.5-2 cm andH=1-3 cm. The computational gradient is oriented downward — see Fig. 3c, on the right,

TABLE |. Molar concentratiorC on the isoconcentration lines 1-4 and the si&€p between the neighboring
isoconcentration lines in Figs. 3a—3c.

Number of the SiFig. 33 Si,C (Fig. 3b SiC? (Fig. 39
Growth stage isoconcentration line C AC C AC C AC
I 1 2.5x1077 2.4x1077 6.0x10°® 58x10°% 89x10°% 8.0x107
2 2.6x107° 6.4x1077 8.8x10™ 11
I 3 6.0x10°° 5.0x10 % 1.1x107° 1.1x10° %0 1.8x107° 2.4x10°1°
4 1.1x10°8 2.2x107° 4.3x107°
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04+ Despite the simplifications employed in the calculations,
the results obtained agree satisfactorily with the experimental
o3k 2 results. At present, calculations for a more complicated con-
i ’ figuration of the growth cell and simulation of the mechani-
i 7 cal stresses in the volume of the crystal are being conducted
>§ 0.2t on the basis of these results.
0.1 1 | A . L
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1yu. M. Tairov and V. F. Tsvetkov, J. Cryst. Growth2, 146 (1981).
FIG. 4. Radial prof"e of the growth VEIOCitygrowlh of a SiC sing|e Crysta| 2Yu. M. Tairov and V. F. Tsvetkov, ilCrystal Growth and Characteriza-
at the initial (1) and intermediat€2) stages of growth. tion of Polytype Structuredited by P. Krishna, Pergamon Press, N. Y.,
1983, Vol. 7. p. 111.
3Yu. M. Tairov and V. F. Tsvetkov, irGrowth and Defect Structures

. . . . . (series orCrystals: Growth, Properties, and Applicationsdited by H. C.
and Table I); the contribution of this component is found 0 £evpargt Springer-verlag, N. Y., 1984, Vol. 10, p. 1.

be substantial, and the profile of the growth velo¢ftym of 4D. Hofmann, M. Heinze, A. Winnacker, F. Durst, and L. Kadinekial,
the growth front becomes convexFig. 4, curve2). The J. Cryst. Growthl46, 214 (1995.

5 ) H
experimental results confirm this chanae in the form of the F. Rakhel’, Yu. M. Tairov, M. G. Travadzhyan, and V. F. Tsvetkov, lzv.
p 9 Akad. Nauk SSSR, Neorg. Matet6, 1011(1980.
growth front.

) o . . 6J. Drowart and G. De MariaSilicon Carbice — A High Temperature
A change in the distribution of the components in the gas SemiconductorPergamon Press, N. Y., 1960, p. 16.

phase produces a change in the evaporation_Condensatidh’u. M. Tairov and V. F. Tsvetkov, Izv. Akad. Nauk SSSR, Neorg. Mater.
conditions, a change in the equilibrium concentrations, adif—géaseoeee(rlaz?gév A. V. Lesunovakiv. V. Mitin, T. A. Borisova, and
ference in the intrinsic point defectas a result of the dif- D.. Yé. Rovenski 7in l-\lur-nerical Methodiiﬁ Ruséialj, Nauka, Mo‘scow,
ference in deviations from the stoichiometric composition 1989, p. 112.

distributed along the length and radius of the crystal, and’Yu. M. Tairov, V. A. Taranets, and V. F. Tsvetkov, Izv. Akad. Nauk
mechanical stresses in the crystal lattice. In practice, th_eslegslflRLigsyo%“,('A"’.‘tigi?'o 3’(;2;%. F. Tevetkov, 3. Cryst, Growd, 269
processes are intensified by fluctuations of the technological (1979,

conditions. Unfortunately, at present there are no result§'L. D. Landau and E. M. LifshitzFluid Mechanics Pergamon Press, N. Y.
available from investigations of the distribution of intrinsic [Russian orig., Nauka, Moscow, 1988

point defects and their correlation with growth conditions in  C2S EncyclopaedicElsevier, 1976.

the SiC single crystals obtained. Translated by M. E. Alferieff
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Polarization photosensitivity of silicon solar cells with an antireflection coating
consisting of a mixture of indium and tin oxides

V. M. Botnaryuk, A. V. Koval’, A. V. Simashkevich, and D. A. Sherban

State University of Moldovia, Kishinev, Moldovia

V. Yu. Rud’

State Technical University, 195251 St. Petersburg, Russia
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A. F. loffe Physicotechnical Institute, Russia Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted August 15, 1996; accepted for publication October 29,)1996
Fiz. Tekh. Poluprovodr31, 800—805(July 1997

The photoelectric properties of ITD/Si solar cells with ITO-side oblique incidence of linearly
polarized light on the solar cells have been studied. Polarization photosensitivity and an

increase in the relative quantum efficiency of photoconversion as a result of a decrease in reflection
losses were found. The induced photopleochroism coeffiéigmcreases with the angle of
incidenced asP,~ #2. The polarization photosensitivity of solar cells was studied as a function of
the photon energy between the band gaps of the two contiguous materials. The results show
that the solar cells studied can be used as selective polarimetric photosensdr897@merican
Institute of Physicg.S1063-782807)01007-1

Transparent conducting oxides are widely used as an Al layer. The area of the finished solar cells was equal to
wide-gap semiconductor window, which simultaneously acts~1 cm 2.
as an antireflection coating with a low surface layer resis- To determine the polarization parameters of the photo-
tance. As a whole, this gives a substantial increase in theensitivity the solar cells were secured on a STF-1 Fedorov
efficiency of solar cells(SC9.1~® Specifically, solar cells table, which made it possible to vary continuously the angle
with ~43% higher efficiency than cells without an antire- of incidenceé of the radiation on the receiving surface and
flection film consisting of a mixture of indium and tin oxides the azimuthal angle between the electric vectd of the
[10%SnQ + 90%In,05 (ITO) Eg=3.6 eV] have been de- light wave and the plane of incidence of the radiatieR)
veloped on the basis of the heterosystem F@i-Sit*°  to within +30'. The ratio of the areas of the photoreceiving
The polarization photosensitivity of solar cells has still notsurface and the light beam was chosen in such a way that the
been investigatetin the present article we report the results flux of the linearly polarized radiation would not fall outside
of an experimental study of the photoelectric processes ithe limits of the ITO film right up to the maximum angles
ITO/n-Si structures in linearly polarized radiatidhPR); 0~85°. To make sure that the photosensitivity of the solar
this study suggests that solar cells can be used in polarizatiarells could be measured with maximum valuesépfmea-
photoelectronics as well as in polarization photoelectricsures were taken to eliminate the vignetting of the illumi-
spectroscopy — for diagnostics of the antireflection propernated ITO surface. The photosensitivity of the solar cells in
ties of coatings in ready-made components. LPR was measured in the regime of a short-circuit photocur-

1. The solar cells were produced using-type KEF-4.5  rent, which was proportional to the flux density of the inci-
silicon plate oriented in thél11) crystallographic plane. The dent radiation, making it possible to determine the relative
ITO films were deposited on-Si plates preheated to tem- photoconversion quantum efficiency as the ratio of the
peraturesT;~400-500 °C. The deposition was performed photocurrent to the number of incident photons.
by the method of pulverization of alcohol solutinsf in- 2. The solar cells obtained by us had good rectifying
dium and tin chlorides 9 partdnCl; : 3H,0) + 1 part properties. The typical stationary current-voltage characteris-
(SnCk : 5H,0) in an oxygen atmosphere. The ITO layerstic of one such structure is shown in Fig.(durve 1). The
with geometric thicknessl~=0.5 um were deposited under transmission direction in the SC corresponded to a negative
the indicated conditions in a time~40—60 s. The films polarity of the external bias voltage on the ITO film. The
obtained were electrically uniform. The free electron densitydirect |-V characteristic in the bias rangge>0.2 V can be
and the Hall mobility in the ITO films obtained were equal to approximated a8l =U . ; o+ Ried - The cutoff voltage is re-
=10 cm 2 and=30 cn?/(V-s) at T=300 K, respectively. produced well in the SCs obtained and reactigg ,~0.1
The films possessed a uniform dark-lilac color and high adV, which probably corresponds to the contact potential dif-
hesion to the chemically polished surface of tirtype Si  ference of the isotopic IT@{Si heterocontact. The residual
plates. The films exhibited high optical transmissie®5%  resistanceR,.s~4—-5 K at T=300 K, and the reverse cur-
in the wavelength range from 0.25 up tquin. After depo- rents with U~0.5 V usually did not exceed 210 °A.
sition the ITO film was equipped with an indium contact Sharp breakdown occurs at voltadés-2—-2.5 V. When the
grid, and the free silicon surface of the plate was coated witt5Cs were illuminated from the ITO side, the photosensitivity
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FIG. 1. Stationary current—voltage characterigticand the spectral depen- 01 0
dence of the relative quantum efficiency of photoconversion of ani)/ ) t: v
solar cell (T=300 K; illumination with unpolarized radiation in a direction w,e

along the normal from the ITO side of the film
FIG. 2. Spectral dependence of the relative quantum efficiency of photocon-

version in the coordinate§—tw for an ITOh-Si solar cell =300 K;
1 — unpolarized radiationg=0°; 2 — E | PIR, §=70°; 3 — EL PIR,

was high and reached 80— 90 mA/w. Under AM 1.5 illu-  6=70°).
mination conditions the efficiency of the solar cells obtained
was equal to 10-11%.

The spectral dependence of the relative quantum effidirection normal to the plane of the ITO filmgE0°), the
ciency » of photoconversion for one typical SC is shown in photocurrent is independent of the positionEfelative to
Fig. 1 (curve2). Under illumination in a direction normal to the principal crystallographic axes of the Si plates. This is
the ITO plane the photosensitivity spectrum is a wide-bandietermined by the isotropic character of the photoactive ab-
spectrum. The total width of the spectral band of photosensorption in ITO and Si. As a result, the photopleochroism
sitivity at half-height isé;,~2.0 eV, making it possible to coefficient
cover a wide spectral region from 1.4 to 3.4 eV. Therefore, ip_is
the contact between-Si and the ITO antireflection film ex- P :(p—s) 100%
hibits a window effect, which is characteristic of ideal het- s
erostructures. The long-wavelength limit of the SC is deterwhereiP andi® are, respectively, the photocurrents wih
mined by indirect interband transitions in the narrow-band| PIR andEL PIR, is equal to zero in the entire region of
gap component of the heterostructure. We see from Fig. Bhotosensitivity of the SC. For this reason, there are grounds
(curve 2) that in the coordinatesy7—7%w the long- for believing that these solar cells do not possess natural
wavelength edge of photosensitivity rectifies and under th@hotopleochroisn{Fig. 3).2 Switching to measurements of
extrapolation,/z— 0 is characterized by the intercept on the the photosensitivity of SCs in a geometry with oblique inci-
photon energy axis @ w=1.1 eV, which equals the band dence of LPR on the receiving plane of the cells, i.e.,
gap in silicon’ 6>0°, differences appear in the values of the photocurrents

A system of equidistant peaks, whose maxima are sepa® andi®. As a result, the photopleochroism coefficient be-
rated by~0.13 eV, appeared clearly in the spectral curvescomes different from zero and increases continuously with
n(hw) for all solar cells in the case of natural radiation increasing angle of incidence as a square R 62. In-
incident on the ITO film in a direction normal to the plane. If deed, as one can see from Figs. 3a and 3b, the function
this system of bands is attributed to interference in the ITOP,(6) “leaves” zero atfd=0°, which shows that there is no
layer with refractive indekn=1.8, then we obtain a thick- natural photopleochroisfhin the case#>0° the photopleo-
nessd=2.2 um, which is clearly greater than the thickness chroism which appears is classified, according to Ref. 8, as
of the ITO film. Therefore, it can be assumed that the obinduced, and in the coordinate®®, —#%w these curves are
served system of bands cannot be attributed to the interfestraight lines(Fig. 3a and 3b, curved), in agreement with
ence of radiation in the ITO film, and additional investiga- the analysis in Ref. 9.
tions of the solar cells must be performed in order to clarify It also follows from the data in Figs. 3a and 3b that the
its nature. coefficientP, exhibits an explicit dependence on the energy

3. When the structures are illuminated with LPR in aof the LPR photons in the region of photosensitivity of the
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FIG. 4. Spectral curves of the relative quantum efficieficy?) and induced
. . . . . . photopleochroism coefficieri8rs, 4) of an ITOh-Si solar cell T=300 K;
SCs. This result is at variance with the theoretical analysig-70°,1 —E || PIR,2— E L PIR..

performed without regard for the antireflection effect and for
numerous experimental results obtained under conditions at
which this effect can be disregard®&d?
It is also evident from the curves in Figs. 3a and 3b fordiation by the summation of the contribution from light with
the photocurrents® andi® versus the angle of incidence of the complete set of polarizations.
the LPR that for one of the polarizations these dependences Figure 4 shows the typical spectra of the quantum effi-
agree qualitatively with the dependence expected from theiency of photoconversion for two polarizations of the LPR
Fresnel relations describing the passage of a light wavencident on the surface of a ITO film at anghe=75°, when
through the boundary between two metfiaSuch depen- the effect of polarization on the photoactive absorption is
dences are shown in Fig. 3burvesl and2). It follows from  now quite large in accordance with the relatiep~ 62. The
them that for a light wave polarized in the plane of incidencelong-wavelength edge of the photoactive absorption splits in
the photocurrenit” increases with the angle of incidence andthis casej”>i® in accordance with the Fresnel relatidrist
passes through a maximum ne@s75°. This increase is is evident from Fig. 2curves2 and 3) that for both polar-
ibe./i§.~1.2, which corresponds to a decrease in reflectiorizations the long-wavelength photosensitivity of the SC fol-
losses. For the other polarizatid. PIR (Fig. 3, curve2), lows the square-root dependend®,i®~#w, which is char-
on the other hand, the photocurréhtlecreases with increas- acteristic of indirect interband transitions, and that
ing angle of incidence in the entire range of variationdof  extrapolation of these dependences to zero gives the same
and this corresponds to an increase in reflection losses. value of the intercept on the energy axis, which coincides
For other photon energigfig. 3a, curvesl and2) the  with the case of natural radiatigfig. 2, curvel), and which
photocurrents® andi® have the same angular dependencejs equal to the band gap in silicdrThis fact agrees with the
they are close in magnitude for the same value®,0dnd nature of the anisotropy of the photoactive absorption in-
they reveal a maximum at nearly the same angle55°.  duced by oblique incidence of LBRnd arising as a result of
Therefore, as the energy of the incident radiation photonghe polarization dependence of the passage of radiation of
varies, we see regions in which for both polarizations of thedifferent polarizations through the air/ITO interface and re-
LPR the photocurrents increase with increasing amglihis  flecting the degeneracy of the states in the upper valence
indicates a decrease in the reflection losses not only for thand of silicon in the absence of directed perturbations.
waveE || PIR, but also forEL PIR, which does not follow In the region of the maximum photosensitivity of the
from the Fresnel relation'S:**In our opinion, such a behav- SCs(Fig. 4, curvesl and?), the photocurrents® andi® for
ior in the polarization dependence of the photocurrent versudifferent polarizations vary in phase opposition. For ex-
the angle of incidence of the LPR can be attributed to theample, the maxima in the spectral cuiVé% ) at 1.95 and
antireflection effect of the ITO film. As follows from Fig. 1 2.65 eV correspond to minima in the cuné% ) and, con-
(curve?2), this effect was not sharply manifested in the spec-versely, the maxima in the spectrififz w) at 1.60 and 2.30
tral dependence of thg in the case where unpolarized light eV correspond to the minima in the spectrif(i ). We
was used. However, on switching to LPR, there appear in theall attention to the fact that near the photon energies 1.60
spectral dependences idf andi® photocurrent maxima and and 2.30 eV the spectral curves converge to one another,
minima which were “hidden” in the case of the natural ra- while at energies 1.95 and 2.65 eV, on the other hand, a
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maximum divergence is observed betwegiffiw) and  experimental dependend®(%iw) (curve 3) relative to the
iP(hw). o dependence extrapolated according to its maximum values

We see that the spectrum(fiw), which is observed (cyrve4) then clearly show a region of antireflection action
under illumination with unpolarized light and in which the 5 the 1TO film. The maximum valueB" make it possible,
characteristic features manifested in LRIRg. 4, curvesl  jy accordance with Ref. 9, to estimate the refractive index of
and 2) are “closed” and therefore not manifested, can beine material of the entrance window of the SC as
obtained by adding the polarization dependendgsw) and  n~1.8-2, which corresponds to ITO. The drop observed in
iP(Aw), which corresponds to a transition from LPR to natu—p:n with increasing photon energiFig. 4, curve4) appar-
ral radiation. Here it is relevant to note that the system ofently indicates thah decreases slightly along the thickness
seven equidistant maxim@ig. 1, curve2) that appears in  of the film in the direction toward the outer plane of ITO.
natural radiation also remained in LPR but only in the polar- |, closing, we note that the maximum azimuthal current
ization E || PIR. _ _ photosensitivity in our SCs at angles of incidenge 70°

If the minima manifested in LPR at 1.95 and 2.65 eV or ye5ches 80 mAW - deg at T=300 K. Therefore, such solar
maxima at 1.60 and 2.30 eV in the dependengi{di ) and  ce|is can be used as selective polarimetric sensors, and the
7°(hw) are attributed to interference of radiation in the ITO po|arization measurements of the photosensitivity of a SC
film, then estimates of the film thickness give the valuecan themselves be used in nondestructive diagnostics of
d~0.47 um, which is virtually identical to the measured ready-made structures and in the technology of fabricating
thickness of the ITO. antireflection coatings.

The most distinct effect of polarization on the photoac-  This work was supported by the Committee of the Eu-

tive absorption in ITO/Si structures was reflected in the specopean Society under contract INTAS N 94-3998.
tral dependence of the induced photopleochroism coefficient
(Fig. 4, curveld). The oscillatory character of the photopleo- . _ o .
chroism is clearly seen in it. The minima of the photopleo- M. M. Koltun, Optics and Metrology of Solar Radiatidiin Russiar,
chroism correspond to regions of convergence in the s ectradNaUKa’ Moscow, 1985, p. 280.

p 9 ] 9 . p Yu. N. Malevski and M. M. Koltun[Eds], Solar Power Russian trans.,
dependenceg”(% w) and °(% ), while the maxima ofP, Mir, Moscow, 1979, p. 375
correspond to maxima in the curve8(% w) and minima in 0. P. Agnikhatri and B. K. GuptaSelective Surfaces in Solar Setups
7°(h w). Therefore, there are grounds for concluding that the,[Russian trans., Mir, Moscow, 1984, p. 312 , ,

. ; A. I. Malik, V. A. Baranyuk, and V. A. Manasson, Geliotekhnika, No. 1,
spectral dependence of the induced photopleochroism can beg, (1980.
used to monitor the magnitude and spectral position of theN. Mardesich, irRec. 15th IEEE Photovolt. Spec. Corifissimee, 1981,
antireflection effect. It is obvious that the effect is maximum  IEEE, N. Y., 1981, p. 446. N _
in the minima of the spectral dependence of induced pho-N: V- Stukovskaya Chemical Methods of Obtaining Thin Transparent
. . P—is Films [in Russian, Khimiya, Leningrad, 1971, p. 198.

tOpIEOChm'Sr_n asP|—0. Since the phOtocurre_m - '_ ) "P. I. Baranski, V. P. Klochkov, and I. V. Potykevich{andbook of Semi-
whenP,=0, it can be assumed that we have antireflection in conductor Electronicgin Russiafl, Naukova dumka, Kiev, 1975, p. 240.
this case for waves of both polarizations. At the same time,sYU- V. Rud, Izv. Vyssh. Uchebn. Zaved., Fi29, No. 8, 67(1986.

: : : . A. Medvedkin and Yu. V. Rud’, Phys. Status Solidié&, 333(1981).
we also have antireflection at the maxima of the dependenceeﬁ N. Konstantinova, M. A. Magomedov, V. Yu. Rud', and Yu. V. Rud,

Pi(fiw). However, since in this cas€>i®, it can be as- iz, Tekh. Poluprovodr26, 1861(1992 [Sov. Phys. Semicon@6, 1043
serted that antireflection is attained only for a wave with (1992].

E | PIR, while forEL PIR polarization reflection predomi- *'S: G. Konnikov, V. Yu. Rud’, Yu. V. Rud’, D. Melebaev, A. Berkeliev,

. .S . ip M. Serginov, and S. Tilevov, Jap. J. Appl. Ph$2-3 515(1993.
nates, which accounts for the decreaseé°aklative toi®. 12y, Yu. Rud’, Author’s Abstract of Candidate’s DissertatioRhysicotech-

If the values of the induced photopleochroism at the njcal institute, Russian Academy of Sciences, St. Petersburg, 1995, p. 17.
maxima of the dependencB;(fw) are connected by a ™G.S. LandsbergOptics[in Russiaf, Moscow, 1976, p. 927.

straight Iine(Fig. 4, curved), then the photon-energy depen- 1R. Azzam and M. Bashar&|lipsometry and Polarized Ligltn Russian,
dence ofP, is weak, as theoretical analysis of the induced Moscow, 1981, p. 584.
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Photosensitivity of thin-film ZnO/CdS/Cu(in, Ga)Se , solar cells
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The photoelectric properties of thin-film ZnO/CdSIGUGaSe, solar cells were studied by
polarization photoactive absorption spectroscopy. It was shown that the thin-film solar cells have
a high efficiency relative to the intensity of unpolarized radiation in the photon energy

range from 1.2 to 2.5 eV. The induced photopleochroism coeffigigrnibhcreases with the angle

of incidence of the incident radiation &~ 6% and at 70° it reaches 17—20% with photon

energy 1.3 eV. Oscillations of the photopleochroism were also observed. These results are
discussed taking into account the antireflection effect. The results obtained by us make it
possible to use such solar cells as wide-band photosensors for linearly polarized radiation and for
monitoring the production of high-efficiency, thin-film solar cells based on ternary
semiconductors. €1997 American Institute of Physids$$1063-78207)01107-1

I-11-VI, ternary compounds have already found appli-tained with an active surface area of up to Zamas equal to
cation in the production of high-effciency photovoltaic solar 12—15%.
cells, since their electrical and optical properties are optimal The TSCs ordinarily contained six separate heterostruc-
for devices of this kind. Polycrystalline Cyl@a _,Se,  tures on a single glass substrate. The heterostructures could
(CIGSe thin films make it possible to obtain solar photocon-then be switched in the required manner, taking into account
version efficiency of up to 17%:* Further optimization of the ratio of their photoelectric parameters.
the production of thin-film solar celi&'SCy of this type and 2. Figure 1 shows a typical stationary current-voltage
an increase in the photoconversion efficiency will require acharacteristiqlVC) of one such structure. The transmission
more thorough study of the relationship between the photodirection in the TSC corresponds to a negative external bias
electric parameters and the technological conditions underoltage on ZnO; this corresponds to the energy diagram of
which the films based on I-Ill-¥l compounds are the heterostructuréOne can see from Fig. Ccurve J that
formed®® In this paper we report the results of comprehen-for U4>0.4 V the direct current grows exponentially as
sive experimental study of the photoelectric properties of _ _
ZnOICdS/CIGSe TSCs by the methods of polarization pho- o &P Us/BKT=1).
toactive absorption spectroscapy. The typical value ofg for the TSCs is8=2.0—2.2. A high

1. In the study we used ZnO/CdS/CIGSe thin-film solarvalue of 8 is also known in other types of solar cells based
cells fabricated at the Institute of Physical Electrori@E, on CulnSe (CISe and is ordinarily attributed to the recom-
Germany. Films of the solid solution were produced by bination of photogenerated pairs in the space-charge
vacuum thermal sputtering of the components from indi-region®* The deviation observed fod4>0.7 V from an
vidual sources. The composition of the films corresponded t@xponential law is due to the effect of the serial resistance of
the ratio In(Ga + In) = 0.25 and was chosen on the basis ofthe TSC on the straight IVC. In the regidhy>0.7 V, as one
the requirements which must be met in order to obtain thean see from Fig. 1, the relation between the current and the
maximum photoconversion efficienéyThe films were de- voltage is linear
posited on metallized molybdenum glass. The molybdenum U=U+Rn|
ensured an ohmic contact to the CIGSe film. The photosen- oo
sitive structure was produced by depositing on the CIGSevhere the cutoff voltagé), in different structures is in the
surface a=0.5-um-thick film which was not specially doped range 0.6—-0.7 V, and the residual resistance is in the range
cadmium sulfide. Next, a1-um-thick ZnO film was de- Ry=6-16( at T=300 K. The reverse current in the TSC
posited on the CdS surface; this film provided high opticalgrows in proportion to the voltage up te5 V; this reflects
transmission and allowed for collection of charge carriersthe fact that the leakage currents make the determining con-
The technological process of production of TSCs was comtribution to charge-carrier transport in reverse-biased struc-
pleted by deposition of a current-extracting metal grid on thaures. As an illustration, the values of some parameters for
ZnO surface. Under AM-L1.5 illumination conditiorf800  six TSCs, arranged on a common glass substrate, are pre-
mW/cn?) the photoconversion efficiency in the TSCs ob-sented in Table I. One can see from the table that, together
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FIG. 1. Stationary current-voltage characteristic of na&ZnOh-CdS/
p-CIGSeTSC.1 — Direct bias,2 — reverse biasT=300 K. Inset: Con- 1E 1‘0 : L
. . — . 2.0 3.0
struction and scheme of illumination of the TSC. R, eV

. . . FIG. 2. Spectral dependences of the relative quantum efficignof/ pho-
with Ry, a large spread is observed in the values of the rewconversion for znO/CdS/CISe/MA), IN/CIGSe/Mo(2), and CdS/CISe

verse currentg for Ug=1 V. The most reproducible param- (3) structures and the load characteristic of a ZnO/CdS/CIGSe (A$@t
eer for he TSCs obained n a single technologial procest; 200 EILTer 1o b e 82 Lo, S0 1 o
is probably the cutoff voltage, which equals the_ Saturatlor!;ition, the curves are shifted l'relal?ive to one anothe} an?lg the ordil;atpe.
photovoltageU,, on the same structures and which can be
compared with the contact potential differenbe The rela-
tively good reproducibility ofP in these cells shows that the ratio of the short-circuit photocurrent to the number of
doping level of the layers and the compositions of the solidncident photons, for several types of photovoltaic cells at
solution in the TSCs being compared are quite close. T=300 K under conditions such that the cells are illumi-
3. When the TSC is illuminated, a photovoltaic effect nated by unpolarized light in a direction normal to the pho-
appears; here the sign of the photovoltage corresponds to thereceiving surface. We see that in the ZnO/CdS/CIGSe
negative polarity of the voltage on ZnO. Figurd@irve4)  TSCs photosensitivity is observed in a wide spectral region
shows a typical load characteristic of one of the best TSCdrom 0.5 to 3.5 eV. The long-wavelength exponential edge of
characterized by a filling factor of 0.83. The values of they is described by a steep slope= 45—60 eV ! for different
open-circuit photovoltag®J; and the short-circuit currett ~ TSCs (see Table )l The energy position of the long-
under AM-1.5 illumination conditions are also presented inwavelength edge of; in a CIGSe-based TSC is displaced
Table I. In the best cellss reaches 40 mA/cfi which is a  relative to the similar edge ofy for a CdS/CISe structure
record high value for the TSC construction under study. Thebtained by depositing & 2-um-thick CdS film on a thick
observed variance in, for the TSCs formed on a common (=0.5 mm) p-ClISe substrate obtained by crystallization of a
substrate shows that the technology must be improved so aoichiometric melt. This shift is due to the substitution of In
to decrease the variance in the parameters of individual cellatoms for Ga atom3,while the close slope of the long-
As a result of the observed variance of the TSC parametersyavelength edge for ZnO/CdS/CIGSe and CdS/CISe struc-
the photoconversion efficiency decreases with increasing adures indicates that the energy spectrum of the solid solution
tive area of the TSC. CIGSe, just as the completely ordered compound ClSe, is
Figure 2 shows the spectral dependences of the relativeharacterized by direct interband transitions. This result
guantum efficiencyy of photoconversion, calculated as the agrees with Ref. 5.

TABLE I. Photoelectric properties of a ZnO/CdS/CIGSe TSO at300 K.

is, mAlcm? U,V

Cell No. Up, V Ry, © iR, MA S, ev?! 012, €V U,V L=100 mW/cnt
(U=1v)

1 0.6 16 0.2 55 15 0.60 30 0.60
2 0.6 16 0.7 48 1.6 0.62 35 0.62
3 0.7 7.1 0.1 58 1.6 0.65 40 0.68
4 0.6 6.7 50 42 15 0.61 28 0.58
5 0.6 11.4 7 48 1.6 0.62 32 0.60
6 0.7 145 0.5 52 1.6 0.70 33 0.70
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The sharp short-wavelength boundary of photosensitiv-
ity for CdS/CISe structure@-ig. 2, curved) is caused by the
interband transitions in CdS and extension of the layer of
photogenerated pairs from the active region of the TSC over
distances greater than the diffusion length of holes in CdS. A
similar, with respect to spectral position and physical nature,
short-wavelength dropoff ofy near the band gap in CdS, as

o
one can see from Fig. &urve 1), also appears in a ZnO/ E °;-
CdS/CIGSe TSC. However, because of the much thinner wr 5.
CdS layer, in the latter case the dropsjnis much weaker. { i

To determine the role of CdS and ZnO films in the short- S
wavelength photosensitivity of TSCs based on polycrystal- F}:
line CIGSe films, we also obtained surface-barrier In/CIGSe
structures. The typical spectral dependence &r one such
structure is shown in Fig. &curve 2). The long-wavelength $+—p

edge of 7 in these structures has the same spectral position 8, deg

and slope as those characteristic of ZnO/CdS/CIGSe TSCs;

this serves as additional evidence indicating that this edge {5/G- 3. Short-circuit photocurrent® (1) andi® (2) and the induced pho-
related to direct interband electronic transitipns in the energ)tlog,);{e 0;: rfgzmre"fjfi'ﬁ;elf’ﬁ:)cs SO? ;“'}ﬁg?cﬁfsﬁgeagg |eT§fC|Tn;|§§g Cli o
spectrum of CIGSe. As the photon energy increases to 3 €\(;;,=1.33 ev.

the photosensitivity of In/CIGSe structures does not show a

pronounced short-wavelength drop; this shows that the effi-

ciency of collection of photogenerated pairs by a surfaceccse structures with linearly polarized radiatid®R) in a
barrier junction is high. Switching to TSig. 2, curvgls);, direction normal to the ZnO surface, the short-circuit photo-
it should be noted that the drop ip arising foriw>Eg™,  cyrrent is independent of the position of the polarization
even for small CdS thicknesses, is due to the influence gfjaneE of the radiation. It can be concluded, therefore, that
rad|at|ocrzjse_1bsorpt|on in the narrow-gap CdS film, and forthe natural photopleochroisRy, is absent in heterostructures
hw>Eg™in the ZnO film as well. fabricated using the anisotropic materié®GSe, CdS, and
The spectral contoli(% w) for separate TSCs formed on 7n07-19 This situation can be attributed to the polycrystal-
a common glass substrate turned out to be quite reprodugne structure of the films or to texturing, when the tetragonal

ible. The total width of their spectral characteristi(iw) at  and hexagonal axes are predominantly oriented in a direction
half'he|ght i551/2: 1.5-1.6 eV for different TSC@ee Table normal to the ZnO surface.

) and it characterizes them as wide-band phototransducers of As soon as the angle of inciden€e of the LPR is dif-

natural radiation. ferent from 0°, the short-circuit photocurrent manifested in
It should also be noted that a system of equidistant peakghe entire photosensitivity range from 0.5 to 3.5 eV in all
is consistently observed in the spectral dependef(@ew)  tested TSCs begins to exhibit a dependence on the orienta-
of the TSCs. In the best structurésig. 2, curvel), seven tjon of the electric field vectoE of the light wave relative to
peaks can be distinguished in the spectrumnoflf their  the plane of incidencéPl) of the radiation on the receiving
appearance is attributed to the interference of radiation in thgno surface. The periodic dependence of the photocurrent
ZnO film, then an estimate gives a thickness equal to then the azimuthal angle betweenE and Pl with® = const

measured value. The manifestation of the interference feayas consistent in the entire range of photosensitivity of the
tures in the photosensitivity of the TSC is evidence of theTSC with the law

rather high structural perfection of their constituent polycrys-
talline films.
The wide-band character of the photosensitivity spectravhere the photocurrent§ andi® correspond to the polariza-
remains after the transition to the surface-barrier structuresonsE || Pl andEL PI, respectively.
based on CIGSe films which are analogous to TSCs, but the The typical dependences of the photocurréftandi®
system of maxima characteristic of TSCs is abgéing. 2,  on the angle of incidence of the LPR for one TSC are shown
curvesl and2). These features show that both types of en-in Fig. 3 (curvesl and2). We see that fo® =0° the values
ergy barriers (In/CIGSe and CdS/ClGS$eare efficient of i? andi® are the same, and that they differ only for
enough to suppress the recombination losses g-BESe  ®>0°. The angular dependences obtained for TSCs show a
surface, and the interference peaksjifiFig. 2, curvel) can  new feature with respect to the results of investigations of the
be attributed to optical processes in the ZnO films. induced photopleochroisit=1°Indeed, as one can see from
According to Fig. 2(curve 3), in the case of CdS/CISe Fig. 3 (curvesl and?2), the photocurrents® andi® exhibit a
structures a system of six equidistant peaks is clearly seen similar behavior. At first, they increase wit®, reach a
the entire range of maximum photosensitivity; this systemmaximum value for definite angles of incidence for each po-
agrees with the interference of the incident radiation in thdarization, and only then start to drop rapidly. According to
CdsS film. the Fresnel relations, such a behavior of the amplitude trans-
4. In the case of illumination of the thin-film ZnO/CdS/ mission coefficients of the air—conductor interface should be

o .
i,=iPcoSp+iSsirte,
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tovoltaic effect is observed for both polarizations of the ra-
diation; here the relation”>i* holds in the entire range of
photosensitivity. As a result, the polarization differendeis
positive. Similar regularities are observed in the experimen-
tal range of angles of incidence €®<90°. As 0 is in-
creased, the spectral curvAs approach (% w).

In accordance with Ref. 15, the induced photopleochro-
ism coefficient is determined by the refractive indexand
also by the angle of incidence. For this reason the photopleo-
chroism in ZnO/CdS/CIGSe TSCs is weaker than in
L CdS/CISE® An estimate of the index of refraction on the
basis of the maximum valu®,=17-20% for TSCs with
hw=1.3 eV and®=70° givesn=1.5-1.7, which, because
of the antireflection, is slightly less than the standard value
n=2.0 for ZnO? This situation could be attributed to the

7, orb. units

101

1.0 20 3.0 fact that interference was completely disregarded in Ref. 15.

heo.e¥ The spectral dependence of the induced photopleochro-

FIG. 4. Spectral dependences of the relative quantum efficiency of photoi-sr_n coeffic.ient in TSqug- 4, cu-rve3) exhibits sharp oscil-
conversiony® (1), 7° (2), and the induced photopleochroism coefficiédt  lations which accompany the interference effects. We see
of a ZnO/CdS/CIGSe/Mo TSCH=70°). that the photon-energy dependence of the photopleochroism
coefficient is much stronger and therefore appears to be
. . . much more pronounced than for the photocurrdfig. 4
observed only foi?, while the photocurrenit® should dro : : o

y P b curvesl and?2). If in the absence of interference the induced

monotonically with increasing >0° 1817 Previous investi- L . o
ations for the case of a perfect photoreceiving plane of thghotopleochrmsm is nonselective and remains virtually con-
g Stant in the entire range of photosensitivity:*then as soon

structures agree with the model of Refs. 11-15. The degra- " : o .
as conditions for interference appear, sharp oscillations arise

dation of the quality of the semiconductor surface usuallyin the spectral dependence of the ohotopleochroism
had the effect that both dependendB@) andis(®) be- P P ot the photopleo -
In summary, the polarization photoactive absorption

camecsl|8m|lar, exhibiting & monotonic drop with InCre‘rjlsmgspectroscopy applied to thin film ZnO/CdS/CIGSe solar cells
0>0°. ) )
showed thata) they can be used in a new capacity for these

_ However, in the case of h|gh|_y e_ff|C|ent TSCs with a devices — wide-band photoanalyzers of LPR — gbjithe
mirror ZnO surface, for both polarizations the photocurrent . ) o . .
hotopleochroism is sensitive to the optical quality of the

starts to increase with the angle of incidence, as shown IWide-gap heterostructure window. The antireflection re-

Fig. 3 (curvesl and 2). This can occur as a result of an _ . ) . - .
elimination of reflection losses not only for theewave but quired to achieve a high photoconversion efficiency in TSCs
suppresses the induced photopleochroism; this could find ap-

also for thes-wave; i.e., antireflection appears for radiation ™ ;"™ .~~~ -
. L . . . . plication in the development of a technology for fabricating
with both polarizations. Since this effect did not appear in; . -
hdghly efficiency solar cells.

previous |nvest|gat|ons_, thle6 optical processes were checke This work is supported under INTAS Grant No. 95-
using the Fresnel relatioh: 3998

As one can see from Fig. @urves3 and4), the coeffi- '
cient of induced photopleochroism due to oblique incidence
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The electrical properties and spectrum of deep traps in GaAs under heat treatment, neutron
irradiation, and subsequent annealingrtg,= 1100 °C have been investigated. It is shown that for
Tan>900 °C thermal acceptors are formed rapidly in GaAs, which degrades the properties

of the transmutation-doped material. Estimates are given for the utilization factor of the impurity
with transmutation doping of GaAs as a functionTgf,, and the integrated neutron flux.

The parameters of deep traps in the experimental material are presentdd@97American
Institute of Physicg.S1063-78207)01207-9

Rapid progress has recently being made in the developzonsisted oh- andp-type GaAs single crystals grown by the
ment of a method of doping by nuclear transmutation for theCzochralski methodn-type GaAs (conductivity o=10""’
purpose of obtaining-type gallium arsenide with a high Q~'.cm™!, sample 1, p-type GaAs ¢=10" O t.cm™?,
degree of uniformity of the electrical properties in the bulk.sample 2; o=10"! Q~l.cm !, sample 3; 0=10°
The method includes bombardment of the material by reactof) ~*.cm™!, sample 4 and n-type GaAs (=102
neutrons followed by high-temperature annealing and neu€) ~!.cm !, sample 5. Bombardment with the total neutron
tron bombardment of the material at high temperatures tgpectrum was performed in a VVR-Ts react@bninsk at
eliminate bombardment-induced radiation defe€®Ds).  temperatures of about 70 and 850 °C, thermal neutron flux
Thermal neutrons induce in GaAs the reactions densitiesD = 108-5x 10" cm 2.5~ and cadmium num-

69 70 70 - ber 10. Isochronous annealing of the material was performed

(30.299 Gan, y) "Ga—TGet 5, for 20 min in vacuum T,,<500 °Q or under equilibrium

(19.8%) "‘Ga(n, y)Ga—"“Ge+ 5, As vapor pressuresT{,=600-1100 °Q. To eliminate sur-
face effects, the samples were ground after irradiation on
(50%) "As(n,y)"®As—°Set+ B, each side to 5um and to 200um after annealing.

It is well known that neutron bombardment of GaAs

ith th ters, tively, L :
w € parameters, respectively results in pinning of the Fermi level ne&r,+ 0.6 eV (Ref. 1)

0=1.68b, T;,=21 min, and an increase in the resistivity of the materialptg,,of
about (3—5% 10° Q-cm (at 300 K) as a result of the trap-

o=4.7b, Ty;=14.1h, ping of free charge carriers by “deep” RBS.The resistiv-

o=43b, Ty,=26.4h, ity was found to decreasgompared withp,,,,) under pro-

longed irradiation; this is attributed to charge transfer along

which results in the accumulation of donor-type chemicallocal states in the band gap, which are located near the Fermi
elementdGa, S¢ in the crystal lattice. Recent investigations level (such “over-irradiated” samples ag@type).
of neutron-bombarded GaAs have revealed that annealing of To eliminate the RDs and to activate the chemical impu-
RDs occurs in a wide temperature range from to T,,of  rity with transmutation doping, the GaAs must be heat-
the material T, andT,, are the irradiation and melting tem- treated. The NTD parameters of GaAs after high-temperature
peratures, respectivelythis results in the formation of ther- heat treatment at 900 and 1100 °C are presented in Table I.
mal defects(TD), which degrade the properties of the The change in the conductivity as a result of isochronous
nuclear-transmutation-dopg®lTD) GaAs. For this reason, annealing of the irradiated materials is shown in Fig. 1. For
in transmutation doping it is especially important to choosethe over-irradiated samples 1 andPable ) a continuous
the optimal annealing or irradiation temperature. change is observed in the electrical properties of GaAs from

We have investigated the CDLT&apacitance deep- the main stages of annealing near the temperature intervals
level transient spectroscopgpectra of growth defect&GD) 200-300, 400-600, and 700—900 and above 1000 °C. In
and TD in the initial GaAs, the systematic features of theiraddition, the conductivityo decreases to 16-108
transformation during heat treatment up to 1100 °C, and th€ ~*.cm ! at T,,,<500 °C due to the decrease in the con-
spectra of RDs in the irradiated GaAs. Measurements of th&ibution of the hopping conductivity to the total charge
electrical parameters of GaAs irradiated with reactor fluxegransport because of the decrease in the density of local states
up to 2x 10*° neutronscm 2 and annealed in the tempera- in the band gap: Similar dependences(T,,) also were
ture range 100—1100 °C were performed. The initial materiabbserved for over-irradiated samples 3 andTéble )). At
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TABLE |. Parameters of transmutation-doped GaAs after isochronous 40
(t=20 min) annealing at 900 and 1100 °C. The measurement temperature
Tmeas 300 K.

RD2+P1™

Irradiation temperatur@;, , °C

B
900 1100 2 30f
Sample D, 3
No. 10%cm2 n,em® g, cn®(V-s) n, cm®  w, cn?/(V-9) e
r3
1 200 1.6<10'8 1490 1.7% 10 1840 ]
2 90  9.x10Y 2170 1.0¢108 2030 - RD1
3 90  9.5¢10Y 2300 9.2¢10"7 2310 Saor
4 90  9.8x10Y 2230 9.0¢10"7 2280 5
5 5 8.0x101 4140 4.8<10% 3650 b
&2
3
a0+

Tan>500 °Co was found to increase, andBt,>550 °C a
p—n conversion due to doping with Se and Ge impurities was
found to occur in the samples 1-4. |
In crystals irradiated aT =900 °§ with weak neutrqn 700 200 300
fluxes(sample 5, Table)) the restoration of the conductivity T K
o occurs mainly afT ,,,=2100-200 °C, which corresponds ’
to annealing of point defects in GaAs and is supposedly dugeiG. 2. CDLTS spectra for samplek— Initial GaAs (sample 6, 2 — after
to the accumulation of such defects due to “self-irradiation” annealing up to 1000 °C3 — after irradiation with a neutron flux
of the crystals with3~ particles from the radioactive decay D=3*10'° cm * 4 — after irradiation with a fluxD=10"° cm 2 and
of 7Ge and’®As during storage of the irradiated matefial, 27"e@ling at 450 “C. Conditions of measurement of the spetjra20
- . us, 7=5X10"*s; for the E2 peak=10 " s. The designations of the types
The degree of compensation of the material, calculateds gefects are the same as in Table II.
from measurements of the mobility of free electrons at 77
and 300 K, lies in the range 0.3-0.4 B},=900 °C and
0.3-0.5 afT,,= 1100 °C. It follows from the data in Table
| that upon annealing in the temperature interval 900-and in strongly irradiated materigsample 1 the value of
1100 °C the mobilityw of the free electrons decreases in # continues to increase, remaining less than the correspond-
samples irradiated with weak neutron fluxeample 5. For ~ ing values ofu in samples 2-5.

intermediate doping levelsamples 2—-¥we have Measurements of the CDLTS spectra of samples bom-
P B . barded by fast neutrons with fluxés;,=10*-10"" cm?
P(Tann=900 ° Q= u(Tany=1100°Q, were performed to determine the traps responsible for the

observed changes in the properties of GaAs. The measure-
ments were performed on Schottky barriédPslh-GaAs in a
material irradiated with neutrons with energy>0.1 MeV

and neutron flux density of aboutd10’— 102 cm 2.5 1,
Tiw<70 °C, and a cadmium screed=1 mm). For these
measurements, weakly doped ‘“solarn-type GaAs
(n=5%x10%cm 3, ¢=300Q"t.cm™!, sample 6 was used

as the initial material. FoD,<10" cm™? finished struc-
tures were irradiated, and f@r;,,> 10" cm™~? Schottky bar-
riers were prepared on samples which were partially an-
nealed after irradiation and were suitable for measuring the
CDLTS spectra. The most characteristic CDLTS spectra of
the initial, heat-treated and irradiated samples are shown in
Fig. 2. The parameters of the traps which were revealed are
given in Table Il. The identification of the spectra was made
by comparing the measured parameters of the initial traps
(growth defects GDs thermal traps(TDs), and radiation
traps(RD9), revealed in the experimental material, with the
- characteristics of known® traps in GaAs.

o,(Om-cm)”

| 1 ] ] ). . . - .
More than six traps were observed in the initial material.
0 200 4007 6‘00°c 800 1000 The GD1 trap E;—0.12 eV} in the initial material lies
ann? close in energy to the growth defeldt, which is often ob-

FIG. 1. Variation of the conductivityr in transmutation-doped GaAs with served in the bulk of GaAs accordlng to measurements of the

isochronoug20 min) annealing. The numbers on the curves correspond toHaII effect and is attributed to the Complémtri_nSic lattice
the sample numbers in Table I. defectVg, or As)—(shallow donor, possibly Jiformed by
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TABLE Il. Parameters of electronic traps observednitype GaAs befordgrowth defects GDsand after
neutron irradiation(radiation defects RDsand after heat treatmefthermal defects TDs

Experiment Published dd@
Trap type E, eV o, cnr Trap type E, eV oy, cn?
GD1 0.12 1.x10° % N, 0.15
GD2 0.21 1.410715 EL14? 0.21 51015
GD3 0.30 6.%10° 1 EL7(EL6?) 0.30 7.210° %
GD4 0.40 61016 E1l1l 0.43 7.%x10°16
GD5 0.58 X104 EL3 0.57 1.%x10 8
GD6 0.75 2.%x10° EL2 0.75-0.82
GD7 Low-intensity peak, not investigated in detail
TD1 0.32 3.%x10° Appears with annealing above 900 °C
TD2 0.44 1.x107 1 Appears with annealing above 900 °C
RD1 0.18 X108 E2 0.14 1.x10°18
RD2 0.3 56.6¢10°%° E3 0.30 6.Xx10° %
RD3 U band
P1* 0.35 104 P1 0.38 6.%1071°
p2 0.52 3x10 P2 0.50 1.410°%
P3 0.63 2.%10 %2 P3 0.72 1.410°13

Note: The PX¥—-P3 centers were observed after the irradiated samples were annealed.

cooling of the melf The density of GD1 traps fluctuates in parameters of the initial material. For example, decreasing
the rangeN=(0.5—1)x 103 cm™3. the density of GD3 and GD5 centers increases the free-
The parameters of the GD2 trag{—0.21 eV, density electron density at ,,~<900 °C, and the generation of ther-
N=5x 10" cm3) are close to those of the growth defect mal defects TD1 and TD2 &t,,;>900 °C decreases (Fig.
EL14 observed in bulk GaAs. Sometimes, in the Hall effect3). In addition, the overall decrease in the density of growth
measurements the growth traps GD1 and GD2 are not “retraps for electrons equals aboux30* cm™2 with the free-
solved” and a defect with a level negr,— (0.13—0.20) eV, carrier density varying up to 210 cm 2 for T,,<900
which presumably controls the electrical properties of GaAs’C. This shows that in other acceptor-type growth defects,
crystals which were not specially doped and which werewhose levels lie in the bottom half of the band gap, below
grown by the Czochralski or the Bridgman metffoid, re-  the level of the EL2 defect, also vanish in this temperature
ported. interval.
The parameters of the GD3 trag{— 0.30 eV, density
N=(2-15)x 10" cm™3) are close to those of an E[(HL6?)
center in bulk GaAs. With heat treatment of the material at 3.0
temperatured 4, 600 °C the intensity of the corresponding
peak in the CDLTS spectra of the initial GaAs decreases
(Fig. 3. 251 —1.25
The GD4 trap E.,—04 eV with density
N=(0.5-5)x 10" cm®) is observed in some initial and
annealed samples. Its characteristic feature are low values ¢ 2.0} -17.00
the electron trapping cross section, approximateky16 16 ?E 8 )
cn?. Upon heating to 900 °C this trap practically vanishes. &

The GD5 trap E;.—0.58 eV} is present in the initial ""e 1.5 3 17
crystals in densities of (1-2910'>cm ™2 and its parameters \
are close to those of the EL3 cenfefhe character of the O 2

variation of its density on annealing from 100 to 1100 °C is 0 1950
illustrated in Fig. 3.
The density of the main trap GD8, which corresponds to o5k d0.25
the well-known center EL2Asg.—X), in the initial material ) 4 :
— the trap present with the highest densiti=¢10'
cm %) — did not change much with annealing right up to P L h 0
1100 °C(Fig. 3). Furthermore, other peaks of little interest, 0 200 400 600 800 1000
for example, the peak GD7 in Fig. 2, which have not been Tann»°C

studied in detail, were also observed in the CDLTS spectra
of the initial samples. FIG. 3. Variation of the free electron densiti) and density of growth traps
(2)—(8) in the initial n-type GaAs(sample & with isochronous(10 min)

We call attention to the correlation between the anneal;dnnea"ng. Types of defect— GD3, 3 — GD5, 4 — GD, 5 — GD7,

ing of grQWth traps(GD), the formation of the_rmal defem? 6 — TD1, 7 — TD2, 8 — P1*. The annealing curve of the PZenter was
(TDs) during heat treatment, and the change in the electricalbtained for the sample irradiated with a neutron fllix 10'° cm™2.

em?

S

0.7

n,,10
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The CDLTS spectra of the neutron-irradiatadGaAs
samples revealed a number of deep electronic t(&isl,
RD2), which can be attributed to the known centers E2 and °
E3, possibly the point defects in the As sublatficand a 10" °, +
wide band(RD3) in the temperature range 230-320(%0- Va
called U band, which is presumably associated with the
presence of cluster-type defects, since it is observed only
with neutron and ion irradiatiohA characteristic feature of to A
theU band is that it appears in the CDLTS spectra of GaAs 51017 | ,/9
only with some threshold neutron fluxes, as previously noted &
in Ref. 10 in an investigation of GaAs obtained by gas-phase N
epitaxy. At low neutron fluxes, at first, the intensity of the
EL3 peak increases and this band is observed to appear in the
CDLTS spectra only with fluxe®,>3x 10" cm™2, 0" L

When the samples are heated to 300 °C, the E2 and E3 L
centers vanish and a Pkenter, whose parameters are close
to those of the R1 center in the electron-irradiated and an-
nealed(up to 300 °Q n-GaAs(Table ), is observed in the K l16‘ 1” lfo 1{9
CDLTS spectra instead of the peak E3. The intensity of the 10 10 70 70
U band decrease@t T,,,>450 °Q, a displacement of the /VNTD,cm""
band to higher temperatures is observed, andUhband
“resolves” into two peaks — P2 and P3 (Table Il). Peaks FIG. 4. Values of the impurity utilization factoKim,=An/Nyrp in
of the type P are thought to be associated with COmp|extransmutat|on-doped G_aAs for different irradiation cond|t.|ons and annealing

. emperatures. The solid curve correspondsAtdNyrp=1; 1-6 — pub-
defects, which form as a result of neutron bombardment anc’ished datal — Ref. 12,2 — Refs. 4 and 133 — Ref. 15,4 — Ref. 14,5,
possibly, partially during subsequent annealing. They annea|, — Ref. 16;7-10— our data. Annealing temperatufg,,,, °C: 1 — 870;
in the temperature range 500-600 tiGr example, the P1 2.5, 9— 900;3, 8 — 800;4 — 830;6 — 750;7 — 700; 10 — 1100.
* peak in Fig. 3. In the samples irradiated with neutron
fluxes up to 1&’ cn?, there are no “traces” of RDs in the
CDLTS spectra foiT5n,> 700 °C, but the incomplete resto- =2x10'°cm™?), the values ofn and w at T,,,=900—
ration of the electrical properties of strongly irradiated mate-1100 °C continue to increase as a result of the incomplete
rial indicates the presence of a group of RDs with high therannealing of RDs even &f,,;>1100 °C (Table ). The
mal stability, which are not observed in the CDLTS |ower quality of the NTD GaAs with high levels of transmu-
measurements. tation doping and heat-treatment temperatures is due to in-

Our studies have shown that as a result of the vanishingomplete annealing of RDs and dissemination of thermal ac-
of at least three groups of radiation defects, annealing ofeptors in the material.

NTD GaAs occurs in a wide temperature interval in three In closing, we present data on the impurity utilization
stages: factorKjm,=An/Nyrtp in NTD GaAs under different doping

— annealing ofE-type traps at 100-300 °C-probably conditions (integrated thermal neutron fluxes and tempera-
point defects characteristic of GaAs, irradiated withiays,  tures of subsequent annealingbtained on the basis of our
electrons, and H ions; investigations and existing data in the literatu(Eig.

— annealing of P1-P3" centers at 400—-600 °C, which 4).*13-1|n Fig. 4 An=n—n,, wheren, andn are the free-
is accompanied by restoration of the lattice period and thelectron density in the initial and NTD GaAs, respectively;
density of neutron-irradiated material to values characteristiéNy o= Nse+ Nge is the impurity density ©Ge, "*Ge, "®Se
of unirradiated materidt and which is attributed to the de- in NTD GaAs. The quantityNyTp Was estimated from the
cay of cluster-type defects; and relation Ny1p=Kntp: Din,» WhereNyrp=0.16 cmi ®. This

— stage of annealing near 700—900 °C, which is assoguantity was obtained in Ref. 3 experimentally by means of
ciated with the decay of an unknown group of defects inmeasurements performed by the method of chemical mac-
strongly irradiated GaAs. roanalysis of the concentration of impurities introduced by

Annealing of the growth defects GD3 and GD5 in GaAsnuclear transmutations and is close to the theoretical esti-
is virtually complete at temperatures of about 900 °C. Thismates ofK y7p in GaAs®
increases the free-electron density in the initial matéFRaj. It follows from Fig. 4 that for transmutation doping of
3). This annealing temperature is critical, since atGaAs the annealing temperature at any irradiation fluxes
T 900 °C intense formation of acceptor-type defects ocshould not be less than 800—900 °C in order to reach values
curs in GaAs, which decreases the electron mobility and thé&;,,,~1 and should not exceed 900 °C in order to prevent
impurity utilization factorK;,, (see belowand increases the generation of thermal acceptors in the material.
degree of compensation of the materisample 5, Table |, In published articles the isochronous annealing time
Fig. 3. This limits the choice of maximum heat-treatment t,,, varied over wide limits — from 3 mi#f to 12.5 h!® As
temperatures in transmutation doping of GaAs. At the saméollows from the data in Fig. 4, short annealing tinigg, are
time, in samples irradiated with strong neutron fluX€ inadequate for achievindhn~Nytp and long annealing

O g4a YD+ ¥
DO, dy
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Characteristic structural features of amorphous hydrated silicon films deposited
by direct-currect decomposition of silane in a magnetic field

O. A. Golikova, A. N. Kuznetsov, V. Kh. Kudoyarova, and M. M. Kazanin

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted October 25, 1996; accepted for publication October 31,) 1996
Fiz. Tekh. Poluprovodr3l, 816—819(July 1997

Data on the hydrogen content and different forms of hydrogen bonds with silicat®irH films
deposited by direct-current decomposition of silane in a magnetic fi#k5D) as a

function of the deposition conditions are presented: temperature, pressure of the mixture
25%SiH, + 75%Ar, pumping rate, and insertion of a grid into the discharge chamber. The
correlations between the photoconductivity and the structural features of the films are
established. ©1997 American Institute of Physid$1063-782607)01307-0

1. INTRODUCTION tion coefficient near the fundamental absorption edge were

In our preceding studywe showed for the first time that performed for a number of films by the constant photocurrent
device-quality, amorphous, hydrated silicarSi:H can be method (CPM). The defect density and Urbach parameter
obtained at high film-deposition temperaturesT ( Were determined. o .
=300-400 °G by direct-current decomposition of silaneina  'he typical hydrogen density distribution over the thick-
magnetic field(MASD). The construction of the apparatus N€SS for the experimental films is shown in Fig. 1: The hy-
for obtaining the films was described in detail in Ref. 1. Indrogen distribution is uniform. We note th@t, determined
this paper we report the results of a detailed investigation oPy ERD and IR spectroscopy methods are the same to within
the structure of-Si:H films deposited by this method as a 2—3 at.%.
function of T with directed variations of the other conditions ~ Figure 2 shows data on the hydrogen content in films as
of deposition: pressure and pumping rate of the gas mixtur@ function of their deposition temperature. In all experiments
25% SiH, + 75%Ar and insertion of a grid into the dis- the anode voltage was equal to 500 V and the applied mag-
charge chamber. Data on the photoconductivity of the filmsetic field was equal to 500 G. The pressure of the gas mix-

as a function of their structure are also presented. ture was varied in the range=(2.5-7.5)x 10”2 Torr and
the gas pump rate=1-3 standard cubic centimeters per
2. EXPERIMENT: METHODS, RESULTS, AND DISCUSSION minute (s.c.c.m). A number of experiments were performed

The hydrogen density distribution over the thickness ofwith a grid inserted into the discharge chamber; the potential

the film was determined by the recoil proton meth&RD). on the grid was equal to that of the substrate holder. The grid

This method yields information about the total content of theVas placed 15 mm from the holder, and the target—grid dis-

hydrogen bound with Si and the hydrogen that is not bouncﬁ?\nce vr\]/as equiil to 35 ThThf datglcdisplayed in Fig. 2
with Si. To determine the content of bound hydrogen, weSnOW that afTs= const the values o€, can vary over a

analyzed the infraredR) absorption band at 630 cm. substantia! range. i o
The microstructural parameter was found as The minimum hydrogen content in tl&eSi:H films de-
posited by the MASD method af,=300-400 °C is the

_ | 2000 same as in the films deposited by the glow-discharge method
I 5000 1 2090’ in standard reactors fE13.56 MH2 using undiluted
where | 5900 and | 5090 are the intensities of the absorption s_ﬂane? ‘fas well as by the method of catalytic decomposi-
bands at 2000 and 2090 cth As is well known, these fre- tion of silane on a hot tungsten filamenAt the same time,
guencies correspond to monohydri¢iti—H) and dihydride thea—Si:H films deposited by the glow-discharge method in a
(Si—H,) complexes, respectively. To identify the form of the Nigh-frequency reactorf(=70 MHz) and the same values of
dihydride complexes Sikor (SiH,),, the IR spectra near 1s contain approximately two times more hydrodefihis
875 cni ! were analyzed, since the absorption band at thi$a@me picture is observed with diluted silane—argon or
frequency corresponds to Sikand the doublet840, 890  silane—helium mixtures in the glow-discharge method of film
cm~1) corresponds tdSiH,),, i.e., the chain structure of deposition®* A high hydrogen content is also observed in
dihydrides. The photoconductivity,,of the films was mea- @aSi:H films deposited by the remote silane—hydrogen
sured at room temperaturep=2 eV, and generation rate plasma method.In contrast to what we have said above, the
G=10" cm 3.5 % in addition, opnh Was determined as a Use of a strongly diluted silane—argon mixture does not in-
function of the position of the Fermi lev8 in the mobility ~ creaseCy in films deposited by the MASD method. This
gap. The gajE.— E¢ (E. is the conduction band edgeras  undoubtedly should be regarded as an advantage of this
found, as usual, from the relatioB,—Er=KkT In oy/oy,  method from both the ecological and economic standpoints.
whereT =300 K, o is the dark conductivity at this tempera- Indeed, minimization ofC,, which is important from the
ture, andoy=150Q"1.cm . Investigations of the absorp- standpoint of increasing the stability afSi:H against exter-

R
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FIG. 1. Hydrogen distribution over the thicknedof the film.
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FIG. 3. Microstructure parameter as a function of the film deposition tem-
perature:1-4 — same as in Fig. 25, 6 — data from Ref. 3; undiluted
SiH, and the mixture 40%SiH+ 60%He, respectively, were used;—
data from Ref. 16.

nal actions, is achieved with a comparatively small amounPresence of impurities(oxygen, nitrogen, and carbjn

of expensive, toxic, and explosive silane.

Figure 3 shows how the film deposition conditions influ-
ence the microstructure paramekr At maximum pressure
of the gas mixturdR=0.7 in the entire range of variation of
the deposition temperature; i.e., the fraction of Siébm-
plexes is high(curve 1. Doublets(840, 890 cm?) are ob-
served in the IR spectra; i.€SiH,),, chains are characteris-
tic of the structure.

At the minimum pressure of the gas mixtiReincreases
with T, reaching a value of several uniturve 2. For such

films, it is not legitimate to speak about the presence of chai

structure(SiH,), : An absorption band is observed in the IR
spectra at 2100 cit with no absorption band in the region
800-900 cm?. This could be due to a number of factors:

l 1 1
400

FIG. 2. Hydrogen content versus film deposition temperatdre—
P=(7-8) x 1072 Torr,r=1 s.c.c.m.2 — P=(2.5-3.5) X 1072 Torr,
r=1s.c.c.m.3— P=3%x10"2 Torr, r=3 s.c.c.m.4 — grid inserted into
the chambeP=7x10"2 Torr, r=1 s.c.c.m.
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which, having a higher electronegativity than silicon, can
shift the absorption band at 2000 chinto the region of
large wave numbers or by the presence of hydrogen bonds
with silicon, which cover the surface of voids or grains. In-
creasing the pumping rate of the gas mixture and introducing
a grid into the discharge chamber give rise to a further varia-
tion of the microstructure paramet@urves 3 and ¥ In the
process, the dihydride complexes, if they are present in the
film, are in the form SiH.

Thus, afTs= const the quantityR can vary in a directed

anner over wide limits. This picture is not observed for

deposition ofa-Si:H films by other methods at high tempera-
tures. As examples, Fig. 3 shows data from Refs. 3 and 6: at
T,=300-400 °CR approaches zero.

Figure 4 shows the microstructure parameferas a
function of the hydrogen content in tleSi:H films accord-
ing to data from this study and from a number of other stud-
ies. We see that according to the data of Refs. 3 and 6-9,

!
12
6, at %

L I
10 14 16

FIG. 4. Microstructure parameter versus hydrogen content in the film. The
dots represent our data for films containing the complexes-SiSiH, (1)

and (SiH,), chains (2); arrows mark their variations wittCy= const.
Curves from different studie$:— Ref. 3,11 — Ref. 6,111 — Ref. 5,1V —

Ref. 8,V — Ref. 9.
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(R=0.3-0.8):3 — (SiH,), (R=0.6-0.8):4 — for films with |=1; 5 — 05 10 " 15 2.0
data from the European Science Centers. v,eV

FIG. 6. Spectral dependences of the absorption coefficient for films depos-

ited by the MASD methodl — a-Si:H itself, 2 — pseudodoped-Si:H.
R increases simultaneously with the hydrogen content. The
highest values oR (up to 0.8 are observed foa-Si:H films
deposited by the glow-discharge method at260 °C using
silane—helium mixturésand by the magnetron sputtering
method afT ;=260 °C and variations of the hydrogen partial
pressure in the mixture of hydrogen with argbin should be
noted that in Refs. 3 and 9 the film deposition rates reache
1.5 nm/s. In contradistinction to what we have said above,
the MASD method can yield-Si:H films with a low hydro-
gen content which have high values Rfand contain dihy-
dride complexes in the form of both Sgl-and (SiH,) (F|g

exception of the films for which=1 (Fig. 5: A strong
decrease imur for them is apparently due to the high im-
purity content (nitrogen, oxygeh We underscore that
E.—Er in sucha-Si:H is close to the “intrinsic” value!
ome films of “pseudodopeda-Si:H, whereE.—E<0.7
V, fall out of this region slightly.

Figure 6 shows the spectral curves of the absorption co-
efficient measured by the constant photocurrent method
(CPM) for films of intrinsic and pseudodopedSi:H depos-
ited by the MASD method. The defect densltly, was de-
%&rmined from these data by the method proposed in Ref. 12,
%s was also the Urbach parametgr For intrinsic and
pseudodoped-Si:H Np=8% 10" cm™! and 5< 10 cm ™3
and ¢,=50 and 60 meV. It should be noted thidt, and
g, forintrinsic a-Si:H correspond to the analogous quantities
known for films deposited by the glow-discharge method. In
the case of pseudodopedSi:H, for E.—Eg= const these
parameters for the MASD films are high, which explains the
small decrease in the value gfur (Fig. 5). It is significant
that the films studied by us have high valles 0.7—-0.8 and
that the dihydride complexes in them are present in the form

iH,. We also note that in Ref. 8 correlations were estab-
lished between the microstructure paramé®eand the Ur-
bach parametet, for a-Si:H films deposited by the glow-
discharge method, and that the data for the MASD films
correspond to the results of Ref. 8.

than 0.2 nm/s. Therefore, the deposition process and stru
ture of thea-Si:H films studied have a certain uniqueness.
It was of interest to investigate how the characteristic
structural features of the films obtained by the MASD
method influence the electronic properties of the films, pri-
marily, the photoconductivity. Data on the value of the prod-
uct nu, obtained fromo,, as a function ofE.—Eg (7 is
the quantum yieldu is the electron mobility, and is the
electron lifetime are presented in Fig. 5. The different sym-
bols show the data for films containit§iH,),, films, SiH +
SiH, complexes, and also only SiH complexes. The result
of investigations ob-Si:H obtained in a number of European
centers are also presented in .Fi§ — Philips University
(Germany, Ecole Polytechniguy€érance, BARI (ltaly), and
PATRAS (Greece.'° The films were deposited by the glow-
discharge method but under different conditiofieactor
construction, temperature, composition of the gas mixture3 CONCLUSIONS
and others According to Ref. 10, the curve in Fig. 5 shows ™
the limit of the region corresponding to device-quality The method of direct-current decomposition of silane in
a-Si:H. Let us see how well the data for films deposited bya magnetic field MASD) possesses a number of attractive
MASD method atT,=300-400 °C correspond to it. Irre- features from the standpoint of the technology and the phys-
spective of their structur€SiH or ((SiH,) ), thea-Si:H films  ics of amorphous silicon hydride, since it makes it possible
with E.—Er=0.7-0.78 eV “fall” into this region, with the to do the following:
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Effect of laser irradiation on the photoconductivity and noise in n-Cd, Hg,_,Te single
crystals

A. I. Vlasenko, V. A. Gnatyuk, E. P. Kopishinskaya, and P. E. Mozol’

Institute of Semiconductor Physics, Ukrainian National Academy of Sciences, 252650 Kiev, Ukraine
(Submitted September 24, 1996; accepted for publication November 11) 1996
Fiz. Tekh. Poluprovodr31, 820—822(July 1997

The effect of nanosecond laser radiation on the photoconductivity dndolge in CgHg; _,Te
crystals has been investigated. It is shown that laser irradiation decreases the photosensitivity

of the samples and produces a short-wavelength shift of the maximum and the long-wavelength
edge of the photoconductivity spectrum. The intensification binbise and the increase

in its frequency are due to a laser-induced increase in the defect density in the mater397©
American Institute of Physic§S1063-7827)01407-5

The electrical properties of narrow-gap semiconductordiation with energy density 0.05 J/énthe short-wavelength
solid solutions CgHg,_,Te are largely determined by the wing of the PC spectrum decreased, which indicated a de-
interaction of point and extended structural defects. The loverease in the surface recombination réfég. 1, curve2).
plasticity threshold has the effect that under different actiongncreasing the energy density of the pulses to 0.12 Z/cm
(including laser irradiation to which crystals are subjected decreases the PC signal and the short-wavelength shift of the
in the process of fabrication of IR photoelectronics devicesmaximum and the long-wavelength limit of the spectrum.
substantial changes are observed in the defect strutttire. No changes are observed in the frequency spectra of

In this paper we report the results of an experimentall/f noise with pulse energy density 0.5 Jfcrimcreasing the
study of the photoconductivityPCO) spectra and f/noise irradiation energy density up to 0.12 J/rimtensifies the
spectra inn-Cd Hg, _,Te (x=0.2) single crystals irradiated 1/f noise(Fig. 2, curve3).

by ruby laser A =0.694 um) pulses with duration=20 ns. For the interpretation of the results we shall rely on the
The linear dimensions of the samples after polishing andollowing facts.
chemical etching were 875 mm and the thickness was 1. Interband Auger recombination predominates in the

equal to 30um. Contacts were obtained by electrochemicalinitial experimental samples. The density of nonequilibrium
deposition of indium on a freshly etched surface. The eleceharge carrierNCCs9 and their lifetime equal, respectively,
tron density determined from Hall measurements in a weakn=Ap and7,= 7,=7=3X 10 % s. The NCC lifetime was
magnetic field fu4-B)?<1 wasn=2.5x10**cm 3 and the  calculated from the photocurrent relaxation curves with ex-
Hall mobility was uy=1.5X10° c?/(V -9). citation by Nd laser radiation pulses € 1.06 um, t=20 ng

The PC spectra were measuredTat 77 K at a fixed in a linear regime.
modulation frequency of 400 Hz with an IKS-21 infrared 2. The chemical-dynamic analysis of the surface does
spectrometer. The intensification and conversion of the P@ot produce deep damaged layers, and the effective rate of
signal were performed with a preamplifier and a synchronousurface recombination, estimated from the short-wavelength
detector. The data processing was performed with a cormdrop of the PC signal, was equal $s&<10° cm®/s. After the
puter, taking into account the corrections for the spectrabamples were allowed to stand in air for one month, the
distribution of the globar. The PC spectra were converted taurface was oxidized and the surface recombination rate in-
one photon of the incident radiation, displayed on a monitorcreased te=3x 10 cm/s(Fig. 1, curvel). The lifetime in
screen, and printed out. the surface layer is lower than in the volume<r. This

The excess noise was measured by the standard threerakes it possible to characterize the interface with an effec-
and four-probe method at=85 K in the frequency range tive parametesg, Which is not related to the classical quan-
1-20 kHz with a digital spectrum analyzer, which employs atity s.
fast Fourier transform algorithm. The spectral noise density 3. The damaged regions are effective sinks for NCCs. In
Sy(f) (whereV is the constant voltage on the samplfter  CdHg;_,Te extended growth defects — finely dispersed in-
the generation—recombination component was subtracteclusions of a second phase, large-scale fluctuations of the
out, was a quadratic function of the current and in the frecomposition, vacancy cluste(goids), impurity and disloca-
guency range studied it varied ag1/The values ofy for  tion clusters, networks of small-angle boundaries, and
different samples fell into the range 0.78-1.02. others — can act as sinks. Laser treatment decreases the

The PC spectra befofd) and aften(2, 3) laser treatment intensity of the PC signal and produces a short-wavelength
are shown in Fig. 1. The initial spectrufh) was traced after shift of the maximum of the PC spectruffig. 1, curve3).
chemical-dynamic treatment of the samplasd storage of Such a dependence of the PC is also observed under uniaxial
the samples in air for one month. The sharp long-wavelengtcompression of the crystal, when the stresses do not exceed
boundary of the spectrum shows that the crystals were unihe threshold for plastic deformatiériThe composition of
form. After the samples were irradiated with ruby laser ra-the crystal changes in the region of local plastic deformation.
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FIG. 1. Photoconductivity spectra ofraCd,Hg, _,Te crystal k=0.2) and 10 10 1‘} H 10 0 1
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density(J/cnf): 2 — 0.05,3 — 0.12. ) ) ] o
FIG. 2. Excess TFnoise spectra with the generation-recombination compo-

nent subtracted out: after chemical-dynamical treati®ntafter storage in
air for a month(2), and after irradiation with laser radiation pulses with

An excess of mercury, with respect to its content in the maSneray density 0.12 Ye).

trix, forms around the imperfectiofts.The mercury-

enrichment of the deformed region forms a semimetallic  The model, which has been proposed thus far, for the

She” W|th a minimum Value ofr. On the one hand, thIS aging mechanism Of QﬁiglixTe Crysta's reduces to d|ffu_

region plays the role of internal short-circuits during currentsion of mercury atoms from the volume toward the surface

flow and, on the other, when the density of the short circuitsand subsequent evaporation or oxidation of these atoms at

is sufficiently high in the volume, they decrease the photothe interface(at the surface The rate of this process is de-

sensitivity of the materid. termined by the intensity of the mercury flux at the surface,
4. The increase i in the state of uniaxial deformation \yhich depends strongly on the extent to which the material is

of the crystal matrix is due to the positive pressure coeffi-defective®

cientdE,/dP. The measurements of thefifoise spectra established
Laser treatment leads to two “technological” effects in that the 1f-noise intensity increases with increasing irradia-

the surface layer — removal of the oxide film, which de-tjon energy. This result agrees with Ref. 7, where it is shown

creases the rate of surface recombinaiibiy. 1, curve2),  that defects(traps, localized states, scattering centeme

and evaporation of interstitial mercury with formation of a responsible for ¥noise in CgHg,_,Te; i.e., a large num-

depleted, with respect to the majority carriers, invertedyer of defects corresponds to a higher noise level. Therefore,

layer2 At high irradiation energy densities the composition |aser radiation generates in (th;_,Te crystals defects

of the solid solution changes in the direction of depletionyhich decrease the photosensitivity and are responsible for

with respect to mercury and compaction of the layers adjoin /f-noise.

ing the surface by the shock wave which is produced. In both  \we thank Yu. N. Shavlyuk for performing the measure-

CaseSEg increases; this can be Judged from the Short'ments of the spectra| dependences of the noise'
wavelength shift of the maximum of the PC spectr(fg.

1, curve3). )
’ . . #fax: (044) 265-83-42
5. The degradation of the material has the greatest effect 049

n the ph nsitivi f the material. m-Cd Hg;_, T T < .
on t eI P ”otose sitivity o ft € materia Cd" % XI € . 1B. D. Luft, Physicochemical Methods for Treating Semiconductor Sur-
grystas a owepl to stand. or one year gnder natural condi- faces[in Russia, Radio i svyaz’, Moscow, 1982.
tions, the PC signalespecially in the region of fundamental 2v.v. Dykin, V. V. Koval’, A. V. Lyubchenko, E. A. Sal’kov, and V. G.
absorption and 7 of the NCCs decreased by more than an _Chalaya, Neorg. Mate25, 1645(1989.

: ; ot 31. S. Virt, A. V. Lyubchenko, P. E. Mozol’, and V. A. Gnatyuk, Fiz. Tekh.
order of magnitud@ Accordingly, the spectral characteristics Poluprovodn23. 1386(1989 [Sov. Phys. Semicon®3, 862 (1989)].

of the noise density are shifted into the region of highersg G Gasan-zade, E. A. Salkov, and G. A. Shepeidkiz. Tekh. Polu-
frequencies. provodn.17, 1913(1983 [Sov. Phys. Semicond.7, 1225(1983].
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Photoelasticity and quadratic permittivity of wide-gap semiconductors
S. Yu. Davydov and S. K. Tikhonov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted November 1, 1996; accepted for publication November 14,1996

Fiz. Tekh. Poluprovodr31, 823—824(July 1997

Expressions for the photoelastic constants are obtained on the basis of an analogy between the
photoelastic and elastic properties of semiconductor crystals. Calculations were performed

for wide-gap semiconductorsilicon carbide and boron, aluminum, and gallium nitridesth
sphalerite and wurtzite structures. The quadratic permittivity is also calculated for

hexagonal structures. @997 American Institute of Physid$$1063-782607)01507-X]

Despite extensive study of wide-gap semiconductors irwe obtain from Egs.(3) p;;=—0.34, p,=—0.12, and
recent years, there is very little experimental information p,,=—0.18, in good agreement with experiment. We note,
about the optical properties of these materials. For this redaowever, that the experimental data are inconsistent. For ex-
son, theoretical estimates of the charactertidis®n rough ample, in Ref. 3 the following data are given for diamond:
estimatesare certainly of interest. Phillipsdvanced, on the p;;=—0.31, p;,=—0.12, andp,,=0.09.
basis of his dielectric modélthe suggestion that the photo- The computational results for the photoelastic constants
elastic properties of semiconductors can be described bgf wide-gap semiconductors with cubic structure are pre-
analogy with their elastic properties. Using the well-provensented in Table I. The polaritieg, were calculated in Ref. 7
Keating empirical model of elasticity and assuming a cor- and the experimental values of were taken from Refs. 8
respondence between the photoelaspig)(and elastic ¢;;) and 14. According to Table Ip;; for silicon carbide and
constants, Phillips analyzed the satisfaction of the relatiomoron nitride agree witip;; for diamond with respect to sign

for cubic crystals and order of magnitude. For compounds with a higher degree
_ B of ionicity, i.e., for aluminum and gallium nitrides, the pho-
2PadP11t P12)= (P11~ P12) (P11t 3P12). @ toelastic constants are an order of magnitude smaller and

which is the exact analog of the expression relating the elagositive. In general, Keating derived expressian for c;;
tic constantsc;; . A check of the relation(1) for diamond for group-1V semiconductors and its form changes somewhat
showed that it holds within 16%. In the present paper wefor heteropolar compounds.This circumstance, however, is
employ this analogy to estimag; for silicon carbide and disregarded here.
boron, aluminum, and gallium nitrides. The photoelastic constants for the hexagonal modifica-
The following relation was obtained in Refs. 6 and 7: tion (wurtzite structurg which are converted from the con-
2 stants for the sphalerite structure in accordance with Martin’s
Pt 2= = n(e.—1les, @) theory'® (see the corrections to this theory in Refs. 17 and
wherenzz—eag, Heree., is the high-frequency permittiv- 18), are presented in Table Il. Here we disregard small
ity, and «, is the Harrison polarity of a crystario If changes in the high-frequency permittiviigccording to the
(p11+2p1»)/3 is compared with the bulk modulus data in Ref. 19 for silicon carbide, the differencesn be-
B=(cy;+2¢15)/3, (P11—P12)/2 is compared with the shear tween the wurtzite and sphalerite structures does not exceed
modulusC= (C11— C1)/2, P4q is compared witte,,, and the  6%). Unfortunately, we know of no experimental data on the
relations obtained for the elastic constants in the Keating-photoelasticity of hexagonal compounds.
Harrison model are uséd,then we find The quadratigbilinean permittivity X;4 of cubic wide-
gap semiconductors was calculated in Ref. 7. Crystals with

P1=— 1 k| 1+ 8_)‘)81;_1 the wurtzite structuré6 mm) possess three independent com-
3 8+N] &5 ponents of bilinear permittivity: X%, Xs;, and X3. The

transformation which yields a relation between the permit-

1 W 1 4N \e,—1
P =3k 1 gy ez
33\ e,—1 TABLE |. Photoelastic constantp;; for semiconductor crystals with

Pas=— nk(8+)\)(8+3)\) e ©) sphalerite structure.
where A =0.85 is a dimensionless paramétérandk is a  Cvst@ SiC BN AN GaN
dimensionless coefficient. In particular, it thus follows im- , 0.26 0.34 0.59 0.60
mediately thap,,=0.351; andp,,=0.51p,,. Accordingto & 6.5 45 4.8 5.8
the data in Ref. 12, for diamonph,= —0.38, p;,=—0.09, Pu _2;‘-2 —zg.; (1)-; 5-;

- _ i ; — P12 —o. —9J. . .

and pss=—0.17. This leads to the relatiorns,/p,;=0.23 Do 105 136 0.9 14

andpg4/p11=0.45. Therefore, the relatiori8) can serve as a
preliminary estimate of the photoelastic constants. k=e@ Note: The values ofp;; are increased by a factor of 10
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TABLE II. Photoelastic constants; for semiconductor crystals with wurtz-
ite structure.

Crystal SiC BN AIN GaN
P11 —-28.9 -31.4 2.0 3.1
P33 -30.5 -33.1 2.2 3.3
P12 -7.2 -7.4 0.5 0.8
P13 -55 -6.0 0.4 0.6
Pas -28.1 -30.5 0.7 1.0
Pes -10.4 -11.8 0.7 1.2

Note: The values ofp;; are increased by a factor of 30

tivities of cubic and hexagonal structures was obtained i

Ref. 20:

2
X1a—==X3z= —2X31= — 2X5.
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Role of spatial localization of a particle during tunneling
N. L. Chuprikov

Siberian Physicotechnical Institute at the Tomsk State University, 634050 Tomsk, Russia
(Submitted July 4, 1996; accepted for publication November 14,)1996
Fiz. Tekh. Poluprovodr31, 825—829(July 1997

The transmission coefficient and tunneling time of particles described by Gaussian wave packets
of finite width are investigated theoretically. The average particle momenta in the case of
transmission and reflection are calculated. It is shown that the tunneling parameters depend
strongly on the degree of spatial localization of the particles.197 American Institute

of Physics[S1063-78207)01607-4

1. INTRODUCTION c (=
X1 = 5= | AGio- BT (@)
The latest investigations have shown that, even in its ”

simplest formulation, the tunneling problem is not as trivialwhere

as it seemed initially. Even in the one-dimensional, one- _ 2 2.

particle model the stumbling block turned out to be the task Alk)=exp(=l5(k=ko)%);
of determining the temporal characteristics of tunnefidg. c is a normalization constart, is the packet widthk, is the

At present, the tunneling process is clearly understood onlpverage wave number, af{k) =#2k?/2m. Following Ref.

for particles whose momentum is prescribed accurately. It i$, it is assumed here that the left-hand boundary of the bar-
assumed that such particles are described by wave packgier lies far to the right of the coordinate origin, where the
which are wide compared to the barrier structures, in whichmaximum of the incident wave packet is located initially.

the tunneling occurs. Most investigatio(see the review ar- Let T(k) and J(k) be the transmission coefficient and
ticle in Ref. 1) are in agreement that the particle dynamics inphase, respectively, which characterize the tunneling of a
the barrier region is characterized in this case by theseparate wave with fixed wave numbe(see Ref. & Then,

“phase” transmission time. according to Ref. 3, the transmission timg of a particle
The situation is completely different for particles which through the barrier region is given by
are described by wave packets of arbitrary width. Here there m(3")y
is no single opinion(see Refs. 1 and)zither about how to Ttr:W. 2
r

define the tunneling time correctly or even how to interpret
correctly some properties of the wave packet dynamic§he corresponding reflection timgy, if the analysis is re-
which have been observed in numerical modeling of onestricted to the symmetric barriers, is given by the expression
dimensional structures. This includes effects such as the m(J’)
change in the average momentum of the wave packets during Tref:—ref- ®)
scattering and also the “premature(i.e., with “break- Ai{ = Krer
down” of causality appearance of the transmitted packet onHere and below the symbdl...) denotes averaging over
the other side of the barrier. the transmitted tf), reflected(ref), or incident(inc) wave
The analysis in Ref. 3 showed that the observed behavigsackets(see Ref. B the prime denotes a derivative with
of wave packets appears to be unphysical because of an ifespect tok. The transmission coefficier® of a particle is
correct interpretation of the quantum-mechanical descriptiojetermined (see Ref. B according to the formula
of the tunneling process. Ordinarilyexplicitly*> or T=(T(K))inc

implicitly®), in estimating the tunneling times of a particle ¢ performed all calculations for dimensionless quanti-

the positions of the centers of mas®., the average values jo5 | addition, we chose the widthof the barrier structure
of the coordinatex) of the transmitted and reflected packets 4 he ynit of measurement in the case of aperiodic structures

are compared separately with the corresponding characterigy,q the width of one period in the case of periodic structures.

tic of the incident packet. However, such a procedure makeé§he formulas relating dimensional and dimensionless
no sense physically, because all three packets describe d'(fmarked with a tilda quantities are
ferent sets of measurements. This question was examined in 5 ,
detail in Ref. 3, where a new definition of tunneling times = =~ _ he _ md_

i : No=nod, lg=1lod, V=—=V, t=—t,
was proposed for particles described by wave packets of a 2md h
general form, . : whereV is the potentialf is the time, andhg=2/Kj.
In the present paper we essentially continue the work
begun earlief.We will investigate numerically the tunneling
parameters of a particléransmission coefficient, average
momentum, and the tunneling times determined in Rgf. 3 The main patterns of the variation of the tunneling pa-
whose initial state is described by the Gaussian wave packeameters with increasing degree of particle localization are

2. SQUARE BARRIERS
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or decelerated by a potential barrighough such an inter-
pretation is possibfe. Evidently, the particle momentum
should not change in the case of scattering by a static poten-
tial barrier. In a quantum-mechanical descriptigrhich es-
sentially refers to all measurements including the two pos-
sible variants of scatteringthis property is reflected in the
fact that the average values of the momentum over the initial
(incident wave packetand final (transmitted + reflected
wave packetsstates are identical. Therefore, the fact that the
average momenta of the transmitted and reflected wave pack-
ets are diffrent indicates only that the average particle mo-
mentum in eackof the two series of measurements is dif-
ferent. In addition, the average particle momentum before
and after scattering is the same in each series sepafagdy
Ref. 3. Figure 1 shows for the square barriers investigated
the ratio of the average momenta of both packets to the mo-
mentum of the incident packet as a function of the parameter
w. As one can see from the figure, the average momenta of
d the incident and transmitted packets are the same for par-
emonstrated for the example of square barriers Wlﬂhcles whose initial momentum or coordinate is |
precisely

V=30 andX=5. We note first that for any barriers With i ey |n the first case this occurs because the incident packet
w=0 (w=1/To) all particle tunneling parameters are nu- actually consists of one harmonic. In the second case it is
merically equal to the corresponding parameters for an indigue to the fact that the particle passes through the barrier
vidual wave. Specifically, the tunneling timég) and (3)  without reflecting(see above (Here it should be kept in
equal the phase times. However, for# 0, when the wave mjind that in the first case the form of the wave packet does
packet describing a particle possesses a finite width imot change on scattering, whereas in the second case the
x-space, the character of the particle scattering changes sufpansmitted packet at sufficiently long times breaks up into a
stantially. Asw increases, the fraction of the harmonics for countable setensemble of wave packets with one maxi-
which the barrier is transparent increases in the spectrum ¢fum which move with different velocitiesIn the interval
the wave paCket As a reSUlt the transmission coefficient 0®<|og(w)<2 we have a situation in which the fractions of
the particle increaseFig. 1). In addition, the most rapid the harmonics for which the barrier is transparent and non-
growth is observed in the region<dog(w)<2. For compli-  transparent are the same in the spectrum of the wave packet.
cated multibarrier structures, when one-wave resonances afge shape of the wave packet in this case is much more
present neak, (Eq=E(kp)), the behavior ofT(W) in this  strongly distorted on scattering, and the momentum of the
region can be nonmononotic. However, in any case, agansmitted packet is greater than the momentum of the inci-
w—o, irrespective ofk, and the form of the barrierT  dent packet by the maximum possible amount. The reflected
—1 for particles which are initially localized at a point and packet decelerates in this regi¢gsee Ref. 3 In general,
any barrier is transparent. when resonances are present riegrthe dependence of the

A characteristic feature of the tunneling of particles de-average momenta ow for both packets is more compli-
scribed by wave packets of finite width is that the averagecated. Specifically, the momentum of the transmitted packet
momenta of the incident, transmitted, and reflected packetean be less than that of the reflected packet.
are all different. However, as has already been ndseg Let us now consider the quantitiéd’),, and(J’) in
Fig. 3), this does not at all mean that a particle is acceleratethe expression§2) and (3) for the particle tunneling times.
They can obviously be regarded as effective barrier widths
for a particle in the corresponding series of measurements.
One can see from Fig. 2 that both quantities are identical if
the particle momentum is fixed accurately enough. In all
other cases they are different. In the limit-« the effective
barrier width for the transmitted particigve recall that in
this case particle transmission through the barrier eqauls
100% equals the barrier widttl. Particles initially localized
at a point pass through the barrier region without “noticing”

FIG. 1. Transmission coefficientdots, (k) /ko (solid curve, and
(k) et/ (dashed curvefor square barriers of height=30 and\,=5

>
&

N
133

effective width
B Y
QO

25 the barrier, since their average energy is infinite.
) T T It is known that the phase tunneling time can be nega-
-1 /] 1 2 tive. In this case, the corresponding effective barrier width is
log (w) also negative. For example, this happens for a particle with

] L ] ) ] =5 that passes through a square potential well of depth
FIG. 2. Effective barrier width ") for a transmitted particl¢solid curve

and a reflected particl@ashed curve The parameters of the barrier and of V_: -1 (See Fig-_ 3 A_t first _gla.nce! th_iS relsu“ is unphySicalf
the particle are the same as those in Fig. 1. since the negative times indicate violation of the causality
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principle (we note immediately that this case of “violation”
of the causality principle is fundamentally different from the FiG, 4. Transmission coefficient versus the paramBgr(see text for a
one studied in Ref. 3, which occurs only for packets withperiodic structure consisting of ten square barriers of height 13 and width
w # 0). However, it should be kept in mind that in this case0.5, well width — 0.5;T=2 (solid curve, 0.28 (dashed curve and 0.07
the well width is much smaller than the width of the wave (dotted curvé

packet. Under such conditions the tunneling is strongly non-
local. Furthermore, here it is very important to remember
that the formalism proposed in Ref. 3 makes it possible Qem
determine the passage time only for secti¢ingluding the

barr!er regiop whose boundaries lie at dls_tances from theactually assumed that the width of the corresponding Gauss-
barrier that are much greater than the width of the wav

ket. The t ling 1 f the barri tion is det an wave packets in space is known to be greater than the
packet. The tunneling time of the barrer section 1S detery, iy, of the periodic structure under study. In this case the
mined in Ref. 3 as the contribution of the barrier region to

L . role of the two boundaries of the structure is important for
the total transmission time through these sections. In the casa%y arbitrarily large(but finite) number of periods of the
at hand, probes for measuring the tunneling time should b tructure

placed at a distance from the barrier that is much greater than How does tunneling of a particle through a lattice occur

ghe W.igtz %f theGbarrigr. Howiver, i; a parFi;:IE .is initiilbl/ if the initial state of the particle is described by a wave
escribed by a Gaussian packet, whose width is much lesg, oo of arbitrary width? First, here it should be kept in

than thgt of the barrier, then th? probes can .be placgd "9Mhind that forw # 0 the solution of the Schdinger equation
up against the edges of the barrier. If the tiBpis negative no longer satisfies Floquet's theorem in the region of period-

in this case as well, then the_re W(.)m(.j be grounds for talklnqcity of the potential. Therefore, particle localization results
about violation of the causality principle. However, the cal-

culations show(see Fig. 3 that asw increases, the effective
barrier width for the transmitted particle becomes positive 740
and in the limitw— o it equalsd. i n

120
3. PERIODIC STRUCTURES -P\

|
Particle tunneling through bounded and semibounded 100__| \

(supejlattices is of special interest. This question was stud- sok
ied in Refs. 7 and 8 for particles with an accurately defined g H \
momentum. It was shown that in this case all resonances for 3 5ok \
periodic structures lie in the energy regioftsansmission _I \
regions which are allowed bands for the corresponding un- 40 _]
bounded structures. In Ref. 7, it was shown that, for a suffi-
ciently large number of lattice periods, within each of these
regions the plots of the energy dependence of the transmis-
sion coefficient and phase transmission time for one period
fall between two envelopes. The explicit form of both pairs
of envelopes was also found in Ref. 7. In semibounded lat-
tices, when the number of periods is infinite, the energy de-
rivatives of both functions are unbounded almost everywhereg. 5. tunneling timé7,, for one period in a periodic structufeee Fig.
in the regions of transmission. 4).

To understand such unusual properties it is important to
ember the following. When the problem concerns the
tunneling of particles with a well-defined momentum, it is
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substantially different from zero in the regions of nontrans-
mission as well. In addition, here the temporal characteristic
changes most strongly. If fdr,>1 the transmission time for
one period in the region of nontransmission is nearly equal to
zero, then for localized particles this characteristic, as one
can see from the figure, increases to such an extent that it can
even exceed the corresponding tunneling time in the trans-
mission region. The well-known problem of “superluminal”
propagation of widdin x spacé wave packets througtsu-
penlattices in regions of nontransmissig¢see, for example,
Ref. 2 does not arise for particles for which the uncertainty
of the initial position does not exceed one lattice period.

| shall now briefly discuss the dependence(&,, on
E, (see Fig. 6. As one can see from Fig. 6, an appreciable
deviation of this quantity fronk, is observed in the region

of nontransmission, whei ,<1. For T,=2, the average
momentum of the transmitte@nd therefore reflectegar-
FIG. 6. (K)y, for a periodic structurésee Fig. 4 ticles is virtually identical to that of the incident particles.

Small deviations are observed only near the boundaries of
the regions of transparency.

in destruction of the band character of the energy spectrum In closing, | note the following. It is known that wave

(division of the energy scale into regions of transparency angackets spread with time. Therefore, it is worth underscoring

nontransparengy We performed calculations for structures that in the formalism of Ref. 3 the tunneling parameters de-

consisting of ten square barriers of width Gt6e distance pend on the initial width of the packet.

between the barriers obviously also equals) @Bd height

13. Figurgs 4.and 5 show the transmissiqn coefficient andlE' H. Hauge and J. A. Stovneng, Rev. Mod. PH§/s. 917 (1989,

transmission time of one period as a function of the param-2g | andauer and Th. Martin, Rev. Mod. Phgs, 217 (1994,

eterE, for these values of o 2, 0.28, and 0.07. The calcu- °N. L. Chuprikov, Fiz. Tekh. Poluprovods, 443 (1996 [Semiconductors
. : - 30, 246(1996)].
lations, which were performed for large valueslofas well,  4g "y pauge, J. . Falck, and T. A. Fieldly, Phys. ReB@34203(1987).

showed that the envelopes of both functions in the transmis5c. R. Leavens and G. C. Aers, Phys. Rev3® 1202 (1989.

sion regions are most sensitive to a changeEjn As T, génl_q}cgﬂgggkﬁ 45'(21'923';“ Poluprovodi26, 2040 (1992 [Sov. Phys.

decreases in the intervhl< | =<1 (N is the number of pe- 7N, L. Chuprikov, Fiz. Tekh. Poluprovodi80, 443 (1996 [Semiconduc-
riods), the corresponding pairs of envelopes approach onegtors30, 246 (1996].
another and then merge into one curve. As the parameterXué-Wen Liuand A. P. Stamp, Phys. Rev.5B, 1588 (1994.

T, decreases further, the transmission coefficient is alreadyranslated by M. E. Afferieff
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Variation of the optical properties of porous silicon as a result of thermal annealing
in vacuum

V. A. Kiselev, S. V. Polisadin, and A. V. Postnikov

Institute of Microelectronics, Russian Academy of Sciences, 150007 Yaroslavl’, Russia
(Submitted July 4, 1996; accepted for publication November 14,)1996
Fiz. Tekh. Poluprovodr3l, 830—832(July 1997

The optical constants of layers of porous silicon in the range 600—800 nm have been determined
and the effect of vacuum thermal annealing on them has been investigated. The variation of

the complex index of refraction is attributed to the desorption of reagents and products of
electricochemical treatment of the silicon. It was determined that the temperature coefficient

of the variation of the reflection of a layer of porous silicon on heating up to 600 °C does not
exceed 10° at a wavelength of 633 nm. @997 American Institute of Physics.
[S1063-782807)01707-9

There exist two basic models for explaining the lumines-(IR) transmission spectré€600-5000 cm?) were obtained
cence of porous silicofPS. According to one model, the for the initial samples and for the heat-treated PS layers.
pumping radiation is absorbed in the volume of the PS and It was established that even after a one-time heating up
the photoluminescencéPL) is a consequence of radiative to 500°C the PS completely loses its ability to luminesce.
recombination at the surfa¢e® The other model assumes Thermal desorption mass spectra were also obtained for
that the luminescence is due to the presence of siloxen-typde initial PS samples. Figure la shows the dependence of
compounds that arise during anodization of the silicon on théhe number of desorbed particles on the temperaiufer
surface of the P$. the two most intense components with mass numbers 2 and

The study of the optical properties of PS can yield infor- 18, associated with Hand HO, respectively. The variations
mation about the electronic structure and mechanisms ajf the reflection coefficienR at wavelengtth =633 nm for
light absorption and recombination and serve to give a bettethe first and fifth cycles, in the case where a sample of thick-
understanding of the nature of PL. During thermal annealingiessh=8 pm was heated, are presented in Fig. 1b. Com-
of samples of PS, products of the electrochemical treatmergaring Figs. 1a and 1b one can see that the change in the
are desorbed from its surface and its luminescence propertiesflection coefficient can be attributed to the desorption of
change. To obtain information about the nature of PL in PSgases from the surface of the PS. For a sample of thickness
we investigated the change in the optical characteristics di=3 wm, three heat-treatment cycles were required before
PS during vacuum heat-treatment. the results of the measurements of the reflection started to

The PS layers were prepared on KDB-1 silicon plategepeat in each cyclé-ig. 19. We see from Fig. 1c that the
(boron-doped silicon, resistivity 0 -cm) with (100 orien-  effect of the substrate is still felt for a thin sample, since the
tation. The electrolyte consisted of hydrofluoric a¢E0%  curve of the variation of the reflection coefficient can be
solution and isopropyl alcohol in a 1:1 ratio. Etching was approximated by a straight line which describes the tempera-
performed with a current density of 15 mA/érfor 30 min.  ture dependence of the reflection coefficient of a clean sili-
After anodization the samples were washed in deionized wacon surface. Therefore, the data from these experiments at-
ter and dried in air. To remove the film formed during test to the fact that sorption—desorption of gases by the PS
anodizatioft® and to prepare samples of different thickness,surface are the mechanisms responsible for the change in the
the PS layer was treated in KOH. reflection coefficient of PS on heating up to 600 °C.

The thermal annealing of PS was performed in a vacuum It is interesting that for sufficiently thick samples, with
chamber with a residual pressure of £0rorr. The tempera- thicknessh>5 um, the reflection coefficient is temperature-
ture of the heater, on which the experimental sample wasdependent.
secured, was raised by steps of 10—20 K and held for 10—15 The reflection spectra before and after annealing are pre-
min at each new temperature. When the plate with the PSented in Figs. 2 and 3, respectively. The result of the heat
layer was heated rapidly, the PS separated from the substratreatment is an increase in the reflection coefficient of the PS
and cracking occurred along the isothermal lines, indicatingurface in the region 400-550 n¢Rig. 3). This can be at-
the presence of a substantial mechanical stress in the RBbuted to the formation of dangling bonds and narrowing of
layer® The maximum heating temperature was equal to 60@he band gap or to the appearance of additional levels or
°C. In this manner, PS layers which were heated once anbands in the band gap due to the hydrogen lo58es.
subjected to a heating—cooling cycle several times were pre- To calculate the optical constants of the PS layers, the
pared. The heat-cycling treatment was repeated until the termeflection spectra were measured for two states of polariza-
perature dependence of the reflection coefficient measured n S and P of the incident light. The fact that for wave-
an angle of incidence of 15° at the wavelength 633 nm of  lengths of 600—800 nm the imaginary part of the complex
He—Ne laser radiation repeated. The reflection spéetthie  index of refraction<<1 and its contribution to the reflection
interval 400—800 nmand the luminescence and infrared coefficient is very small were taken into account. This made
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sor b FIG. 2. Reflection spectrum of intial PS sample.

range 600—800 nm were approximated by straight lines, so

40 thatn=a+b\ andx=c+d\;
o\‘: 2) assuming that the thicknessis sufficiently large to
a eliminate interference effects, we chaseand b in such a
30t way that the computed straight line of the reflection coeffi-
cient is an average line of the experimentally recorded reflec-
Y N ——— tion spectrum; _
3) ¢, d, andh were chosen so that in the computed curve
20 1 I A 2 i the amplitude of the oscillations of the reflection coefficient
0 100 200 _ 300 400 500 corresponded to the experimental amplitude; and
7,°C .
4) the computed curve was phase-matched with the ex-
2.0f ¢ perimental curves by varyiny over a small rangétens of
nanometers
The reflection coefficient of the PS layer was calculated
using Fresnel's formulas for an absorbing film on an absorb-
ing substraté€.The real part of the refractive index of silicon
NS was determined from measurements of the reflection spectra
«'10 i for the initial plate, and the spectral dependence of the imagi-
nary part was taken from the literatuf€The computational
results are given in Table I.
The entire procedure of reconstructing the parameters
n, », andh from measurements of the reflection spectra was
' N . . . tested for a Si@ layer on silicon and showed good agree-
0 100 200 Joo 400 500
T,°C
FIG. 1. a— Intensity of thermal desorption of ldnd H,O versus tempera- 10.0r
ture T. b — Reflection coefficienR of a PS layer of thickness=8 um
versus temp(_eratur‘é on heating(solid line) and cooling(_dashed I_in_iain the 80
first (1) and fifth (5) heat-treatment cycles — Reflection coefficienR of :
a PS layer of thicknese=3 um versus temperaturé on heating(solid
line) and cooling(dashed lingin the first(1) and fourth(4) heat-treatment . 6ok
cycles. PN
<
40t
it possible to calculate by a fitting procedure the complex
index of refractiomn+ix and the thicknesk of the PS film.
A rough estimate of the thickness of the layer was made 2.0r
from microscopic measurements performed on the cleavage
face of the sample. g L L L L
The procedure of fitting the parameterse, andh con- 400 500 60% ,nm 700 400

sisted of the following:
1) The dependences of and x on A in the wavelength  FIG. 3. Reflection spectrum of a heat-treated PS sample.
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TABLE I. Optical constants and thickness of initial and annealed layers of PS.

n % h um
Microscopic
PS A=600 nm A=800nm A=600nm A=800nm Calculation measurements
Initial sample 1.25 1.58 0.017 0.013 14.475 7.5
Heat-cycled sample 1.3 1.6 0.026 0.015 7.825 7.5

ment between the reconstructed valuesnadnd h and the states in the layer. This is manifested in the fact that for the
values obtained from independent measurements. initial samples the optical thicknesgh of the layer is much

For PS samples which were not subjected to heat treagreaten(2.0—2.5 timesthan the optical thickness of the heat-
ment, the computed thickness of the layer was found to beycled sample. Annealing decreases the imaginary part of the
2-2.5 times greater than the thickness determined from micomplex refractive index for wavelengths of 600—-800 nm.
croscopic measurements. For heat-cycled samples the thicBuch changes in the optical constants can affect the probabil-
ness of the layer determined in the fitting procedure wasty of surface recombination of carriers and thereby give rise
equal to the measurements performed on the cleavage fade. quenching of luminescence. It was also found that the
From preceding investigations of B32it is known that a temperature coefficient of reflection of PS is at least substan-
PS layer is structurally uniform over thickness and the film—tially less than for the initial silicon plates and does not ex-
substrate interface is sharp. Experiments on oxidation ofeed 10°.
PSS showed that compaction and settling start at tempera-
tures above 1000 °C. On the basis of these data, the differtG. G. Qin and I. Q. Jia, Solid State Commu€, 559 (1993.
ence between the computed and measured film thicknesseg: Kanemitsu, H. Uto, and J. Masumoto, Phys. Rewa32827 (1993.

. . . . . F. Koch, V. Petrova-Koch, T. Muschik, A. Nicolov, and V. Gavrilenko,

can be explained by the su_bstantlal optical nonumform!ty Of Mater. Res. Soc. Sym@83 197 (1993.
the PS layer over depth, i.e., by the fact that chemically*H. D. Fuchs, M. Stutzmann, M. S. Brandt, M. Rosenbauer, J. Weber,

adsorbed reagents and products of electrochemical treatmen#. Breitchwerdt, P. Deak, and M. Cardona, Phys. Re¥838172(1993.
of silicon are present in the voids SV. A. Kisilev, A. A. Chrebtugov, and A. B. ChurilovSPIE Proc. Int.

. . Conf. Microelectronics-92Warsaw, Poland, 1992, Vol. 1783, p. 378.
It is evident from Table | that the values ef for the sy | ehmann and U. Gosele, Appl. Phys. Leig, 856 (1991).

initial and annealed samples are close, but because the comn. ookubo, H. Ono, Y. Ochial, Y. Mochizuki, and S. Matsui, Appl. Phys.
puted thickness of the PS layer is excessive, in order to ob- Lett. 61, 940(1992.
tain the same magnitude of damping of the amplitude of theSE' A. Konstantinova, V. Yu. Timoshenko, and P. K. Kashkarov, Poverkh-
. . L . nost’, No. 2, 32(1996.
interference maxima and minima in the reflection SpeCtra’_theV. K. Gromov, Introduction to Ellipsometryin Russian, Leningrad State
value of » must be increased by the same factor by which university, Leningrad, 1986.
h is overestimated. Because of the optical nonuniformitylof/lh- Panki‘s%mica' Processes in Semiconductdis Russiar, Nauka,
H e oscow, .
over the thickness of the !n|t|al PS layers, the valuescof 1M, 1. J. Beale, J. Crysr. Growtfi3, 622 (1985.
found for them are approximate. . 12y A. Labunov, V. P. Bondarenko, L. K. Glinenko, and I. N. Basmanov,
In summary, the effect of vacuum thermal annealing on Mikroélektronika12, 11 (1983.
- . . . 13 . .
the optical properties of PS has been investigated. It Wasfi gJé;)(O”v K. Barla, R. Herino, and G. Bomchil, J. Appl. Ph§2, 1042
found that the chemically adsorbed products of electrochemi- '

cal treatment of silicon substantially alter the electronicTranslated by M. E. Alferieff
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Electron-hole scattering in  p-type silicon with a low charge-carrier injection level
T. T. Mnatsakanov and L. |. Pomortseva

V. I. Lenin All-Russia Electrical Engineering Institute, 111250 Moscow, Russia

V. B. Shuman

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted November 11, 1996; accepted for publication November 14) 1996
Fiz. Tekh. Poluprovodn31, 833-835(July 1997

A previously proposed method for determining the parameters of electron-hole scattering in
indirect-gap semiconductors is used to investigate the propertipgypie silicon. Diode

nt—p—p* structures were used for the measurements. The results obtained by us indicate that
complete dragging of the minority electrons by the majority holes is possible, even at

room temperature, ip-type material with doping levelsl>10® cm™3. © 1997 American

Institute of Physicg.S1063-78207)01807-3

1. A method for investigating the parameters charactereharacteristic valudly=10'" cm 3, i.e., when the bandgap
izing electron-hole scatteringEHS) in indirect-gap semicon- narrowing is smali’,,unp is given by
ductors with a low charge-carrier injection level was recently
proposed in Ref. 1. The first application of this method for
investigation of EHS imn-type silicon gave interesting re-
sults, 'indicatin_g the possibility fqr the existencg qf comp.)letq,\,h(:‘.re A=(j0)ca! (J ) expr (o) ca= (ANZ/NA) (D /7)) 2
dragging of minority charge carriers by the majority carriers,n,  is the intrinsic charge-carrier density s the elementary
during which the mobility of the minority charge carriers charge,N, is the doping level of the baselayer, x, and
changes sign and becomes negativendtype silicon with D, are, respectively, the mobility and diffusion coefficient of
doping levelsN=10" cm™* at room temperature. The exis- the majority electrons, and, is the electron lifetime in the
tence of the complete dragging of minority charge carriers by-type base. The experimental saturation currgg)efy, is
majority charge carriers was first established experimentallgetermined from the measured IVCs of the diode samples.
in gallium arsenide quantum well¥ with doping level For the case of higher doping levels, when bandgap nar-
N=10 cm 2 and temperaturd =90 K. A comparative rowing becomes substantial, the relation for determining
estimaté of the effect of the EHS on charge-carrier transportu,, becomes
showed that the EHS efficiency in silicon is approximately
50 times higher than in gallium arsenide. The result obtained an:f_", @)
in Ref. 1 is in agreement with the estimate presented and B"-1
attests to the fact that the _complete dragging of minorit.y\,\,here B=(jo)ea/(i0)expr (i0)ca=(ANio/Np) (Dpf )22
charge carriers by the majority charge carriers can appreciag expAEy/KT), AE is the decrease in the band gap, and all
bly influence the characteristics of silicon structures. Accordopther notation is the same as in the preceding formula.
ing to Refs. 5 and 6, EHS can strongly alter the injection 3. The measurements and calculations were performed in
capacity of ap" —n junction. the same sequence as in Ref. 1. Tie-p—p* structures,
Ordinarily, doping levelN=10" cm™2 are realized in whose main parameters are given in Table |, were fabricated.
the emitter layers of semiconductor structures. From thiSThe depth of the diffused® layers did not exceed 12m.
standpoint, it is of great interest to investigate this effect in  The IVC was measured for each of these structures by
p-type silicon, since in most silicon structures, which arethe standard method. The region of current densities, where a
ordinarily fabricated on the basis of-type material, the low injection level of the nonequilibrium charge carriers was
emitter layers arg-type. Our objective in the present paper realized in the base layer of the structure, was chosen for the
is to investigate the parameters characterizing EHStype = measurements. The experimental dependengeoafV was
silicon with a low charge-carrier injection level and to evalu- approximated by an expression of the form

ate the possibility of complete dragging of minority charge G )ex% QV—jppr)
=(jo ,

M
:Uvnp:Aﬁ_n_li @

carriers by the majority charge carriers in this material.

2. The investigation was based on the method proposed kT
and described in detail in Ref. 1. This method involves thGNhereWp is the thickness of the-type base, ang,, is the
measurement of the current-voltage character@W€) of  resistivity. A least-squares analysis of the experimental
diode samples in a specially chosen range of current denspoints of the IVC made it possible to determine the experi-
ties and to determine the mobility,,, determined by the mental value of the parametefofey, for Eq. (1) or Eq. (2).
EHS, with the help of the following relations. Next, the parameterj §) ., was calculated from the formulas

In the case where the doping level does not exceed thpresented above. The valuesidE, taken from the measure-

()
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TABLE 1. samples 2-5, where the measured lifetime is appreciably
shorter than Jus, the lifetimes presented in Ref. 10 turn out

Sample No. , Q-cm W,, um S, mn? . S . _

P Pr pr & T M to be much longerr,=4—6 us with Ny=5x 10" cm™3,
1 0.385:0.025 162 19.6 15 corresponding to samples 2 and 3, an@g=1—2 us with
g 8-18&8-882 3‘7‘8 gg-g g-gg-gj N,=10" cm 3, corresponding to samples 4 and 5. There-
4 0.040-0.002 146 374 0.180.02 fore the situation W|trp-typ_e samples is completely dl_fferent
5 0.043-0.002 165 25 2 0.100.02 from then-type samples in Ref. 1, since the hole lifetimes

measured im-samples fell into the range of values encoun-
Note: W,—thickness of thep-type basep,—resistivity; S—area of the  tered in the literature. The smallness of the lifetime values
structure, r,—lifetime of electrons. obtained from measurements in samples 2—5 could be due to
the imperfection of the silicon used to fabricate the samples
) ) ) and to the presence of additional recombination levels in the
ments in Ref. 7 were usgd in the calculatlong, and the deperé'amples as compared with the samples which are employed
dence ofD, on the doping level was taken into account in by other authors for determining, .
accordance with Ref. 8. The electron lifetimg was mea- Nonetheless, we determined how the results change
sured by Lax's methotl However, since this method is dif- \yhen the published lifetime values are used. In Fig. 1 the
flcult_to ap_ply to strongly doped sampl_es, we also took intoy5 Jowest values Ofienp (the points2’, 3', and4’) corre-
consideration the values ef, presented in Ref. 10. We shall spond to samples 2, 3, and 4, but with lifetimes correspond-
discuss this in greater detail in a discussion of the results. ing to the published values for the corresponding doping
4. Figure 1 shows the experimental points corresponding,e| 10
to the samples indicated in Table I. The variance of the  pgegides the experimental results of the present work,
points in the figure corresponds to the variance given in theq curves are presented in the figure. Cutwepresents the
table for the parameters. We note that the data for samples gapendence of the mobility of the majority charge carriers
and 3 are combined and are presented in the figure as a S'”Qﬁ‘oles} 11, on the doping level. Curv@ shows the result of
point. o _ __extrapolating theu,,, data obtained with a high doping level
The electron lifetime in the experimental samples merit§, Refs. 11 and 12 to the case of a low injection level in

a separate discussion. The valuesrojpresented in Table | 5ccordance with the formula proposed in Refs. 13 and 4:
were obtained by Lax’s method. The problems in using this

method ordinarily arise in strongly doped layers, when the —c/ i 1/p, @
lifetime becomes substantially shorter than us. For Knp P

+ y
Po 1+(n+p)/2p;

where G=1840 cnf/(V-s), po=3.2x10" cm 3,
p;=3.5x10% cm 3, andp,=4.6x10% cm 3.

One can see that the experimental valuesugf are
much lower than the values obtained by extrapolation. How-
ever, comparing the experimental values wf, with the
mobility of the majority holegcurve 1) shows that the con-
dition w,p<up, determining the possibility of complete
dragging of the minority electrons by the majority hotes,
can be satisfied only fdd,> 10 cm™3. The value obtained
for the acceptor density is approximately an order of magni-
tude higher than the donor density imsamples at which
complete dragging of the minority electrons by the majority
holes turns out to be possiblelwo factors determined the
increase in the threshold level for complete dragging of the
doping level inp-type samples. First, the values found for
1ob I mnp Were found to be somewhat higher but close to the upper

, I values of the mobilityu,, determined in Ref. 1. Second,
, complete dragging im-type material is determined by the
inequality upn<m,, and sincew,<u,, it should be ex-
pected at the outset that the appearance of this effect will be

10*

10°

1= — L 4 impeded inp-type silicon.
70" 10 7‘_7;’ 170" This work was supported by the Russian Fund for Fun-
N, cm damental Research under projects Nos. 95-02-05767 and 96-
02-17902a.

FIG. 1. Mobility u,, versus the density of the majority charge carriers in
p-silicon. Points:1-5 — our experimental values qi,, for samples 1-5
(see Table), 2’, 3', 4 — the values ofu,, found for the samples 2, 3, and

4 in calculations using the published valuesmf10 Curves a — Mobility 1T, T. Mnatsakanov, L. I. Pomortseva, V. B. Shuman, and E. G. Guk, Fiz.
of the majority charge carrierholes according to the data in Ref. 8; b — Tekh. Poluprovodn29, 1554(1995 [Semiconductor29, 808 (1995].
values obtained fop,,, by extrapolating the data in Refs. 11 and 12 using 2R. A. Hopfel, J. Shah, P. A. Wolff, and A. C. Gossard, Phys. LB.
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Effect of tin impurity on the photoconductivity kinetics of thin amorphous layers
of arsenic selenide

M. S. lovu, E. P. Kolomeiko, and S. D. Shutov

Institute of Applied Physics, Academy of Sciences of Moldavia, 277028 Kishinev, Moldavia
(Submitted July 1, 1996; accepted for publication November 20, )1996
Fiz. Tekh. Poluprovodr3l, 836—840(July 1997

In thermally sputtered ASe; and AsSe + 0.1 at. % Sn films the tin impurity strongly

influences the photoconductivity kinetics under stepped optical excitation. The tin quenches the
“spike” on the section of increasing photocurrent, eliminates the dependence of the form

of the decrease on the excitation intensity, and leads to a temperature-dependent delay in
recombination onset. The effect of the impurity is attributed to an increase in trapping in

deep localized states produced by the introduction of tin.1997 American Institute of Physics.
[S1063-78287)01907-9

1. INTRODUCTION glass substrates. The samples had a sandwich configuration
with two sputtered electrodes, of which the top electrode was

Iti Ik hat i ities h I k eff o o ; :
tis well known that impurities have only a weak effect alf-transmitting. The photoconductivity was excited by light

on the electrical characteristics of chalcogenide glassy semj)- . ] .
conductors(CGSg, if the impurities are introduced during ro_n; a L_GN'1_08 hellum-neon Iaser,_ a photoshutt_er with a
0™ * s triggering time was used to interrupt the light. The

the thermal synthesis of the glass. However, in the case ; _ T N S
“cold” doping (modification, when the material is not in :,Uittinsi);ﬁtf)rtzégghﬁ;% 1%1“;2 : d ditﬁgzg b?”ﬂﬁﬁ:;ﬁ;d
thermal equilibrium, some impurities, for example, Ni and(q):3><1014 cm2.5°%) was produced by light from a

Fe in AsSe, are electrically activé.An impurity in ther- . . . X
mally sputtered amorphous films of CGSs, which are Char[(GM—lOO incandescent lamp. To obtain uniform optical ex-

acterized by a higher degree of structural disorder than bulﬁ'tayon n the sgmplg, the light was passeq t.hrough an ar-
glasses, is of practical interest. For example, modification openic selenide film filter. The photoconductivity relaxation

arsenic selenide with Bi and Sn impurities has no effect orfurves were recorded with a time constant not exceeding 0.3

the position of the Fermi levélwhereas in sputtered amor- S ona END_IM 622 01 X-Y plotter using an US-11 electro-
phous films AsSeBi, (x=0.001, 0.01, and 0.1) substantial metric amplifier.

changes have been observed in the optical properties and

electrical conductivity, indicating that these films have a mi-

croheterogeneous cluster structéi®imilarly, the photocon- 3. EXPERIMENTAL RESULTS

ductivity in thermally sputtered A$eSn, (x=0.1-3.5 . . . o
at. 99 films is much higher than in bulk glass samples of the The nonstationary photoconductivity with the excitation

same composition with a low dark conductivity. The use ofSWitched on and off in AsSes and AsSeSn films is shown

As,Se,Sn layers in film structures for electrographic record-n Figs- 1a and 1b, respectively, for room temperature and
ing of optical information increases substantially the photo-three light |nten5|t|e§. AS one can see, _the characte_r qf f[he
electric sensitivity"* Measurements of the time of flight in photocurrent relaxation changes appreciably when tin is in-

As,Se,Sn films have recently establistettiat adding tin to f[roduce_d. In thg undoped material the photocurrent on the
As,Se, substantially increases the drift mobility and slows Ncréasing section passes through a maximum before reach-

down recombination. Our objective in the present paper is td"9 & stationary stateso-called “spike”), while in films con-

show that adding tin in small amounts also changes appréaining tin the photocurrent increases monotonically up to a

ciably the parameters of the photoconductivity reIaxationStationary value. Substantial differences are also seen in the

process in AsSe, films. The photoconductivity kinetics was decay of the photocurrent after the light is switched off. In

investigated with stepped optical excitation, which, togethef /9- 2 the sections of decreasing relaxation in the experimen-
with a drop in photoconductivity, makes it possible to ob- tal sample are presented in a double-logarithmic scale. As the
serve an increase in photoconductivity as well intensity of the light increases, the character of the decay in

the doped samplegurves1-3) remains almost unchanged,
whereas in the undoped £8g; films (curves4—6) the pho-
tocurrent decreases rapidly, especially in the final part of the
Tin was introduced in an amount of 1 at.% into the dropoff (for t>2 s). The tin “switches off” the effect of the
charge during thermal synthesis of the initial material forgeneration intensity on the decay rate and gives a power-law
sputtering. Synthesis was conducted by melting the charge idecay in the entire experimental time inter¢glg. 3). Con-
an evacuated quartz cell followed by holding at a temperaversely, in undoped films the relaxation rate, which at first is
ture of 1100 °C and slow cooling with the furnace switchedhigher, gradually slows down, approaching the values char-
off. As,Se; and A$SeSn films of thickness 1.5-10.4m  acteristic of the tin-containing samples and the same varia-
were obtained by discrete thermal sputtering in vacuum otion with time. From Fig. 3 one can also see that the instan-

2. EXPERIMENTAL CONDITIONS
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FIG. 1. Photocurrent relaxation in A4S (a) and AsSeSn (b) films (L=10 wm) with the light switched on and off . The curves are normalized to the
maximum value of the photocurrent. The temperature equals 288 End 290 K(b). Excitation intensityF, cm 2-s%: 1,4 — 10'%, 2,5 — 10'% 3,6 —
10,

taneous value of the decay time in the tin-containing sampleconductivity in CGSs has attracted attention many times
is always higher than in the undoped samples. and has often been attributed to charge redistribution near the
A change in temperature has the opposite effEi. 4  electrodes. However, it was shown in Refs. 8—10 that the
from that of a change in the light intensity on the decayspike in the increasing section follows naturally from a
kinetics of the photocurrent. An increase in temperature submodel of repeated capture with sufficiently high generation
stantially increases the decay rate in the tin-containing film$evels, when bimolecular recombinatiBMR) becomes the
(curves1-3) and its effect on the decay in undoped samplesdetermining mechanism. The spike is due to time-dependent
is comparatively weaKcurves4—6). At a sufficiently high  nonstationary recombination, whose intensity changes with
temperature T=350 K) the decay rates in undoped and the density of the captured nonequilibrium holes. These
doped films approach one another. Therefore, increasing theodel predictions have been confirmed experimentally for
temperature of the sample eliminates the relaxation delagrsenic selenide films° After excitation is switched on, the
due to the introduction of the tin impurity. Constant illumi- relaxation of photocurrent on the increasing section is deter-
nation, acting even after the main excitation is removed, hamined by capture in localized states with an exponential en-

a similar effect(Fig. 5). ergy distribution and grows monotonically according to a
power lawi g, = t%, wherea is the so-called dispersion pa-
4. DISCUSSION rameter @¢<<1), which depends on the temperatiirand the

A satisfactory interpretation of the relaxation of photo- _charactenstld'o of the quasicontinuous distribution of local-

conductivity in amorphous ASe, can be obtained in a ized statesaw=T/Ty. A spike appears under conditions of

. . . trong recombinationBMR), if the recombination rate is
model of repeated capture in deep traps, quasmontmuousﬁ/

distributed in energy in the mobility band gap in glassy igher than the capture rate, even when traps are not filled.
semiconductor8-8 This model also makes it possible to un-
derstand other nonequilibrium processes which are specific
to CGSs, such as dispersion transport and induced optica 7 gf
absorption. Analysis of these processes leads to an exponer -
tial energy distribution of the density of localized states
0(E)=(N,/kTy)exp(—E/KTy), whereN; is the total density
of localized states, and is the distribution parameter. For
As,Sg, in the energy intervaE=0.2—0.6 eV above the
edge of the conducting statekT,=0.05 eV and
N,=<1.4x 10'® cm 32 For this reason, we shall adopt this ™
model as the basis for discussing the results on photoconduc f
tivity relaxation, under the assumption that it is true for | 4
As,Seg films and with the goal of determining the changes , . . L .y
that occur upon the introduction of tin impurity. 0'021 2 5 10 20 50
As we have already mentioned, the most noticeable fea- t,s

ture of the section with increasing photocurrent in,8& o
(Fig. 1) is the unusual “spike-like” character, observed un- 7'G: 2~ Photocurrent relaxation in ASgSn (1-3 and AsSe (4-6

. . . i samples with light switched off with different excitation intensify,
der certain conditions, of the relaxation, which does not hapgm-2.51. 14— 10% 2.5— 10 3,6— 102, The temperature equals 290
pen in samples with tin. The spike-like kinetics of the pho-k (1-3 and 288 K(4-6).

wh 2 arb. units

0.1
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Analysis of the decay of the photoconductivity from a
stationary state after the light is switched off in the repeated-
capture model leads to a power-law time dependence of the
nonstationary photocurrent, consisting of three sections on
which the decay rate increases gradu#llyn the initial de-
cay section the delocalized-carrier density decreases due to
the capture in localized states aing o t~*~%). In the inter-
mediate decay section, which is observed with sufficiently
high generation intensities, bimolecular recombination pre-
dominates and the photocurrepj « t~ 1. In the final decay
section monomolecular recombination dominates and decay
accelerated,, « t~(1*)_ The time of the transition from the
initial section to the intermediate section corresponds to the
FIG. 3. \Varaton of the instantaneous relaxation time ONS€t of bimolecular recombination; i.e., the onset of this
Tinst= —ipn/ (dipn/d1) @s a function of the decay time of the photocurrent in mechanism depends strongly on the generation intensity and
As,Se;Sn (1-3 and AsSe (4-6) samples with different excitation inten-  js comparatively insensitive to the temperatiiteis deter-

2‘“’ FI ‘;’;‘(_)2‘51_15 14 d_zégli 2'56— 10'%; 3,6 — 10 The temperature  mined by the temperature dependence of the drift moBjlity
quats K1-3 an (4-6. In contrast, the moment of the transition to the final section
(MMR) does not depend on the light intensity, it exhibits an
activational temperature dependence and is also described by
This is confirmed by the fact that the spike vanishes whenhe expressiorl).
the excitation intensity decreases as a result of a transition The features noted above can be seen in the decay kinet-
from the bimolecular to a monomolecular recombinationics of the photocurrentFigs. 2—4. Just as in the growth
(MMR) mechanism. The absence of a spike in the increasinginetics, tin slows down the relaxation in all cagexcept at
section of the photocurrent in samples with tin indicates thathe highest experimental temperature of 345 K, Fig. 4, curve
capture is intensified, since the generation of photocurrers). The relaxation rate is higher in the undoped samples in
carriers under the same excitation intensities is balanced biye entire experimental temperature inter¢gig. 3). This
capture and not recombination. means that earlier stages of relaxation are seen experimen-
According to the calculations in Refs. 9 and 10, the timetally in undoped AsSe; films than in samples containing tin.
t’ at which the recombination starts to predominate oveln contrast to tin-doped samples, the form of the decay for
trapping in the photocurrent kinetics is proportional to theundoped samples depends strongly on the generation inten-
total densityN; of localized states sity (Fig. 2, curvesl-3). This shows that the acceleration of
r_ Vo the decay in the interval 1-10 s occurs because here recom-
t=7o(Ni/Ne) (7 70)™, @) bination )[/)redominates over captuifer high intensities —
where 7, is the hole lifetime with respect to trapping in all BMR, for low intensities — MMR. This is confirmed by the
localized states. is the density of delocalized states, and behavior of the photocurrent on the increasing sectfig.
g is the lifetime of nonequilibrium holes with respect to 1g), where the spike disappears as the generation intensity
recombination. As one can see from Fig. 1, adding tin in-decreases. The moment of onset of intense recombination
creases this time by a factor of 248n the increasing sec- can be estimated from the kink in the cuéFig. 2: ~1 s
tion). (for intensity Fy and T=290 K).

1.05'
2 %) 0.5}
c = 3
jm 3
g g 5
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o :7
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FIG. 4. Photocurrent relaxation on the decay section is&&sSn(1-3) and FIG. 5. Photocurrent relaxation on the decay section igS&sSn samples

As,Se; (4-6) samples at different temperatur€sK: 1 — 290; 2 — 313; under different conditions of constant illuminatich, cm 2.s7%: 1 —
3 — 345;4 — 288;5 — 304; 6 — 341. The excitation intensitf = 10" 3Xx10' 2 —3x10'% 3— 2.7x10™; 4 — 9% 10'% 5— 0. Temperature:
cm 2.5t 290 K.
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As noted above, later stages of excitation are seen exbond, and the § electrons can play the role of deep donors.
perimentally in the tin-doped samples. The prolonged hyperAnother possibility is photoinduced charge exchange on tin
bolic decay(Fig. 3, curvesl—3) and the weak dependence on impurity centers Sh"= Sr?™ with capture of the electrons
the generation intensity and quite strong temperature depen the tin centers.
dence(Fig. 4) show that capture in deep states dominates in
tin-doped samples. The demarcation energy, below which. CONCLUSIONS

0
these states fie Tin impurity introduced into CGSs during thermal syn-

E, (1)=KT IN[(Ns/Ny)(t/79)], (2)  thesis has a much stronger effect on the nonstationary char-
acteristics of the photoconductivity than on the equilibrium

can be approximately estimated from the kink points on the o . :
curves1-3 (Fig. 4). If it is assumed that the capture time in parameters. This influence is based on the increased role of

all traps isTy= 10 12 s, then it follows from Eq(2) that the capture in deep localized states, which apparently appear as a

; . . result of the introduction of tin. Intensification of capture,
demarcation energy lies near the Fermi lefalout 0.85 ey which determines the slow initial relaxation stages which are
and the density of states is very higfN/N,)=10?]. 9

) . . . specific to CGSs, results in a delay of recombination onset in

The kink points correspond to the onset tideof in- . o .
L : : .doped samples and increases the lifetime of the photoexcited
tense recombination. As one can see, these times in the tin- L . .
séate after the light is removed. Since the real onset times of

doped samples are several times longer than in undOpemtense recombination reach several seconds and several tens
samples{' =25 s atE=290 K). These times decrease with

) . . f seconds, doping is helpful from the standpoint of increas-
increasing temperature. The temperature dependence in i the photosensitivity of electrographic devices for record-
(1) includes, in addition to the exponentd the temperature 9 P y grap

dependence of the drift mobility as wéllThe delay of re- ing of optl_cal information based on CGS ﬂl_m structgres._
T : : : S We wish to thank V. I. Arkhipov for interest in this

combination with the introduction of 1.0 at. % tin in #/&e stud

3 was also observed in time-of-flight experiment€lose y:

values were obtained for the times corresponding to the onset

. . . B. T. Kolomiets and V. L. Averyanov, ifPhysics of Disordered Materi-
of intense recombinatio2.3 and 11.8 s for ASe; and als, N. Y., 1985, p. 663.

As,SgSn, respectively 2N, P. Kalmykova, T. F. Mazets,.BA. Smorgonskaya, and K. D. Tisein,
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Study of submicron deposits in polycrystalline materials using the internal-friction
method

Yu. N. Andreev and N. P. Yaroslavtsev

Voronezh State Technical University, 394026 Voronezh, Russia

M. V. Bestaev, D. Ts. Dimitrov, V. A. Moshnikov, and Yu. M. Tairov

St. Petersburg State Electrical Engineering University, 197376 St. Petersburg, Russia
(Submitted November 18, 1996; accepted for publication November 25) 1996

Fiz. Tekh. Poluprovodr31, 841—-843(July 1997

An internal friction method is proposed for investigating the kinetics of impurity deposits on

grain surfaces in polycrystalline samples. The possibilities of the method have been tested on
polycrystalline, gas-sensitive, tellurium-doped layers of tin dioxide. 1997 American

Institute of Physicg.S1063-782807)02007-3

Polycrystalline semiconductor materials are now beingsensitive to precipitation of microinclusions. The objects of
used extensively in microelectronics, optoelectronics, andhvestigation were gas-sensitive, doped, tin-dioxide-based
sensor electronics. Reproducible properties are difficult tdayers'® The experimental data on the change in the electri-
obtain in polycrystalline samples because of the effect otal properties, sensitivity, and selectivity of tellurium-doped
structural features associated with intergrain boundariesamples are explained by redistribution of the impurity.
(IGBs). Depending on the type of IGBs and the character of  Tin films were deposited on 22KhS ceramic substrates
their interaction with the dopants, the properties of the semiby the method of thermal vacuum sputtering. The substrate
conductors can differ sharplyThis is especially strongly temperature was held at 150 °C, which made it possible to
manifested in the properties of devices such as gas-sensitiavoid the formation of drops of condensate. Two types of
sensors, luminophors, photodetecters, and light emitters. Micharges were used to regulate the tellurium content: pure tin
crosegregation and precipitation of impurities on IGBs makeand tin telluride obtained by the iodine methddrraces of
it possible to control the gas sensitivity and selectivity ofiodine make it possible to obtain a more developed granular-
adsorption semiconductor sensors. The kinetics of segreg#ty of the films. The impurity content was fixed by mixing
tion and precipitation predetermines the degradation propethe compositions of the two initial charges. The uniformity
ties. of the phase composition was monitored by an x-ray diffrac-

Different models are used to describe segregation: harion method using the technique described in detail in Ref.
sphereg,structural unit electric! molecular dynamicsand  12. Tin dioxide was obtained by oxidation in two stages. The
local electronic sheefsThe role of the impurity precipitating low-temperature annealing stage corresponded to 210 °C and
on a grain boundary in changing the selectivity with respectasted for 6 h. The high-temperature stage varied in duration
to an adsorbed gas is studied in Refs. 7 and 8. The experirom 6 to 30 h and was conducted at a temperature of
mental investigations of segregation and precipitations of im-
purities are performed, as a rule, by an electron-probe or
other method of surface analysis. Although these methods

yield a great deal of information when the probe falls di- 10 ” 12
rectly on the surface of an IGB, their transverse resolution
strongly limits their applicability’
Our objective in the present paper is to evaluate the pos- S J,. /9
sibility of using other integral physical methods which are 5
“““““ -1
7 I ‘}/ 8
)
l
17 23 9 5\ | 74
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FIG. 1. Diagram of the oxidation setup.— Precision regulation valvg;
3 — bubblers;4 — quartz tube5 — furnace;6 — substrate — bubbler FIG. 2. Diagram of the setup for measuring the temperature dependence of
with deionized water8 — furnace;9 — output neutralizing bubbler. the IF by the inverted-pendulum method. Explanations are given in the text.
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samples obtained in a single technological cycle at the stage
of deposition of the tin layer and low-temperature oxidation.
101 It was found that in the tellurium-doped samples, in contrast
to the samples obtained from pure tin, in the process of high-
temperature oxidation an IF peak appears at temperatures
close to the melting point of tellurium. The intensity of the
peak increases by a factor of 12 as the annealing time in-
creases from 6 to 30 h.
2 These results can be interpreted as a change in the tellu-
rium distribution in the polycrystalline samples. The absence
4} of an IF peak(Fig. 3) in the case of a short treatment time
attests to the presence of tellurium bonds characteristic of
1 SnTe (melting point 805 °Q. As the annealing time in-
2} creases, the tellurium diffuses to the grain surfaces, where it
precipitates in the form of a second phase. Figure 3 also
shows the temperature dependence of the IF for a sample
annealed for 30 h. It should be noted that in a number of
samples the maximum of the peak was displaced to lower

0-1" 103

1

275 325 375 425 475 T,C

FIG. 3. Temperature dependence of the IF in tellurium-doped tin polycrys-temperatures'
talline films on ceramic substrates— Before annealing2 — after anneal- In summary, the IF-based method can be used to analyze

ing for 30 h at 450 °C. the kinetics of microsegregations and precipitates in poly-
crystalline samples. Compared with the electron-probe
method, this method can be used to determine submicron

450 °C. Oxidation was conducted in a controlled atmo_precipitates in the entire polycrystalline layer formed.

sphere. The arrangement of the apparatus is shown in Fig. 1.
The oxygen pgrtlal pressure \{vas V"?lr'e(_j from 0.1 f[O 9'2 ‘T"tm'lG. Harbeke[Ed.], Polycrystalline Semiconduction. Physical Properties
As a physical method for investigating the redistribution and Application. Proc. Int. School of Materials Sci. and Technol. at the
of tellurium between the volume and the grain boundaries, Etore Majorana CentreErice, Italy, July 1-15, 1984, Springer Verlag,
we employed the internal-frictiofiF) method, which was ,N- Y- 1985[Russian transl., Mir, Moscow, 1989
. . . H. J. Grost and F. Spaepen, J. Physig3e73 (1982.
previously successfully used to study inclusions of a secondy, vk A P. Sutton. D. A. Smith. and R. C. PonGrain Boundary
phase in semiconductot®;*® The method involves measur-  Structure and KineticsA. S. M., Metal Park, 1980.
ing the temperature dependence of the IF by the inverted-;‘R w. B_éli(I_uttL P-hD. Bristgwg, e(ingsczi. P. Sun, J. Amer. S8£.29 (198D.
[ V. Pontikis, J. Physiqud3, 65 (1 .
pendullum method. The arr:_;mgement of the_apparatus is |”USgC. L. Briant and R. D. Mesmer, J. Physiqd8, 255 (1982.
trated in Fig. 2. The experimental sample is secured at Oner. s Morrison, Sensor and Actuatci8, 425 (1987).

end to bas@ by a collet2. A collet 4 with the pendulun® is 8L. Horer, Polprgzewodnikowe materialy ceramiczhe z aktywnymi grani-

secured to the other end of the sampleA ring 6 of ferro- 9Ea2i 'Z:falgicami Zig“JJWWaTSGaW; P\(/jVNx 19tg?- Csurt A Thin Eil
. i . C. Feldman and J. W. MayeFundamentals of Surface an in Film
magnetic material is placed on the top of the pendUIum' Analysis, North Holland, N. Y., 1986[Russian transl., Mir, Moscow,

Coils 7 and8, which are connected via the switch@gither 1989
to a low-frequency generat@ or to an amplitude discrimi- '°M. V. Bestaev, D. Tr. Dimitrov, V. A. Moshnikov, and Yu. M. Tairov, in
natorll, whose output is connected to the electronic counter SnGg Based Gas Sensitive Sensor. Abstracts E-MRS 1996 Sprlng Meeﬂng,

; ; : Strasburg, France, June 4-7, 1996, B-1.
12, are a_'rranged Symmetrlca”y r!ear the r@gln the,flrs_t 1R, Assenov, V. A. Moshnikov, and D. A. Yaskov, Cryst. Res. Technol.
case, coils” and8 are used to excite mechanical oscillations 1 1553(1986.
of the pendulun® by the interaction of the magnetic field of 2N. 1. Dolotov, A. B. Zilberman, Yu. A. I'in, A. V. Mokhin, V. A. Mosh-
the coils with the ferromagnetic ring; in the second case 13{‘/'k<|>VyM ?ndkla_- A-NYas‘kgv, Nelrorg- MatSeBIO, Fl{\los 1, 83((319§4)i3 i

. . L itrokhin, N. P. Yaroslavtsev, S. |. Rebeza, . S. Pes

they are l_'lsed as a sensor for dlsplacements of the&lm N. V. Izmailov, Inventor’'s Certificate, 105/42 SSSR G01N11/1685.
heater13 is placed near sample 1. The elements 1,2,4-8,18\. v. 1zmailov, Yu. L, Ilin, V. A. Moshnikov, V. V. Tomaev, N. P.
are placed in an airtight containdd, from which air is Yaroslavtsev, and D. A. Yas'kov, Zh. Fiz. Khini2, 1370(1988.
pumped out in order to decrease the damping of the OSCillal-sB- M. Darinski and N. P. Yaroslavtsev, Vysokochistye Veshchestva, No.
. 3, 80(1990.
tions of the pendulun®. (1990

Internal friction measurements were performed onTranslated by M. E. Alferieff
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Mechanism of electroluminescence of porous silicon in electrolytes
D. N. Goryachev, O. M. Sreseli, and L. V. Belyakov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted November 19, 1996; accepted for publication November 25, 1996
Fiz. Tekh. Poluprovodr31, 844—847(July 1997

A generalized model for the appearance of visible- and infrared-range electroluminescence of
porous silicon in contact with an oxidizing electrolyte is proposed. According to the

model, visible-range electroluminescence arises as a result of bipolar injection of electrons and
holes from the electrolyte into electrically insulated quantum-well silicon microcrystallites,

while infrared-range electroluminescence is due to monopolar injection of holes from the
electrolyte into macrocrystals. A mechanism of electron injection from the electrolyte is

proposed. It is concluded that the character of the electroluminescence should not depend on the
magnitude and even the type of conductivity of the silicon substrate19@7 American

Institute of Physicg.S1063-782807)02107-§

1. INTRODUCTION the high-resistance formations. Furthermore, it is very likely
that many PS fragments have no electric coupling with the
Porous silicon(P9 is attracting the attention of many substrate at all and are separated from it by layers of silicon
investigators largely because of hopes for producing PSexide. One would think that no electroluminescence should
based solid-state electroluminescence structures operating lie observed at all under such conditions, which is at variance
the visible region of the spectrum. However, the results obwith the actually observed EL quantum efficiency, equal to
tained in this direction remain very modest. Much better re-10~2—10"3.
sults have been obtained in PS—electrolyte systenihe In the present paper we construct a generalized model of
investigation of processes occurring at the PS—electrolyte incurrent passage and EL in the system under study. The pro-
terphase boundary makes it possible, in our opinion, not onlposed model explains the entire spectrum of phenomena ob-
to increase the intensity of the electroluminescefitie) in served at the PSexidizing electrolyté boundary. The high
such systems, but also to clarify the nature of limitations orEL efficiency in such a system as well as the nature of the
the EL intensity in solid-state structures. differences in the EL obtained with a liquid or solid contact
Light emission from a number af-type semiconductors to the PS become understandable.
with a smooth surface, for example, GaP and GaAs, which
are employed as the cathode in an electrolytic cell has been
studied in detaif It arises as a result of radiative recombi- 2~ EXPERIMENTAL DATA
nation of conduction band electrons which enter the semi- In Constructing the model we relied on previous|y pub_
conductor from the external current source, with holes in4ished results and new data. The main experimental facts are
jected in the valence band of the semiconductor from thes follows.
electrolyte side. An energetic oxidizer, for example, calcium 1. Electroluminescence of porous silicon, miype sub-
persulfate or hydrogen peroxide, was therefore introducedtrates, in contact with an oxidizing electrolyte and with a
into the electrolyte. During the passage of a current, the oxicathode biagminus on silicon is characterized by a wide
dizer ions (molecules trap electrons from the conduction emission band in the physical region of the spectrum, similar
band of the semiconductor and are converted into short-livegh a photoluminescence bah&?
ion radicals, which possess strong acceptor properties and 2, We performed a series of experiments with PS
are capable of extracting electrons even from the valencgamples grown op-type silicon substrates. It was found that
band of the semiconductor or, in other words, inject holesn this case, in electrolytes containing persulfate, visible-
into it. range cathodic EL is observed at virtually the same currents
This point of view is also valid for P$.However, at  as in the case afi-type silicon but with higher values of the
present, the construction of the model of EL in a PS—electrode potential.
electrolyte system is incomplete and it contains many un- 3. Together with visible-range luminescence, radiation is
clear elements. The main one is the mechanism of currergresent in the near-infrarg¢R) region of the spectrum. The
passage in the system. The PS microcrystallites do not exposition of the maximum of this band corresponds to the
ceed several nanometers in stz&s a result of the quantum- position of the peak of the electroluminescence of the
size widening of the band gap, these microcrystallites ar¢bulk silicon)—electrolyte interface, but the band itself is
high-resistance formations. According to experimentalwider and more intensé.
estimate$, the resistance of PS microcrystallites can be six 4. In the investigation of the kinetics of visible-range EL
to eight orders of magnitude higher than that of bulk siliconin the system under study a substantial delay was observed
(substratg Filling the voids in the PS, an electrolyte with a between the start of the current pulse and the appearance of
resistivity of about 1d2 - cm should nearly completely shunt EL. This suggested that some current bypasses the microc-

716 Semiconductors 31 (7), July 1997 1063-7826/97/070716-03%10.00 © 1997 American Institute of Physics 716



rystallites through the substrateo-called bypass currarit  electrochemical potential of atomic hydrogen2.1 V rela-
Further investigations of the kinetics of the IR band of ELtive to the standard hydrogen electro&HE))'° with the
showed that the delay times of the IR pulses are shorter thgposition of the Fermi level in silicon shows that with respect
those of the visible-EL pulses. In both bands the delay time$o silicon and PS atomic hydrogen is an exceptionally active
decrease with increasing current density. donor and therefore it can inject electrons directly into the
5. Cathodic polarization curveslependence of the cur- conduction band of PS:
rent density on the cathode potentiah the system PS—
(persulfate electrolypeare characterized by the presence of H°—H"+e". (4)
regions of flattening, indicating that besides the cathodic re- ) ] .- )
duction of persulfate ions, there is an additional chemical 4 The ion radicals (SQ™" are also capable of diffus-
reaction 9 An example of such a reaction is the discharging'ng in the ele_ctrolyte. Re.achlng the_ surface of quantum-well
of hydrogen ions, which are always present in the e|ectr0|ytén|crocrystalIl_tes, they |njlect holes into the vaIencg band of
because of the dissociation of water molecules. Hydrogef1€S€ formations according to the reacti@. The microc--
gas release starts at the cathode and visible-range EL appe£\¥§t?”'t?5 remain electncally neu_tral and blpolar carrier in-
at the same tim@a point which is especially important. chtlon _mto the_ mlcrocrystallltes via the reactiof® and(4)
6. The electric resistance of the PS—water electrolyt&IVes rise to visible-range EL. 3
contact is high. The introduction of organic solvents, which 1€ use of lower-viscosity and more hydrophilic electro-
improve the wetting of the PS surface, into the electrolyteYt€S (for éxample, introducing acetone into the electrolyte
decreases this resistance by more than a factor of 20, and t§&/€S the best wettability of PS and contact between the elec-
resistance approaches that of the contact of a water electrf©!Yte and a larger number of microcrystallites and therefore
lyte with a smooth silicon surface. Furthermore, under thesiMProves the conditions for the appearance of visible-range
conditions EL arises with much lower cathode potentials. InEL-

a number of cases EL was observed only in the presence of It is obvious that the visible-range EL should not depend
organic additives in the electrolyfe. on the resistance of the microcrystallites. Furthermore, it

should not depend on the resistivity or the type of conduc-
tivity of the silicon substrate on which the porous silicon was
grown. This is confirmed by experiments with samples of PS
Summarizing these results, we can imagine the mechasn p-type substrates.
nism of charge transport and the appearance of EL in porous The fact that current-carrier transport to PS particles is
silicon at the boundary with a persulfate electrolyte as a seef an ionic, rather than electronic, character explains the long
ries of successive processes. delay times observed for luminescence relative to the current
1. Because of the current present in the system, ion radpulse® The appearance of EL is associated with the accumu-
cals are produced at the surface of the silicon substrate and lation of a sufficient number of ion radicals and hydrogen
macrocrystals without a quantum well, which are electricallyatoms, as well as with their diffusion time from the electrode
coupled with it, according to the reaction to the microcrystallites. The drift velocities and diffusion
2— | - o- 2— rates of ions in the electrolyte are several orders of magni-
(508)" +& —(SO)™ " +(SQ)™, @ tude lower than the carrier drift velocities in solids.
where (SQ)®~ are the ion-radicals formed. In accordance In the case of IR luminescence, the preliminary produc-
with Ref. 4, the ion radicals inject holes into the silicon tion of atomic hydrogen is not required and the EL delay
according to the reaction times are shorter. Increasing the current density in the system
(SO,)®~ —(SO,)% +h*. ?) accelerates the produ_ction of the required components and
decreases the delay times.
In the process an IR-range EL band arises as a result of the  One would think that in an electrolyte a direct charge-
radiative recombination of holes with conduction-band elecexchange reaction can occur between hydrogen atoms and

trons in the substrate and macrocrystals. The higher intensifgn-radicals, eliminating potential charge carriers to PS par-
of this EL, as compared with the EL of bulk silicon, is ex- ticles:

plained mainly by the strongly extended surface of the mac-

3. DISCUSSION

rocrystals. €

2. When the negative potential of the electrode is suffi- r (5)
ciently high, reduction of hydrogen ions starts and, in addi- ~ H°+(804)®~—(S0,)*~ +H".
tion to ion radicals, hydrogen atoms are formed according to
the reaction However, by virtue of the Franck—Condon principte,

H 4o —He 3 the probability of such a direc_t.reaction in an electrolyte is

’ much smaller than the probability of a reaction between the

where H is a neutral hydrogen atom. Subsequently, somesame patrticles adsorbed on the surface of an electrically neu-
hydrogen atoms combine to form molecules, and hydrogefral solid!? The energy stored earlier in these particles is
gas release is observed at the electrode. released in the form of radiation and heat.

3. Other hydrogen atoms, which diffuse in the electro-  In summary, the proposed model presumes that charge-
lyte, are adsorbed on the surface of electrically neutratarrier transport to PS particles is ionic in nature and that
guantum-well microcrystallites. Comparing the standardthere are two mechanisms of current-carrier injection from
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the electrolyte into the PS — monopolar and bipolar. Mo-it results only in shunting of fragments of the microporous
nopolar injection(only holes gives IR-range EL while bipo- silicon.

lar injection gives visible-range EL. This work was supported, in part, by the Russian Fund
for Fundamental Research under grant No. 96-02-17903, by
4. CONCLUSIONS INTAS under grant No. 93-3325-ext, and under the program
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Excitonic effects in the photoconductivity of quantum-well Ga xIN1_, As/InP structures
M. F. Panov and A. N. Pikhtin

St. Petersburg State Electrical Engineering University, 197376 St. Petersburg, Russia
(Submitted November 20, 1996; accepted for publication November 25, 1996
Fiz. Tekh. Poluprovodr31, 848—850(July 1997

The photoconductivity spectra of quantum-well structures consisting of 50 alternating 7 to 12-mm-
thick Gagln,_,As (x=0.47) layers forming quantum wells and 10 to 15-nm-thick InP

barriers have been investigated. Characteristic excitonic pedaks 11, 13H, 22H, and 22

were observed in the high-quality structures. A strong temperature dependence was found

for the 1 exciton, while no such dependence was observed for any of the other excitons. This
is explained by the fact that the Histate of an exciton falls in the range of energies

which are forbidden for free carriers, while the remaining states are resonance states and overlap
with the continuous spectrum. The thermal activation energy of photoconductivity was

found to be 156830 meV, much greater than the exciton binding energy and close to the depth
of the potential well for electrons. This shows that the photosensitivity is due to above-

barrier charge-carrier transfer and that the tunneling transfer between the wells is negligible.

© 1997 American Institute of PhysidsS1063-782807)02207-3

The lattice parameters of the solid solution,(Ba_,As close to the technological value. This value corresponded
with x=0.47 are close to those of InP. Because of this cirto the excitonic band gapEy,=0.747 eV at 300 K
cumstance, the composite quantum-well structures based dor the three-dimensional (3D) solid  solution
them are of great value for modern electronics and optoeledsaIn, _,As, which is lattice-matched to Inf® The com-
tronics and they are of great interest as model objects foputed energies for the corresponding excitonic transitions are
investigations. marked by arrows in Fig. 1. They agree well with the experi-

The structures investigated by us were obtained bymentally observed values. We note that in addition to the
molecular-beam epitaxy and are a classical example of transitions 11 and 22, which are allowed by the selection
composite undoped superlattice with weakly coupled quantules, there is a weak transition 13, which was also observed
tum wells (so-called MQW structur¢gs The in Refs. 1 in the absorption spectra at 20 K.

Galn,_,As layers forming the wells were 7—12 nm thick The fact that at low temperature the lower excitonic state
and the InP barriers were 10—15 nm thick. The number ofloes not appear in the photoconductivity spectra is under-
layers was equal to approximately 50. The period and qualitgtandable in principle: Thermal dissociation of the exciton
of the structure were checked by x-ray methods. does not occur and free charge carriers are not produced.

Since the quantum-well structures were obtained on &lowever, detailed investigations of the temperature depen-
semi-insulating InP substrate, the photoelectric measure-
ments were performed with the contacts arranged parallel to
the layers. Contacts of the alloyed type, prepared with a
pulse ruby laser, were usédhe spectra were measured by
the synchronous detection method.

The photoconductivityPCO) spectra in the absorption re-
gion in quantum-well layers for one of the high-quality bar-
riers are shown in Fig. 1. The room-temperature PC spec-
trum (curve 1) contains all features observed previously in 1A ML 134 1L 134 221
the absorption spectfalhe appearance of intersubband tran- S
sitions in the form of maxima shows that they are of an
excitonic nature. The low-temperature PC spectrigurve
2) differs from the absorption spectrum primarily by the fact
that the long-wavelength peak vanishes.

To identify the types of excitonic transitions, calcula-
tions of the size-quantization levels and the interlevel gaps )
were performed in the square-well approximation similarly - 0.60 0.85
to Ref. 3. The difference in the energies for theHland Ay, eV
11l excitons was found to be very close to that of the size-
quantization levels for heavy H) and light (1L) holes. FIG. 1. Phptoconductivity spectrg,, at 29_3 (1) and 85 K(2) and the
Comparing the experimental quanti, = (LA —11L)  Prelecion pecturs 8 9 o 2 utiayer coanvet tuctre
=12.5 meV with the computed values made it possible tQransitions are shown: H(1le—1hh); 11L(le—1leh); 22H(2e—2hh);
determine the well width, which was found to be 11.3 nm,22L (2e—2eh); 13H(1e—3hh).
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FIG. 2. Temperature dependences of the
normalized photoconductivity spectigy,

in the region of the excitonic transitions in
guantum wells. Temperaturd,, K: 1 —
85,2—162,3—191,4— 200,5— 219,

6 — 243,7 — 277,8 — 300,9 — 352.
The arrows indicate the transitions in the
11H state.
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dence of the PC spectra yielded interesting and unexpectezpposite sign are spatially separated, their lifetime is long
results. A strong temperature dependence was observed ordnd they can make a substantial contribution to the photo-
for the 1H exciton, as one can see in Fig. 2. The mainelectric effect.
changes appear in a narrow temperature interval from 140 to To check the presence of a transverse electric field, the
200 K, where rapid growth of the intensity of theHJeak photoreflection of the same structure on which the photocon-
is observed, while the temperature variations are manifesteductivity spectra were measured was measured by the
in the remaining extrema in their energy shift. The relativemethod of Ref. 6. These data are presented in Figutve
intensities of the peaks do not change in this dasé-ig. 2  3). The presence of a strong signal in the region of the elec-
all spectra are normalized to the photoconductivity in thetronic (excitonig transitions in quantum wells and the fact
region of the 1L maximum). that the characteristic features of the photoreflection and pho-

The form and intensity of the characteristic spectral featoconductivity spectra occur at the same energies indicate the
tures corresponding to transitions into excitonic states angresence of a transverse electric field in the experimental
their temperature dependence are determined by the positi@tructure. The field intensity, estimated similarly to that in
of the ground states of the excitons relative to the continuunRef. 7, was found to be of the order of 4®/cm, which
of the allowed energies. For all other excitons thig state  confirms the assumptions advanced above about the mecha-
lies either in or close to (11 exciton the continuum of nism of the formation of the photoconductivity signal in the
allowed free-carrier energies. Such states are resonaneaperimental structure.
states. The lifetime of the excitons in them is short, and no  The relative arrangement of the excitonic and itinerant
expenditure of energy is required to dissociate an exciton.
For this reason, these states exhibit a large broadening.

The thermal activation energy of an exciton was found
from the temperature dependence of the photoconductivity E(11L)
near the (1H) excitonic ground state. It was found to be
unexpectedly high and equal to 1580 meV. This is more Eex(17L)
than an order of magnitude greater than the binding energy
of the 1H exciton (~8 meV) and shows the complicated
character of the formation of the PC signal. Indeed, the value
of the activation energy is close to the offset of the bands in
a lattice-matched heterojunction, which according to data ob-
tained by different authors varies from 0.13 to 0.51 eV for

AN

both electrons and holes. This suggests that at least one car- Eo, (11H)
rier (probably, an electronmust be ejected from a well in E(11H) E (137”)
order for the photoconduction process to be activated. This £(13H) ox

above-barrier carrier is picked up by the tranverse electric
field present near the surface of the structure and enters ei-

the_r other We_ll_S or t_he high-resistance InP layer, chz_anging,G. 3. Relative arrangement of the excitonig.§) and itinerant E) states
their conductivity. Since photogenerated charge carriers of the experimental structure.
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states in the structure is shown schematically in Fig. 3. 3, 1646(1969 [Sov. Phys. Semicon®, 1383(1969]; Prib. Tekh. Ksp.
The character of the spectra and their temperature depenNo. 2, 238(1970.

L L J. P. Laurenti, J. Camassel, B. Reynes, D.t@nacher, K. Wolter, and
dences for other similar structures are similar to those pre- H. Kurz, Semicond. Sci, Technds, 222 (1990,

sented above, but in a number of cases their broadening isp. k. Gaskill, N. Bottka, L. Aina, and M. Mattingly, Appl. Phys. Le86,

much greater, especially for strained, g _,As/InP struc- 1269(1990.

tures. 5T. W. Nee and A. K. Green, J. Appl. Phy88, 5314(1990.
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Lateral association of vertically coupled quantum dots

A. F. Tsatsul'nikov, A. Yu. Egorov, A. E. Zhukov, A. R. Kovsh, V. M. Ustinov,
N. N. Ledentsov, M. V. Maksimov, B. V. Volovik, A. A. Suvorova, N. A. Bert,
and P. S. Kop'ev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted November 20, 1996; accepted for publication November 25) 1996

Fiz. Tekh. Poluprovodn3l, 851-854(July 1997

The modification produced in the structural and optical properties of vertically coupled
Ing sG&y sAs quantum dots in a GaAs matrix by increasing the number of deposited layers of
quantum dots has been investigated. It was shown that the deposition of a sequence of
Ing sGa&y sAs quantum-dot planes separated by narfoivthe order of the height of the

qguantum dotsGaAs layers gives rise to an interaction between neighboring vertically coupled
quantum dots. This interaction shifts the photoluminescence line due to the recombination

of nonequilibrium carriers via states of the quantum dots into the region of lower photon energies.
© 1997 American Institute of Physids$$1063-7827)02307-1

In the last few years there has been great deal of interestnergy is one way to improve the characteristics of semicon-
in objects which are bounded in three spatial dimensions —ductor lasers and makes it possible to shift the lasing wave-
quantum dotgQDs). This stems from a development of a length into the spectral region nearl.3 um, important
method for obtaining QDs based on the spontaneous tran§rom the standpoint of practical applications. In our study we
formation of a thin layer of a single material, deposited onexamined the change produced in the structural and optical
the surface of a different material with a different lattice properties of vertically coupled §rGa, sAs QDs in a GaAs
constant, into islands? Quantum dots formed by depositing matrix by increaseing the number of deposited layers of
a(In, GaAs layer on a GaA$100) surface have been inves- QDs.
tigated extensively. These QDs are characterized by the ab- The samples were grown by molecular-beam epitaxy,
sence of mismatch dislocations and by a high photoluminesperformed in the RIBER-32 system, on Ga&k)0) sub-
cence(PL) efficiency. Injection semiconductor lasers with a strates. The effective thickness of g §&a, sAs layer in each
high characteristic temperature and a low threshold currerdeposition cycle was equal to 12 A and the GaAs layers
density have been produced on the basis of arraydnpf were 50 A wide. The formation of QDs was monitored ac-
GaAs QDs>* cording to the HEED pattern. The number of repeating

The working characteristics of lasers can be substantiallyn, Ga, sAs layers varied from sample to sample in the
improved by using as the active region an array of verticallyrangeN=1-20. The PL was excited with a Arlaser with
coupled QDs(VCQD), i.e., sequences of QD planes sepa-photon energy~2.54 eV and excitation density 100 V/
rated by narrow layers of a wide-gap material. As shown incn? and they were recorded with a Ge photodetector.

Refs. 5 and 6, the QDs in each successive row are formed Figure 1 shows transmission electron microscOpyM)
above the QDs of the preceding row. The interaction of thamages of QDs in a structure witi=20 planes of InGaAs
electronic levels of the QDs in neighboring rows increasesQDs. The lateral dimensions of the QDs equ800 A and,

the localization energy and correspondingly decreases thas one can see, formation of extended conglomerates of over-
probability of thermal transfer of carriers from the groundlapping QDs, which we call lateral association of VCQD,
state of the QDs to higher-lying states. Furthermore, the muleccurs. Moreover, as one can see from the transverse-section
tiplication of the QDs increases the overlapping of the lightimages(Fig. 19, at N=10 the interaction between the clos-
wave with the active region and therefore increases the gaiest QDs has the effect that deviations are observed from the
accompanying a population inversion. Using an array of verstrict vertical alignment for QDs located in the upper layers.
tically coupled QDs as an active region made it possible tBoth factors decrease the distance between the closest VC-
increase the temperature stability of injection lagegach a QDs and result in overlapping of neighboring VCQDs.
characteristic temperatur&€,~400 K in the temperature The PL spectra al =77 K of structures containing a
range 80—170 Kand decrease the threshold current densitydifferent number of planes of InGaAs QDs are shown in Fig.
(Jn~100 Alcn? at 300 K).’ 2. A single line(QD), resulting from recombination of non-

As shown in Ref. 8, in the case of vertical alignment of equilibrium carriers via the ground state of the VCQD, can
several QD layers separated by narr@f the order of the be seen in the spectra of the samples containing 1, 3, and 6
height of a QD GaAs layers, the lateral dimensions of the layers of QDs. Increasing the deposition cycles to 10 results
QDs in the top rows increases and therefore the distance the appearance of a new PL bai@QD) in the spectrum.
between individual QDs in the plane of the structure de-The new band is shifted relative to the line QD in the long-
creases. This can give rise ultimately to lateral interaction ofvavelength directior(Fig. 3), indicating an increase in the
neighboring VCQD and therefore increase the carrier localeharacteristic size of the VCQD. As the number of QD
ization energy. As noted above, increasing the localizatiomplanes is increased to 20, a relative drop occurs in the inten-
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FIG. 1. Thermal-field image of a structure with twenty QD layers in a planar geort@tand light-field imaggb) in a transverse sectiorg & 200).

sity of the band QD and the line CQD dominates the PLbation theory, assuming that the interaction between the car-
spectrum. riers localized in the aligned QDs is wedk® Assuming that
This behavior of the PL agrees with the TEM data, the only interaction is between the energy states of the neigh-
which likewise show that increasing the number ofboring QD layers, the shifAE,,(N)=E;—Ey in the maxi-
Ing sGa, sAs layer deposition cycles results in a lateral over-mum (E,,) of the PL line in a sample withl QD planes with
lapping of the closest VCQD. The combined effect of a de-respect to the position of the maximurg,() of the line in
crease in the height and width of the potential barrier bethe spectrum of a structure with one QD layer can be ob-
tween neighboring VCQD is to decrease the quantum-weltained by equating the following determinant to zero:
energy and shift the optical transition energy to lower values

(Fig. 4. Recombination via the states of the interacting QDs E.—E, A 0 0
leads to the appearance of the CQD line in the PL spectrum. A E,—Ey A 0
The shift of the QD band with increasing number of 0 A E_E A —0
Ing sGa, sAs planes can be described on the basis of pertur- 1 =N Y
0 0 A E,—Ep

a where A=A +A,, andA.(Ay) is the matrix element de-

scribing the interaction of electrongoles localized in

neighboring aligned QDs. The approximation of the experi-
mental curveE,,,(N) by the curve calculated withh =45
meV is shown in Fig. 3. FON>10 a discrepancy is ob-
served between the experimental and theoretical curves. This

is apparently due to the appearance of lateral overlapping of
neighboring VCQD.
cap Figure 5 shows the PL spectra measured at different

5 temperatures for structures with 20 planes of QDs. At
T~10 K, the dominant line in the spectrum is the QD line.
The intensity of this line decreases with increasing tempera-

ture and the line practically vanishes at temperatures above
~80 K. Figure 6a shows the temperature dependences of the
J\\‘_ ratio of the integrated intensities of the QD and CQD lines

Pl intensity , wrb. units

for samples with a different number of planes of QDs. As

one can see from this figure, for a structure with ten layers of

QDs the QD band dominates at low temperatures

09 1"0 1.‘1 1.12 1.‘3 1.‘4 1"5 1.16 (T<~170 K), whereas in the spectrum pf the gample w?th

" Photon energy., eV twenty layers of QDs the CQD line dominates in the entire
temperature range. As the temperature increases, the inten-

FIG. 2. PL spectra of the experimental structure$at77 K. The numbers  Sity of the QD line decreases strongly rela_tive to t_he intensity
on the curves represent the number of QD planes in the structure. of the CQD band. These facts show that increasing the num-
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ber of Iny sG& sAs deposition cycles increases the number ofric. 5. PL spectra of a structure with twenty QD layers at different tem-

overlapping VCQD(Fig. 1b. At a low temperature, the elec- peratures.

tron and hole transitions between VCQD are impeded and

the form of the PL band is determined by the energy distri-

bution of the density of states of the VCQD array. As thea state with which the PL line QD is associated increases

temperature is raised, the probability of carrier transport anavith the number of deposited QD layers, as follows from the

relaxation in states with a high localization energy increasedong-wavelength shift of the QD band with increasing num-

This gives rise to a substantial, compared with the change iher N. This confirms the assumption made above that the

the band gap, shift of the minimum of the CQD line in the probability of nonequilibrium-carrier transport between QDs

long-wavelength direction and a decrease in the width of theéind relaxation of the carriers into a state with a lower

line with increasing temperatuf&igs. 6b and 6c guantum-well energy, which are due to lateral association of
As the number of deposited QD layers increases, théhe VCQD, increases. The activation energy of this process

decrease in the intensity of the QD band starts at lower val-

ues of the temperatur@ig. 6d. This shows that the activa-

tion energy of the process, which gives rise to the decrease | b

the intensity of the QD band with increasing temperature o N=70 QD ]

decreases as the number of, i6&g sAs deposition cycles :,’j:;g]am ('}

increases. At the same time, the carrier localization energy i §
;g—% E (Ga‘.As)
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FIG. 4. Schematic diagram of the transverse sedtigrand band diagram  AE,.{T)=(Ena{(T=0)—Ea(T)); ¢ — CQD band width at half-maximum;
(2) of structures with nonoverlappin@ and overlappingb) VCQD. d — integral intensity of the QD line.
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Characteristic features of silicon multijunction solar cells with vertical p—n junctions
E. G. Guk, T. A. Nalet, M. Z. Shvarts, and V. B. Shuman

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted November 21, 1996; accepted for publication November 25, 1996
Fiz. Tekh. Poluprovodr31, 855—857(July 1997

A relatively simple technologywithout photolithographybased on diffusion welding and ion-
plasma deposition of an insulating coating has been developed for fabricating multijunction
silicon solar cells with verticab—n junctions. The effective collection factor for such structures
is independent of the wavelength of the incident light in the wavelength range
A=340-1080 nm. ©1997 American Institute of Physid$§1063-78207)02407-]

The question of how best to arrange then junctions  SiO, coatings, a method which is now widely used.

with respect to the direction of the incident light — perpen-  We employed plates gf-silicon (KDB-12), 40—60 mm
dicular or parallel — was discussed in the beginning stage oih diameter and 30Qum thick, to prepare the SSCs. A
development of semiconductor solar-power conversion. p"—p—n" structure was obtained on the plates by successive
Calculations and experiments have shown that the recombitiffusion of boron and phosphorus from polymer souttes.
nation of the photogenerated charge carriers on the illumiThe diffusion layers were Lm thick. After phosphorus dif-
nated surface plays a much larger role in the case of a pafusion the plates were annealed for 15 h at 720 °C to getter
allel arrangement of @—n junction relative to the incident impurities from deep levels. This technology gives electron
light than for a perpendicular arrangement. For a long timejfetimes (measured by Lax’s methddin the range 45-55
the solution of the problem of surface passivation encouny,s: je., the electron diffusion length was greater than the
tered insurmountable difficulties, and the efficiency of sili- thickness of the base. After the oxide layers were etched off,
con solar cellfSSCs with vertical p—n junctions was low  5juminum was deposited on the surface of the plate at
— 0.8%(Ref. 3 and 8%(Ref. 4. For this reason, the planar 350 o piffusion welding was performed by two methods.

construction ;aecame the standard. At the same time, it Wa§, the first one, the plates were assembled into a stack; in the
noted earliet? that SSCs with verticgd—n junctions have a second one, the plates were alternated with 30 to 40-

Pumber of substantial advantages over the planar construg; yhick Silumin layers. Further investigations show that
ion:

D Th . , . he | the characteristics of the samples obtained are close, but the
) There are no inconsistent requirements on the aye"shading” was ~1% in the first variant and-10% in the

contact arid area. and so on- econd variant. Diffusion welding was conducted in vacuum
9 ' ' at 550 °C with sufficient pressure to produce the required

2) since the front and back surfaces of such SSCs con-, . . . g

. o plastic deformation of aluminum and Silumin. Next, the

tain no metallization, they are transparent to the long- . . . .

stack of plates was cut with a circular diamond sawblade into

wavelength part of the spectrum beyond the edge of the main

absorption band, so that their equilibrium working tempera-Separate % 1.2<1-mm elements, shown schematically in

ture should be lower than in the case of the planar analog;Fig' 1. The puter layer, whose crystal structqre was glestroyed
3) they are bilateral and can serve as the main part oPy th_e cuttlpg,_ was removgd b_y sy§temat|c grinding, me-
cascade solar cellSC3: and chanical pgllshlng, anq etching in aqd. _
4) in contrast to planar junctions, SSCs with vertipah A passivating coating-¢ 1QO'A'th.'Ck Iayer of SiQ) gn_d
junctions generate a high voltageecause the cells are con- a-two—layer quarter-wave gnureﬂectlop coating, c;onsnstmg of
nected in serigsand a low current at the same power. As a>3N4 @nd SiQ, were obtained in a triode-type, ion-plasma

result, arrays of such cells are more efficient, because thePultering system by means of ion-plasma reactive sputtering
losses due to the production of the high-current cells ar@f @ silicon target in an oxygen atmosphete form the
lower. SiO, layen or a nitrogen atmosphergéo deposit a SN,

It is obvious that these advantages can be realized only Jfyen at working pressures of (5-%)10"* Torr. An oil-
use is made of the latest achievements of silicon device tecfit€€ heteroion evacuation with a titanium magnetic-discharge
nology. Our objective was to develop an efficient technologyPUmp was used to obtain a high vacuum and produce the
for fabricating multijunction concentrator solar cells with working gas medium. These pumps give high-vacuum
vertical p—n junctions. For example, the" —p—n* structure ~ evacuation and efficiently remove from the working gas me-
was produced by diffusion from polymer sources, whichdium uncontrollable gaseous oxidizing impuriti¢water,
have performed well in the fabrication of planar SSGuc-  0xygen. This purification of the gas medium is achieved as
cessful surface passivation required eliminating the soft sola result of the high evacuation efficiency characteristic of
der in joining the plates, which is used in Refs. 3 and 4, angpumps of this type. For example, the rate of evacuation of
replacing it by the methods employed in high-power technol-oxygen is approximately 10 times higher than that of nitro-
ogy and microelectronicfor example, diffusion weldirfj.  gen and almost 100 times higher than that of argon. The
Surface passivation was achieved by depositing insulataiechnology developed recently makes it possible to obtain
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gions of the spectrum. In the IR region, the high minority-
8 carrier collection is due to the decrease in the distdjase
compared with a planar structyrevhich the carriers traverse
he before they are separated by the vertigah junctions. High
carrier collection is observed in the UV region of the spec-
/‘A trum because the UV radiation is absorbed not in the
T—TH—THh strongly doped emitter but rather directly in the weakly
ﬂl'ﬂtﬂ' doped base, which has a large diffusion length and a low
NN\ surface recombination rate. Therefore, the effective carrier
2 collection factor is virtually independent of the wavelength
in a wide range of wavelengthi840—1080 nm This effect
was previously predicted from general consideratidns.
The absolute current sensitivity of the SSCs was mea-
1 sured with a small solar radiation simulator calibrated to
Voltage , V AMO illumination conditions. The short-circuit currehg,
calculated on the photoactive surface of one structure, was in
FIG. 1. Load characteristic of SSC containing four serially connepted the range 27.5-30 mA/chr(AMO, 25 °C). The load char-
junctioils under an iIIEmination intensity of 22 suns. Inset: Structure of SSCx~teristics of SSCs consisting of four serially connegted
1—p" layer,2—n" layer. . .
junctions were measured under a pulsed concentrated solar
radiation simulatofAMO, 25 °C). The characteristic of one
SiN, and SiQ layers with refractive indices §ample with solar radiation concentratikn-22 is presented

n,=1.96+0.02 anch, = 1.48+ 0.02, respectively. The layers N Fig. 1. The open-circuit V0|t§gUoc on this SSC reached
were deposited on an antireflection surface in one vacuurA320 MV,lsc=8 MA, and the filling factor EF) was equal
cycle. Their thickness was determined by the requiremeni© 0-8- The_tygh value of theF indicates a low serial resis-
that the antireflection of the surface be optimal in the wavel@nce 10" Q/00) per structure; this was ach|eJ\r/ed by con-
length rangex ~800 nm. The passivating and antireflection inuous metallization of strongly dopep” andn” layers.
coatings approximately doubled the photocurrent comparedn€ radiation conversion efficiency at 22 suns exceeded
with samples with a mechanically polished surface. 11% (AM 1.5). ) .

The spectral dependence of the reflection coefficRnt In summary, the new technology has made it possible to
of one sample is shown in Fig. @urve 3). A two-layer obtain for the first time satlsf:?\ctory .com.merqlal-snmon-
antireflection coating gives a wider spectral dependence d?@sed concentrated solar cells with vertigah junctions. As
lower values of the reflection coefficient than a single-layer® result of their high UV sensitivity, these structures can be
coating — the value oR in the interval\ =710—1010 nm USed as sensors in this region of the spectrum.
does not exceed 5%. The spectral dependence of the carrier | NS Work was supported by the Russian Fund for Fun-
collection factor Q) for the same sample is represented bydamental Research under Grant No. 96-02-17903.
curve 2 in Fig. 2 and the effective collection factor
Q(1—-R) is denoted by curvéd in the same figure. As one
can see from the data presented, multijunction SSCs have a
high sensitivity in the infraredIR) and ultraviolet(UV) re-
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1/f noise in strongly doped n-type GaAs under band—band illumination conditions
N. V. D'yakonova, M. E. Levinshtein, and S. L. Rumyantsev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
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Place Bataillon, 34095 U. M. Il, Montpellier
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Fiz. Tekh. Poluprovodr31, 858—863(July 1997

The nature of 1 noise, which appears in strongly dopedype GaAs(electron density,=10'’

cm™3) under band—band illumination, has been investigated by measuring the low-

frequency noise under high geometric magnetoresistance conditions. It is shown that such noise
is of a volume nature and is due to carrier numi@erd not mobility fluctuations. It is

shown experimentally for the first time that surface noise can be distinguished from volume
noise by performing measurements under high geometric magnetoresistance conditidr#97 ©
American Institute of Physic§S1063-7827)02507-6

1. INTRODUCTION the review articl® on the basis of the model proposed in Ref.
10 for 1 noise in semiconductors. The model assumes that

Low-frequency 1f” type noise in strongly dopegitype  1/f noise is due to population fluctuations in the levels form-
GaAs (electron densityn,>10'" cm~3) has been investi- ing the tail of the density of states near the edge of the band
gated extensively (see, for  example, Refs. gap of the semiconductor. The model proposed in Ref. 10
1-7). Such investigations are of practical interest, becausenade it possible to explain an entire series of phenomena
strongly doped GaAs is used for channels in modern fieldassociated with f/noise in Si, GaAs, and Si&The model
effect transistors. From the physical standpoint, investigaexplains qualitatively the effect of band—band illumination
tions of low-frequency noise in strongly doped semiconduc-on low-frequency noise: the character of the change in the
tors make it possible to analyze the relative contribution ofnoise under illumination, as well as the nonmonotonic de-
the two main mechanisms of fluctuations in solids: carrierpendence of the noise on the illumination intensity. How-
number fluctuations, which dominate in weakly doped semiever, in accordance with the model in Ref. 10, under suffi-
conductorg(see the review in Ref.)8and mobility fluctua-  ciently strong illumination the spectral noise density at low
tions, which dominate in metafs. frequencies should be independent of frequency, and at high

In Ref. 5, low-frequency noise im-type GaAs with  frequencies it should drop inversely as the square of the fre-
no=2x10 cm™2 was investigated in a wide temperature quencyf. At the same time, experiments shbthat under
range(80-560 K and under band—band illumination condi- conditions where the initial noise is suppressed by band—
tions. It was shown that at high temperaturds>G00 K) band illumination a new noise mechanism appears. This new
band—band illumination has virtually no effect on low- noise mechanism is characterized by the fact that its expo-
frequency noise in the entire frequency range 20 Hz—20 kHzent y=1 (flicker noisg. Increasing the illumination inten-

At low temperatures (88T<150 K) extremely weak Sity further has no effect on the noise spectrum, and the noise
illumination, corresponding téa/0y<10"2 (0 — equilib-  level is essentially temperature-independent in a very wide
rium conductivity, 5o — photoconductivity, increases the temperature intervalB0—-550 K.
noise level by one or two orders of magnitude. As the illu-  In our study the nature of /hoise observed in strongly
mination intensity increases further, the noise level continuegoped GaAs under band—band illumination conditions was
to increase at high frequencies; at low frequencies it reachdgvestigated by means of measurements of the low-frequency
a maximum and then decreases. For sufficiently strong illufluctuations under high geometric magnetoresistance condi-
mination (corresponding to the leveo/oy=<0.1) the fre- tions.
guency dependence of the noise at low temperatures
(T=80 K) is virtually identical to the frequency dependence
of the noise at high temperatures*500 K).

At intermediate temperaturds=300 K band—band illu- The idea of investigating the nature of noise by perform-
mination suppresses noise at low frequencies and increasgs measurements under high geometric magnetoresistance
noise at high frequencies. Once again, under sufficientlonditions was proposed in Ref. 11 and later used in Refs.
strong illumination the frequency-dependence of the spectral2—14. High geometric magnetoresistance arises in a mag-
noise density S(f) becomes virtually the same as for netic field oriented in a direction transverse to the current
T>500 K. under conditions where there is no Hall voltage, i.e. in

The mechanism by which the band—band illuminationsamples with a small ratio of lengthh to width d
influences low-frequency noise has been analyzed in detail ifL/d<1)"'*or in samples in the form of a Corbino dik.

2. EXPERIMENTAL CONDITIONS
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It is known (see, for example, Ref. 12hat under such con- noise suppression could be expected. The maximum increase
ditions the mobility u in the presence of a magnetic field in noise due to carrier number fluctuations and with the sur-

B is related to the mobility.y, at B=0 by the relation face noise given by the expressi@t) could range from 3.1
to 6.7 dB. The accuracy of the noise measurements was
P — (1)  equal to+0.75 dB.
1+(umoB) Three types of samples were investigated. Type 1

If it is assumed that the noise is due to mobility fluctua- samples were identical to the samples_ invgstigated in Ref._ 5.
tions S, then it is easy to obtain from the expressidha They were GaAs-based Schottky-barrier, field-effect transis-

relation between the amplitude of the mobility fluctuationst©"s (MOSFET) with gate lengthL =1 xm and gate width

— . . _ 73 .
Su in the presence of a magnetic field and the value ofd=200xm, i.e., the ratid/d=5x10"". The channel thick-
11 ness hy=0.1-0.2 um and the electron density

Suo:

fo no=(1—3)x 10" cm™3.
Su\? [1—(uoB)?]?( Suo)? ) The structures of the types 2 and 3 were commercial
w) (A ueB)?] \ e @ field-effect transistors. The type-2 structures were micro-

wave GaAs-based Schottky-barrier, field-effect transistors

IF_is obvious.from the express.ic(ﬂ).that for,uoBz_l the manufactured by the NEC Company. The gate lerigthl
mobility fluctuationsuy do not give rise to fluctuations of um, the gate widthd=100 xm, andL/d=10"2. The ce-

w atall. Therefore, by using magnetic fielBscorresponding  1amic case of the transistor was transparent to light with
to the conditionugB=1, the resistance fluctuations due to wavelength corresponding to a band—band transition in
mobility fluctuations can be distinguished from noise causegs aq (the energyhv=1.4 eV). In the type-3 field-effect

by carrier number fluctuations. A strong decrease of thg . cistors the gate length=1—2 um, the gate width
noise for ugB=1 attests to mobility fluctuations. The ab- d=55 um, andL/d=0.02—0.04. '

sence of a magnetic field dependence of the noise level can
be explained in a natural manner on the basis of carrier num-
ber fluctuations, which do not depend on the magnetic fieldz, ExPERIMENTAL RESULTS AND DISCUSSION

Furthermore, as noted in Ref. 11, measurements under
high geometric magnetoresistance conditions make it pos- For all experimental structuresR/R was measured as a
sible to distinguish surface from volume noise. Indeed surfunction of the magnetic field® for different values of the
face noise is usually described by an equivalent circuit irffirain—source curreritys. In all cases the\R/R —B? de-
which the “noisy” surface resistand@s is connected in par- Pendence was linear. The mobiliy, calculated from Eq.
allel with an ideal(noiselessvolume resistanc®, . In this ~ (3) depended somewhat on the valuelgk. The depen-
caseRg> Ry, . The quantityRs does not depend on the mag- denceuq(lps) was different for different samples. For very
netic field. The quantityR, changes in a transverse magnetic /oW values oflps, in the case of contacts which were not

field in accordance with the well-known relatidsee, for ~Completely ohmic, the value gk, was relatively low and
example, Ref. 16 increased with the drain—source current density. For ex-

ample, for type-2 samples,=0.33 nf/(V-s) with a drain—
source current on a 1-mm gaitgs=7.5 mA andu,=0.43
m?/(V-s) for ips=34 mA. In the case of a complete absence
of barrier nonlinearity at the source and sink contacts the
mobility uo was maximum even at very low currerltss.
As |pg increased,uy decreased somewhat, apparently re-
flecting a transition to the saturation regime even for values

Iess'er degrQe It IS easy o show on the basis c_>f such an Ips corresponding to the apparent linear section of the
equivalent circuit that the relative spectral noise densltycurvel (Upe). For example, for type-1 samplas,~0.4
DS DS/ ’ - —U.

SB/U2 in a magnetic field is related to the spectral noise 2/V-9) for lee=3 mMA and w.=0.35 n/(V-s) f
density S, /U2 in the absence of a magnetic field by thelm (V-9 for Ips=3 mA and o=0. (V-9 for

ARy
-V (oB)?. 3
V
Therefore, in a magnetic field a relatively larger fraction
of the current passes through a noisy surface resistRgce
(the volume resistanci,, shunts the surface resistance to a

=25 mA.
. DS
relation Curves ofAR/R versusB? for all three types of samples
53 U and values of 55 approximately corresponding to the maxi-
U= Uz[1+(,uoB)2]2- (4)  mum values ofu, are shown in Fig. 1. The values of,

calculated from the curves using E@) are: uy=0.41
In the experiments we employed the epitaxidlype GaAs m?/(V-9) for type-1 samplesyy=0.43 nt/(V-9) for type-2
samples with electron densityy=(1-2)x 10 cm™3. The  samples, anduy=0.52 nf/(V-s) for type-3 samples. The
mobility wo at 300 K was in the range 0.83u,<0.5 value uy=0.52 nf/(V-s) agrees well with the theoretical
m?/(V-s). The maximum inductio® was equal t8=2 T.  estimate of the Hall mobility of electrons intype GaAs
Therefore, the maxmum expected geometric magnetoresisvith electron densityny=2x 10 cm™2 and low compensa-
tanceAR/R was in the range 0.43AR/R<1.08. In accor- tion levell® The value uy=0.42 nt/(V-s) in accordance
dance with the expressiof2), the maximum expected de- with the estimates of Ref. 16 attests to a compensation level
crease in the noise in the case of mobility fluctuations woulctorresponding to the conditiomNg — N4)/(Np+Na)=0.5.
have to be a factor of 6.5 for samples with the minimum For all samples, the frequency- and temperature-
mobility. For the maximum mobilityu=0.5 n?/(V-s) total  dependences of the relative spectral noise deiSity were
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FIG. 1. Relative change in the resistance of the sam@lBéR,) versus the
squared magnetic induction. The numbers on the curves indicate the sample

type.

f,Hz

FIG. 3. Frequency dependences of the spectral noise d&sifyfor type-2

. . amples in the darkl) and under band—band illumination conditions with
obtained before measurements were performed in a magneﬁgaximum intensity/Jy=1 (2). T=300 K. Straight lines — /and 1§2.

field.
For type-1 samples the observed dependertEas 2)

are in complete agreement w.ith the results described in th&uencys,(f) was discussed in Ref. 17. Under sufficiently
bried communicatiofi. At a high temperaturél=540 K strong illumination(Fig. 2a, curve 3 and Fig. 2b, curvé the

gand—ber;]d ;]IIUT]manoln han no ef{]ect on the noise. Irg)accorfrequency—dependences of the relative spectral density of the
ance with the theory in Ref. 10, this situation arises becau ctuations are close to the forB~ 1/f (flicker noisg. Un-

of the fact that even in the dark the levels forming the tail ofder maximum illumination the dependencBgf) are very
the density of states are emptied at high temperatures b%lose for all three temperatures
cause of thermionic emission of electrons into the conduc- 1.4 affect of the band—band illumination on the spectral

tion band. The appearance of holes as a result of band—-bande gensity in type-2 samples is of a qualitatively different

E[Irl]lén:;fﬂon does not change the population of the |evels iNop 44 cterFig. 3. Curvel in Fig. 3 follows the dependence

_ _ S~ 1/f1® in the frequency rangé=150 Hz. At lower fre-
At T=88 and 239 K(Figs. 2a and Zbthe dark noise has  ,ancies the dependen@(f) is close toS~ 1/f. Under
the formS,~ 1/f7, where y=1.5. The nature of such a fre-

illumination the noise level increases monotonically in the
entire frequency range. As one can see from Fig. 3, illumi-
nation with intensityJ/Jo=1 increases the noise level by
~30 dB (by a factor of~1000) at low frequenciesf & 20

£ Hz). At high frequencies fi=10 kH2 the increase is-20
% dB. The character of the functidp (f) also changes. In the
o~ frequency rangd =80 Hz S,~ 1/f2. At lower frequencies a

clear tendency to saturation is observed. Therefore, under
strong illumination conditions the functioig,(f) corre-
sponds to a classical Lorentzian with characteristic value

8/1

w0 0?0 w0

f,Hz 7=1/f; =0.012 s. Fomy=2x 10" cm 2 and thermal ve-
c locity of electrons in GaAs at 300 K,=4.5x 10’ cm/s this

8 value of 7 corresponds to an electron capture cross section

> 130 o=(nov7) 1=2x10"? cn?.

'ci -140 We note that a strong increase in noise30 dB) under
NQ -750 iIIuminetion was obeerved in Ref. 18 in epitaxialtype
o GaAs films with doping leveNp—N,=10' cm™3. The na-
0! 10° 10° 1* ture of the observed effe¢surface or volumewas not dis-

f,Hz cussed.
Samples exhibiting both types of behavior were found
FIG. 2. Frequency dependences of the spectral noise der&ity’)(for ~ among the type-3 samples. In some samples the band—band
Paion evelal . Sold curves - dark noise, dashed curves— noise under LT2tion at 300 K suppressed noise at low frequencies
E:nd—band iIIu?ﬁination conditions. @=88 K J/Jp=5%x10"8 (1), 10°* and converted the noise s_pe_ctrum of the forrfr1/nto a
2, 1 (3. b: T=293 K; J/3,=5x10"% (1) and 1 (2). c: T=540 k;  spectrum of the form 1/similarly to type-1 samples. In

Jo=5%x10"% cn?-s7 1, other samples the effect of band—band illumination was to
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scopic nature of the carrier number fluctuations observed un-
der such conditions is not clear.

As noted above, for type-2 samples the band—band illu-
mination does not suppress noise. In contrast, it increases the
noise in the entire experimental frequency range.

For type-2 samples in the dark a magnetic fiBled2 T
increased the relative spectral noise density by the amount
AS=1.5 dB at all frequencies in the experimental range.
The observed increase is appreciably smaller than expected
in a magnetic field in the case of a purely surface nature of
the noise. It is easy to establish from E@l) that for

A I V% noise in a fieldB— i
m</(V-s), noise in a fieldB=2 T should increase b} S
fiHa ~4.8 dB.

The observed discrepancy can be explained either by the
fact that surface and volume noise make approximately equal
contributions to the dark noise or the conditiBp<<Rg does
not hold in these structures.

Under band-band illumination conditions a magnetic

increase the noise at all frequencies, similarly to type-field has no effect on relative spectral density of the noise in

samples. However, the increase in the noise was not so largéPe-2 samples. Therefore, it must be assumed that the very
(Fig. 4). strong increase in the noise under the influence of light is due

The relative spectral noise density in a magnetic fieldf[o a decrease in the occupancy of the deep volume levels. It

was measured for all samples under high geometric magndS COmPpletely obvious that the intensity of the source of
toresistance conditions. The measurements were performdgnd—band light available to us was too low to deplete com-
in the dark and under band—band illumination conditions. P'etely the levels responsible for the observed low-frequency

The typical dependence for type-1 samples is shown irpoise. A further increase in the band—band illumination in-
Fig. 5, where the experimental cundeis compared with tensity should result in noise suppression and possibly reveal

curve 2 calculated from Eq(2) for uo=0.41 n?/(V-s). Ex- the same mechanism of flicker noise which predominates in

periment shows that in the dark and under illumination the¥YP€-1 samples under strong illumination.

relative spectral noise density is independent of the magnetic _ " yPe-3 samples the effect of a magnetic field on the
induction at any frequency in the experimental range 20 HZ10IS€ varies, depending on the response of the noise to
—20 kHz. The character of the experimental dependence nd—band illumination. In samples where noise suppression

the relative noise on the magnetic induction points to carriePY illumination was observetsimilarly to type-1 samplgsa
number fluctuations as the source of the observed lowMagnetic field had no effect on the relative spectral density

frequency noise. On the other hand, no increase is observélj the noise.

in the relative spectral density, which points to a volume _ N the samples where illumination increased the noise
nature of the observed noise. (Fig. 4), a substantialup to 5 dB increase of the relative

Therefore, the results show that under strong band—bartPectral density of the noise in a magnetic field was ob-

illumination conditions, when the known mechanism of low- serve'd.
frequency noise — fluctuations of the occupancy of levels in Figure 6 shows the frequency dependences of the spec-

the tail of the density of states — is found to be suppressec_}[ral noise density in the dartsolid lineg and under band
the experimentally observed flicker noise is due to carrieflUmination conditionsdashed lineswith no magnetic field

number fluctuations in the volume of the sample. The micro{Curvesl and2) and in a transverse magnetic fied=2 T
(curvesl’ and2'). One can see that in the dark and under

illumination a magnetic field increases the noise at all fre-
quencies in the experimental range. The noise increases by

FIG. 4. Frequency dependences of the spectral noise dergith?)( for
type-3 samples in the daft) and under band—band illumination conditions
with maximum intensityd/Jy=1 (2). T=300 K.

» .00 ——F—F+—+—F+——F—F—1—+—1% ~2.5 dB in the dark and by-5 dB under band—band illu-

7-3 S~ 7 mination conditions. Fogy=0.52 nf/(V-9) the increase in

307 \\\ noise expected in a magnetic fieR=2 T in accordance

< 0.501 \\\ with Eq. (4) should be~6.3 dB. On the basis of the results

Nu“ S shown in Fig. 6, it can be concluded that in the dark the

Q 025 \\\ 2 contributions of surface and volume components to the over-

o Ly s all noise are comparable. Under band—-band illumination
g 0.5 1.0 1.5 2.0 conditions the surface component of the noise dominates.

8T

4. CONCLUSIONS

FIG. 5. Relative spectral noise densi/1? versus magnetic inductioB

for type-1 samplesl — Experimental data2 — calculation from Eq(2)
with po=0.41 nt/(V-9).

The investigations, performed under high geometric
magnetoresistance conditions, of typé dbise arising when
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these samples the noise observed under illumination is of a
purely surface nature.

~90 We note that, as is clear from the results presented here,
measurements in a magnetic field under band—band illumi-
5100 nation conditions make it possible to distinguish surface
S from volume noise quite reliably. It is important that this
'ﬁ'\~110 method is nondestructive and that it can be used for a wide
NQ class of semiconductor devices, since for most modern de-
) vices the conditiorL/d<1 holds very well.
~120 We thank I. A. Khrebtov for assisting in this work.
This work is supported by the Russian Fund for Funda-
-130 mental Research under Grant 96-02-18563.
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Longitudinal photoeffect in In  §53Gag47AS p—n junctions
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A longitudinal photoeffect in Ips4Ga 4,7/AS p—n junctions was investigated: the dependence of

the longitudinal photoem¥ ,, ; on the coordinates of the light spot, the temperature, and

the magnetic field. The dependences on the coordinates of the light spot were found to be linear;
the theoretical values of,,; agree with the experimental values. The temperature variation

of V1 in the interval 100-300 K is explained by the variation of the current-carrier mobility as

a result of thermal scattering by the lattice. In a magnetic fié|gl,is observed to increase

as a result of the photomagnetic effect. 1®97 American Institute of Physics.
[S1063-78287)02607-0

For a number of years a great deal of attention has beelosses of generated electrons and holes at the surface and in
directed to investigations of the photoelectric properties othe volume. The temperature dependence of the longitudinal
different types of diode structurép—n junctions,p—i—n di- photoemf in the intervall=100-300 K with an arbitrary
odes, heterojunctions, and othelmsed on the solid solu- position of the light strip is shown in Fig. 2. In a large part of
tions InGaAs. This interest is due mainly to the production ofthe temperature interval the photoemf decreases with in-
highly sensitive, fast photodetectors operating in the nearereasing temperature, decreasing by almost a factor of 3 at
infrared (IR) region of the spectrum =1.0-1.7um. The T=300 K.
main, potentially important, application of these devicesisin  To analyze the data obtained by us, we shall employ the
fiber-optic communication systems. A further expansion ofresults of a theoretical calculation of the longitudinal photo-
the functional possibilities of diode structures was achievegmf, performed in Ref. 3. From this work it follows that
by experimental investigations of these devices as IR radia\-/

tion and gaghydrogen detectors:? ph1= ¢p(0) = ¢p(l)

In this paper we report some results of an experimental 2tPp,sin h(al/2)sin ha(l/2—Xx;) X
study of the longitudinal photoeffect in Jg4Ga, +AS p-n = Wyasin hal + 2ta cosha(l—x)coshax,” 0
junctions.

The samples were produced by the gas-phase epita
method. A 2u-m thick layer ofn-Ing s4Gay 4AS with elec-
tron densityn= 10" cm™ 3 was grown on a*-InP substrate;

a 1-um thick p-type layer with hole densitp=10'" cm™3
was produced by doping with Zn. A continuous ohmic con-

tact on the substrate side was produced with the alloytAg 10
Ge + In. Local 1.um diam ohmic contacts were produced

on thep-side by sputtering the alloy Ag 10% Zn through

a mask. Local illumination from th@-side was performed sl
with monochromatic light from a SPM-2 monochromator 1 2
with a graphite radiator through a mask with a 0.4-mm-wide -

light strip. The longitudinal photoenm¥,; was measured:

the inversion characteristic, the temperature dependence, and
the change in a magnetic field.

The inversion characteristics of the photoemf of a diode
structure(variation of the photoemf as a function of the co-
ordinatex of the light strip occurring with a change in sign
under illumination with monochromatic light with =1.55
and 0.67um are shown in Fig. 1. Both branches of the 2 —0.2
characteristics are nearly linear, and the absolute magnitude
of the longitudinal photoem¥,, under illumination with
light with a wavelength near the maximum of the spectral L L
sensitivity \=1.55 um) is approximately three orders of 0 1 2 g 4
magnitude greater than that in the case of short-wavelength z,mm
irradiation. Estlmate_s show that th|§ dl_fference _|s_due noLIG. 1. Inversion characteristics of the longitudinal photoemf in
only to the large difference in the incident radiation flux in . Ga) ,-As p-n junctions under illumination by light with =1.55 (1)
density in both cases, but also, in part, to recombinatiorand 0.67(2) um.

>%yhere 2 is the width of the light strip® is the incident
adiation flux density= \g(pp/Wy+pn/Wp), ppen) is the
resistivity of thep(n) layer,w,n is the effective thickness of

2
V‘ph 12 10 PLV

+
T
!
BN
S
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js and the resistivityp,. Since the relatiori2) is applicable

780 in our diodes,V, 1 should vary with temperature mainly in
150 accordance witlp,=f(T).
- The temperature variation &, ; (Fig. 2 can be repre-
3720 sented as/,, 1~ T #, where 8=1.4. Considering the rela-
5 tively high equilibrium hole density in the-type layer, its
>-,§ /] variation in the experimental temperature interval should be
small. The temperature dependencevgf ; can then be at-
60 tributed completely to the temperature variation of the hole
. Ll 4 1) mobility, ,up~T*B, i.e., to hole scattering by thermal
120 160 200 240 280 phonons. The weak variation df;, , observed with decreas-
T,K ing temperature ai <140 K is evidently due to the increas-

ing contribution of scattering by ionized impurities, for

FIG. 2. Temperature dependence of the longitudinal photoemf OfWhiCh, as is well knownﬂp~T3/2_ The Iongitudinal phOtO-

o 5458 4AS p—n structures. emf increases when the diode structure is placed in a mag-
netic field H directed parallel to the illuminated surface of
the p-layer (Fig. 3

the p(n) layer, g=j/nkT is the conductivity of the diode, Von1(H)=Vpn 1(0) + AV . 3

| is the length of the sample, andis the coordinate of the

light strip. The values oV, , were calculated according to I:or t?‘e maxi;;um m_a?netic_: ﬁel.d'l(: 20 kO%IAVpﬁmiS
Eq. (1) with electron and hole mobilitiegs,=10* cm?/ 7-8%. The curvé Vi, ,=1(H) in Fig. 3 resembles the cor-

(V-8) and u,= 10 crr?/(V - S), respectivelyj =6x 106 A/ responding curves of the photomagnetic emf versus the mag-
cn? (from the current-voltage characterié&i(andd):lol"' netic field inp- or n-type semiconductor crystfa‘lsThe de-
cm?-s~! corresponds to the experimental value. The inverP€ndence, expressed analytically by the relation

sion characteristic should be linedor 2t<l) in the limit H/c
V :A—! 4
im V0 2t|qq)pp<l x) " phm Tt (aHI0)? (4)
im X)=—— 5— 5.
ph1 wp 12 2 corresponds to our experimental cud®/, .= f(H) (Fig.

al—0

3, curve2). Equation(4) is valid for a rapid, low-surface

In our casexl =0.6. Good agreement was found to exist recombination rate. The relatively small, experimentally ob-
between the values of,, ; calculated from Eqsl) and(2)  served, incremenAVy, , is largely due to the fact that the
and the linear characteristic. In general, as follows from Eqgeneration depth of nonequilibrium current carriers with
(1), the temperature dependence \4f,; should be deter- \=1.55um is comparable to the thickness of thdayer
mined by the temperature variation of the saturation currenand the gradient of the diffusion current is small. It is obvi-
ous that a diode structure can be technologically optimized
S0 as to give the maximum absolute values of the longitudi-
nal photoemf, including those with use of a magnetic field. It

010 , will be of practical interest as a longitudinal photocell.

T
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FIG. 3. Variation of the longitudinal photoemf of aylgyGa, 4,7/AS p—n struc-
ture in a magnetic fieldl — Experimental curve2 —computed curve. Translated by M. E. Alferieff
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Deep centers and negative temperature coefficient of the breakdown voltage
of SIC p—n structures

A. A. Lebedev

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

S. Ortoland, C. Raynaud, M. L. Locatelli, D. Planson, and J. P. Chante

CEGELY-INSABat. 40120, av. A. EinsteinF., 69621 Villerbanne Cedex, France
(Submitted November 28, 1996; accepted for publication December 25) 1996
Fiz. Tekh. Poluprovodr31, 866—868(July 1997

The temperature coefficient of the breakdown voltage ldf&C p—n structures has been

investigated. It is shown that the temperature dependence of the breakdown voltage can be
explained by charge exchange on deep acceptor levels in the space charge layer. The
computational results are in good agreement with the experimental data obtained for boron-doped
6H-SiC p—n structures. ©1997 American Institute of Physids$$1063-782607)02707-5

1. INTRODUCTION charge exchange on deep acceptor levBIsénter$ by the
prebreakdown current in weakly doppédype layer near the
metallurgical boundary of thp—n junction.
Two assumptions were made) A region of avalanche
multiplication lies in the weakly dopegd-type region near
he metallurgical boundary of the—n junction and 2 the
ensity of deep acceptors in this region is comparable to the

the presence do;‘hatntf;l]tural suFerIatﬁlédn ?;he: dsgjd'g% "E[ density of shallow acceptors. The appearance of such a re-
was assumed that the negative valuggpicould be due to ion could be due to overcompensation of tihitype mate-

c_h_argea 7exchange on deep centers, as was s_hown "1 because of diffusion of the acceptor impuritiésr ex-
silicon.>’ In our study an attempt was made to attribute the

b dt ¢ q q fin BH-SIC ample, boroh The existence of such a region in the
observed temperature dependence A&fin It p-h experimental samples was previously shown experimentally

structures to deep centers. in Ref. 9.

It is well known that in &1-SiC p—n structures, in which
the electric field is parallel to the crystalline axis, the tem-
perature coefficiens; of the breakdown voltage is, as a rule,
negative! This was attributed in a number of studies to the
crystalline structure of the hexagonal polytypes of SiC an

The breakdown voltage of an abruptn junction is

given by the standard expression
2. SAMPLES

We investigated B-SiC p—n structures obtained by sub- Ubr=2aBal2aN;, @

limation epitaxy in an open systefnBoron was diffused whereE_is the critical electric field strengthy, is the im-
before the formation of the mesa structures. Diffusion treatpyrity density in the baseg is the electron charge, and
ment made it possible to solve two technical probléms: ea=£0es, hereeg is the dielectric constant ane is the
increase in the breakdown voltage of relatively stronglyrelative dielectric constant of the semiconductor.

doped SiC layers as a result of compensation of the base | et us rewrite the expressida), taking into account the

region and 2 decrease of the probability of surface break-presence of deep acceptors in a weakly dopéype base:
down as a result of the production of weakly doped regions

at the periphery of the mesa structures. Upr=£,E2/2q(Ng+ KM)=U, o/ (1+KM/Ny), (2
The experimental structures possessed a negative tem- ] ]

perature coefficient of the breakdown voltage. The roomWhereé Ns is the density of shallow acceptors,

temperature value of the coefficient was2x 1073 K1, K=(M—m)/M is the degree of filling of the deep acceptors

The absolute magnitude of the temperature coefficient of thBY €lectronsM is the total density of deep acceptons,is

breakdown voltage also depended on the temperature arid® density of deep acceptors filled with holes, i, is

decreased approximately by an order of magnitude as thi&'® Preakdown voltage of the-n junction in the absence of

structures were heated to 600(Rig. 1). deep acceptors. o .
When U<U,,, there is virtually no current flowing

through thep—n junction and all deep acceptors in thdype
material are filled with electron&K(=1).

When U~U,, , avalanche multiplication starts in the

In analyzing the experimental data, following Refs. 4 —7space charge region and the holes which are formed are
we took into account the influence of deep centers. As showtrapped by deep acceptors. Since the acceptors that trap the
previously, boron diffusion results in the formation of two holes are neutral, the quantiky decreases and, correspond-
acceptor levels in & — a shallow boron level and a ingly, the electric field decreases. This increases the observed
D-center level. Our model is based on taking into accounvalue ofU,,. It should be noted that the degree of filling of

3. COMPUTATIONAL MODEL
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FIG. 1. Temperature dependence of the reverse
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the levels(at constant hole densitys temperature-dependent The computed and experimental valuesFofre shown
and decreases with heating. For this readdy, decreases in Fig. 2. As one can see from the figure, the best agreement
with temperature; i.e., we have a negative temperature coebetween calculations and experiment was obtained for values
ficient of the breakdown voltage. of Ap of the order of 18'-10"2 cm™3. However, the value

On the basis of the Shockley—Read statistics, the rate aff Ap determined from the prebreakdown current as
charge exchange on deep acceptors can be written in our cad@=J/v,q (whereJ is the density of the current flowing
as through thep—n junction, andv is the saturation velocijy

was equal to 1¥-10"* cm™3. This discrepancy can be ex-

dm/dt=(M=m)Apap—MapAn=apfim, ©® plaineg, from our point of view, by taking intg account the
where An=Ap is the carrier density in the space chargefact that breakdown in SiC ordinarily occurs in local regions
layer; anpy=0np)¥is Tnep IS the electron(hole) trapping  (microplasma breakdownwhose area is an order of magni-
cross section of a centey, is the thermal velocity of the tude smaller than the total area of then junction. How-
carriers;N,, is the density of states in the valence balBdis  ever, in calculating the density of the current throughgha
the ionization energy of the levek;is Boltzmann’s constant; junction we employ the value of the entire area of the struc-

and, T is the absolute temperature. ture. In other words, the current density is substantially
For the equilibrium casedm/dt=0), sincea,>a,, we  higher and the value ok p is high in regions where micro-
obtain from Eq.(3) the following expression foK: plasma breakdown occurs, as required by the proposed
K=Bi(Ap+8) - (4) ~model
Now, we obtain from Eq94) and(2) the expression for
Uy, 5. CONCLUSIONS
Up=Upd 1+MB;i/NJ(Ap+Bi)]. (5 In summary, the negative value of the temperature coef-

ficient of the breakdown voltage could be attributed to the
charge exchange & centers which form the deepest levels
in boron-doped SiC. The calculations of the temperature de-
pendence of3; performed on the basis of this assumption
and the parameters offa center are in good agreement with
experiment.

Since boron diffusion is often used to shield the periph-

In summary, for thep—n structures investigated by us ery of SiC-based mesa structures from surface breakdown
Upro and M/Ng (Fig. 1) were found toU,,=800 V and and since borond centey is itself a characteristic back-
M/N¢=0.65. Taking into account these values and the pubground impurity in SiC obtained by different technologtés,
lished data forN, and the parameters of ® center from our standpoint the question of the sign @f can be
(E,+0.58 eV; g,=10 ?° cn?; 0,=3x10 '® cm ?), we finally answered only by taking into account or by eliminat-
calculated the temperature dependence ofng the influence of charge exchange at theenters on the
F={Upo/Up—1}. breakdown voltage of Si@—n structures.

Let us now analyze the expressi®) for the region of
high and low temperatures.

If T—0, thenBi—0 andUp~Uy,. If T—x, Bi—1
and sinceN > Ap, we obtainUy,/U,,,—1=M/Ng.

4. DISCUSSION
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Photoluminescence of erbium in amorphous hydrogenated phosphorus-doped silicon
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The photoluminescence of erbium ions in phosphorus-dep8dH films has been investigated.

The observed increase in the Er photoluminescence with increasing defect density in the
samples and the correlation of the temperature variation of the Er photoluminescence and defect-
associated photoluminescence intensities are explained on the basis of a model of excitation

of Er ions as a result of Auger recombination with defect participation. 1997 American
Institute of Physicg.S1063-782807)02807-X

Increased attention has been devoted in recent years the center of the band gap afSi:H with energy transferred
the photo- and electroluminescence of rare-earth (Rf&s) into the f-shell of the erbium ions by the Coulomb interac-
in semiconductor materials because of the possibility of election (model of Auger recombination with defect
tronic pumping of REIS.Erbium-doped silicon is of greatest participatior).
interest in connection with the potential production of radia-  In our study we investigated the photoluminescence of
tors operating at a wavelength of 1.p4n, which correspond erbium ions in phosphorus-dopeaeSi:H samples. The intro-
to the absorption minimum of an optical fiber. The drawbackduction of phosphorus changes the initial situation in the
of erbium-doped crystalline silicon is the strong temperaturea-Si:H samples, specifically, it increases the defect density
guenching of the luminescence due to erbium excitation irand shifts the Fermi level. The effect of these factors on the
this material. Erbium ions are excited during Auger recom-erbium photoluminescence is discussed on the basis of a pre-
bination of excitons bound on shallow donor levels with ac-viously proposed model.
tivation energy in the rangé 100—200 meV. Phosphorus-dopeatSi:H films were deposited on quartz

We recently observed efficient room-temperature lumi-substrates by decomposition of Sitdnd PH in a glow-
nescence of erbium ions in amorphous hydrogenated silicodischarge plasma with the following process parameters:
prepared by magneton-assisted silane decompositiosubstrate temperaturB;=250 °C, working pressure in the
(MASD).*° We explain the efficient erbium luminescence in chamberp=0.1 mbar, and specific discharge pows 50
this material by a different mechanism of excitation, specifi-mW/cn?. The experimental samples were Qum thick.
cally, trapping of matrix electrons in the states of defects aSamples prepared with phosphine Ebncentration of 1

J.or

]
220
-}
:
1.0
J
f 4
0 i I 0 1 1 1 5 1 1
0.79 0.8 0.81 0.78 08 0.82 0.84 086 088
E,eV E,eV
FIG. 1. Room-temperature photoluminescence spectra of Er iorezs$aH FIG. 2. Photoluminescence spectraae$i:H(Er) samples obtained with a
samples with different phosphorus concentrations. Phosphine concentratigghosphine concentration of 100 ppm in the gas phase. Tempef&tute
in the gas phase, ppm:— 1, 2 — 100. 1—77,2—130,3 — 200,4 — 295.
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and 100 ppm in the gas phase were investigated. Accordin 795
to electron spin resonan¢ESR) data and data from electri-

cal measurements, the Fermi level and the defect densit | e v " . 2 i
were equal to 0.47 eV and610'® cm™2 for the first sample : ¢
and 0.26 eV and 810" cm2 for the second sample, re-
spectively. Erbium was introduced by ion implantation with
ion energy of 1.2 MeV and a dose of 0
cm 2. The photoluminescence spectra were measured intt 1}
temperature range from 77 to 300 K with excitation by argon .

laser radiation with wavelength=544 nm. The excitation 01 . . A
power was equal to 50 mW in all cases. The photolumines 4 O ok
cence was detected with a germanium detector, cooled t9/G. 3. Temperature dependences of the intensities of the characteristic

P, . _ hotoluminescencél), Er photoluminescenc), and defect-induced pho-
liquid-nitrogen temperature with use of a SPEX-1403 dOUbI‘%)oluminescence@) in a phosphorus-dopeda-Si:H(Er) sample. The phos-

monOCthmato_r' ) ) ] phine concentration in the gas phase equals 100 ppm.
The investigations showed that after implantation the

samples exhibited no erbium photoluminescence, consistent
with the data of Ref. 7. Photoluminescence appears after thEhis is an efficient excitation process because the energies of
samples are vacuum annealed at 350°C for 2 h. these electronic transitions are approximately equal.

Figure 1 shows the room-temperature photolumines- It is easy to explain on the basis of these ideas the ex-
cence spectral] of erbium for twoa-Si:H samples with perimental results for Er photoluminescence in phosphorus-
different phosphorus densities. It is interesting that as thélopeda-Si:H films. The excitation of an optically active Er
phosphorus density in the initial film increases, a small shif@tom is possible only if a defect is located next to it. Increas-
of the position of the maximum of photoluminescence ofing the density of phosphorus atoms without changing the Er
erbium occurs in the direction of higher energi& (In our ~ atom density increases the defect density and, hence, the Er
opinion, this shift is due to a change in the local environmenfhotoluminescence because of the higher probability of Au-
of the erbium ion. An increase is also observed in the intender excitation of thé-electrons in the Er atoms. On the other
sity of the photoluminescence of erbiu@pproximately by hand, as the temperature increases, the probability of thermal
an order of magnitudewith increasing phosphorus concen- activation of an electron into the band followed by nonradi-
tration in the samples. ative recombination via a defect increases. The experimen-

Figure 2 shows the photoluminescence spectra fofally observed correlation be_ztween the tempe_rature depen-
a-Si:H(Er) samples obtained in a wide spectral range at dif-dences of the Er and defect-induced photoluminescese
ferent temperatures and a phosphine concentration of 100/9- 3 confirms this assumption and is consistent with the
ppm. These spectra exhibit, together with Er photoluminesModel of excitation of Er atoms as a result of Auger recom-
cence, a clear photoluminescence band near 0.85 eV, whid}nation with participation of defects. .
is associated with defects. As the temperature increases, the W€ thank the Ministry of Science of the Russian Federa-

intensity of the Er photoluminescence decreases and tH#N (Project V.O. UNS, the Russian Fund for Fundamental

background of the defect-induced band, where Er photolumiResearchGrant 9502-04163-a, Grant 96-02-17901-and

nescence is observed. also decreases. Volkswagen Stiftung(Project No. 1/71 646 for financial
The temperature dependences of the intensities of theUPPOrt.
characteristic photoluminescencearSi:H, the Er photolu-
minescence, and the photoluminescence due to defects ar&: S- Pomrenket al, [Eds], Rare Earth Doped Semiconductoidater.
] ] . . ; Res. Soc. Symp. Proc., 1993, vol. 301.
shovyn in Fig. 3. It is interesting to_note that there is a COr-2g “Coffa, G. Franzo, F. Priolo, A. Polman, and R. Serna, Phys. Ré@, B
relation in the temperature behavior of the photolumines- 16 313(1994.
cence due to defects and the Er photoluminescence; this cofB. Zheng, J. Michel, F. Y. G. Ren, L. C. Kimerling, D. C. Jacobson, and

relation in our view attests to excitation of erbium ions via ,J: M. Poate, Appl. Phys. Let64, 2842(1994.
4M. S. Bresler, O. B. Gusev, V. Kh. Kudoyarova, A. N. Kuznetsov, P. E.

defects. . ) ) ) . Pak, E. I. Terukov, L. N. Yassievich, B. P. Zakharchenya, W. Fuhs, and
Our investigations of the photoluminescenceasbi:H A. Sturm, Appl. Phys. Lett67, 3599(1995.
<Er> Samp|es prepared by the MASD method showed thatSV. Marakhonov, N. Rogachev, J. Ishkalov, J. Marakhonov, E. Terukov,
. . and V. Chelnokov, J. Non-Cryst. Sdl37/138 817 (199J).

the pumping of Er photoll_Jmlnescencg occurs as a result OEM. S. Bresler, O. B. Gusev, B. P. Zakharchenya, V. Kh. Kudoyarova,
an Auger process. According to these ideas, an electron froma n. Kuznestova, E. I. Terukov, V. Fus, and I. N. Yassievich, Fiz. Tverd.
the conduction band is trapped by a defect in Brfe state Tela (St. Petersbupg38, 1189(1996 [Phys. Solid Stat@8, 658 (1996].
and aD~ state is produced. As a result of the Coulomb "Jung H. Shin, R. Serna, G. N. van den Hoven, and A. Pollman, W. G. J. H.
. . . . M. k, A. M. VI . Appl. Phys. L 7(1 .
interaction, energy is transferred into the systent aflec- van Sark, redenberg. Appl. Phys. Le@, 997 (1996

trons of erbium, where the transitidh,s,— 1,3, Occurs.  Translated by M. E. Alferieff
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Photovoltaic effect in an asymmetric GaAs/AlGaAs nanostructure produced as a result
of laser excitation

I. V. Kucherenko and L. K. Vodop'yanov

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

V. |. Kadushkin

Scientific-Research Technological Institute, 390011 Ryazan’, Russia
(Submitted December 29, 1995; accepted for publication January 15) 1997
Fiz. Tekh. Poluprovodr31, 872—874(July 1997

Photocurrent has been observed in a GaAs/GaAlAs structure with three asymmetric quantum
wells in a magnetic fieldH parallel to the surface of sample irradiated with a
quasicontinuous-wave laser wikh+1.065um. The current flows in the plane of the layers in a
direction perpendicular to the magnetic field. The magnitude of the current increases with

H, and when the magnetic field is switched, the sign of the photocurrent changes. The effect is
explained on the basis of a model with asymmetric electronic wave functions in a magnetic field.
© 1997 American Institute of Physids$1063-782807)02907-4

The idea that a photovoltaic effect appears in an asymediation power of an incandescent lamp is strongly nonuni-
metric system of quantum wells under illumination in a mag-form and decays strongly in the regian>0.9 pm.
netic field was first advanced in Ref. 1. Photovoltaic effects  In the present work we investigated the photovoltage and
(PGB under the action of circularly polarized illumination short-circuit photocurrent in a multiwell structure in mag-
have been observed in uniform crystals without a center ofetic fields up to 12 kOe. The structure consisted of three
symmetry center in the absence of a magnetic fieltiese undoped square GaAs quantum yvells of width 70, 60, and 54
effects are most often observed in ferroelectric materials® Separated by 30 and 20-A-wide undoped, AGa 7As
Photoelectric effects have also been observed in semiconduf@'Tiers. This structure is separated from the semi-insulating
tors with complex bands, such as Fetype Ge, andb-type GaA_s substrate by_aiF_lGaAs buffer layer and is bounded by
GaAs? In a magnetic field, the well-known Kikoin—Noskov barrier layers consisting of undopedoAlGay 7As (300 A).

. : . - The exciting light was directed in a direction normal to the
effect arises under nonuniform illuminatiénthe Hall cur- _— o
. plane of the sample, the magnetic field was applied in the

rent could also be due to potential barriers, for example, i lane of the layers, and the short-circuit photocurrent was

the metall—heterostructure contact rgg|on. ) measured in the plane of the layers perpendicular to the di-
The first results on the experimental observation Ofiaction of the magnetic field.

PGEs in quantum-well structures excited by light from an  1pe spectral dependence of the short-circuit photocur-
?ncandes-cent.lamp were reported in Ref. 5. The presgnt workent atT=2300 K is shown in Fig. 1. This dependence was
is a continuation of the work reported earlieThe following  measured with the sample under a constant illumination in-
problems were solved: verification of the variation, found intensity of 0.6 W/cri, which was achieved by varying the
Ref. 5, of the spectral function of the short-circuit currentlaser power or the diameter of the excitation radiation spot.
Is<(\) using coherent light sources normalized to a constanThe dependence found qualitatively agrees with that ob-
energy illumination of the sample at different wavelengths;tained in Ref. 5. Therefore, it can be assumed that the maxi-
determination of the dependencelgf on the magnetic field mum of I lies atA=0.8 um, which corresponds to the
intensity H in a wider range ofH (up to 12 kOg under ~band gap in GaAs aT =300 K [E;=1.43 eV (Ref. §].
ilumination with an infrared(IR) laser with subthreshold Figure 2 shows the current-voltage characteriivcs) in
radiation energy &,.<E). The latter circumstance is of the case where the structure is illuminated with lasers of
fundamental importance for studying PGEs in semiconducf—’l‘llavelengths,’)‘:67,64 'f&‘ am\j’\;‘/:ég% ,ulr:n agd the sarrr:e
tors. The point is that under such excitation carriers of oppol ummatlo_n Intensity o 0'5 cm From Fg. 2 we see that
. : the IVCs in the case of illumination by the=1.065um
site signs(electrons and holgsare not generated and the . ) s . : .

S o L .. laser is nearly linear; very small deviations from linearity are
nonequilibrium distribution function is produced by excita-

. . . ) ! observed folU<0.05 V. In the case of illumination by the
tion of carriers of the same sign from impurity states and alsg\: 6764-A laser the IVC is strongly nonlinear. When the

as a result of heating of the electron gas. It was of interest i%ltage is switched, the current does not change sign up to
this connection to investigate in greater detail the unusualj<o v (curve . This result shows that an electric field

result obtained in Ref. 5 that the sign of the shiftigunder  appears inside the structure under illumination with light in
excitation with light withe|,s<E4 does not depend on the the fundamental absorption region and no such fields appear
direction of the magnetic field. It is possible that this effectunder illumination by the\ = 1.065um laser. We performed
was associated with the low intensity of excitation in thethe investigations in a magnetic field with the sample illumi-
near-IR region, since the spectral distribution of the ra-nated by a laser with subthreshold enekgy 1.065um and
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FIG. 1. Spectral dependence of the short-circuit photocurigptat

T=300 K.
FIG. 3. Photocurrents. versus magnetic field intensity under excitation
with a A =1.065um laser. Inset: Geometry of the experiment.

specific power level 0.6 W/cfn(see the inset in Fig.)3At
this wavelength only carriers from the energy states of im-
purities and defects can be excited; therefore, the photoele®ef. 1. According to this model, currents, which induce a
tromagnetic effect does not contribute to the photocurrenttoroidal moment, arise in an asymmetric nanostructure in a
As one can see from Fig. 3, the photocurrent increases limmagnetic field oriented in the plang,(y) of the heterostruc-
early with the field up to 11 kOe. When the magnetic field isture. According to Ref. 7, the spectrum of the charge carriers
switched, the sign of the photocurrent changes. The valugs this case becomes asymmetric in the quasimomentum
presented here for the photocurrent areE(ky) # E(—ky). The total current along the axis in the
Alg=1s(H)—15/0). When the sample is irradiated with case of a nonequilibrium distribution function is different
the A=1.065um laser, the resistance of the sample de-from zero. If the nonequilibrium is caused by optical action,
creases by two orders of magnitude, evidently as a result dhen a photovoltaic effect appears in the system. The current
the excitation of carriers from impurities and defects. density isjpge= BTy, Where the coefficiens is due to the

In summary, a detailed study of the conductivity in a nonequilibrium andT, is the toroidal moment induced by
multiwell asymmetric structure has shown that excitation ofthe magnetic field. In weak magnetic fieljgs-H and in
the structure in a magnetic field by coherent light sources strong magnetic field§~1/H. The decrease in current in
produces a photocurrent whose magnitude increases wititrong magnetic fields is due, according to Ref. 1, to an in-
H. We attribute this photocurrent to the photovoltaic effect,crease in the localization of the wave function, when the
whose nature can be explained on the basis of the model ielectron is increasingly less affected by the presence of the
second well. The value of the magnetic field, for which the
curvej=f(H) passes through a maximum, can be estimated
from the relatiom\. ~W, where\ is the magnetic length, and
W is the well width. In our case this maximum should be
observed foH=40-50 kOe.

We thank Yu. V. Kopaev and A. A. Gorbatsevich for
participating in the interpretation of the experimental results.
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A study of the excitonic characteristics in heterostructures with quantum wells and
corrugated surface
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The excitonic characteristics of JBaAs _,—GaAs heterostructures in quantum wells in the

presence of a corrugated surface has been investigated. The corrugated surface gives a substantial
(up to 20% polarization of the excitonic spectra even when the exciting light is incident in

the direction of the normal. The exciton binding energies are calculated on the basis of data on the
phonon repetitions of the photoluminescence spectra and the results agree well with the

theoretical calculations. The parameters of the surface microrelief of the experimental layered
structures are estimated on the basis of the degree of polarization of the photoluminescence

and the magnitudes of the reflection and transmission.1997 American Institute of Physics.
[S1063-7827)03007-X

1. INTRODUCTION pounds on a semi-insulating GaAs substrate with a thin

_ _ (~300 A) GaAs buffer layer and a thif200—600 A pro-
Interest in quantum-well structures with a corrugatedigctive GaAs layef:7

surface has increased in the last few years in connection with The measurements were performed in an automated re-

the possibility of realizing in this manner one- or zero- gime at different temperatures and angles of incidents
dimensional quantum-well structures and in connection with,q light: photoluminescence Plat 77 K, §=0), light-

the substantial effect of the natural or specially produceq,qqulated transmissiod T/T (77 K, 6=0), and light-
microprofile on the optical properties of structures with j,oqulated reflectiorAR/R (6=45°, room temperatuje
quantum wellSQWSs). A convenient method for investigat- \odulation was performed with a He—Ne lasev=0.63
ing the effect of a surface profile is to study the polarizationlum) and the magnitude of the signdlR/R and AT/T
of the photoluminescencéL), whose magnitude can be yeached 1072, In the transmission region a signal could
substantial even with no change in the energy position angg racorded with accuracy up toT/T~2x 1075, The ex-
shape of the PL lines. The appearance and investigation Qferiments were performed with samples employed for fabri-

the anomalous polarization of PL under these conditions angating laser structures. The thickness of the QWs was in the
the theory of the effect, based on taking into account th?ange 73 t0 93 A,

anisotropy of the effective masses of the valence band in the
case of two-dimensional quantum wells, have been described
in detail in several publications® in application mainly to 3. EXPERIMENTAL RESULTS

GaAs-based structures. At the same time, the use of purely The data on the PL and the light-modulated transmission

optical spectral methods gives additional possibilities fromand reflection in the near-edge region of the spectrum are

the methodological and physical standpoints. Indeed, the @Gesented in Fig. 1. The main PL peak lies in the region of

curacy with which the reflection and transmission signal iSyne free exciton radiatioh® The small half-width of the lines
recorded in the modulation variant is much higher than in the(7_20 me\f shows that the samples are of high quality. The
case dOf PL. Structures W'tfh QWs pased on thehternary COMmaxima of the peaks for different thicknesses of the quantum
pounds IQGB?L—XAS aré o gregt interest. S,UC structureslayer lie in the spectral region predicted for the correspond-
make it possible to produce, with comparatively low valuesingl two-dimensional band gayi, with the indicated com-

of x, heterostructures which are more sensitive to radiatio'bonent composition of the QW Specifically, as the QW
in a longer wavelength region of the spectrum 0.8%ih decreased in thickness€, increased substantially from

than GaAs-QW-based structures and which can be used for 1.2 to~1.4 eV[with d reachingd~73 A (Fig. 2)]. The

detecting radiation with silicon detectors. dependencé&,(d) approximately follows the lavE,~ 1/d.

A careful measurement of the long-wavelength wing of
the PL spectrum indicates the presence of an additional peak
2. EXPERIMENTAL PROCEDURE (or step (Fig. 1a. These features are due to phonon repeti-
tion, since the indicated sections are displaced from the main
This experimental study focused on the excitonic andmaximum of the PL spectrum by an amount equal to the
polarization properties of W&sa, ,As (x=0.16—0.32) struc- energy of the longitudinal optical surface phonon
tures, grown by gas-phase epitaxy from organometallic comk,, =36=2 meV. From the ratio of the amplitudes of the
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c ment. In contrast to the standard method, the present method
2] . . .
= does not require measurements at different temperatures or in
; electric fields preceding the decay of the exciton. The valid-
Bﬁ ity of this approach for two-dimensional GaAs—AlAs quan-
§ tum systems was confirmed by direct measurements of the
= exciton energies according to the temperature quenching
Q of the excitonic peak of the PE. In the present work
[N .
N we obtained values ofE., for the heterostructures
In,Ga _,As—AlAs with x;=0.2 andx,=0.35. In the calcu-
lation, sections characteristic of an excitonic state can be

e L ' L1l seen in the spectrum. The positions of the excitonic peak,
0.9z 0.9 0.96 o,gg_ f:’g? .02 104 1.06 whose magnitude equals, to within the binding energy of an
’ exciton, the band gaRgy, i.e., Epa=Eg—Ee~Eg, can be

FIG. 1. Experimental spectra obtained for,@®_ As—GaAs structures calculated from these sections. Figure 2 shows the computed

with a single quantum wella — PL spectra for different values of 1 — (according to R?f- Bdependencesm(d) andEgy(d) on the
0.2,2 — 0.16,3 — 0.21,4 — 0.35. Temperature: 77 Kb — Laser- quantum well thicknesd for different values of. The ex-
modulated reflection spectruftemperature 300 Kx=0.210=45°). c —  perimental data obtained for several samples are also pre-

Photc_)modulated transmission spectrum f(_)r two mutu_ally _perpendicu_lar pri-sented. The data obtained from the photoluminescence spec-
entations of the plane of the surface relative to the direction of polarization . .
of the incident beam{=0; x=0.02; 300 K. tra at a temperature of 77 K differ substantially from the

room-temperature theoretical curves. The room-temperature

data were obtained from the optical transmission and reflec-
zero-phonon PL peaKk, and the one-phonon peak, tion spectra. They follow well the theoretical curves. Values
N=1,/lo, it is possible to calculate the electron—phononof the temperature coefficients of the variation &f and
coupling parameteN, which in the adiabatic approximation E. were obtained from the difference in the energies of the
of a weak electron—phonon interaction makes it possible tpeaks at room temperature and at 77 K.

calculate, to a high degree of accuracy, the absolute binding As one can see from Fig. 3, the curg(d) is more

energy of the excitorE,,: complicated(nonmonotonig than predicted by the simple
12, theory of quantum-well excitons, whdg,, is expected to
Eex:(E) B, (1)  increase a€,~1/d.*%71® The dependenc&.(d) slowed

down substantially with decreasind) for QW thicknesses
wheree., is the the dynamic permittivityAe =eg—e€.., g close to the exciton radius,, (for the experimental samples
is the the static permittivity — all three are known tabulateda,,~100 A). At d~0.5a,, the dependence reaches a maxi-
quantities, andeg,and N are determined from the experi- mum, after which it decreases sharply. As is well kndfn,
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and 4. Moreover, polarization also occurs under normal in-
FIG. 3. Exciton binding energg.,versus quantum layer thicknessfor cidence of the light, although in the latter case p0|anz_at|0n
different values ofx: 1 — 0.2, 2 — 0.35,1, 2 — temperature 77 K1, should be absent for a flat surface. Therefore, the oriented
2’ — 300 K. Curvela was obtained for an isolated quantum wélthe  surface profile is the main mechanism for the appearance of
remaining curves were obtained for heterostructures on the basis of Refs.ﬁdarizaﬁon_ For the lfGa,_,As samples, the profile was
and 9_. The Fiashed Il_ne at the top showithe maximum possible value for th(?riented in thg100] cleavage planes.
two-dimensional exciton enerdy,,(2D)=4E.(3D). - L

The experimental data on the polarizati®nhare pre-
sented in Fig. 5. In the figure we see a tendencyHoto

such a nonmonotonic behavior is due to the tunneling peni_ncrease with decreasing thickneksf the quantum well and

etration of the electron cloud into the barrier region, i.e. it isfor the fllmf%LOWtZ;.c;. acclelerate. I.tu; also e."'de’?t thtat the
due to the delocalization of the electron cloud in the transPr€S€Nce Of (h€ additional germaniuiiayer gives rise 1o a

verse direction. Our values d&,,, computed according to growth of Fhe profile of the heterojunction s_urface.

the “phonon” method discussed here, agree well with the To estlmate_ the par_ameters Qf th(_a profile, we shall em-
theoretically predicted values, showing that the propose(ﬁ)loy the theoretical relations obtained in Refs. 3 and 4. In the
method is quite reliable.

As the QW thickness decreases, the interfaces, the char-
acteristics of the boundary barrier, the mismatches of the
permittivities, and also the electronic and phonon mixing of \
the corresponding characteristics of the quantum well and
barrier become increasingly more important. An important 6
factor facilitating the appearance of these effects is the for-
mation of small-scale geometric microprofile in the techno- oo
logical process. One consequence of this circumstance is the
fact that indirect phonon transitions are no longer forbidden. B Yr
As a result, nonradiative recombination increases sharply as
does the electron-phonon interactfchTo study the effect
of the surface profile, it is of interest to employ polarization
effects which are sensitive to the microrelief, comparable in
scale to the radius of excitons. This question has been ana-
lyzed in detail in Refs. 3 and 4 using the PL spectra. Here we AN ’
call attention to the possibility of performing measurements 5k \\ op
with the help of purely optical methodmodulated reflection e~
and transmission specjraBy rotating the sampléoriented 7
in the present case in th&00] plane around the normal axis
by 90° relative to the linearly polarized light, we were able 0 | l 1
to record the change in the amplitude of the signakhich 70 80 o 90 100
in the region of the excitonic resonance reached 20%. The d,A
energy position of the peak§ust as in the studiés?
of GaAs remained unchangevithin 1-2 me\j. Polariza- FIG. 5. F_’olarization of excitonic PL for s_amples with a quantum layer. Dots
— experimental data for samples with differentl — 0.16,2 — 0.2,3 —

tion, ~calculated ~ according to the standard forml'”a‘o.35 and different conditions of film grow{lwith Ge &-layer with typical

PZ_(' I~ |L)/(|||."f l,),1is present in th? rggion qf .the main (2") and high @") growth rateg Inset: Schematic diagram of the polariza-
excitonic transition and in the transmission regi®igs. 1b  tion measurement experiment.

n”n

6

10

£,%
(41
/o

2
(o]

745 Semiconductors 31 (7), July 1997 I. A. Avrutskil and V. G. Litovchenko 745



4. CONCLUSIONS

We analyzed the dependences of the energy of the exci-
tonic peak and the binding energies of the free excitons, as
determined from the spectral position of the peaks in lumi-
nescence and the reflection and transmission spectra in the
excitonic region of the spectrum, on the quantum well thick-
ness for film heterostructures with different compositions
x=0.16—0.35 for the alloy fGa _,As. A method was pro-
posed for calculating the exciton binding energy from the
optical spectroscopy data in the presence of phonon repeti-
tions. The effect of the microprofile was found to be substan-
tial for heterostructures with thin quantum wells. The param-
eters of the profile were estimated on the basis of a theory

@,-1)/(1,+1,)

P

-0.2 L \ . | ) | that takes into account the anisotropic polarization of the
0.2 0.4 0.6 heavy-hole band.
g This work was performed in collaboration with the

FIG. 6. Comparison of the theoretical curvegé) with the experimental Ukrainian National Fund for Scientific and Technical Re-
data obtained for structures with quantum layers for different values of S€arch, as well as the Soros grant ISSER, SPU No. 062031.

1—0.16,2—0.2,3 — 0.35. The dashed lines correspond to a symmetric The samples for the experiment were provided by B. N.
relief and the solid lines correspond to an asymmetric relief with Zvonkov (NIFTI N Novgorod
1,/1,=3. T '

calculations ofP, optical transitions with participation of the

strongly anisotropic, heavy-hole valence band were exam-ZK. Fujiwaza, N. Tsukada, and T. Nakayame, Solid Status ComB®i&3
ined in those studies. The excitonic transitions in a quantum,(1989. _

well have an additional specific property which is character- Y- G: Litovchenko, D. Bercha, A. 1. Korbutyak, V. Gavrilenko, K. Ploog,
. . . . and Thin Solid Films217, 62 (1992.

ized by the dlp0|e moments,,, Whlch in the case Of.a n.ar_ 3D. V. Korbutyak, V. G. Litovchenko, L. A. Troschenko, S. G. Krylyuk,
row QW are not affected by the distant, symmetric, light- T Grann, and K. Ploog, Semicond. Sci. Techridl, 422 (1995.

hole band. The dipole®,, are mutually perpendicular and “v. G. Litovchenko, D. V. Korbutyak, Yu. V. Kryuchenko, S. G. Krylyuk,
for this reason the quantit?,, for the flat surface of the  H. T. Grahn, and K. Ploog, J. Phys. Low-Dim. Structd/11, 187
sample is direction-independent in the entire quantum re—5I(1/5_’\95‘/1-\”“6'(iT cvant, Hekiron.21(10) 921 (1994

gion. In the presence ,Of a,re“ef' the mOdu,lusmf remains 51, A. Avrutsky: E. M. Dianov, and V. G. Plotnichenko, Lightwave Com-
unchanged but the direction of the polarization ved®yr mun. 2, 321(1992; 3, 71 (1993.

changes, following the curvature of the surface. For example?|. A. Avrutskit, O. P. Osaulenko, V. G. Plotnichenko, and Yu. N. Purkov,

P,= py: P,, whereP, is the dipole which is locally perpen-  Fiz. Tekh. Poluprovodr26, 1907(1992 [Sov. Phys. Semicon@6, 1069

dicular to the surface, (1992 S
8. A. Avrutskii, V. A. Sychugov, and B. A. Uskevich, Fiz. Tekh. Polupro-
Pl,x: Pl/(l+ 52)1/2, P,,= Plfl(l"' 52)1/2, (2) vodn. 25, 1787(199)) [Sov. Phys. Semicon@6, 1074(1991)]

°D. S. Chuu and Ying-Chin Lou, Phys. Rev.48, 14 504(1991).

10 H
where&=Az/Ax~h/l is the slope of the profile, and and L. C. Andeani and A. Pasquarello, Phys. Rev4B 8928(1990.
3 P P 113. J. Hopfield, Phys. Chem. Solid§, 110 (1959.

I_ are, respectivc_aly, the height anq Iepgth of the profile secr,, o Litovchenko, V. A. Zuev, D. V. Korbutyak, and G. A. Sukach, Jpn.

tion. The magnitude of the polarizatidd depends on the ;. appl. Phys., Suppl. 22, 421(1974.

slope¢ of the profile and on its shape. For the most natural®v. A. Zuev, D. V. Korbutyak, and V. G. Litovchenko, Surf. S&0, 215

shapegsawtooth or sinusoidathe functionsP(¢) are simi- 14(1973- _ _

lar, but they differ strongly for an asymmetric profile. For = Y- A- Zuev, D. V. Korbutyak, V. G. Litovchenko, and A. V. Drazhan, Fiz.

sufficiently strong asymmetry, the functid?n(g) is almost '(I'::/;;g.]Tela(Lemngrad 17, 3300(1975 [Sov. Phys. Solid Staté7, 2166

identical for profiles of different shapes. The functiBg¢) 15y, G. Litovchenko, D. V. Korbutyak, and S. G. Krylyuk, Phys. Low-Dim.

was calculated for a reasonable real range of profile param-Structur.4/5, 123(1996.

eters (Fig. 6). We note that the curves for GaAs and '°H.Q.Hou, Y. Segawa, Y. Aoyagi, and S. Nambea, Phys. Ret2,8284

InGa, _As for low values ofx are identical, since for them (199 .

the anisotropy factob~0.66 is approximately the same. Zillllg;c;?ig?éo& Duggan, K. Woodbridge, and C. Roberts, Phys. Rev. B
The corresponding experimental data are plotted in Figieg p. Pokotilov, S. I. Beril, V. M. Fomin, V. G. Litovchenko, and D. V.

6. Comparing them with the theoretical curves shows that the Korbutyak, Phys. Status Solidi B45, 535 (1988.

profile dimensions lie in the rangé~5-10 A and “V.G Li‘tovchenko, S. I. Beril, D. V. Korbutyak,_ E. G: Lashkeyich, and

|~15—50 A. We also note that the phonon-repetition peak E. I _Mlkhailovskaya, Dokl. Akad. Nauk Ukrainy, Fiz.-Mat. i Tekhn.

was most strongly pronounced for the samples with the mostNaUk" No. 2, 57(1988.

prominent profile. . Translated by M. E. Alferieff

746 Semiconductors 31 (7), July 1997 I. A. Avrutskil and V. G. Litovchenko 746



Faraday rotation of light in a microcavity
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Faraday rotation of light in microcavities is studied theoretically. The reflection and transmission
spectra are calculated. It is shown that in the region of the spectrum corresponding to a
characteristic mode of the cavity the Faraday rotation is strongly intensified and the polarization
of the light changes substantially. @997 American Institute of Physics.

[S1063-78287)03107-4

1. INTRODUCTION We assume that the external magnetic field is perpen-
dicular to the plane of the layers of the MC. For simplicity,
we also assume that the rotation of the polarization plane
occurs only in the plane and not in the mirror layers.

The linearly polarized wave in the cavity separates into
circularly polarized wave&, andE_, corresponding

to different refractive indices, andn_ (Ref. §

Semiconductor microcavitigd1Cs) have been under in-
tensive investigation in recent years, both experimeritally
and theoretically~” This interest stems from the fact that,
first, the study of semiconductor microcavities has made i{wo
possible to observe a number of new effe@gch as Rabi
splitting and Rabi oscillationsand, second, microcavities are

used to produce lasers with vertical emission of radiation. A n =n+ 5, (33
typical MC consists of a central semiconductor or dielectric
layer (the “cavity” of the MC) bounded by two multilayer n_=n-25, (3h)

Bragg reflectordBRS); the entire structure is grown on a
substrate made of a semiconductor mateti@e Fig. 1 ~ Where for paramagnetic and diamagnetic materals de-
Light modes localized in the central layer can be excited irfined as

such a structure. The spectrum of these modes is discrete,

and for normal incidence of light it is determined by the d=VHIK,, (30

relation whereV is the Verdet constant, aridl is the intensity of the

2nKoL+f,+f,=27N, ) magnetic field. Ferromagnetic materials are ordinarily char-
acterized by a specific Faraday rotatibnin the state of
saturated magnetizatidfl.For this cased is given by the
expression

where K, is the modulus of the wave vector of light in

vacuum,n is the index of refraction of the cavity, is the

thickness of the cavityf,(,) is the phase of the amplitude

coefficient of the reflection of light from the firgsecondl 5=FI/K,. (3d)

BR, andN is an integer. The reflectiatransmissiopspectra

of these structures contain characteristic features in the formihe values ofV and F differ very strongly for different

of deep, narrow dipgpeaks$, whose spectral position is the substances and they depend on the temperature and spectral

same as that of the characteristic optical modes of the MCregion. For example, for EuS compounds at liquid-helium
Our objective in the present work was to study the Fariemperature§ in the wavelength range 0.8—Qudm is of the

aday rotation of light % in semiconductor microcavities. It order of 1¢—10* rad/cm, which corresponds ®=0.1. We

is natural to assume that as a result of multiple rereflection ofiote that this wavelength range corresponds to the transmis-

light from the mirrors forming the cavity, Faraday rotation in sion range of Eud?

the microcavity will be strongly intensified at the frequencies ~ The reflected and transmitted light can possess elliptical

of the characteristic modes. polarization, which can be written in the form
1 ) 1) 1 ) 1
2. BASIC EQUATIONS E=SAexpie.)| . |+ 5Bexpie-)| .|, 4

Let light linearly polarized along the axis be incident \yhere the two coefficients of the column vectors correspond
on the microcavity in a direction along the normal. A planetg the complex amplitudes of two different circularly polar-

wave of unit amplitude propagating along thexis can be  jzed waves. The expressig¢d) can be put into the form
represented in the form

1 cosp
1) 1/1) 1/1 E=—(A+B)exp(iz//)( . )
(0)‘§<i>+5(—i)’ @ ’ s
where the components of the column vectors arextfzad i . sing
+ — —
y components of the electric field of the light wave. 2 (B=Ayexi l’[l)( —cosp/’ ®
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The amplitude reflection coefficients (,r _) and transmis-

sion coefficients t(, ,t _) for two different circular polariza-
, tions can be calculated by the transfer matrix metHothe
<] reflection coefficient for the case in which the reflected light

3 T,7
R R ]‘... cavity l...” "4

is polarized linearly in the same direction as the incident
light will then be given by

FIG. 1. Diagram of the structure.

R=E|r +r_|? 9
H 4 + —1

where the two terms correspond to two waves polarized lin
early along the principal axes of an ellipsg=¢, +¢_,
and the rotation anglé of the polarization plane is given by
the expression

and the reflection coefficient for the case of polarization per-
pendicular to the polarization of the incident light is given by
the expression

d=0_—9¢,. (6)

The degree of linear polarization of light is determined by
the expression

1 2
Ri=z|r+—r,| . (10
The transmission coefficients are found similarly: For polar-
ization in the same direction as the polarization of the inci-

2AB dent light
Pin=227g2" (7 g
1 n,
and the degree of circular polarization is given by the for- TH:Z n—0|t++t—|2 (13)
mula
5 oo and for polarization perpendicular to the polarization of the
p A-B (g incident light
cir A2+ BZ "
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FIG. 2. a — Reflection spectra for two circular polarizations of the light. FIG. 3. a — Transmission spectra for two circular polarizations of the light.
b — Reflection spectra of light linearly polarized in a direction parallel b — Transmission spectra of light linearly polarized in a direction parallel
(dashed ling and perpendiculagsolid ling) to the polarization of the inci-  (dashed ling and perpendicula¢solid line) to the polarization of the inci-
dent light ¢ — Spectral dependence of the rotation angle of the polarizatiordent light c — Spectral dependence of the rotation angle of the polarization
plane d — Spectral dependence of the degree of linear polarizasiolid plane of the transmitted lightd — Spectral dependence of the degree of
line) and circular polarizatioridashed ling of the reflected signal. The re- linear (solid line) and circular(dashed ling polarization of the transmitted
flection coefficients of the mirrors forming the cavity equal 90% and thelight. The reflection coefficients of the mirrors forming the cavity equal 90%
refractive index mismatch i§=0.03. and the refractive index mismatch 4= 0.03.
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3. RESULTS AND DISCUSSION

F’u’R.L
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It is obvious that the optical behavior of the system will 0 {

be determined by both the Faraday rotation of light in the 7%
cavity (i.e., by the parametes) and by the reflection coef- - c
ficients of the mirrors or, more accurately, the cav@ty o
We performed the calculations for three symmetric mi-
crocavities with different reflection coefficients of the mir- -
] i

rors. The mirrors consisted of periodic sequences of pairs o -7 |
layers with refractive indices 3.0 and 3.5 and thicknesse: 7 d V
AN

68.3 and 58.6 nm, respectively. The mirrors in the first MC <

cire

consisted of eight pairs of laye(the reflection coefficient of
the mirrorsR,,=0.9), the mirror of the second MC consisted o3
of 10 pairs of layergthe reflection coefficienR,,=0.95),

and the mirror of the third MC consisted of 15 pairs of layers -1 1 1 1 ! ¥ L
(reflection coefficienR,,=0.99). In all three cavities the in- 149 1.50 ‘ 1.57 v 1.52 .55
dex of refraction and thickness of the central layeavity) nergy,e

weren=3.5 and 117.1 nm, res.pec'qvely; th|s_correspondedFlG. 4. a — Reflection spectra for two circular polarizations of the light.
to half the wavelength of the light in the cavity at the fre- ;, _ Reflection spectra of light linearly polarized in a direction parallel
guency of the normal mode with= 0 (so-called\/2 cavity). (dashed ling and perpendiculatsolid line) to the polarization of the inci-

In this case the rotation angle of the polarization plane fodent light c — Spectral dependence of the rotation angle of the polarization

: : T plane d — Spectral dependence of the degree of lin@atid line) and
|Ight passing throth the cavity Is related to the valué bﬁ/ circular (dashed ling polarization of the reflected signal. The reflection co-

efficients of the mirrors forming the cavity equal 99% and the refractive
index mismatch is5=0.1.

n?

d=6. (13

The parameters of the MCs were chosen to be similar to
those of the MCs studied experimentally in Refs. 1-3.

The different refractive indices, andn_ for different  rad, while the maximum value of the rotation angleof the
polarizations give a different spectral position of the normalpolarization plane of the reflected signal in the case at hand
modes and the corresponding characteristic features in thexceeds 2 rad.
reflection and transmission spectra of circularly polarized  Figure 2d shows the spectral dependences of the degree
light (Fig. 2a, 3a, 4a, and haFor a symmetric microcavity of linear and circular polarization of the reflected signal. One
and no absorption in the structure, the positions of the feaean see that at frequencies close to the positions of the char-
tures in the reflection and transmission spectra for light ofacteristic modes of the circularly polarized light, the polar-
the same circular polarization coincide, and the reflectiorization of the incident light is converted from linear to cir-
and transmission coefficients at the frequencies at the chacular.
acteristic modes become equal to 0 and 1, respectively. Figures 3b—3d show similar curves for the transmitted

Let us consider linearly polarized light incident on a mi- light.
crocavity. In the case where the reflection coefficient of the  Let us now consider the case of large values ébr the
cavity mirrors is smal(90%) and the mismatch of the refrac- reflection coefficients of the cavity mirrors. Figures 4 and 5
tive indices is small §=0.03) (Figs. 2b and 3pthe degree show the spectral dependences of different characteristics of
of modulation of the line corresponding to the characteristiaeflected and transmitted light for the caRg=0.99 and
mode is lower and the width of the mode is greater, and &=0.1. We see that when the structure is illuminated by
signal appears in the polarization perpendicular to the polatinearized light, the reflection and transmission spectra con-
ization of the incident light. tain two features, each in both linear polarizations, and at the

The spectral dependence of the rotation angle of the pdrequencies of the characteristic modes the reflection and
larization plane of the reflected signal is shown in Fig. 2c.transmission coefficients equal 25% for any linear polariza-
The discontinuities in this dependence correspond to thé&on, indicating that the polarization is completely converted
points whereR, is of the same magnitude & . We note  from linear to circular.
that the rotation angle of the polarization plane in the case of It should be noted that for the case considered here, a
light passing through &/2 cavity with §=0.03 equals 0.1 symmetric MC, the reflection and transmission spectra for
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FIG. 6. Positions of the peaks in the reflection and transmission spectra of
light linearly polarized in a direction perpendicular to the polarization of the
incident light versus the refractive index mismaitfor three microcavities

with reflection coefficients of the mirrors equal to 90%), 95% (2), and

99% (3). Solid lines — positions of the characteristic cavity modes for two
different circular polarizations of the light.

—

-1 i \\l\\ L7 1 ] I 1
149 1.50 151 1.52 1.53 For possible device applications it is important to know
Energy, eV the total power of the signal measured in linear polarization

perpendicular to the polarization of the incident light with
FIG. 5. a — Transmission spectra for two circular polarizations of the light.the MC illuminated with “white” light (P,):
b — Transmission spectra of light linearly polarized in a direction parallel
(dashed ling and perpendiculagsolid line) to the polarization of the inci-
dent light c — Spectral dependence of the rotation angle of the polarizaton P, = f | do. (14
plane of the transmitted lightd — Spectral dependence of the degree of
linear (solid line) and circular(dashed ling polarization of the transmitted
light. The reflection coefficients of the mirrors forming the cavity equal 99%
and the refractive index mismatch #s=0.1. 0.3

light polarized perpendicular to the polarization of the inci-
dent light are virtually identical.

Figure 6 shows the position of the features in the trans
mission spectra for light polarized in a direction perpendicu-'\"
lar to the polarization of the incident light, on the value of _—
6 for three MCs with different values d®,,. We see that in —
the case wherR,, is small, for small values of, one feature
is observed in the spectrum. A% increases and crosses a
critical value, the line splits in two. For large values R,
two features are present in the spectrum, even for small va”*
ues of §; here the positions of these features are virtually g
identical to the positions of the normal modes of the MC for
light with two different circular polarizations.

Figure 7a shows the dependence of the transmission ct
efficient of light polarized linearly in a direction perpendicu-
lar to the polarization of the incident light on the value of
6. This is a saturating dependence: The transmission coeff
cient approaches 0.25; saturation is reached all the more ra
idly, the higher the value oR,,. Saturation corresponds to
complete conversion of linearly polarized light into circu- FIG. 7. Maximum value of the transmission coeffici@t,,, (& and total
larly polarized light. For comparison, the figure also shows gntensity of th(_e t’ryar?smitted linearly polari;ed !igithi) With the MC illumi-
plot of the functon siA(n), which describes the quanity 79154 by e I0i verss e eractue e mimaior e
T, in the case where there is no reflection of light from theggo, (1), 95% (2), and 99%(3). Dashed line — plot of the function
boundaries of the cavity. Siré(mé).

mac

-
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The curves oP; versusé are shown in Fig. 7b. We see that We are deeply grateful to R. P. Sgan for very useful
these are saturating dependences. It is obvious that saturatidiscussions.

is reached at the levélg, given b
s 9 y 1C. Weisbouch, M. Nishioka, A. Ishikava, and Y. Arakawa, Phys. Rev.

Lett. 69, 3314(1992.
2 .
PsL=A/2, (15) R. Houdre, R. P. Stanley, U. Oesterle, M. ligems, and C. Weisbouch,
Phys. Rev. B49, 16 761(1994).
3J. Tignon, P. Voisin, C. Delande, M. Voos, R. Houdre, U. Oesterle, and

whereA is the width of the lin rr ndin he normal R. P. Stanley, Phys. Rev. Left4, 3967(1994.
mOZee s the width of the line co espo d g to the norma 4A. V. Kavokin and M. A. Kaliteevski, Sol. St. Commu@5, 859 (1995.

) ] ) °E. L. Ivchenko, M. A. Kaliteevski, and A. V. Kavokiet al, J. Amer.
The main results of this study are as follows. We inves- Opt. Soc.13, N 5 (1996 (in press.

tigated the Faraday rotation of light in microcavities. It was °V. Savona, L. C. Andre?ni, S- Schwendimann, and A. Quatropani, Solid

; ; ; ; ; Status Commur93, 733(1995.

d?.termmed that the Fgraday rotation of “g.ht .IS greatly inten M. A. Kaliteevski, Fiz. Tekh. Poluprovodr80, 516(1996 [Semiconduc-

sified at the frequencies of the characteristic modes of the 530, 283(1996)].

cavity and at these frequencies the polarization of the light is®M. M. Bredov, V. V. Rumyantsev, and I. P. Toptygi@jassical Electro-

substantially transformed. This effect can be used to measurgdynamicsin Russiad, Nauka, Moscow, 1985, p. 338.

the magnetic field and modulation of light signals with the ¢ - *;a"fe‘gvs"‘- Wave Opticslin Russiad, Vyssh. Shkola, Moscow,
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Effect of radiation on the characteristics of MIS structures containing rare-earth oxides
Ya. G. Fedorenko, L. A. Otavina, E. V. Ledeneva, and A. M. Sverdlova

Saratov State University, 410071 Saratov, Russia
(Submitted March 20, 1996; accepted for publication January 22,)1997
Fiz. Tekh. Poluprovodr31, 885—888(July 1997

The results of experimental studies of the effectyafradiation on the electrical properties of
MIS structures containing the rare-earth oxide®Y, Dy,0s, Th,03, Gd,O3, and LyO5

are reported. The static characteristicurrent-voltage, capacitance-voltagand dynamic
characteristicgtransient characteristics, diagrams of oscillatory regjnoéshe structures

before and after irradiation with dos&@=10"-1C rad are examined. It is found that the
irradiation doseD=10° rad does not produce any substantial degradation of the
characteristics of the structures. The radiation-induced changes observed in the experimental
samples are consistent with existing data for MIS structures with 88he insulator. ©1997
American Institute of Physic§S1063-78207)03207-9

In the last few years the effect of radiation on the char-Si containing a(n* —p)-Si junction (OL) and with a buried
acteristics of MIS structures has been investigated in a numdiffused (n* —n~—p)-Si layer (BL). The topology of the
ber of studies*®However, despite the large amount of ex- sample structures is shown in Fig (ibsep.
perimental and theoretical data now available in these The samples were irradiated with ®8Co source with
studies, it is difficult to pinpoint the process leading to theopen electrodes. The irradiation doses varied fror tt0
appearance of radiation-induced volume charge in the insut0° rad. The measurements were performed on the irradiated
lator and at the oxide—semiconductor interface. This is besamples after the samples were stored for the same length of
cause the accumulation of radiation-induced charge dependisne following irradiation, equal to 60 h; annealing was not
on many factors: the technology for producing the oxide, thgperformed.
irradiation conditions, post-radiation treatment, and the insu- Measurements of the rf capacitance-voltage characteris-
lator material*®>1?Radiation effects arising in MIS struc- tics (CVCs), dynamic current-voltage characteristi¢tgCs),
tures with silicon dioxide Si@and silicon nitride SN, as  and transient characteristics before and after irradiation. We
the insulator have been studied in greatest déffilThe  measured the duration of the transient process with the de-
high radiation resistance of the insulators $i(BisN, pleting voltage pulse switched off, whose amplitude and du-
and SiQ+ SisN,+SiO, is pointed out in Refs. 3, 7, and 8. ration were varied; the durations of the transient process
Data on the effect of radiation on field structures with rare-were analyzed as a function of the irradiation dose. Oscilla-
earth oxides(REOS as the insulator are less well known. tory states of a RL circuit containing the MIS structure were
Investigations of the electrical characteristics of MIS struc-investigated before and after irradiation. The state diagrams
tures with rare-earth oxides have shown that the electric andre constructed in the coordinates “amplitugieequency of
insulating properties of these oxides are highly stable, thexternal action” The experimental procedure with a non-
permittivity and chemical stability of the oxides are high, linear nonautonomous circuit with p—n junction and the
and the band gap is lard&!* method for constructing the state diagrams were taken from

Our objective in the present work is to investigate theRefs. 15 and 16.
effect of y-irradiation on the parameters of MIS structures
containing rare-earth oxides. It should be noted that MIS
structures prepared on a uniform substrate and on a substregteRESULTS AND DISCUSSION

with a built-in p—n junction were investigated. MIS struc- Analysis of the pre- and postirradiation rf CVCs of the
tures with a nonuniformly doped substrate were chosen bestryctures showed that for all samples the well-known shift
cause their current-voltage characteristics contain a sectiogf the CVC occurs along the voltage axis, indicating that a
of negative differential resistance and the nonequilibriumyositive charge is induced in the insulator and at the interface
processes occurring in them can be more sensitive tQrig. 1). The flat-band voltage assumes values freh 25 V
y-irradiation. to —4.5 V for different samples, depending on the preirra-
diation value of this voltage. The densities of the surface
states were found to lie in the rand&=(0.7—1.1)x 102
eV l.cm? for unirradiated samples and Ngg
Samples containing the rare-earth oxideysprosium =(2.3—-3.7)x10 2 eV~1.cm 2 for irradiated samples.
oxide Dy,Os, terbium oxide ThO;, lutecium oxide LyO;, Figure 2 shows the IVCs of MIS structures on uniform
gadolinium oxide Gg¢lO;, and yttrium oxide ¥O3) were in-  (1,1") and nonuniform 2,2') substrates. The IVCs of struc-
vestigated. The sample ranged in thickness from 100 to 50fures on the uniform substrate retain the same form after
A. An aluminum film served as the field-emission electrode.rradiation. The IVCs of samples with nonuniformly doped
Three types of substrates were used: uniformly dapgge  (n*—p)-Si as well agn* —n~ —p)-Si substrates differ accord-

1. METHOD OF INVESTIGATION

752 Semiconductors 31 (7), July 1997 1063-7826/97/070752-04%$10.00 © 1997 American Institute of Physics 752



»
>
car»
o -

FIG. 1. Pre~(1) and post-irradiatiori2) capacitance versus voltage charac-
teristics of MIS structures containing bQs.

0 0w w0 w0 wnt 0
ing to the parametet); (the voltage switching These D,rad
curves have sections of negative differential resistance o o
(NDR). The dependence & on the irradiation dos® is ;'ﬁ';ggjggzllng_vggfgié K()e,rszui 'g??&“:’gﬁ"’ga_f‘ﬁ)z')'f(;tﬁ)’?zufs
shown I,n Fig. 3. At low dose® < 10" rad the, switching Th,0; (OL). Types of substrates in the structures: OL ' —p)-Si,
voltage increases to 9-12 V, and as the dose increases aboye — (n* —n~_p)-si.
10* rad, U decreases to 4—7 V. Evidently, as the dose in-
creases, the degree to which the positive radiation-induced
charge in the insulator influences the voltage redistribution The dependence of the duration of the transient process
between the insulator and the space-charge re@@R in  on the irradiation dose is presented in Fig. 4. We see that for
the semiconductor changes, leading to the switching effeclow (U,<10 V) and high Uo>10 V) amplitudes of the
At low doses, the introduced positive char@g,; is insuf-  pulse of magnitudé, the dose dependences of the duration
ficient for this, and the SWitChing voltage increases. Indeed;s of the transient process are different. After a pu|se with
the appearance of a positive charge on the insulatoramplitude up to 10 V is switched oft, increases, as the
semiconductor interface increases the electron density at thﬁ'adiation dose increases toﬂmd' and then decreases. For
semiconductor surface. Then some of the positive charge ¢f pulse with amplitude greater than 10 V, which transfers the
the injected holes and the holes accumulated at the surfaggructure into an open state, the duratigrof the transient
compensates for this induced negative charge, and when thgocess at first decreases with increasing irradiation dose and
hole density required for the switching effect is reachedthen increases. Thus, it is clear that for each region of volt-
U, increases. As the dog increases to 10rad, the charge ages of the bistable state of the system, as the dose increases,
Quuir increases, which substantially decreases the resistan@ge mechanism of relaxation of the nonequilibrium charge
of the insulator and voltage redistribution starts at a lowercarriers changes.
bias on the field-emission electrode, i.US decreases. This The exp|anati0n of the results obtained is based on the
result agrees with the data in Ref. 17, in which is noted thgollowing. If the amplitude of the pulse is less than 7—10 V,
role of deep levels in the insulator, which are associated withhe structure is in a high-resistance state and the duration of
centers lying near the silicon and the aluminum on whichthe transient process is determined by the relaxation of the
charge accumulation during irradiation results in chargingholes accumulated at the insulator—semiconductor boundary
and recharging of the silicon and aluminum with increasingwith the participation of surface states. When the amplitude

dose.
2z 2’
0.4

< 0.3

Eﬁ $

~No.zE N .
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\\ \\ 7
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FIG. 2. Pre-(1, 2) and postirradiation1’,2") current versus voltage char-

acteristics of MIS structures containing 4@ with a negative voltage on  FIG. 4. Durationts of the transient process as a function of the irradiation
the field-emission electrode with dofk=10° rad. Type of substratet, dose.1, 2 — Pulse amplituddJ,>10 V; 3, 4 — Uy<10 V. The experi-

1 —nSi, 2, 2— n—p*-Si. mental points 1-4 correspond to the same structures as in Fig. 3.
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FIG. 5. Pre-(top a, c, ¢ and postir-
radiation (bottom — b, d, ¥
state diagrams of &L circuit con-
taining a MIS structure. Types
of substrates in the structures: a,
b — n-Si, c,d — (n*—p)-Si, e,f —

b d (n*—n~ —p)-Si. The numbers 1-4, 6,
and 8 denote the regions of existence
1 7 of oscillations with the correspond-
30 4 ing period I — 4T, 6T, and 8.
~ 2 The dashed lines represent the lines
~ 20F 2 of hysteresis with respect to doping.
§ The hatching indicates regions of
10 chaotic oscillations.
i 1 1 ] i i
2 3 4 & & 2 3 4 5 g 6 2 3 4 & &
f, 10° Hz

of the pulse is sufficient to switch the structure into a low-characteristics of MIS structures, influence the excitation of
resistance state, the duration of the transient process is detascillations in the circuit. When a periodic voltage with a
mined by the passage of carriers through the insulator. AperiodT was applied, complicated periodic oscillations with
doses D<10* rad the appearance of radiation-induceddifferent periods — I, 3T, 4T, and 6T — as well as ran-
charge in the insulator is accompanied by the appearance dbm oscillations arose in the system.
a negative charge in the surface region of the semiconductor Figure 5 shows the state diagrams of structures with
and an electric field(which remains after the pulse is three types of substrates. Let us examine the state diagram of
switched off which is directed in such a way that the motion the circuit containing a MIS structure on a uniform substrate,
of the holes toward the surface is retarded. As a result, theshere a %O; film is used as the insulatdFigs. 5a and 5b
duration of the transient process increases with dose. Increads one can see, before irradiation the state diagrams had a
ing the irradiation dose to $0ad decreases the contribution complicated structure — regions of period doubling, hyster-
of these factors, decreases the voltage drop across the insesis, and chaos. After irradiation the state diagrams simpli-
lator, and gives rise to unimpeded motion of carriers towardied: oscillations with periods of T, 2T, and 4T remained,
the surface, so thdt decrease$see Fig. 4, curve8 and4). and the area of the region of chaos is smaller.
This argument confirms the dose dependence of the switch- In the state diagram of a circuit containing a structure on
ing voltage presented in Fig. 3. The observed features (n*—p)-Si substrate(Figs. 5¢ and 5donly the doubling
(maxima in the curves oftg and Ug versus the irradiation region remains after irradiation; none of the other oscillatory
dose confirm the nonlinearity of the processes studied. Astates observed before irradiation are obsef#gl 5d. The
the dose increases, the positive built-in charge increases, bpteirradiation state diagram of a circuit containing a structure
the increase in the built-in charge gives rise not to a constardn a (n"—n~—p) Si substrate(Figs. 5e and 5f contained
growth of the parametets or U but rather only an increase regions of periodic, quasiperiodic, and chaotic oscillations.
in these quantities up to a certain value, as a result of the faéfter irradiation, regions of period doubling and chaos were
that a redistribution of voltage between the SCR and thebserved in the state diagram, just as in the state diagram of
insulator occurs. This changes the accumulation, relaxatiora circuit with a MIS structure on a uniform substratee
and motion of the accumulated charge. It is realistic to asFig. 5b. It can be assumed that the simplification of the
sume, on the basis of the irradiation dose dependentg of topology of the state diagrams reflects the change in the MIS
with pulse amplitude greater than 10(See Fig. 4, curve$  structure under the action of the irradiation. The number of
and 2), that radiation defects in the insulator influence therecombination center@n the insulator — positively charged
passage time of the holes injected by then junction, giv-  centerg increases. As a result, the carrier accumulation time
ing rise to some acceleration of the holes in the rangencreases and the oscillatory states at a given frequency and
D=10°-10" rad and deceleration in the range amplitude of the external perturbation change.
D=10"-1C rad.

The effect of y-lrradlatlon. on the_ paramete_rs of MIS 3. CONCLUSIONS
structures was also observed in studying the oscillatory states
of aRL circuit containing a MIS structure. It is knowhthat The results of the investigations of the stataurrent-
the state diagrams reflect the dynamics of the following provoltage, capacitance-voltagend dynamidtransient process
cesses in the semiconductor sample: carrier accumulaticime, oscillatory statgscharacteristics of MIS structures with
and relaxation with the participation of recombination cen-uniformly and nonuniformly doped substrates agree with one
ters and surface states. Therefore, the changes in the paraamother and suggest that the observed radiation-induced
eters of the surface states, which determine the frequenashanges in MIS structures containing rare-earth oxides are
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consistent with the standard data for structures with, &©
the insulator® In addition, it was shown that, because of
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Calculation of a hierarchical PbS—C superlattice in a multiwell model
E. Ya. Glushko and V. N. Evteev

State Pedagogic Institute, 324086 KrivRog, Russia
(Submitted August 7, 1995; accepted for publication October 25,)1996
Fiz. Tekh. Poluprovodr31, 889—892(June 199Y

A multiwell model of hierarchical semiconductor structures, which meets the requirements for
stability of the spectrum and orthogonality of the wave functions of the states, is proposed.

The energy dispersion, density of states, wave functions, and spectrum of a quasi-Fibonacci
semiconductor system are calculated. A classification rule relating the structure of the

spectrum to the structure of the system is formulated. The optical manifestations of the hierarchical
organization of the spectrum are discussed. 1897 American Institute of Physics.
[S1063-78287)02806-9

Experimental studies of hierarchical structures based otransverse motion of an electron in the material. The size
semiconductor materials exhibit some interesting electricatjuantization is determined by the transverse motion, and
and optical properties, which can be utilized for practicalsuch characteristics as the electron affiriity and the work
purposes: 3 They can be important, first of all, for designing function U, are results of the solution of the complete prob-
materials with an assigned electronic structure and opticdem. Therefore, in the approximation for the crystal potential
characteristics. developed in Ref. 12, one-dimensional motion across layers

Theoretical investigations of the electronic structure ofis characterized by an electron affinity and a work function
hierarchical systems have been described in the literaturinat are three times smaller than the bulk equivalents. The
mainly within two approaches. The first is based on modelsrea of application of the approximation in Ref. 12 was dis-
of an effective(free) band particle moving in a macroscopic cussed in Ref. 13 in the example of linear chains of cylindri-
envelope potential of a superlattit€. Under such an ap- cal potential wells, where its asymptotic accuracy for band
proach each of the layers is described by one flat potentiadtates was demonstrated.
well, and the spectrum is derived directly from the transmis-  With consideration of the foregoing, to calculate a Fi-
sion coefficient of the structufe’ The other approach is bonacci structure of PbS—C laygrare approximated the
based on the conception of a model Hamiltonian for a systerthree-dimensional potential of a bulk PbS crystal by a sum of
of one-level quantum wells with “strong” and “weak” three one-dimensional Kronig—Penney potentials. The poten-
probabilities for the transition of a particle into a neighboringtial of the external mediunta vacuum was taken as 0, and
well that alternate according to a hierardiyBecause of the the bottom of the three-dimensional well coincided with the
nearest-neighbor approximation, the matrix of the Hamil-top of the valence band, which was evaluated from the work
tonian becomes three-diagonal, significantly simplifying thefunction for removal of an electron from the material
renormalization-group analysis of the structure of the spect,=4.6 eV. Then, for the depth of the one-dimensional well
trum. we haveU;=1.53 eV. For a constant size of the unit-cell
(the well together with the barripa=5.94 A, we varied the
barrier heightU and the ratio of the barrier width to the
well width a so as to obtain the necessary energy gap, which

_ However, there is one more possible physical formula_l]s equal toé, whereA =U,— U, andU;=4.2 eV. The fol-
tion of the problem of the electronic spectrum of a hierarchi- 3

cal system, which apparently corresponds most closely tépwing parameters were obtained after fitting: a well width
optical experiments. In the proposed md@ét the atoms or  equal to 5.4 A, a barrier width equal to 0.54 A, add-= U,

unit cells are represented by quantum wé@\'s) in a hi-  (Fig. 1. The one-dimensional characteristics of the spec-
erarchical system that is transverse to the layers, so that eablim of PbS are presented in Fig. 1smooth ling. The
layer of the hierarchical system is described by a system ofarbon film was approximated by a rectangular barrier with a
QW's, and the hierarchical system comprises a superlattic&idth of 5 A and a height that is also equal to the depth of
system. The multiwell approach eliminates the serious probthe well. Then the structure described in Ref. 3 was con-
lem in single-well approximatiofwhere the QW represents structed. This structure can be described by the formula
a semiconductor laygr viz., the instability of the energy VACAACACACAACACAACACAGCY where V is a
spectrum. For example, doubling the thickness of the layer ityacuum barrierA is a PbS layer consisting of ten unit cells,
the single-well approximation leads to considerable alterandC is a monolayer carbon filnfFig. 13.

ation of the miniband pattern, while the real spectrum varies According to Refs. 10 and 11, the dispersion relation of
very weakly already foN=10, whereN is the number of the eigenvalue problem has the form

MULTIWELL MODEL

unit cells in the transverse direction. » ; » 10 'y
Another aspect of the multiwell model is the explicit (1, ko) H U H H
consideration of the separation between the longitudinal and AR AR Y N
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FIG. 1. Multiwell model of a PbS—C hierarchical systea— Geometry of the one-dimensional potential of the hierarchical system. The total number of
wells is 120, there are nine carbon barriers, and the dotted line denotes continuations of the sbruetu@alculated energy dispersion. Her¢abels the
states §,,.,=138). Smooth curve — thick PbS lay&r20 unit celly. Dashed curve — structure described in Ref. 3.

wv'\ [ -1 presented in Fig. 1b. It is easily seen that size quantization of
---()\,M,)(_k()) =0, (1) the transverse motion in the multiwell model leads to re-
grouping of the states within the PbS band. The narrowing of
wherek— [2m(U,—E) andka— 2mE the one-dimensional conduction band of the structure by
#? 0 X ~0.03 eV in comparison to the PbS bafas indicated by
the arrows in Fig. 1pis a consequence of the insufficient

thickness of the PbS layers in the hierarchical structure. A
detailed quantitative analysis shows that this effsee also

uw=—k coska, \=sinka, wv=Kk%sinka,

—_ __ . __ 2 .

n=—ko coshkoz, A=sinhkez, v=Kkjsinhkyz, Ref. 1)) is one of the manifestations of the phenomenon of
. ) o , stability of the spectrum of multiperiodic QW systems. There

m'=—Kkg coshkob’, N\’=sinhkgb’, are no carbon levels in the spectrum, since carbon is repre-

o= ké sinhkob'. ) sented by a simple barrier.

The levels in the conduction band were regrouped into
The matrix with the primed elements corresponds to a carbogybbands, the maximum gap between the subbands being
barrier of thicknes®’, and the group of three square matri- equal to 0.072 eV. We conclude that such alteration of the
ces in the first power corresponds to a half-barrier—wellspectrum in comparison with the spectrum of pure PbS is
half-barrier sequence in the PbS crystal potential. The pow§inlikely to be detected by nonselective methods, taking into
in (1) corresponds to a ten-we layer in the formula of the  account that the second band gap vanishes when the levels
structure. The terminal matrices, i.e., the row and the colfor three measurements are combined. If only the transverse
umn, ensure satisfaction of the boundary conditions on thauantum numbers of the problers kiere participate in the
outer surfaces of the hierarchical system. The multiwellight scattering or absorption processes, the vertical portions
model of the PbS—C hierarchical structure described, i.e., thg e dispersion curvéFig. 1b correspond to horizontal

energy spectrum, the wave functions, and the density ofjateaus on the absorption curve, as was observed, in all
states, was calculated using the oscillation theorem, whic{y qlihood. in the experimental study in Ref. 3. Visual in-

made it foﬁs'ble to rfnamt_am a relative err(;]r 'n_gg %Eterm"spection of the wave functions of the states showed that they
nation of t ﬁ yvaveh unctu?_ns r(])o greater tr anf n tof hhave the form of standing waves and are localized in regions
guarantee their orthogonality. One interesting feature of the, 5 gouple layer of PbS and in regions with a single layer

calculation of the electronic structure of the superlattice and\; o\, A ¢Jassification analysis of the structure of the spec-

the hierarchical structure is the enormous difference betweep (Fig. 2 reveals a clear-cut relationship between the

the accuracies required for the energies of the states and t%mber of subbands of a lower hierarchy in the band of a

corresponding wave functlong. At the same “”?e’ n order 1Eorhigher hierarchy and such factors as the number of single and
the latter to satisfy the requirements of continuity and or-

thogonality with respect to the remaining wave functions anddOUbIe PS layers. The results of the investigations of the
9 ty P 9 states in the wave functions of a given hierarchical system,

to contain the correct number of nodes, the accuracy of the ; .
as well as many other states, leads to a simple classification

calculation had to be increased by several orders of magn.'['ule: the higher is the hierarchy of the potential, the more

tude. The active computer interface of the model makes "nternal is the structural hierarchy of the levels in which it is

\‘,)VZS“S;bSIeU?O%i?; Zr;gtzpmp;rOX|mate hierarchical structures, ?g’flected and vice versa. For example, the two bands of the

highest hierarchycolumn1) are stipulated by the parameters
of a single potential wel(Fig. 19, and the six bands of the
latest hierarchycolumn4) are determined by six macrolay-
The results of a calculation of a hierarchical system con-ers with a singléA layer. The smallest unit in the structure is
taining a total of 120 PbS cells and nine carbon layers ara single PbS well, and this leads to splitting of the spectrum

CALCULATION RESULTS AND DISCUSSION
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as well as for arbitrary hierarchical structures. This can be

E illustrated by taking a hierarchical system in which ten el-
ementary QW's are reproduced ten times and alternated with
inner intervening layers, the structure obtained is again re-

— Pt produced ten times with thicker intervening layers, and so

— = on. The process is terminated in the highest hierarchical or-

= = der. The multiwell model gives a clear decimal hierarchy of

— — the spectrum of this structure. In particular, an increase in the

g E thickness of the outermost intervening layers leads to ‘“stick-

[ ] == ing” of the levels in the fine-structure subbands, and the

—_—— thickness of the inner intervening layers regulates the bands

1 2 of the highest level in the spectral hierarchy.

. _ . The model permits more exact simulation of the one-
FIG. 2. Energy diagram of a PbS—C hierarchical system. The structures qfjimensional crystal potential of the original materials be-
the spectrum for decreasing hierarchical orders are presented in columns f the d il fth h f th |
1-4; the arrows demarcate the spectral range and indicate the magnificatio?@use of t _e etalling of the shape of the e ementary poten-
of the scale. tial well (with step$. It can be made as complicated as one

desires, and the number of matrices in the square brackets in

_ ) ) _ Eqg. (1) can be increased accordingly.
into bands, each of which consists of 120 levéfig. 2, The grouping of the states in a hierarchical system leads
column1). The upper band is incompletely filled. The next {5 the appearance of nearly vertical segments on the disper-
unit determining the hierarchy is a layer of ten PbS wellsigion curve. which can be the caugdong with the interfer-
therefore, each bands splits into ten bands, each containing,ce effectsof the appearance of the horizontal plateaus in
twelve levels(Fig. 2, column2). Single and double PbS lay- the apsorption spectrum of the hierarchical structure, despite
ers are simultaneously responsible for the formation of thgne integral nature of the absorption coefficient.
next level of the hierarchy. Each band, in turn, splits into
three subbands. The upper and lower subgroups consist of
three levels, and the middle subgroup consists of six levels
(Fig. 2, column3). Such splitting is attributed to the fact that 1t snouid be noted that Fibonacci's recurrence relation did not hold here or
the structure has three double layéeach of which supplies  in Ref. 3.
two levels to each spectral banahd six single layers. Such
an interpretation of the splitting is also supported by the fact
that the wave functions of the middle subgroup are localized
in single layers, while the wave functions of the upper and *Proceedings of the VIII International Conference on the Electronic Prop-

lower groups are localized in double PbS layers erties of Two-Dimensional Systenmublished in Surf. Sci229 (1-3),
’ 990

: . 1990.
The  calculation  of _ the _ density  of sta_tes 2p. s. Kop'ev and |. I. Reshina, Fiz. Tekh. Poluprovod8, 1316(1989
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PERSONALIA

Viktor Il'ich Fistul’ (On his seventieth birthday)

Fiz. Tekh. Poluprovodr31 (July 1997
[S1063-78207)03507-7

Viktor Il'ich Fistul’, Academician of the Russia Acad- book has also been translated into the English language, and
emy of Natural Sciences and Professor in the Department aof has been published in Great Britaih986.
Solid-State Physics and Chemistry at the Moscow Academy The study of the behavior of gasous impurities in semi-
of Precision Chemical Technology, celebrated his seventiethonductors led to the discovery of a new phenomenon asso-
birthday on May 1. ciated with the behavior of hydrogen in germanium and sili-
V. I. Fistul’ is a prominent Russian scientist working in €On.
semiconductor materials physics. His scientific authority is V- |- Fistul’ and his students made a large contribution to
acknowledged not only in our country but abroad as well. Héhe theories of the behavior of isovalent and amphoteric im-
has been awarded the honorary title “Honored Scientist an@Urities. V. I. Fistul"s monograptAmphoteric Impurities in

Technologist of Russia,” he is a laureate of two state prizesSeMiconductors/as published in 1992. _ _
In recent years V. I. Fistul' has been actively generating

and he is a member of the Russian Physical Society, the d develoni id o the devel t of
American Physical Society, and the Physical Society of thNd developing neéw ideas concerning the development o

. . nonstandard methods for obtaining new materials. These
Hungarian Republic.

L . L h incl laser implantation of impurities in semicon-
At the beginning of his scientific career he had the goodﬂet ods include laser implantation o pu tes in semico
. - uctors, the development of polymer—semiconductor compo-
fortune of studying under the world-renowned scientist an

fath ¢ icond hvSiCS | . ff q itions, and an entire series of other methods. He is also
ather of semiconductor physics in Russia, A. F. loffe, an ctively involved in publishing.

his spientific intere;ts were tied firmly and for a Io.ng time to Since 1958, V. I. Fistul' has been actively engaged in
semiconductors. Since 1959 he has been studying the stalgjensific work and teaching. Since the Department of Semi-
and behavior of impurities in semiconductors. A large part ofconductor Materials Technology was formed in 1962 at the
his scientific works concerns these problems. M. I. Lomonosov Moscow Institute of Precision Chemical
The investigations of strongly doped semiconductorstechnology, V. I. Fistul' has been teaching a course on
which V. I. Fistul" performed together with his students led “Semiconductor Physics” and in 1977 he became head of
to the discovery of the phenomenon of polytropy of impuri-the department. In 1984—1985 he was the first one in our
ties in semiconductors. These investigations led to his writeountry to develop a course on “Solid-State Physics and
ing the monograptstrongly Doped Semiconductof$965, Chemistry” for technical schools of higher learning. In 1986
which has been translated into the English language and pulthe Department of Solid-State Physics and Chemistry was
lished in the USA(1969. created at the Institute through his efforts and headed by him
V. |. Fistul' made a large personal contribution to the until 1991.
mastery of the metrics of semiconductors. He was awarded V. |. Fistul’ generalized his pedagogical experience in
the State Prize in the field of science and technoltg@75  the textbookdntroduction to Semiconductor Physi€s975,
for developing a system of procedures for monitoring thel984 andNew Materials(1995. In 1995 he published his
quality of gallium arsenide and for his participation in the textbookSolid-State Physics and Chemisftyo volumes,

development of the technology and industrial production ofVhich is the first effort of its kind, encompassing both as-
GaAs. pects of the science of solids, and can be used as a basic

The study of the behavior of impurities in semiconductortex_tbOOk for teaching (_1|fferent spe_C|a| SOI'd.'State d|3C|pI|_nes.
. T{ns textbook very quickly won wide acclaim from special-

heat-treatment processes led to the discovery of a number g
characteristic features of the process of decomposition o .V | Fistul’ has trained six doctors and 45 candidates of
semiconductor solid solutions and served as a basis for th?cien(.:e: He is a member of the Scientific Council of the
mopograpr_Decomposition of Supersaturated SemiconductorRussian Academy of Sciences, and he has been awarded a
Solid Solutions1977). - _ o “Badge of Honor” and medals. He was a member of the

The investigations of transition-metal impurities in IV ggitorial board of the journal “Semiconductors” from the

and IlI-V semiconductors performed under the direction Ofday the journa' was founded and remained on the board for
V. I. Fistul’ yielded unique data and established the basignany years.

mechanisms of the behavior of these impurities. These inves- V. |. Fistul’ is a fascinating, well-educated person and at
tigations are reflected in another monograptansition- age 70 he is still hale and hearty and actively engaged in his
Metal Impurities in Semiconductof8983, which V. |. Fis-  favorite work.

tul’ coauthored with his student.B1. Omel’'yanovski. This We wish V. I. Fistul' health, optimism, and many years
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of fruitful work and success in all his new endeavors. Moscow Academy of Precision Chemical Technology.
Instructors and colleagues in the Department of Solid- Editorial Board of the journal “Semiconductors”

State Physics and Chemistry and the Department of Semi-

conductor Materials Technology at the M. I. LomonosovTranslated by M. E. Alferieff
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REVIEW

Electronic Phenomena in Chalcogenide Glassy Semiconductors
Collective monograph edited by K. D. Trsdin, Nauka, St. Petersburg, 1986, 486 pages.

Fiz. Tekh. Poluprovodr31 (July 1997
[S1063-78287)03607-1

This monograph was produced by an international teanphenomena occurring in strong electric fields. Finally, the
of authors(Russia, Belgium, Japan, Englanghose core are third group comprises the chapters concerning nonlinear op-
staff members at the A. F. loffe Physicotechnical Institute oftical phenomena and metastable photoinduced states.
the Russian Academy of Sciences. The results of wide- The book can be recommended to specialists in the field
ranging experimental and theoretical investigations of thesf semiconductor physics and technology, micro- and opto-
physical properties of chalcogenide glassy semiconductorslectronics, materials engineering, and informatics as well as
(CGSsg are described. The development of the physics oto instructors, graduate students, and students of the corre-
CGSs is followed from creation up to the latest achieve-sponding specialities.
ments. The exceptional role of the electron-phonon interac-  Thig monograph is dedicated to the memory of the dis-
tion, which determines the characteristic features of both theoverer of Cha'cogenide g|assy SemiconductorS, Boris Timo-
electronic spectrum and the spectrum of defects as well agevich Kolomits, the anniversary of whose ninetieth birth-
the specific nature of the electric and optical properties OHay will be celebrated in 1998.

CGSs, is examined. This monograph was written and published with the fi-

The twelve chapters of the book can be divided intopgncial assistance of Russian Fund for Fundamental Re-
several groups according to subject. The first group comgegch.

prises the chapters devoted to the electric and photoelectric K. D. Tsadin
properties as well as the problem of extrinsic conductivity in
CGSs. The second group comprises the chapters describimeanslated by M. E. Alferieff
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