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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 of 2d electrons by them should weaken, and this should
result in a substantial increase in the mobility of 2d electrons. ©1997 American Institute of
Physics.@S1063-7826~97!00207-X#

1. INTRODUCTION We shall study the dependence of the conduction elec
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Dilute magnetic semiconductors~DMS! in which the
magnetic ion is iron — A12xFexB — have attracted consid
erable interest in recent years. Many experiments perform
thus far have shown that most physical properties of D
are determined by the position of the Fe21 states relative to
the conduction band bottom.1 The Fe21 ions are neutral do-
nors, whose levels lie in the conduction band 210 meV fr
the bottom. At a low iron content, all Fe21 ions autoionize,
transforming into Fe31 ions. This process continues until th
Fermi energy reaches the donor level. As the iron con
increases further, only some donors are ionized. In this c
a mixed system of 3d5 and 3d6 states of Fe is realized in th
DMS. Our analysis of the mobility of the conduction ele
trons and thermomagnetic phenomena showed that for a
ficiently high iron content in DMS the Coulomb repulsio
between the charged Fe31 donors results in a strong correla
tion in their arrangement. This is manifested primarily in t
dependence of the conduction-electron relaxation timet on
the energy«.2 This behavior oft(«) near the Fermi energy
decisively affects the density dependence of thermal m
netic effects, resulting in a change in the signs of the Nern
Ettingshausen effects3 and the nonmonotonic dependence
the mobility on the content of iron atoms in the DMS2

Moreover, as was shown in Ref. 4, a new inelastic mec
nism of conduction electron scattering, which is associa
with charge exchange of the Fe21 and Fe31 iron ions in a
scattering event, is realized in a system with mixed valen

The possibility of the realization of a quantum we
~QW!, which contains two-dimensional charge carriers a
impurities with variable valence, was first studied in Ref.
An example of such a structure is Hg12yCdySe/
Hg12xFexSe/Hg12yCdySe with the appropriate choice of th
composition parametery. Such structures can be obtaine
experimentally by molecular-beam epitaxy. For examp
growth of two-dimensional systems based on HgSe:Fe
reported in Ref. 6. Analysis of the experimental data show
that in such two-dimensional systems the Coulomb corr
tions in the system of impurities with mixed valence are ve
strong.

Here we shall examine, on the basis of the model in R
2 the transport phenomena in a QW containing impurity

651 Semiconductors 31 (7), July 1997 1063-7826/97/07
ed
S

nt
e,

uf-

g-
t–
f

a-
d

e.

d
.

,
as
d
-
y

f.
.

density on the width of the QW and the doping level. W
shall examine the effect of mixed-valence impurities on
momentum relaxation of 2d electrons.

2. EQUATION OF ELECTRICAL NEUTRALITY;
STABILIZATION OF THE CONDUCTION ELECTRON DENSITY

We shall study a QW of widthWz , which, for simplic-
ity, we assume to be infinitely deep. In this case the wa
functions of the two-dimensional electrons have the stand
form

Cn~Rj ,zj !5CkL~Rj ,zj !5
1

~LxLy!
1/2exp~ ikR j !fL~zj !.

~1!

HerefL(z) is the envelope of the wave function

fL~zj !5~2Wz!
1/2sin~Lz/Wz1Lp/2!;

zP@2Wz/2;Wz/2#,

R5~x,y!; n5k,L L51, 2, 3, ~2!

whereL characterizes the number of the quantum-well le
which can be realized in the QW.

We assume that the dispersion relation for the 2d con-
duction electrons is quadratic and isotropic

«n5«kL5
\2k2

2m
1EL , EL5E0L

2, E05
p2\2

2mWz
2 , ~3!

whereEL is the energy of the quantum-well level, andm is
the effective mass of the electron.~Taking into account the
finite depth of the quantum well, just as the nonparabolic
of the conduction band, does not result in any qualitat
changes in the calculations.!

To analyze the changes in the transport coefficients a
function of the iron impurity density, it is necessary to d
termine the Fermi energy from the electric-neutrality equ
tion. Since the 2d conduction electron density in our situa
tion is determined by the donor density~Fe31) in the QW, it
is obvious that the electric-neutrality equation has the for

Ne5WzN~Fe31!5Wz@N~Fe!2N~Fe21!#, ~4!

where the conduction electron density is

65151-04$10.00 © 1997 American Institute of Physics
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E
0

`

r~«! f ~«!d«. ~5!

Herer(«) is the density of states in the conduction band a
f («) is the Fermi distribution function. To calculate the de
sity of the electron-occupied~neutral! donors

N~Fe21!5E
0

`

rFe~«! f ~«!d«, ~6!

it is necessary to know the density of statesrFe(«). The
ground state of the iron donors can be assumed to be7

rFe~«!5NFed~«2«Fe!. ~7!

For sufficiently high densitiesNFein the QW the expression
~7! is a rough approximation, since it disregards the natu
and density-induced broadening of the level. However
should be noted that, in practice, calculations employin
constant value ofrFe(«) in the range of the finite width yield
the same results as the expression~7!.

The Fermi energyEF and the conduction electron den
sity Ne curves calculated from the electric-neutrality equ
tion ~Fig. 1!, just as in the case of bulk crystals, show that
Fermi level and conduction electron density stabilize n
the resonance donor level. However, in contrast to bulk c
tals, where EF and Ne stabilize at iron ion density
N(Fe)54.531018 cm23, the situation is entirely different in
two-dimensional structures. Stabilization occurs when
Fermi level reaches the donor level of iron, but the cond
tion electron density at which this will occur depen
strongly on the width of the QW, i.e., on the position of t
quantum-well level~or levels! relative to the resonance do
nor level of iron. If one quantum-well energy level is rea
ized in the QW, then the conduction electron density
which the Fermi level stabilizes is determined by the expr
sion

Ne5@Ed2E0#
m

p\2 . ~8!

FIG. 1. 2d-electron density versus the iron content in QWs of differe
widthsW, Å: 1— 50, 2— 70, 3— 90.
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crease with the density of neutral centers Fe, i.e., with
increasing free locations for redistribution of electrons
a sysetm with mixed valence. It is obvious that the Q
width should also have a strong effect on the degree of c
relation and hence on the momentum relaxation of thed
electrons.

3. ELECTRON RELAXATION TIME WITH ALLOWANCE FOR
CORRELATIONS

We shall treat the system of iron ions Fe31–Fe21 in a
QW as a binary alloy consisting of charged Fe31 and neutral
Fe21 centers. We restrict the discussion below to the scat
ing of electrons only by ion pairs Fe31–Fe31, whose distri-
butions are correlated. This case is of greatest interest.

The degree of spatial correlations in the system
charged iron ions is determined by the structure fac
S(q), which depends on the iron density and temperatu
The structure factor can be expressed in terms of the
correlation functiong(r ) for the Fe31 ions as3

S~q!5114pN~Fe31!E
0

`

@g~r !21#
rsin~qr !

q
dr. ~9!

To determine the structure factor in the region of stro
Coulomb correlations, it is necessary to solve a nonlin
integral equation for the pair correlation functiong(r ). This
problem has been solved in the Percus–Yevick approxi
tion for a model system of hard spheres.8 The calculations of
the thermodynamic and transport characteristics of stron
correlated systems, such as liquid metals and alloys,
formed in this approximation, agree well with the Mon
Carlo results. An analysis of the concentration dependenc
the mobility showed2 that a complete analogy exists betwe
the correlation properties of ions in a liquid and the corre
tion properties of charged donors in HgSe:Fe. The struc
and properties of the liquids are determined mainly by
repulsive part of the ion-ion interaction potential,7 which can
be approximated, to good accuracy, by a hard-sphere po
tial.

Expressing the structure factorS(q) in terms of the Fou-
rier transform of the direct correlation functionC(q), we
have

S~q!5$12N~Fe31!C~q!%21, ~10!

where

C~q!5
4pd3

u3 H Fa12b14g2
24g

u2 Gsin u1F2u ~b26g!

2~a1b1g!u2
24g

u3
cosu

1
24g

u3
2
2b

u
%, u5dq, ~11!

and

a5
~112h!2

~12h!4
, b5

6h~110.5h!

~12h!4
, g50.5ah. ~12!

t
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h5pd3N~Fe31!/6. ~13!

At T50 the packing parameter is determined by
equation which is valid for the case of strong correlation
the Fe31 ions:2

h@N~Fe31!#5hLF12expF hN~Fe!

hLN~Fe31!G G . ~14!

For a strongly correlated liquidhL50.45. The inequality
h!1 will correspond to a weakly correlated gas, and in
limit h→0 the scattering centers are completely disorde
andS(q)51.

To calculate the conduction electron relaxation r
t21 for conduction electrons scattered by charged correla
centers, it is convenient to employ the Kubo–Mo
formalism9, which yields

t215~J,J1!0
21~JVJV

1!v50. ~15!

HereJ are the two-dimensional charge-flow operators of
2d electrons

J5(
k
e~\k/m!ak

1ak , JV5
1

i\
@J,HeV#, ~16!

whereHeV is the interaction Hamiltonian of 2d electrons
with three-dimensional impurities

HeV5(
k,k8

u~k8/k!ak
1ak ,

u~k8/k!5(
q
Gq^k8ueiqruk&r2q . ~17!

HereGq is the Fourier transform of the scattering potent
U(r ), (A,B) are correlation functions

~A,B~ t !!v5E
2`

0

dtet~«2 iv!~A,B~ t !!, «→10,

~A,B~ t !!5E
0

1

dl^~A,B~ t1 i\bl!!&0 , b215T; ~18!

andT is the temperature expressed in energy units. The
dex 0 in the correlation function means that the correlat
function is calculated in the zeroth approximation in the
teraction with the scatterers. Calculating the commutator
the correlation functions, we represent the expression for
relaxation rate in the form

t215
\

~Lx ,Ly!

N~Fe31!

mNeT
(
q
qx
2S~q!Gq

2(
nn8

u^n8ueiqrun&u2

3 f ~«k!@12 f ~«k!#d~«k82«k!, ~19!

where the matrix element in the expression~19! is given by

^n8ueiqrun&5^k8ueiq'r'uk&^L8ueiqzzuL&; q'5~qx ,qy!.

Next, according to Ref. 10,

AL5(
qz

u^L8ueiqzzuL&u25LzE
2`

`

w4L~z!dz53/2. ~20!
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We now switch in Eq.~19! from summation overq andk to
integration, and taking into account the fact that in our si
ation the electron gas is strongly degenerate, after sim
calculations we obtain

t215
8pN~Fe31!Wzme4

\3kFb
2x2 Mc ,

Mc5E
0

1

dx
x2S~2kFx!

S x21 Qs

2kF
D 2@12x2#1/2

;

Qs5
1

brs
, b511

5Wz

4p2r s
. ~21!

Here ts5aB/2 is the screening length (aB is the Bohr ra-
dius!, andx is the permittivity of the medium.

This expression makes it possible to analyze the role
the effect of Coulomb correlations in a system of charg
centers on momentum relaxation and therefore on the mo
ity of two-dimensional charge carriers.

The results of a numerical analysis of the quant
Mc;m21 are shown in Fig. 2. As follows from these calc
lations, the effect of Coulomb correlations in a system
charged donors is stronger in narrower QWs. This effec
attributable to the fact that in wider QWs the quantum-w
energy level lies closer to the donor level of iron. For th
reason, the Fermi level determined by the 2d-electron den-
sity reaches its maximum value earlier (Ed5EF) as the den-
sity of iron atoms in the QW increases. The distribution
charged donors in this case is random. A further increas
the iron atom content, where neutral iron atoms Fe21 appear
in the impure system, gives rise to the correlati
interaction-induced effects in the system of impurities, wh
lead to the appearance of ordered charged impurity cen
The appearance of such ordering results in a substa
weakening of the scattering in the system of charged i
ions. It is natural to assume that this effect should result i
higher mobility of 2d electrons in the QW. The mobility will
increase until the ordered centers in the impurity syst
reach their maximum value, which is determined by the
der parameter. The packing parameterh reaches the maxi-

FIG. 2. Mc
21 (m;M21) versus the iron content in QWs of different widt

W, Å: 1— 90, 2— 70, 3— 65, 4— 50.
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case a system of Fe ions with a high iron content near low
temperatures becomes similar to a liquid. The scattering
2d electrons by the correlated system of impurities will th
no longer depend on the iron content in the QW, and
mobility should reach its maximum value.

Finally, it is definitely of interest to examine the energ
dependence of the relaxation time near the Fermi le
Knowledge of such dependences is helpful for studying th
momagnetic effects in our systems. Indeed, thermomagn
effects are very sensitive to a change in the electron sca
ing mechanism. The dominant scattering mechanism un
the given conditions can be determined according to the
of the effect ~for example, the sign of the Nernst
Ettingshausen effect!.11

Calculations of the dependence of the relaxation time
systems with different iron content and therefore with diffe
ent degree of ordering in a system of charged impurity c
ters showed that the Coulomb correlations strongly influe
the energy dependence of the relaxation time. In the reg
of weak Coulomb correlations, the time derivative of t
energy relaxation is positive and changes sign at the tra
tion into the region of strong correlations. This behavior
the relaxation time near the Fermi energy should also in
ence the density dependence of the thermomagnetic co
cients. We hope to study this effect in greater detail in s
sequent studies.

Analysis of the relaxation time of two-dimensional ele
trons in QWs containing impurities with a variable valen
has shown that the presence of strong Coulomb correlat
in a system of mixed-valence impurities, just as in bulk cr
654 Semiconductors 31 (7), July 1997
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tering by them. This effect results in higher conduction ele
tron mobility in the QW. The energy dependence of t
relaxation time at low temperatures in the region of stro
Coulomb correlations should manifest itself in unusual d
pendences of the thermomagnetic coefficients on the con
of iron atoms in the QW.
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Charge-carrier lifetime in Hg 12xCdxTe (x50.22) structures grown by molecular-beam

cal
epitaxy
A. V. Vo tsekhovski , Yu. A. Denisov, and A. P. Kokhanenko

Siberian Physicotechnical Institute, 634050 Tomsk, Russia

V. S. Varavin, S. A. Dvoretski , V. T. Liberman, N. N. Mikhailov, and Yu. G. Sidorov

Institute of Semiconductor Physics, Siberian Branch of the Russian Academy of Sciences, 630090 Novosibirsk,
Russia
~Submitted July 1, 1996; accepted for publication October 25, 1996!
Fiz. Tekh. Poluprovodn.31, 774–776~July 1997!

Measurements of the charge carrier lifetime in epitaxial structures based on narrow-gap
Hg12xCdxTe (x50.22), grown by molecular-beam epitaxy with pulsed excitation using radiation
at different wavelengths, are reported. It is shown that inp-type epitaxial films the lifetime
is determined by the Auger recombination mechanism at temperatures corresponding to the
impurity conductivity, and forn-type epitaxial films recombination via local centers is
characteristic. ©1997 American Institute of Physics.@S1063-7826~97!00307-4#
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itaxy ~MBE! is characterized by a high degree of uniform
of the properties within large enough dimensions of the s
strate. In addition, it is possible to realize desired doping
composition profiles. This makes it possible to use this m
terial to produce multielement semiconductor radiation
tectors for signal processing directly in the focal region.1–3

The most important parameter of the photosensitive mate
is the charge-carrier lifetime, which ultimately determines
photoelectric and fluctuation characteristics.

It should be noted that there are now only few papers
which the results of measurements of the charge-carrier
time in MBE Hg12xCdxTe films are reported.4–6 For this
reason, it is of interest to perform measurements of the p
tocarrier lifetime in epitaxial material and analyze the po
sible recombination mechanisms in the temperature ra
corresponding to extrinsic conductivity of the semiconduc
compound. In this paper we report the results of an exp
mental study of the recombination properties of epitaxialp-
andn-type Hg12xCdxTe (x50.22).

Epitaxial layers of Hg12xCdxTe were grown by MBE at
a temperature of 190 °C.7 The substrates consisted of CdT
and GaAs plates with~112! and ~103! orientation and CdTe
and CdZnTe buffer layers. To obtainr-type films, the mate-
rial was annealed8 and the composition was determined wi
an automated ellipsometer during film growth.9 To decrease
recombination on the surface of the film and near the in
face with the substrate, variable-gap structures with the
responding composition profile over the thickness w
grown. A composition corresponding tox50.3 was realized
in the surface ~wide-gap! layer, a composition
x50.2120.22~narrow-gap layer! was realized in the centra
part of thickness 5–11mm, and a less than 1-mm-thick
~variable-gap! layer with x50.5 was grown near the buffe
layer. The density and mobility of the charge carriers in
films were measured atT580 K by the van-der-Pauw
method. The photocarrier lifetime was measured from
kinetics of the photoconductivity signal which accompan
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radiation pulses. Radiation withl510.6mm was used to
generate photocarriers in the volume of the film and radiat
with l50.9 and 1.5mm was used to generate photocarrie
in the surface layer.

The typical temperature dependence of the photocar
lifetime t in the temperature rangeT corresponding to the
extrinsic conductivity for an-type sample~sample 4! is
shown in Fig. 1. It should be noted that the temperat
dependences of the lifetime and photoresponse signal~see
the inset in Fig. 1! are similar for excitation with 10.6 and
0.9-mm radiation. A small characteristic feature is observ
in the temperature range 120–150 K, where the funct
t(T) for l50.9mm increases more slowly than the functio
for l510.6mm, apparently because of the surface recom
nation that accompanies the short-wavelength excitation
the same time, the temperature dependence of the pho
sponse signal with increasing temperature characteristic
decreases, and the curve shifts by a small amount in
direction of high temperatures as thel510.6-mm radiation
is replaced byl50.9-mm radiation. Forp-type samples
~samples 2!, the temperature dependences of the char
carrier lifetime and the photoresponse signal in the case
10.6 and 0.9-mm excitation are shown in Fig. 2. We see th
the presence of two components is characteristic of the t
perature dependence of the lifetimet(T) in the case
l510.6mm: fast and slow components. The fast compon
varies from 10 to 160 ns in the temperature range 80–17
and, correspondingly, the slow component varies from 1
10ms. Forl50.9mm the functiont(T) is characterized by
the presence of a ‘‘plateau’’ at low temperatures. The s
stantial difference in the form of the temperature depende
of the photoresponse for the cases studied is interesting.
l50.9 mm the curve of the photoresponse versus tempe
ture has a maximum in the region 90–100 K. A similar ph
toresponse kinetics is also observed forn-type samples
~sample 3!, but in this case for excitation withl50.9 mm.
Just as in the preceding case, here there are two compon
in t(T) and an extremum atT5120 K. We note that, as a

65555-03$10.00 © 1997 American Institute of Physics
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rule, for three samples in which the temperature depende
of the resistance with an extremum is observed, the temp
ture dependence of the photoresponse is typically sim
This should have been expected, since the temperature
pendences of the photoresponse signal are determined
only by the dependencet(T), but also by the temperatur
dependence of the conductivity of the sample~photoresponse
;Ds/s0, where s0 is the dark conductivity,
Ds5hPt/hn is the change in the conductivity under th
action of the radiation,h is the quantum efficiency,P is the
power of the incident radiation, andhn is the photon en-
ergy!. The variation of the photoresponse as a function

FIG. 1. Temperature dependences of the charge carrier lifetimet ~1, 2! and
the photoresponse signalUph~3, 4! for an epitaxial film~sample 4!. The
curves were measured during radiation-induced excitation withl510.6m
m ~1, 3! andl50.9mm ~2, 4!.

FIG. 2. Temperature dependences of the charge-carrier lifetimet ~1–3! and
photoresponse signalUph~4, 5! for p-type epitaxial films~sample 2! mea-
sured during radiation-induced excitation withl510.6 mm ~2–4! and
l50.9mm ~1, 5!. 2— Fast,3— slow components.

656 Semiconductors 31 (7), July 1997
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temperature is influenced by the dependenceh(l), since the
maximum absorption wavelength decreases with increa
temperature and band gapEg and, correspondingly, the ab
sorption coefficient decreases by 10.6mm. The absorption at
l50.9mm occurs in the surface layer of the film, since t
absorption coefficient is large in this case. This can expl
the different behavior of the photoresponse curves for
cases of excitation withl510.6 and 0.9mm with tempera-
ture dependencest(T) of similar form.

To interpret the recombination mechanisms, we turn
Fig. 3, which shows the experimental temperature dep
dences of the charge-carrier lifetime of the experimen
samples withl510.6mm, corresponding to volume excita
tion of photocarriers. This figure also shows the compu
curvest(T) for Auger recombination mechanisms inn- and
p-type Hg12xCdxTe with x50.2 ~curves7 and 6, respec-
tively! with charge carrier densitiesn513105 and
p5131016 cm23, respectively. We see that forp-type
samples~samples 2 and 5! the most likely recombination
mechanism in the range of temperatures correspondin
extrinsic conductivity is the Auger recombination accomp
nying hole collisions with a hole making a transition fro
the heavy-hole band into the light-hole band.11 For n-type
samples~samples 3 and 4!, as the calculations show, th
interband recombination mechanism of the Auger type
radiative mechanisms make a very small contribution.11,12

The most likely mechanism is recombination via local ce
ters. The presence of two components for the lifetime co
be due, forp-type samples, to the contribution of mech
nisms associated with recombination centers, together w
interband mechanisms, to the recombination process. At

FIG. 3. Temperature dependences of the charge carrier lifetime for
experimental epitaxial films: experimental~1–5! and computed~6, 7!. The
numbers on the curves correspond to the numbers of the samples wit
following parameters: 1 — x50.208,p52.231015 cm23; 2 —
x50.224,p56.531015 cm23; 3 — x50.223, n51.231015 cm23; 4 —
x50.210,n56.231015 cm23; 5 — x50.225,p51.231015 cm23. Post-
growth anneal regime — temperatureTa/time ta : 2— 200 °C/100 h;5—
200 °C/120 h.6, 7— see explanation in the text.
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same time, forn-type samples the presence of two compo-
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nents in the lifetime can be explained by the presence
recombination centers with a sharp asymmetry of the e
tron and hole trapping cross sections.

A substantial difference of the results obtained from
data in Ref. 5 is the fact that in thep-type experimental
samples the interband Auger mechanism of charge-ca
recombination is realized in the temperature range co
sponding to extrinsic conductivity. This is apparently due
the post-growth thermal treatment of then-type epitaxial
films, in which recombination was observed via centers w
radiation near the center of the band gap, just as in Ref
and 6. The decrease in the defect density in the films a
annealing makes it possible to obtain lifetimes limited
interband Auger recombination. This fact is supported by
temperature dependencet(T) for thep -type sample 1, pre-
pared with no annealing, for which lower~compared with the
values computed for Auger recombination! charge carrier
lifetimes are characteristic.
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stitute ‘‘Élektronika,’’ Moscow, 1992, No. 12, p. 3.

4V. C. Lopes, A. G. Syllaics, and N. C. Chen, Semicond. Sci. Technol8,
824 ~1993!.

5M. E. de Souza, M. Boukerche, and J. P. Faurie, J. Appl. Phys.68, 5195
~1990!.

6S. N. Shin, J. M. Arias, M. Zandian, J. G. Pasko, and R. E. De Wam
Appl. Phys. Lett.59, 2718~1991!.

7V. S. Varavin, Yu. G. Sidorov, V. G. Remesnik, S. I. Chikichev, and I.
Nis, Fiz. Tekh. Poluprovodn.28, 577 ~1994! @Semiconductors28, 348
~1994!#.

8K. N. Svitashev, S. A. Dvoretsky, Yu. G. Sidorov, V. A. Shvets, A.
Mardezhov, I. E. Nis, V. S. Varavin, V. I. Liberman, and V. G. Remesn
Cryst. Res. Technol.29, 931 ~1994!.

9V. N. Ovsyuk, V. V. Vasil’ev, T. I. Zakhar’rash, V. G. Remesnik, S. V
Studenikin, N. Kh. Suslyakov, N. Kh. Talipov, Yu. G. Sidorov, S. A
Dvoretski�, N. N. Mikha�lov, V. I. Liberman, and V. S. Varavin, Fiz.
Tekh. Poluprovodn.2, 193 ~1996! @Semiconductors2, 109 ~1996!#.

10A. V. Voitsekhovski� and Yu. V. Lilenko, Phys. Status Solidi A67, 381
~1981!.

11A. V. Vo�tsekhovski�, Izv. Vyssh. Uchebn. Zaved., Fiz.37, 99 ~1994!.
12A. V. Vo�tsekhovski� and Yu. V. Lilenko, VINITI, No. 5200-81 Dep.,
p. 36 ~1981!.

Translated by M. E. Alferieff
657Vo tsekhovski  et al.



Frenkel’–Poole effect for boron impurity in silicon in strong warming electric fields

n

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. Poluprovodn.31, 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 densityNA5(2–3)31018 cm23 and low accompanying
impurity content (<1013 cm23) are reported. The conductivity was measured after extrinsic
photoexcitation of samples heated at a rateb50.6 K/s in the temperature rangeT54.2–24 K in
electric fieldsE52021000 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 ofT 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 Physics.@S1063-7826~97!00407-9#

Study of the Frenkel’–Poole effect in doped semicon-tion region, the filling of the accompanying impurity i
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ductors is impeded, as we know, by heating of the cha
carriers in an electric field and by impact ionization of t
impurities. For this reason, this effect is usually studied
the basis of the change in the conductivity in pulsed elec
fields, and it has been observed repeatedly in the cas
ionization of deep impurities,1–4 whereas for shallow impu
rities it has been observed only recently.5 In addition, the
measurements in Ref. 5 were performed under condition
a strong fluctuation potential, when the heating of the cha
carriers is weakened and the change in the ionization en
of the shallow impurity is determined not only by the exte
nal electric field but also by the random fields generated
the charged centers. In this paper we demonstrate tha
Frenkel’–Poole effect can be investigated by measuring
thermally stimulated conductivity~TSC! of a weakly com-
pensated semiconductor which is doped with a d
impurity6 and which contains a shallow accompanying i
purity. The approach is based on the fact that the impu
breakdown field is determined by the parameters of the d
ant, while the TSC in the region of prebreakdown fields
sensitive only to the presence of the impurity. We shall sh
that under certain impact ionization conditions the impur
can be disregarded up to impurity breakdown fields. T
change in the position of the maximum of the curve of t
TSC as a function of temperature with increasing elec
field is determined entirely by the Frenkel’–Poole effect.

For definiteness, we shall study the TSC for the exam
of a weakly compensatedp-type semiconductor with doping
level NA and shallow acceptor impurity densityNa!NA .
Just as in the preceding work,6 we assume that the accomp
nying impurity densityNa is less than the densityNd of the
compensating donors. In this case, at a sufficiently low te
perature, when the dark hole densitypd!Nd , all of the im-
purity as well as some of the dopant will be ionized, and
total density of ionized centers isNa

21NA
25Nd . Under pho-

toexcitation of the semiconductor from the extrinsic abso
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warming electric fields will be controlled by photohole ca
ture by ionized atoms of the impurity and impact ionizati
of neutral impurity centers. From the equality of the rates
these processes

aa
2Na

2p5aaINaS
0 p ~1!

we find the density of filled impurity atoms under stationa
conditions

NaS
0 5Na /~11aaI /aa

2!. ~2!

Hereaa
2 is the hole capture coefficient of an ionized imp

rity center,p is the hole density with photoexcitation, an
aaI is the impact ionization coefficient of neutral impurit
atoms.

One can see from the relations~1! and~2! that in warm-
ing electric fields the degree of filling of the impurity doe
not depend on the photoexcitation level. Comparing the ra
of impact and optical ionization of neutral impurity center
it is not difficult to show that this behavior is realized as so
as aaI5aa

2K, whereK is the degree of compensation. I
other words, in a weakly compensated semiconduc
(K!1) the expression~2! is valid in fields in whichaaI is
still appreciably less thanaa

2 .
After the photoexcitation is switched off, the conducti

ity relaxation in the sample, as a result of thermal and imp
ionization of neutral impurity centers, is described by t
kinetic equations

dp/dt52p~aA
2NA

21aa
2Na

2!1gTNa
01paaINa

0

1paAINA
0 , ~3!

dNa
0dt5paa

2Na
22gTNa

02paaINa
0 , ~4!

whereaA
2 is the hole capture coefficient of ionized dopa

atoms,

gT5Nnaa
2exp~2«a /kT!

65858-03$10.00 © 1997 American Institute of Physics



is the thermal generation coefficient,Nn is the effective den-
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sity of states in the valence band,k is Boltzmann’s constant
aAI is the impact ionization coefficient of neutral dopa
centers, and«a is the impurity activation energy.

In fields less than the impurity breakdown field of th
semiconductor,aA

2NA
2@aAINA

0 .7 Furthermore, forNa!Nd

the hole trapping in impurity levels can be ignored:

aA
2NA

2@aa
2Na

2 .

Here we have taken into account the fact that at low te
peratures the charge carrier trapping coefficients for att
tive centers of the same type are approximately the sam8

and

NA
2.Nd@Na

2 .

Under these conditions the expressions~3! and ~4! simplify
and for a linear heating lawT5T01bt (T0 is the initial
temperature of the sample at which photoexcitation was
formed, andb is the rate of heating! we obtain

p~T!52tbdNa
0/dT, ~5!

dNa
0/dT52b21gTNa

0/~12aaINa
0t!, ~6!

wheret;1/(NdaA
2) is the hole lifetime. It follows from Eq.

~6! that impact ionization effects can be ignored
aaINa

0t!1. Taking into account the relation~2!, the maxi-
mum value of this quantity is

~aaINa
0t!max5aaINaS

0 t,~Na /Nd!~aa
2/aA

2!,

i.e. forNa!Nd the effect of impact ionization on the TSC
negligible. In this casep(T) has a maximum at a temperatu
Tm which is determined by the standard relation9

kTm
2aa

2Nn

b«a
5expS «a

kTm
D . ~7!

Therefore, forNa!Nd the change in the position of th
maximum of the TSC curve in an electric fieldE is deter-
mined directly by the dependence of«a on E.

The experimental studies of the Frenkel’–Poole eff
were performed on Si:Ga samples obtained by the zone m
ing method, with a doping level of (2–3)31016 cm23 and
residual impurity density less than or of the order of 1013

cm23. Previous studies of the TSC in these samples6 showed
that they can contain small quantities (.1012 cm23) of bo-
ron accompanying impurity. Furthermore, samples with l
ear recombination kinetics, corresponding to the c
Na!Nd , were found by analyzing the increasing and d
creasing branches of the TSC curve.6

The conductivity of the samples was measured after p
toexcitation by IR semiconductor laser radiation (l55
mm! with heating at a rateb50.6 K/s in the temperature
rangeT54.2–2.4 K. The details of the measurement pro
dure are describe in Ref. 6. The maximum electric fields
the experiments (.1000 V/cm! did not exceed the impurity
breakdown field (.1500 V/cm!. We note that impurity
breakdown of the Si:B samples with a close doping level a
degree of compensation occurs in fields10 E<300 V/cm, i.e.,

659 Semiconductors 31 (7), July 1997
-
c-
e,

r-

t
lt-

-
e
-

o-

-
n

d

at much lower average hole energies, taking into account
fact that the hole mobility in Si:B and Si:Ga are nearly ide
tical under the same doping conditions.11,12

The typical curves of the thermally stimulated curre
for a sample with Ga densityNA.2.631016 cm23 and boron
densityNa.1.531012 cm23 ~a method for determiningNa

using this sample is presented in Ref. 6! in different electric
fields are presented in Fig. 1. The observed shift of
curves in the direction of low temperatures indicates, acco
ing to Eq. ~7!, that the active energy of the boron impuri
decreases with increasing electric field. One can also see
the maximum temperature shiftDTm50.9K (E51080
V/cm! is small compared with the valueDTm518.07 K at
E5270 V/cm. For this reason, to obtain the field depende
«a(E), it is reasonable to employ an expansion of~7! in the
small parameterDTm /Tm :

«a5«a02«a0
2Tm0k1«a0
Tm0k1«a0

S Tm02Tm
Tm0

1
Tm0k

«a0
ln

aa0
2

aa
2 D .

~8!

The index 0 in Eq.~8! corresponds to the values of«a ,
Tm , andaa

2 in the initial fieldE05270 V/cm. The value of
«a0 can be determined from the half-width of the TSC curv
after whichaa0

2 can be found6 by using Eq.~7!. At E5270
V/cm for the present sample«a0541.33 meV and
aa0

2 51.7431016 cm23
•s21 ~Ref. 6!. In Ref. 6 it was also

shown that the change inaa
2, which determines the hole

thermal generation coefficient from neutral impurity cente
@see Eqs.~3! and~4!#, is due to delocalization in the electri
field of highly excited impurity states. According to Ref. 1

aa0
2 /aa

25~E/E0!
1/2. ~9!

The computational results for«a as a function of (E)1/2,
using expressions~8! and~9!, are presented in Fig. 2~repre-
sented by the dots on curve1!. A least-squares fit to a linea
dependence gives

FIG. 1. Curves of the thermally stimulated currentI for a sample with
accompanying impurity densityNa!Nd in different electric fields
E,E/cm:1— 270,2— 540,3— 810,4— 1080.
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«a~E!544.4220.186~E!1/2, ~10!

where«a is in meV, andE is in V/cm. According to Eq.
~10!, the activation energy in a zero field is«a544.42 meV,
which agrees very well with the data from optical measu
ments«a544.39~Ref. 14! and shows that the method deve
oped is correct. On the other hand, the slope of the exp
mental curve is appreciably smaller~by 15%! than the slope
of the theoretical curve~shown by the solid line in Fig. 2!,
which follows from the classical Frenkel’–Poole model f
singly-charged Coulomb centers:12

«a~E!5«a~0!22~e3E/¸!1/2, ~11!

where¸ is the permittivity. For Si̧ 511.7, which gives

D«52~e3E/¸!1/250.222E1/2.

We note that the observed difference cannot be explaine
impact ionization of boron, since it would account for
stronger temperature shift of the TSC curves and therefor
an observation of a sharper decrease of«a with increasing
E.

Figure 3 also shows the computed TSC curves for
perimental and theoretical values of«a in the field
E51080 V/cm. The shift of the maxima of the curves alo
the temperature axis is of the order of 0.5 K and is mu
greater in our case than the sensitivity of the TSU
thermometer to the relative change in temperat
(DT.0.05 K).

The weakening of the dependence«a(E) is most likely
attributable to the fact that the one-dimensional Frenke
Poole model disregards angular effects.13 The decrease in
«a with increasingE in the three-dimensional case can
estimated from the increase in the hole thermal emission
gT in an electric field, using, for example, expression~7!
from Ref. 13 forgT :

D«.kTmln~gT /gT0!,

FIG. 2. Experimental~1! and computed~2, 3! curves of the activation en-
ergy«a versusE

1/2. The curves were obtained using Eqs.~11! ~2! and~7! ~3!
from Ref. 13. The dashed curve represents the dependence of«a on E

1/2

obtained by a least-squares fit of the experimental dependence.
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wheregT0 is the thermal emission rate in a zero electric fie
The curve of«a versusE

1/2 obtained in this manner is show
in Fig. 2 ~curve3!. It is interesting to note that in this cas
the slope of the curve increases withE, but in strong fields it
changes very little and is virtually identical to the slope
the experimental curve. In the interval of field
E5900–1600 V/cm the slope of the curve3 changes in the
range 0.181–0.187 meV~V/cm!21/2, while the experimental
value is 0.186 meV~V/cm!1/2.
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7É. É. Godik,Author’s Abstract of Doctoral Dissertation, Moscow, 1980.
8V. M. Abakumov, V. I. Perel’, and I. N. Yassievich, Fiz. Tekh. Polupr
vodn.12, 3 ~1978! @Sov. Phys. Semicond.12, 1 ~1978!#.

9R. Chen and Y. Kirsh,Analysis of Thermally Stimulated Processes, Per-
gamon Press, N. Y., 1981.

10Yu. A. Gurvich, A. R. Mel’nikov, A. N. Shestakov, and E. M. Gershe
zon, JETP Lett.61, 730 ~1995!.

11R. A. Smith,Semiconductors, Cambridge University Press, N. Y., 1978
2nd edition@Russian trans., Mir, Moscow, 1982!.

12V. N. Abakumov, P. M. Kreshchuk, and I. N. Yassievich, Fiz. Tek
Poluprovodn.12, 264 ~1978! @Sov. Phys. Semicond.12, 152 ~1978!#.

13P. A. Martin, B. G. Streetman, and K. Hess, J. Appl. Phys.52, 7209
~1981!.

14T. M. Lifshitz, Prib. Tekh. Éksp., No. 1, 10~1993!.

Translated by M. E. Alferieff

FIG. 3. Computed curves of the thermally stimulated conductivity in
electric fieldE51080 V/cm for values of«a : 1 — Experimental,2 —
theoretical.

660A. M. Kozlov and V. V. Ryl’kov



Measurement of the diffusion length of minority charge carriers using real Schottky

g-
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. Poluprovodn.31, 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 coefficienta on the field intensity in the space-charge
region and the photon energy (hn.Eg) are analyzed. An analytical expression is obtained for
the dependence of the photocurrent on the thicknessW of 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 dependenceI p(W) 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 Nd54.5310162131018 cm23. The method of determiningL is checked independently
on the basis of a theoretical descripion of the spectral dependence of the quantum
efficiency of the structure. ©1997 American Institute of Physics.@S1063-7826~97!00507-3#

The diffusion lengthL ~lifetime t5L2/D) of minority and the SEC in ‘‘real’’ Schottky barriers influences the ma
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charge carriers is a very important parameter of a semic
ductor. It is most sensitive to the structural-impurity perfe
tion of the material, and it determines the sensitivity of ph
todetectors and the efficiency of solar cells. At the sa
time, for most semiconductor materials, whereL&1 mm, it
is difficult to determine reliably, since the methods of rela
ation of the photoconductivity (t-meter! and current induced
by an electronic probe~EPIC! are virtually ineffective. Un-
der such conditions, when the diffusion length is short a
comparable to the Debye screening length and the width
the surface ~near-boundary! space-charge region~SCR!,
there is available a method based on the dependence o
short-circuit photocurrent of a Schottky-diode-type struct
on the capacitance of the SCR under a reverse bias.1–4 The
advantages of this method are experimental simplicity
accuracy inaccessible in other methods, especially in the
of submicron diffusion lengths. At the same time, the pos
bility of applying the method to real Schottky barriers, co
taining an intermediate layer between the metal and
semiconductor and surface electronic states~SECs!, requires
additional investigation, especially in the case of stron
doped material. Under conditions of strong doping of a se
conductor, a substantial electric fieldE*105 V/cm forms in
the SCR under a reverse bias, and as a result of electr
sorption, it leads to a nonmonotonic, oscillatory spectral a
field dependence of the light absorption coefficienta of the
semiconductor.5 This in turn has the result that the interce
on the 1/C axis depends on the wavelength of the incide
light.6 For this reason, to determine the diffusion length
minority carriers correctly, it is necessary to have a spectr
of intercepts measured in the spectral region satisfying
conditions of applicability of the method and to make
analysis which takes into account the effect of the field
the absorption coefficient. Moreover, the presence of an
termediate layer between the metal and the semicondu

661 Semiconductors 31 (7), July 1997 1063-7826/97/07
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nitude of the measured capacitance and the redistributio
voltage between the intermediate layer and the SCR in
semiconductor. For this reason, to determine correctly
dependence of the capacitanceCSCRof the SCR on the bias
voltageU, it is necessary to make an additional analysis
the high-frequency capacitance versus voltage~CVC! and
the static current versus voltage~IVC! characteristics of the
contact. In this paper we propose an improved method
determining the diffusion lengthL of the minority current
carriers in real Schottky barriers, and we analyze the m
sured spectral and field dependences of the short-circuit p
tocurrent, the CVC, and the IVC, using computer data ana
sis.

1. ANALYSIS OF THE HIGH-FREQUENCY CAPACITANCE
VERSUS VOLTAGE CHARACTERISTICS

In real Schottky barriersCSCR is related with the rf ca-
pacitanceC of the contact as

1

C
5

1

C0
1

1

CSCR~USCR!
, ~1!

where

CSCR5S q«0«sNds
2

2 D 1/2~U02USCR!
21/2

5
1

B
~U02USCR!

21/2,

s is the area of the diode, and the effective of the capacita
C0 of the intermediate layer increases with the thickness
this layer and with the doping level of the semiconductor

When deep levels are present in the SCR, the cap
tance of the region becomes frequency-dependent and
shown in Ref. 7, the rf capacitance, for which the charge

66161-05$10.00 © 1997 American Institute of Physics



the deep levels cannot follow the test voltage signal, must be
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measured in order to measure the widthW of the SCR. The
relation between the rf capacitanceC and the low-frequency
capacitanceCSCRcan also be represented in the form of E
~1!, where 1/C0 does not depend onU, but has a different
meaning. The method proposed in Ref. 7 for determin
1/C0 from the intercept on the 1/C axis of the straight line
which the dependence 1/C(U1/2) reaches for large values o
U1/2 does not rule out an effect of 1/C0 in the entire range of
U1/2. In the case of strongly doped material the range ofU is
bounded by the breakdown voltage; this increases the e
in determining 1/C0. Under the conditionNd5 const and
1/C0 Þ f (U), using the derivative of 1/C with respect to
USCR, we obtain

d1/C

dUSCR
5
1

2
B~U02USCR!

21/2, ~2!

where

U05Ud2
kT

q
2DU0 ,

whereNd5Nds1Ndd is the total density of shallowNds and
deepNdd donors,

Ud5Ffb2SEc2Ef

q D G
is the diffusion potential for an unbiased diode,

DU05
Ndd

Nds1Ndd
SEf2Edd

q D ,
fb is the height of the barrier in the contact, andEc , Ef , and
Edd are the conduction band bottom energy, the Fermi
ergy in the volume of the semiconductor, and the energy
the deep donor, respectively.

Hence

USCR5U02
B2

4 S dUSCR

d1/C D 2.
In other words,B and henceNd can be determined from th
slope of the curve ofUSCR versus@dUSCR/(d1/C)#

2, and
U0 is determined from the intercept on the abscissa. T
constant component 1/C0 of the capacitance can then be d
fined as

1

C0
5
1

N(
i51

N S 1C2B~U02USCRi
!1/2D ,

which makes it possible to calculate correctly the capacita
of the SCR from Eq.~1!, i.e., its extentW5 «s«0s/CSCR .

The functionUSCR(U) is determined from the revers
current-voltage characteristic, with allowance for the ana
sis of the functionI R(U) in order to determine the curren
flow mechanism. In the case of structures where the m
mechanism of the reverse current is thermionic emission

I R5DA* sT2e2
q~fb02Df0~USCR!2Ui !

kT , ~3!

whereD is the transmittance of the barrier with an interm
diate layer,A* is Richardson’s constant,Ui is the bias volt-
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age drop across the intermediate layer,U5Ui1USCR, and
Df0 is the decrease in the barrier height as a result of
mirror reflection forces and the field-emission forces. Fo
sufficiently thick intermediate layer and a small bias volta
range, the dependence ofDfb on the bias can be ignore
compared withUi , setting

I R5DA* sT2e2
q~fb2Ui !

kT , ~4!

wherefb is the barrier height determined from the straig
I-V characteristic.

2. EXPERIMENT

The rf capacitance of a diode is measured with illumin
tion at a frequency of 1 MHz. This eliminates the dire
participation of deep levels in the formation of the capa
tance. The short-circuit photocurrent is measured with
current at a light modulation with frequency;100 Hz.

As test samples we used Schottky diodes, prepared
the method of vacuum deposition of a semitransparent g
film on a single-crystallinen-type GaAs ~doping level
Nd51016–1018 cm23) substrate heated to 100–150 °C. T
typical capacitance-voltage characteristic is shown in Fig
~curve1! for a sample withNd54.531016 cm23. As one can
see, it is slightly nonlinear and has a large intercept on
voltage axisU051.4 V. This could be due to the presence
an intermediate layer of oxides at the metal–semicondu
interface and the contribution of deep levels to the SC
Taking into account these two factors by the method p
posed above completely rectifies this dependence~straight
line 2! and makes it possible to determine the true bar
height at the Au–n-GaAs boundary:fb50.82 eV. This
value agrees, to a high degree of accuracy, with the va
determined from the straight current-voltage characterist

FIG. 1. Capacitance versus voltage curve of a barrier structure with majo
carrier density 4.531016 cm23 ~1! and the capacitance of the SCR, recalc
lated taking into account the intermediate layer and deep levels, ve
USCR ~2! in the coordinates 1/C2 2U.
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A series of curves of the short-circuit photocurrent v
sus the capacitance of a reverse-biased barrier for the s
structure with different incident-photon energies is shown
Fig. 2. We see that for sufficiently large values of 1/C the
curves are linear, but the interceptsI 0 on the abscissa ar
different. The dependences of the intercept on the wa
length for materials with different doping levels are shown
Fig. 3. They are nonmonotonic. The character of this dep
dence indicates that the electric field strongly influences
absorption coefficient and makes it necessary to take
account this fact in determining the diffusion lengthL of the
minority carriers. It should be noted that the conditi
Wa!1 was satisfied for these dependences, and all the
ter with increasing doping level of the samples. For this r
son, the intercept spectrumI 0(l) for the most strongly
dopedn-type GaAs withNd51.0831018 cm23 is the long-
est. For a material withNd,1016 cm23 the condition of
weak absorption in the SCRWa!1 holds only at the ab-
sorption edge itself, so that the dependenceI 0(l) becomes
completely meaningless.

The photocurrent of the Schottky barrier under the c
ditionWa!1 can be written in the form

I p;K* S a0L1E
0

W

a~x!dxD , ~5!

whereK* can be regarded as being independent of the fi
~the width of the SCR!,3 especially in the case of strongl
doped material. In fields.104 V/cm the absorption coeffi-
cient is no longer constant and, as shown in Ref. 6, for in
dent photon energyhn sufficiently greater than the band ga
Eg it can be approximately expressed by the formula

FIG. 2. Short-circuit photocurrent versus the reciprocal of the capacitanc
a Au–n-GaAs barrier withNd54.531016 cm23 for different wavelengths of
the incident light, nm:1— 856,2— 828,3— 800,4— 775,5— 752.
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a~x!5a0F12
hqE~x!

8p~2m1/2~hn2Eg!
3/2

3cosS 8p~2m!1/2~hn2Eg!
3/2

3hqE~x! D G , ~6!

wherea0 is the light absorption coefficient in a weak field
andm is the effective mass of the electron. The depende
of the fieldE(x) in the space charge region with a consta
doping level has the formE(x)5(qNd /«s«0)(W2x). Sub-
stitutingE(x) anda(x) into the expression for the photocu
rent and integrating by parts, we obtain an analytic expr
sion for the photocurrent of a Schottky barrier in the form
an infinite series:

I p5K*a0S L1WF12
1

6 S cos~y!

y
2sin~y!2yCi~y! D G D ,

~7!

where

y51/~3bW!; b5
q2Ndh

«0«s8p~2m!1/2~hn2Eg!
3/2,

Ci is the cosine integral,

Ci~y!50.57721 ln~y!2E
0

ycos~y!

y
dy,

where the last integral is tabulated. The expression in bra
ets as a function ofy is shown in the inset in Fig. 3. In the
general form

I p5K*a0~L1W@12 f ~y!# !. ~8!

of
FIG. 3. Experimental and computed@according to expressions~8! and ~9!#
spectral dependences of the interceptL0 for Au–n-GaAs samples with dop-
ing level Nd , cm

23: 1 — 4.531016, 2 — 3.4831017, 3 — 1.0831018.
Parameters of the computed curves,¸: 1 — 1/45, 2 — 1/64,
3— 1/90;Eg , eV: 1— 1.43,2— 1.41,3— 1.37;m: 1— 0.06,2— 0.068,
3 — 0.068;L, mm: 1 — 0.77, 2 — 0.35, 3 — 0.27. Inset: Form of the
correction functionf (1/3bW).

663Dmitruk et al.



Comparing the experimental spectral dependences of the in-
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terceptI 0 with the dependences calculated from Eq.~8! for
diodes with a different degree of doping shows that there
reasonably good agreement in the region of the first m
mum when

f ~y!512¸S cos~y!

y
2sin~y!2yCi~y! D , ~9!

where the coefficienţ and the values ofEg or and/orm
depend on the doping level in the semiconductor and
determined by fitting. The parameters of the compu
curves, presented in Fig. 3, are given in the caption of
figure. The value ofEgtends to decrease as the doping le
increases; this can be explained by the action of the Fra
Keldysh effect as a result of the increase in the surface fi
with increasing doping of the semiconductor. The decre
in ¸ ~decrease in the effect of the field onI 0) with increasing
Nd is apparently mainly due to the scattering of current c
riers by ionized impurities, resulting, according to Ref. 8,
a ‘‘broadening’’ of the electro-optic functions, decrease
the amplitude and increase in the width of the electroabs
tion peaks. ForNd.1018 cm23, effects arising due to the
random fields of clusters of charged impurities, band deg
eracy, optical nonuniformity of the SCR in the case wher
thin inversion layer is present beneath the contact, inten
cation of the effect of the scattering of current carriers
surface defects~interface!,9 which likewise changes the cha
acter of the field dependence ofa, are also possible. Th
diffusion lengthL of the minority charge carriers can b
determined by fitting the computed curve given by Eqs.~8!
and ~9! to the experimental curve.

A proof of the fact that the value ofL determined in this
manner is the true diffusion length of minority charge car
ers was obtained by an independent method by fitting
photocurrent spectrum calculated according to the gen
formula ~12! of Ref. 10 to the measured spectrum. Acco
ingly, the measured photocurrent spectrum normalized to
incident photon was converted into the quantum efficien
spectrum, taking into account the transmission of the Au fi
on GaAs in accordance with Ref. 11. The thickness and
tical parameters of the Au film were determined from ell
sometric measurements and the transmission spectrum
Au film on a quartz plate–step. It was determined that
describe the transmission spectrum of Au films obtained
vacuum sputtering on a heated substrate~quartz!, the optical
parameters of Au from Ref. 12 can be used starting with fi
thicknesses of;200 Å. According to Ref. 10, the short
circuit photocurrent spectrum, calculated with the corr
boundary conditions and taking into account electroabso
tion in the SCR, is given by the formula

I p
qI

5
1

11S/VpS 12
exp@2*0

Wa~x!dx#
11a0L

1I 2

11L11
D/L

S1Vp
e2c~0!

D
2

a0

a02
qE~0!

kT

S 12
qE~0!

kTVn /Dn
D 21

, ~10!
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where

I 15
1

LE0
W

e2c~x!dx,

I 25
1

LE0
W

~12e2a~x!x!e2c~x!dx,

E(0) is the field at the semiconductor–intermediate la
boundary,c(x) is the potential in the SCR,S is the boundary
recombination rate,D andDn are the diffusion coefficients
andVp andVn are the velocities of the transport of holes a
electrons from the semiconductor into the metal. We n
that the second term in expression~10! describes the de
crease in the photocurrent as a result of the direct transpo
the majority current carriers into the metal. It is important f
low barrier heights at the boundary, and in the presence
reverse biases in a strongly doped material it can be di
garded in almost the entire spectral rangel.0.5 mm. We
have therefore assumed it approximately to bea(x)'a0.
The first term describes well the long-wavelength part of
spectrum, which is most sensitive to the diffusion lengthL.
The values ofL, S/Vp , andVn /Dn can be determined from
the agreement of the theoretical and experimental photo
rent spectrum, using them as adjustable parameters. Figu
shows the experimental and computed quantum-efficie
spectra for the same structures as in Fig. 3. The adjust
parameters are presented in the caption, and the depend
of L, determined by the two methods, on the dopant den
is shown in the inset. We see that the values ofL agree
within 610%. The error of the second method~based on the

FIG. 4. Experimental~dots! and theoretically computed spectral depe
dences of the ratio of the short-circuit photocurrent to the number of pho
passing through GaAs for Au–GaAs structures withNd , cm23: 1 —
4.531016, 2 — 3.4831017, 3 — 1.0831018. Parameters of the compute
curves,L, mm: 1— 0.57,2— 0.46,3— 0.32;S/Vp : 1— 0.01,2— 0.18,
3— 0.12;Vn /Dn , cm

21: 1— 23106, 2— 7.83106, 3— 1.33 107. Inset:
Hole diffusion length versus donor impurity density.L was determined by
the following methods:I p(1/C) — circles,I p(hn) — crosses.
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spectrum I p) is much larger, since this method requires
am
,
e
m

ng
e

he
or
nd
fe
re
al
nn
iti

2N. L. Dmitruk and A. K. Tereshchenko, E´ lektron. Tekhn., Ser. 2, Polu-
provodnikovye Pribory, No. 4, 68~1972!.

,
o-

v,

hys.

d

-

. i
knowledge of the spectral dependence of the optical par
eters (n,k) of the metal and (n,k,a) of the semiconductor
which themselves can depend on the thickness of the m
film, the surface treatment, and the doping level of the se
conductor. Data forn,k, anda(hn), given in Ref. 13 for
GaAs, were used in the calculation. In the investigated ra
of Nd for single-crystal n-type GaAs, the dependenc
L(Nd) is a power law with exponent;21/3.

In summary, the well-known method of determining t
diffusion length of minority charge carriers, improved f
real Schottky barriers taking into account the correct bou
ary conditions at the interface and the Franz–Keldysh ef
in the SCR, reflects to a high degree of accuracy the
values of the diffusion lengths in semiconductor materi
and makes it possible to describe in a self-consistent ma
the spectral and field dependences of the photosens
structures with a Schottky barrier.
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Effect of successive implantation of Ag 1(Cu1) and Xe1 ions on the recombination

properties of Cd xHg12xTe crystals

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

Kazan’ Physicotechnical Institute, Russian Academy of Sciences, 420029 Kazan’, Russia
~Submitted August 7, 1996; accepted for publication October 25, 1996!
Fiz. Tekh. Poluprovodn.31, 786–789~July 1997!

The effect of successive double implantation of Ag1~Cu1) and Xe1 ions on the recombination
properties of CdxHg12xTe (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 lying 3065 meV
below the conduction band bottom dominates. Successive double implantation of Ag1~Cu1) and
Xe1 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
CdxHg12xTe crystals withx50.2020.25 in the temperature interval 700–200 K the lifetime of the
nonequilibrium charge carriers is low (t,0.15ms) and does not depend on the temperature.
For CdxHg12xTe crystals withx.0.3 recombination of nonequilibrium charge carriers
occurs through two types of levels: in the temperature range 140–200 K — deep levels
Et1.Ec251 meV and at lower temperatures~77–140 K! — through shallower levels
Et2.Ec2(1662) meV. © 1997 American Institute of Physics.@S1063-7826~97!00707-2#

1. INTRODUCTION ties of CdxHg12xTe (x50.220.3) crystals in which group-I
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The narrow-gap semiconductor compound CdxHg12xTe
is the basic material used in the fabrication of infrare
radiation detectors. From the scientific standpoint, it is
great interest to investigate the lifetime of nonequilibriu
charge carriers in this material, since this parameter de
mines the characteristics of photodetectors. A great dea
experimental data on the recombination processes and o
clarification of the nature of Shockley–Read centers aris
mainly in crystals subjected to special doping~see Refs.
1–5! have now been accumulated. Ion implantation has b
very successful for forming high-qualityp–n junctions on
substrates with different types of conductivity.6–9 Moreover,
in Refs. 10 and 11 it was shown that the electrical parame
of CdxHg12xTe can be controlled by measured implantati
of group-I and -III ions, which makes it possible to obtainn-
and p-type bulk material with a prescribed charge-carr
density. Investigations of the recombination properties
these crystals withx50.204–0.3 established that under co
ditions when conductivity-type inversionn→p occurs, at
temperatures below 150–200 K recombination through lo
levels lying 25610 meV below the conduction band botto
dominates.12 The recombination centers arising in the pr
cess are apparently associated with the formation of vaca
complexes of the typeVHgVTe. At the same time, it should
be noted that implantation of inert-gas ions, specifica
Xe1, in CdxHg12xTe followed by thermal annealing doe
not change the electrical properties, while the lifetime of
nonequilibrium charge carriers~at 77 K! decreases by severa
factors up to two orders of magnitude.13 To determine the
specific nature of the ion implantation and subsequent di
sion annealing in narrow-gap semiconductors, it is of inter
to investigate the effect of double successive implantation
the electric and photoelectric properties of CdxHg12xTe. In
the present work we investigated the recombination prop
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and Xe ions were successively implanted and the cryst
were then subjected to diffusion annealing after each irra
tion.

2. EXPERIMENT

Bulk n-type single crystals of the solid solutio
CdxHg12xTe, grown by different methods, with cadmium
telluride contentx50.220.3 were used as the initial mate
rial. Implantation in freshly etched samples was conducte
two stages: first, Cu1 or Ag1 ions with energy 40 or 30 keV
respectively, and doses in the range 2.03101422.031015

cm22 were implanted, after which 30-keV Xe1 ions with a
dose of 1.2531016 or 2.531016 cm22 were implanted. In
some control experiments the implantation was performe
the reverse order. In all implantation experiments the
current densityj was held below 0.7mA/cm2 to prevent
strong heating of the sample. After each irradiation a dif
sion thermal annealing~DTA! was performed in sealed
quartz cells in saturated mercury vapor at a tempera
573610 K for a period of 10–12 days. Such annealing
necessary for diffusion redistribution of the embedded im
rity over the entire thickness of the sample and for annea
of radiation defects. The electric and photoelectric para
eters of the samples were measured after each implanta
operation followed by diffusion annealing.

The Hall coefficientRH and the resistivity~conductivity
s! were measured by the van der Pauw method at 77 and
K in magnetic fields of 500 and 15 000 Oe. The lifetime
the nonequilibrium charge carriers~NCCs! t in the tempera-
ture range 77–300 K was determined by the method of p
toconductivity relaxation with pulsed excitation by GaA
diode radiation with wavelengthl50.91mm.

66666-03$10.00 © 1997 American Institute of Physics



TABLE I. Parameters of samples at 77 K before and after Cu1~Ag1) and Xe1 implantation followed by DTA.
Sample
No. x

Before implantation
Implantation
conditions After implantation1DTA

Type of
conductivity

1/eRH ,
1015 cm23

uRHus,
104 cm2/~V•s! t, ms Ion

Dose,
1015 cm22

Type of
conductivity

1/eRH ,
1015 cm23

uRHus,
104 cm2/~V•s! t, ms

C1 0.23 n 20.38 5.5 – Ag1 1.8 p 8.4 0.062 0.1
0.1 Xe1 25.0 p 8.5 0.060 0.1

C2 0.24 n 24.64 6.1 – Xe1 12.5 n 24.7 6.0 –
– Ag1 1.25 p 2.5 0.013 0.14

C3 0.3 n 21.23 5.4 – Ag1 0.62 p 2.1 0.029 0.29
0.29 Xe1 25.0 p 2.15 0.029 0.2

M1 0.25 n 21.49 1.05 – Cu1 0.94 p 6.86 0.031 0.13
0.13 Xe1 12.5 p 6.85 0.035 0.13

M2 0.208 n 22.1 1.07 – Cu1 1.9 p 8.8 0.043 0.1
0.1 Xe1 12.5 p 8.7 0.043 0.1

M3 0.3 n 21.23 5.4 – Cu1 0.25 p 1.2 0.053 0.6
0.6 Xe1 25.0 p 1.3 0.053 0.25

K1 0.24 p 1.15 0.018 7.0 Xe1 37.4 p 1.1 0.018 0.1
3. RESULTS AND DISCUSSION
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The data from electric and photoelectric measureme
at 77 K for CdxHg12xTe (x50.2–0.3) crystals before im
plantation and after each stage of implantation followed
annealing are given in Table I. As one can see from the ta
ion implantation CdxHg12xTe← Cu1 inverts the conductiv-
ity type n→p and increases the photosensitivity of the m
terial. Bombardment of CdxHg12xTe crystals with Xe

1 ions
only ~see data for the samples K1 and S2! has no effect on
the electrical parameters, but it does drastically decrease
NCC lifetime.

The measurements of the temperature dependence
the NCC lifetime in CdxHg12xTe after double implantation
followed by diffusion annealing showed that it is convenie
to divide the results into two groups, depending on
composition of the solid solutions:x50.20–0.25 and
x.0.3. Using sample M1~curve 1! as an example, Fig. 1
shows a typical temperature dependence of the lifetime
CdxHg12xTe crystals with x<0.25 after irradiation with
group-I ions and subsequent DTA. The course of the te
perature dependence oft attests to the fact that after implan
tation of group-I ions in CdxHg12xTe recombination through
local levels in the band gap is observed in the impurity
gion. A calculation in the single-level Shockley–Read mo
showed that recombination in sample M1 occurs through
levelEt15Ec226 meV~see data in Table II!. The tempera-
ture dependence of the lifetime of nonequilibrium char
carriers for CdxHg12xTe crystals, subjected to implantatio
with Xe1 ions combined with subsequent DTA, is show
using sample K1~curve2! as an example. It should be note
~see Ref. 13! that the temperature variation oft in the initial
K1 crystal was explained satisfactorily by interband p
cesses, while as a result of implantation of Xe1 ions, the
dependencet(1/T) acquired a form characteristic of recom
bination of NCCs on Shockley–Read centers with
level Et5Ec230 meV ~see Table II!. Curve 3 in Fig. 1
illustrates the variation of the temperature dependence oft in
CdxHg12xTe samples subjected to double successive imp
tation with group-I ions and Xe1 combined with subsequen
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successive double implantation in CdxHg12xTe, the tempera-
ture variation oft(1/T) cannot be satisfactorily described
the one-level Shockley–Read model. In a wide tempera
interval ~77–200 K! the short NCC lifetime is temperature
independent. It was also determined that the order of dou
irradiation of CdxHg12xTe with x<0.25 ~group-I ions and
then Xe1 ions or vice versa! has no effect on the value o
t: For sample M1~Cu1 ions and then Xe1 ions! t50.13
ms and for sample S2~Xe1 ions and then Ag1

ions! t50.14ms atT5772200 K. Therefore, our investi-
gations established that successive double irradiation
CdxHg12xTe crystals~with x<0.25) with group-I and Xe1

ions results in the formation of a strong channel for reco
bination and stabilization of the NCC lifetime in the tem
perature region corresponding to the extrinsic conductivi

Figure 2 shows the temperature dependences oft for
two samples of CdxHg12xTe (x50.3), irradiated first with
Cu1 ions ~sample M3, curve1! or Ag1 ions ~sample S3,
curve 2!, after which Xe1 ions were implanted~curves3

FIG. 1. Temperature dependences of the lifetime of nonequilibrium cha
carriers for CdxHg12xTe samples withx<0.25: 1 — Sample M1, implan-
tation of Cu1 ions;2— sample K1, implantation of Xe1 ions;3— sample
M1, successive implantation of Cu1 and Xe1ions.
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TABLE II. Parameters of recombination centers.
Sample No. Ion x Dose, 1015 cm23 1/eRH , 10
15 cm23 Ec2Et1 , meV tp , 10

26 s tn , 10
26 s Ec2Et2 , meV tp2 , 10

26 s

M1 Cu1 0.25 0.94 6.86 26 2.0 0.1
M3 Cu1 0.3 0.25 1.2 28 0.17 0.6

Xe1 25.0 1.3 51 0.52 0.26 18 0.055
C3 Ag1 0.3 0.62 2.1 35 0.48 0.29

Xe1 25.0 2.15 51 1.26 0.21 14 0.064
K1 Xe1 0.24 37.4 1.1 30 0.1

Note: tn is the lifetime of nonequilibrium electrons;tr1 and tr2 are the lifetimes of nonequilibrium holes relative to the recombination throughEt1 and
Et2 levels.
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CdxHg12xTe irradiated with electrically active group-I impu
rity ions shows that, just as for samples withx50.25, recom-
bination occurs through one local level in the band gap. T
calculations presented in Table II gave the valu
Et15Ec228 meV andEt15Ec235 meV for CdxHg12xTe
irradiated with Cu1 and Ag1 ions, respectively. Subseque
implantation of Xe1 ions in these samples has the effect th
the temperature dependencest(1/T) can no longer be de
scribed by recombination through one local Shockley–R
center. As an example, Fig. 2 shows~dashed lines! the com-
putational results for the caseEt15Ec251 meV. In contrast
with crystals with low values ofx, for this group of samples
the NCC lifetime increases monotonically with temperatu
The temperature dependence oft in a CdxHg12xTe
3(x50.3) sample subjected to double successive impla
tion was described assuming two NCC recombination lev
The computational results presented in Table II show tha
the region 140–200 K recombination occurs through a d
level Et1.Ec251 meV, and as the temperature increa
~77–140 K!, recombination through the shallower leve
Et25Ec218 meV andEc214 meV dominates in sample
initially irradiated with Cu1 ions ~sample M3! and Ag1 ions
~sample S3!, respectively.

Our results on the effect of double successive implan
tion on the recombination properties of CdxHg12xTe crystals
can be explained as follows. As follows from the data in R
12, ion implantation in CdxHg12xTe crystals combined with

FIG. 2. Temperature dependences of the lifetime of nonequilibrium ch
carriers for CdxHg12xTe samples withx50.3: 1— Sample M3, implanta-
tion of Cu1 ions; 2 — sample S3, implantation of Ag1 ions; 3 — sample
M3, successive implantation of Cu1 and Xe1 ions;4— S3 sample, succes
sive implantation of Ag1 and Xe1 ions.
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which are probably constituents of the complexes of the t
VHgVTe. It was determined that the charged state of su
complexes depends onx: neutral for x.0.3 and positive
(11) for x<0.25. The differences which we observed in t
temperature dependences of the NCC lifetime
CdxHg12xTe crystals subjected to successive double impl
tation, depending onx are most likely determined by th
character of the initially existing complexes. Moreover,
the solid solutions CdxHg12xTe with low values of x
3(x,0.25) the complexes form more easily and their de
sity is higher than in crystals with high values ofx at the
same implantation doses. Therefore, it can be assumed
in CdxHg12xTe, after successive double implantation, ne
complexes based on initially existing ones are formed, an
samples withx<0.25, i.e., in a crystals with a narrower ga
@at 77 K Eg50.197 eV~Ref. 14!# their density is high and
they make the main contribution to the recombination p
cesses, which is what stabilizes the NCC lifetime with lo
values oft in a wide temperature interval.
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Characteristic features of Raman scattering of light in silicon doped with high krypton

state
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. Poluprovodn.31, 790–793~July 1997!

A high-frequency 20-cm21 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 Kr1 implantation and laser annealing. The experimental
data obtained by us are explained well by the presence of local mechanical stresses (;40 kbar)
due to the presence of heavy inert Kr atoms at the lattice sites. ©1997 American
Institute of Physics.@S1063-7826~97!00807-7#

A number of interesting effects appear when heavy ele-planted samples corresponds mainly to the amorphous
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ments are introduced into silicon: Chemical activity of ine
heavy gases,1 low-temperature recrystallization stage t
gether with gas release2 and displacement of hydroge
impurity,3 and formation of a porous structure4 which in turn
intensifies Raman scattering and luminescence.5 For reasons
of new practical applications, the physical nature of the
effects is drawing a great deal of interest.

We have investigated by the method of Raman scatte
the transformation of the microscopic structure of the crys
lattice of silicon and its dynamic properties with differe
implantation regimes and laser annealing~LA !.

1. EXPERIMENTAL PROCEDURE

First, a single-crystal plate of KDB-1~111! silicon was
bombarded at room temperature with krypton ions Kr1 with
energyE540 keV and current density of the ion beam in t
range 2–5mA/cm2. High ion-implantation doses in the rang
D56 3 101422.431017cm22 were used for the effects stud
ied. Next, the experimental samples were annealed wi
ruby laser (l5694.3 nm) with pulse durationt;50 ns; the
energy density in a 5-mm-diameter spot varied in the ra
W50.2–1.5 J/cm2.

The Raman spectra were obtained in the ‘‘reflectio
geometry on a DFS-62 spectrometer for different conditio
of treatment of silicon at room temperature. Raman scat
ing was excited by thel5510.6-nm line of a copper-vapo
laser, operating in a quasicontinuous mode with freque
11 kHz and a pulse duration of 20 ns. The power density
a laser pulse at the sample did not exceed 103 W/cm2. The
spectral slit width was equal to 2 cm21. The Raman scatter
ing signals were recorded in the photon counting mode w
synchronization of the laser pulses.

2. EXPERIMENTAL RESULTS AND DISCUSSION

The Raman spectrum obtained made it possible to fol
the transformation of the structure of a;100-nm-thick sur-
face layer and localization of Kr atoms in the Si matrix wi
increasing implantation dose and increasing laser irradia
energy. The Raman scattering spectrum for the initial
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of the surface layer of Si. However, a weak doublet ba
with frequencies 512 and 517 cm21 ~Fig. 1a!, which indi-
cates the appearance of a microcrystalline phase,6 is ob-
served even for an implantation dose ofD56 3 1015 cm22.
As the LA energy density is increased, this band becom
narrower in the direction of the crystal peak at 518 cm21

~Fig. 1 b–1d!. The appearance of a doublet band in the R
man scattering spectrum is explained by an initial lo
temperature stage of recrystallization of the disordered la
Heating of the sample to;400 °C at this implantation dos
can be attributed to the high ion current (.3 m A/cm2). It
has been determined2 that the effect of low-temperature an
nealing is characteristic of such implantation doses of kr
ton in silicon.

An unexpected occurrence was the appearance of a
narrow line at 538 cm21 in the spectrum together with th
crystal peak at 518 cm21 ~Fig. 1b–1d!. It is significant that
the position of this peak and its half-width do not depend
the implantation and LA regimes, while the intensity of th
peak increases substantially, compared with the intensit
the crystal peak at 518 cm21, as the LA energy density in
creases. For all implantation doses investigated the m
mum intensity of the low-frequency peak at 538 cm21 is
observed with LA energy densityW>0.5 J/ cm2. This char-
acteristic dependence is presented in Fig. 2 for the impla
tion doseD5631015 cm22. As the LA energy density is
increased further toW>1 J/cm2, the intensity of the crysta
peak at 518 cm21 saturates while the intensity of the peak
538 cm21 drops sharply~almost by an order of magnitude!.
Under these conditions a regime of epitaxial recrystallizat
of the disordered layer is realized; this is also indicated
the ellipsometric investigation of the complex index of r
fraction for such implantation and LA regimes.4

The existing theories of the dynamics of nonideal crys
lattices for a light substitution impurity explain well the ap
pearance of local oscillations of the initial perfect crys
above the photon frequency. As a rule, a heavy impu
leads to the appearance of quasilocalized resonance os
tions, whose frequencies fall in the region of the allow
photon frequencies of the initial crystal.7 In our opinion, the

66969-03$10.00 © 1997 American Institute of Physics



sit
d
n
o
is
ta
t
th
n-
s
ca
ra

lly
-
m in

e a
at-
the
ause
d.
e
en
res-
f the
on
g
-
-
l
loy
se

r
n

f

high-frequency peak at 538 cm21 should be attributed to the
appearance of a local mode due to krypton atoms at the
of the silicon crystal lattice. The constancy of the magnitu
of the high-frequency shift and the absence of an additio
broadening of this peak, as compared with the half-width
the 518-cm21 peak show unequivocally that this signal
due to the additional high-frequency vibration of the crys
lattice. Such a high-frequency vibration can be attributed
the presence of a strong deformation potential due to
localization of heavy inert krypton atoms at the silico
lattice sites and, correspondingly, to a change in the ela
coupling constants of the Si atoms. Accordingly, a lo
change occurs in the frequency of the characteristic vib
tions of the lattice atoms.

FIG. 1. Transformation of the Raman spectrum in silicon doped with K1

ions (E540 keV,D5631015 cm22) under the action of laser irradiatio
(l5694.3 nm,t;50 ns) with energy densityW ~J/cm2): a — 0, b —0.34,
c — 0.53, d — 0.96.
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In the case of the implantation of a heavy but electrica
active indium impurity in silicon, an additional high
frequency peak was not observed in the Raman spectru
the range investigated~Fig. 3!. In all likelihood, the localiza-
tion of the In atoms at the Si lattice sites does not produc
strong deformation of the electronic subsystem of the Si
oms and, correspondingly, does not change appreciably
force constants binding the atoms of the substrates, bec
the covalent bond with the implanted impurity is preserve

A small (;3 cm21) increase in the frequency of th
characteristic vibrations of single-crystalline silicon has be
observed in several studies. This was attributed to the p
ence of in mechanical stresses that appear because o
differences in the lattice constants of the epitaxial silic
film and the substrate8 or as a result of local laser annealin
of the amorphous layer6 or a local perturbation by the sub
stitution dopant.9 In our opinion, the observed high
frequency shiftDn520 cm21 could be due to strong loca
mechanical stresses in the crystal lattice. We shall emp
the Grüneisen approximate model to estimate the

FIG. 2. Intensity of the 518- and 538-cm21 lines in the Raman spectrum o
silicon doped with Kr1 ions (E540 keV, D5631015 cm22) versus the
laser irradiation energy density.

FIG. 3. Raman spectrum of silicon doped with In1 ions (E530 keV,
D59.631015 cm22) after laser annealing.
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stresses.10 In this phenomenological model the relative
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changeDn/n i of the corresponding vibrational frequency
the lattice is related to the volume compressionDV/V of the
sample through the Gru¨neisen mode parameterg i for modes
with index i in a crystal subjected to pressureP:

Dn i /n i52g i~DV/V!5g ibP, ~1!

where b is the isothermal compressibility,9

bSi51.012310211 m2/N. For the optical modeE2g, the
Grüneisen parameter is10 g i50.98. An estimate of the loca
pressure according to the formula~1! with Dn520 cm21 and
n5518 cm21 gives the valueP>40 kbar. Therefore, local
ization of heavy krypton atoms at crystal-lattice sites in s
con can give rise to substantial stresses that result in a c
pression of the lattice.

It is well known that stresses appearing in the Si ma
can also strongly influence the recrystallization kinetics d
ing laser annealing.11 In our case this is indicated by th
behavior of the intensity of the 518-cm21 and 538-cm21

peaks as a function of the LA energy density. The appe
ance of these signals even with a low energy den
(W50.4 J/cm2) is unequivocally due to the recrystallizatio
of the disordered layer of Si~Fig. 1!. The intensity of the
peak at 538 cm21 corresponds to the fraction of localized K
atoms in the crystal lattice. Recrystallization is accompan
by a simultaneous sharp displacement of the Kr impu
toward the surface. The extra krypton atoms which did
occupy a substitution position at sites of the Si crystal latt
accumulate in the form of gas bubbles. This is indicated
the data from ellipsometric investigations and the porosity
the structure observed with a scanning force microscop12

For LA energy densityW.0.5 J/cm2 a sharp drop of the
signals at 538 cm21 and slow growth of the intensity of th
peak at 518 cm21 are observed. The increase in the intens
of the 518-cm21 line saturates atW.1 J/cm2, and in the
process the magnitude of the signal at 538 cm21 drops ap-
proximately by a factor of 13. We attribute these change
the low-temperature stage of recrystallization, which is
companied by a rapid release of Kr gas.2 According to Ref.
2, the residual Kr content in the Si matrix as a result
complete recrystallization for an implantation do
671 Semiconductors 31 (7), July 1997
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mates based on an analysis of the decrease of the sign
538 cm21.

In closing, we note that although the nature and mec
nism of low-temperature recrystallization with gas relea
have not been inadequately studied, it can be assumed
the basis of the experimental data obtained by us, that rec
tallization is stimulated by local stresses. This conclusion
supported by the experimentally verified results on
stimulating effect of hydrostatic pressure on crystallizati
of amorphous silicon,13 where it was shown that the crysta
lization rate increases by a factor of 5 under a pressure o
kbar at a temperature of 520 °C.

This work was supported by the Russian Fund for Fu
damental Research under Grant No. 96-02-18245.
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Simulation of heat and mass transfer during growth of silicon carbide single crystals

he
B. A. Kirillov, A. S. Bakin, and Yu. M. Tairov

Department of Microelectronics, St. Petersburg State Electrical Engineering University,
197376 St. Petersburg, Russia

S. N. Solnyshkin
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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 Physics.@S1063-7826~97!00907-1#
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Silicon carbide is a semiconductor material with uniq
properties. It can be used to fabricate devices operatin
high temperatures and also high-power and radiati
resistant devices. The main problem now lies in the m
production of silicon carbide single crystals with a low d
fect density and high cross-sectional uniformity of prop
ties.

Investigators have concentrated their efforts on study
the processes occurring in a reactor during crystal growth1–3

Nonetheless, these processes have still not been adequ
studied because of the impossibility of using modern
search tools due to the very high working temperatures in
growth zone. For this reason, attempts have recently b
made to simulate on a computer the heat and mass tra
processes with allowance for the chemical reactions oc
ring in the growth cell.4

The setups employed in different laboratories for gro
ing SiC single crystals differ with respect to the configu
tion of the reactors and the growth cells, as well as w
respect to the growth conditions. This study is devoted
numerical simulation of the heat and mass transfer proce
occurring in a reactor under the conditions employed
growing SiC single crystals in the Laboratory of Wide-G
Semiconductors at the St. Petersburg Electrical Enginee
University ~SPEEU!. The objective of this work is to deter
mine the laws governing these processes at different st
of the technological process of growing SiC single cryst
by constructing a mathematical model of these processes
performing a computational experiment.

2. FORMULATION OF THE PROBLEM

The main and most important aspects of studying
laws governing heat and mass transfer processes occu
during growth of SiC single crystals include the following
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growth cell in order to optimize the conditions of growth
SiC single crystals in order to decrease the defect density
to study the effect of the convection of the gas mixture
the distribution of the main gaseous components respons
for crystallization and, hence, on the rate of growth and
shape of the growth front of the SiC ingot;

— determination of the effect of a change in the con
tions of crystallization of SiC during the technological pr
cess; the conditions of crystallization of silicon carbi
change due to graphitization and sintering of the init
charge; and

— allowance for the contribution of the chemical rea
tions which occur at the graphite wall of the reactor a
which result in the formation of gaseous components t
participate in the precipitation of silicon carbide.

Let us examine the convection of a multicomponent g
mixture in a two-dimensional cylindrical cavity of radiusR
~Fig. 1!. The growth cavity is filled with an inert gas~argon!
under pressurePAr . The source of vapor is pulverized Si
powder ~2! poured into a graphite vessel 3 so that the d
tance from the surface of the fill to the seed 1 equalsH. The
vessel is closed at the top by a cover 4, to which the see
secured. The graphite vessel is placed into a resistance
nace so that the fill is located in a region of higher tempe
ture than the temperatureT1 of the the cover with the seed
The temperature gradient fixed in this manner produces c
ditions for growing SiC single crystals in the process of su
limation of the fill and subsequent transport of reagents
the seed and precipitation of the reagents. When the temp
ture gradient is directed downward in this system, free c
vection striving to mix the gas components so as to estab
a constant temperature can appear.

Since the gas in the reactor is transparent to the ther
radiation from the graphite walls, radiation transfer can
ignored. Thus we shall seek the temperature distribution

67272-05$10.00 © 1997 American Institute of Physics
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shall study the mass transfer, taking into account the di
sion and convection.

We shall describe the convective motion in a multico
ponent gas mixture in a cylindrically symmetric reactor
the system of Navier–Stokes equations together with
equations describing the transport of each component.
initial system has the following form in the variable
C2v, whereC is the stream function, andv is the vortic-
ity:
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V5(n r ,nz) is the flow velocity;T is the temperature;c( i ) is
the molar concentration of theith component;n(T) is the
kinematic viscosity;x(T) is the thermal diffusivity;w ( i ) is
the diffusion coefficient of theith component in the mixture

FIG. 1. Schematic diagram of the reactor for growing SiC single crys
and the distribution of the on-axis temperature gradient.
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is the concentration expansion coefficient of theith compo-
nent; andg is the acceleration of gravity.

The computational region for the system of equations~1!
covers half of the axial cross section of the growth cell~from
the axis to the side wall!. For this region the interior
boundary-value problem, whose solution must satisfy
following boundary conditions, is studied:

1! At the solid walls:

Cub5
]C

]n U
b

5const, Tub5T~j!,w~ i !~T!
]c~ i !

]n U
b

5q~ i !~j !,

wherej is the instantaneous coordinate;
2! on the symmetry axis:

Cur5050, vur5050,
]T

]r U
r50

50,
]2c~ i !

]r 2 U
r50

50.

The boundary conditions for the vorticityv at the solid
walls are determined in the finite-difference form@see Eq.
~3!#.

3. NUMERICAL SOLUTION METHOD AND DISCUSSION OF
THE RESULTS

The system~1! is solved numerically using a consta
time stept and the computational region is covered with
grid which is uniform alongz and r axes:

Vh5$zi , 0<1 dimZ; r j , 0< j< dim R%,

for which hi5zi112zi is the constant step alongz,
hj5r j112r j is the constant step alongr ; dim Z11 is the
number of points on the generatrix of the side wall of t
reactor, and dimR11 is the number of points alongr at the
base of the reactor. All variables are assumed to be de
mined at the grid nodes. The initial system of equations~1! is
approximated at the wallVh by a longitudinal–transverse
scheme in the operator form:

T̄2T

t/2
5LrF1r ,rx~T!, 1G T̄2kr S 1r ,rn r D T̄

1Lz@1,x~T!, 1#T2kz~1,nz!T,

T̂2 T̄

t/2
5LrF1r ,rx~T!, 1G T̄2kr S 1r ,rn r D T̄

1Lz@1,x~T!, 1#T̂2kz~1,nz!T̂,

c̄ ~ i !2c~ i !

t/2
5LrF1r ,rw~ i !~T!, 1G c̄ ~ i !2kr S 1r ,rn r D c̄ ~ i !

1Lz@1,rw
~ i !, 1#c~ i !2kz~1,nz!c

~ i !,

ĉ~ i !2 c̄ ~ i !

t/2
5LrF1r ,rw~ i !~T!, 1G c̄ ~ i !2kr S 1r ,rn r D c̄ ~ i !

1Lz@1,rw
~ i !, 1# ĉ~ i !2kz~1,nz!ĉ

~ i !,

v̄2v

t/2
5LrF1,1r ,rn~T!G v̄2kr~1,n r !v̄

ls
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1Lz@1, 1,n~T!#v2kz~1,nz!v2GT

2(
i51

N

Gc
~ i ! ,

v̂2v̄

t/2
5LrF1,1r ,rn~T!G v̄2kr~1,n r !v̄

1Lz@1, 1,n~T!#v̂2kz~1,nz!v̂2GT2(
i51

N

Gc
~ i ! ,

C̄2Cs

t/2
5Lr S 1,1r , 1D C̄1LzS 1r , 1, 1DCs1v̂r ,

Cs112C̄

t/2
5Lr S 1,1r , 1D C̄1LzS 1r , 1, 1DCs111v̂r .

~2!

HereT, c( i ), andv are, respectively, the temperature, co
centration of thei th component, and vorticity at thenth
layer; T̄, c̄ ( i ), and v̄ are the same quantities at th
(n11/2)th layer; andT̂, ĉ( i ), andv̂ are the same quantitie
at the (n11)st layer;s is the number of the iteration o
C; Lr , Lz ,kr , andkz are operators:

Lx~a,b,d!u5a
]

]xFb ]

]x
~du!G , kx~a,b!u5a

]

]x
~bu!.

The temperature was fixed at the inner walls of the grap
vessel and at the surface of the fill~see Fig. 1!. The charac-
teristic features of the crucible construction in a real setup
growing SiC single crystals were taken into account by p
scribing different temperature boundary conditions. Furth
more, in simulating the heat and mass transfer processes
gas volume at different stages of growth, when the grow
crystal fills part of the initial volume of the growth cell, w
solved the Fourier equation for determining the tempera
of the growth front.

In prescribing the boundary conditions for the conce
trations of the main components in the gas mixture, we to
into account the temperature dependences of the partial p

FIG. 2. Temperature distribution in the gas volume of the growth cell at
initial ~left side! and intermediate~right side! stages of growth. The step
between the isotherms equals 8.3 K.
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talline fill and the precipitation of the silicon carbide sing
crystal are described by the reactions5

~SiC!solid→Sigas1Csolid, kp15p~Si!,

2~SiC!solid→~SiC2!gas1Sigas, kp25p~Si!p~SiC2!

~SiC!solid1Sigas→~Si2C!gas, kp35p~Si2C!/p~Si!,

~SiC!solid→~SiC!gas, kp45p~SiC!,

wherekpi is the equilibrium constant for theith reaction and
p( j ) is the partial pressure of thejth component. The bound
ary conditions for the concentrations also take into acco
the chemical reactions which occur on the side wall of
graphite vessel and which lead to the additional formation
the carbon-containing components SiC2 , Si2 C, and SiC:1

Csolid12Sigas5~Si2C!gas kp55p~Si2C!/p2~Si!,

2Csolid1Sigas5~SiC2!gas, kp65p~SiC2!/p~Si!,

Csolid1Sigas5~SiC!gas , kp75p~SiC!/p~Si!.

Since different data for the temperature dependence
the partial pressures of the indicated gaseous component
available in the literature,6,7 the calculations were performe
for all known data. In addition, the change occuring in t
growth conditions during the technological process of S
single crystal growth as a result of a decrease in the
volume in the growth cell as well as graphitization of th
polycrystalline fill was taken into account.

The boundary conditions for the vorticity are calculat
at each time layer. At the solid walls they are obtained
realizing attachment conditions, which signify that all velo
ity components vanish in an arbitrary coordinate system;
any partial derivative of the stream function vanishes a
solid wall with an arbitrary angle of inclination. Therefor
we have forv at the solid walls

v i ,dimR5
C i ,dimR2217C i ,dimR28C i ,dimR21

2r jhj
2 ,

v0 j5
C2,j17C0,j28C1,j

2r jhi
2 , ~3!

vdimZ, j5
CdimZ22,j17CdimZ, j58CdimZ21,j

2r jhi
2 .

The system~2! is solved by successive sweeps. The alg
rithm for solving this mathematical problem is described
detail in Ref. 8.

The rate of growth of the SiC single crystal was det
mined on the basis of an assumption that the limiting stag
the growth process is mass transfer of carbon-contain
components:9

Vgrowth5MSiCjC/rSiC, ~4!

whereMSiC is the molar mass of silicon carbide, andrSiC is
the density of single-crystalline SiC. The total flux o
carbon-containing gaseous components is described
Fick’s first law

e
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FIG. 3. Distribution of the main gaseous components in the growth cell at the initial~left side! and intermediate~right side! stages of growth. The values of
the molar concentrationsC for each component at both stages of growth and also the stepDC between the isoconcentration lines are given in Table I.
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jC52S wSi2C2Ar dz
12wSiC22Ar dz

1wSiC2Ar dz D .
~5!

In the relation~5! w i2Ar is the binary diffusion coefficient o
the ith component in argon@we assumep(Ar)@p(Si ),
p(Si2C), p(SiC2), p(SiC)]; dc

( i )/dz is the gardient of the
concentration of theith component at the growth surfac
The diffusion coefficientsw i2Ar were calculated on the bas
of the data in Ref. 10 and the concentration gradients
obtained by solving the equations of convective and dif
sion mass transfer in the system~1! for each component.

For quasiclosed systems, in which free convection
appear, the dimensionless similarity criteria are introduce
order to describe the hydrodynamics:11

a! Prandtl’s criterion: Pr5n/x5nrcp /¸;
b! Rayleigh’s criterion: Ra5gbTdTH

3/nx
5gbTdTH

3rcp /n¸, wheren is the kinematic viscosity,x is
the thermal diffusivity,r is the density,cp is the specific
heat,¸ is the thermal conductivity,bT is the temperature
expansion coefficient of argon,g is the acceleration of grav
ity, and, dT andH are the characteristic temperature dr
and size of the growth cell, respectively. The values of
indicated constants and parameters for argon were obta
by extrapolating the data given in Ref. 12 to high tempe
tures and by estimating on the basis of thermodynamic la

The heat and mass transfer processes were modele
different conditions of growth of SiC crystals: argon press
PAr 51023–1 atm, growth temperatureT52400–2700 K,
and on-axis temperature gradient gradT520–30 K/cm. The
dimensions of the computational region covered by the g
Vh areR51.5–2 cm andH51–3 cm. The computationa
TABLE I. Molar concentrationC on the isoconcentrat
isoconcentration lines in Figs. 3a–3c.
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tions of growth and the configuration of the reactor e
ployed in a real setup, convection has a very little effect
the heat and mass transfer. The effect of convection beco
appreciable at pressuresPAr>1.5 atm.

Examples of the computational results at the initial a
intermediate stages of growth for a growth cell with radi
R51.5 cm and initial distance from the surface of the fill
the seedH53 cm at argon pressurePAr50.5 atm are pre-
sented in Figs. 2–4 and in Table I. The Rayleigh numbe
Ra592 andRa58 for the initial and intermediate stages
growth, respectively; the Prandtl number varies very lit
during the growth process and equals Pr50.93.

The variation in the temperature distribution during t
growth process is shown in Fig. 2. As a result of the hi
thermal conductivity of single-crystalline silicon carbid
there is a very small temperature difference between
growth front of the crystal and the temperature of the gra
ite walls of the reactor. This increases the on-axis tempe
ture gradient in the gas medium of the cell.

As is well known, a change in the growth conditions
manifested in the graphitization of the polycrystalline fi
This causes a redistribution of the gaseous components
ing growth ~see Fig. 3!. We see that the on-axis compone
of the gradient of the SiC2 concentrations is at first directe
upward~see Fig. 3c, on the left, and Table I!, in contrast to
Si and Si2C. Therefore, the growth velocity profileVgrowth

~Fig. 4, curve1! and ultimately the shape of the cryst
growth front are affected mainly by the Si2C distribution.
During growth, the direction of the SiC2 flux reverses~the
gradient is oriented downward — see Fig. 3c, on the rig
ion lines 1–4 and the stepDC between the neighboring

675llov et al.
Number of the Si~Fig. 3a! Si2C ~Fig. 3b! SiC2 ~Fig. 3c!
Growth stage isoconcentration line C DC C DC C DC

I 1 2.531027 2.431027 6.031028 5.831028 8.931028 8.0310211

2 2.631026 6.431027 8.8310211

II 3 6.031029 5.0310210 1.131029 1.1310210 1.831029 2.4310210

4 1.131028 2.231029 4.331029
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and Table I!; the contribution of this component is found
be substantial, and the profile of the growth velocity~form of
the growth front! becomes convex~Fig. 4, curve2!. The
experimental results confirm this change in the form of
growth front.

A change in the distribution of the components in the g
phase produces a change in the evaporation–condens
conditions, a change in the equilibrium concentrations, a
ference in the intrinsic point defects~as a result of the dif-
ference in deviations from the stoichiometric compositio!
distributed along the length and radius of the crystal, a
mechanical stresses in the crystal lattice. In practice, th
processes are intensified by fluctuations of the technolog
conditions. Unfortunately, at present there are no res
available from investigations of the distribution of intrins
point defects and their correlation with growth conditions
the SiC single crystals obtained.

FIG. 4. Radial profile of the growth velocityVgrowth of a SiC single crystal
at the initial ~1! and intermediate~2! stages of growth.
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the results obtained agree satisfactorily with the experime
results. At present, calculations for a more complicated c
figuration of the growth cell and simulation of the mecha
cal stresses in the volume of the crystal are being condu
on the basis of these results.
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Polarization photosensitivity of silicon solar cells with an antireflection coating
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The photoelectric properties of ITO/n-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 coefficientPI increases with the angle of
incidenceu asPI;u2. 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 photosensors. ©1997 American
Institute of Physics.@S1063-7826~97!01007-7#

Transparent conducting oxides are widely used as aan Al layer. The area of the finished solar cells was equa
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wide-gap semiconductor window, which simultaneously a
as an antireflection coating with a low surface layer res
tance. As a whole, this gives a substantial increase in
efficiency of solar cells~SCs!.1–3 Specifically, solar cells
with '43% higher efficiency than cells without an antir
flection film consisting of a mixture of indium and tin oxide
@10%SnO2 1 90%In2O3 ~ITO! EG.3.6 eV# have been de-
veloped on the basis of the heterosystem ITO/p–n-Si.1,4,5

The polarization photosensitivity of solar cells has still n
been investigated.1 In the present article we report the resu
of an experimental study of the photoelectric processe
ITO/n-Si structures in linearly polarized radiation~LPR!;
this study suggests that solar cells can be used in polariza
photoelectronics as well as in polarization photoelec
spectroscopy — for diagnostics of the antireflection prop
ties of coatings in ready-made components.

1. The solar cells were produced using an-type KEF-4.5
silicon plate oriented in the~111! crystallographic plane. The
ITO films were deposited onn-Si plates preheated to tem
peraturesTs'400–500 °C. The deposition was perform
by the method of pulverization of alcohol solutions6 of in-
dium and tin chlorides 9 parts~InCl3 : 3H2O! 1 1 part
~SnCl3 : 5H2O! in an oxygen atmosphere. The ITO laye
with geometric thicknessd'0.5 mm were deposited unde
the indicated conditions in a timet'40260 s. The films
obtained were electrically uniform. The free electron dens
and the Hall mobility in the ITO films obtained were equal
.1021 cm23 and.30 cm2/~V•s! atT5300 K, respectively.
The films possessed a uniform dark-lilac color and high
hesion to the chemically polished surface of then-type Si
plates. The films exhibited high optical transmission'95%
in the wavelength range from 0.25 up to 1mm. After depo-
sition the ITO film was equipped with an indium conta
grid, and the free silicon surface of the plate was coated w
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'1 cm .
To determine the polarization parameters of the pho

sensitivity the solar cells were secured on a STF-1 Fedo
table, which made it possible to vary continuously the an
of incidenceu of the radiation on the receiving surface an
the azimuthal anglew between the electric vectorE of the
light wave and the plane of incidence of the radiation~PIR!
to within 6308. The ratio of the areas of the photoreceivin
surface and the light beam was chosen in such a way tha
flux of the linearly polarized radiation would not fall outsid
the limits of the ITO film right up to the maximum angle
u'85°. To make sure that the photosensitivity of the so
cells could be measured with maximum values ofu, mea-
sures were taken to eliminate the vignetting of the illum
nated ITO surface. The photosensitivity of the solar cells
LPR was measured in the regime of a short-circuit photoc
rent, which was proportional to the flux density of the inc
dent radiation, making it possible to determine the relat
photoconversion quantum efficiencyh as the ratio of the
photocurrent to the number of incident photons.

2. The solar cells obtained by us had good rectifyi
properties. The typical stationary current-voltage characte
tic of one such structure is shown in Fig. 1~curve1!. The
transmission direction in the SC corresponded to a nega
polarity of the external bias voltage on the ITO film. Th
direct I–V characteristic in the bias rangeU.0.2 V can be
approximated asU5Ucut off1Rresi . The cutoff voltage is re-
produced well in the SCs obtained and reachesUcut off'0.1
V, which probably corresponds to the contact potential d
ference of the isotopic ITO/n-Si heterocontact. The residua
resistanceRres'4–5 kV at T5300 K, and the reverse cur
rents with U'0.5 V usually did not exceed 231025A.
Sharp breakdown occurs at voltagesU'2–2.5 V. When the
SCs were illuminated from the ITO side, the photosensitiv

67777-04$10.00 © 1997 American Institute of Physics
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was high and reached'80290 mA/w. Under AM 1.5 illu-
mination conditions the efficiency of the solar cells obtaine
was equal to 10–11%.

The spectral dependence of the relative quantum e
ciencyh of photoconversion for one typical SC is shown in
Fig. 1 ~curve2!. Under illumination in a direction normal to
the ITO plane the photosensitivity spectrum is a wide-ban
spectrum. The total width of the spectral band of photose
sitivity at half-height isd1/2'2.0 eV, making it possible to
cover a wide spectral region from 1.4 to 3.4 eV. Therefor
the contact betweenn-Si and the ITO antireflection film ex-
hibits a window effect, which is characteristic of ideal het
erostructures. The long-wavelength limit of the SC is dete
mined by indirect interband transitions in the narrow-ban
gap component of the heterostructure. We see from Fig
~curve 2! that in the coordinatesAh2\v the long-
wavelength edge of photosensitivity rectifies and under t
extrapolationAh→0 is characterized by the intercept on th
photon energy axis at\v51.1 eV, which equals the band
gap in silicon.7

A system of equidistant peaks, whose maxima are sep
rated by'0.13 eV, appeared clearly in the spectral curve
h(\v) for all solar cells in the case of natural radiation
incident on the ITO film in a direction normal to the plane. I
this system of bands is attributed to interference in the IT
layer with refractive index1 n51.8, then we obtain a thick-
nessd52.2 mm, which is clearly greater than the thicknes
of the ITO film. Therefore, it can be assumed that the o
served system of bands cannot be attributed to the interf
ence of radiation in the ITO film, and additional investiga
tions of the solar cells must be performed in order to clari
its nature.

3. When the structures are illuminated with LPR in

FIG. 1. Stationary current–voltage characteristic~1! and the spectral depen-
dence of the relative quantum efficiency of photoconversion of a ITO/n-Si
solar cell (T5300 K; illumination with unpolarized radiation in a direction
along the normal from the ITO side of the film!.
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direction normal to the plane of the ITO film (u50°), the
photocurrent is independent of the position ofE relative to
the principal crystallographic axes of the Si plates. This
determined by the isotropic character of the photoactive
sorption in ITO and Si. As a result, the photopleochrois
coefficient

PI5S i p2 i s

i p1 i sD100%
where i p and i s are, respectively, the photocurrents withE
i PIR andE' PIR, is equal to zero in the entire region o
photosensitivity of the SC. For this reason, there are grou
for believing that these solar cells do not possess nat
photopleochroism~Fig. 3!.8 Switching to measurements o
the photosensitivity of SCs in a geometry with oblique in
dence of LPR on the receiving plane of the cells, i.
u.0°, differences appear in the values of the photocurre
i p and i s. As a result, the photopleochroism coefficient b
comes different from zero and increases continuously w
increasing angle of incidence as a square lawPI;u2. In-
deed, as one can see from Figs. 3a and 3b, the func
PI(u) ‘‘leaves’’ zero atu50°, which shows that there is n
natural photopleochroism.8 In the caseu.0° the photopleo-
chroism which appears is classified, according to Ref. 8
induced, and in the coordinatesAPI2\v these curves are
straight lines~Fig. 3a and 3b, curves4!, in agreement with
the analysis in Ref. 9.

It also follows from the data in Figs. 3a and 3b that t
coefficientPI exhibits an explicit dependence on the ener
of the LPR photons in the region of photosensitivity of t

FIG. 2. Spectral dependence of the relative quantum efficiency of photo
version in the coordinatesAh2tv for an ITO/n-Si solar cell (T5300 K;
1 — unpolarized radiation,u50°; 2 — E i PIR, u570°; 3 — E' PIR,
u570°).
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, a
SCs. This result is at variance with the theoretical analy
performed without regard for the antireflection effect and f
numerous experimental results obtained under conditions
which this effect can be disregarded.8–12

It is also evident from the curves in Figs. 3a and 3b f
the photocurrentsi p and i s versus the angle of incidence o
the LPR that for one of the polarizations these dependen
agree qualitatively with the dependence expected from
Fresnel relations describing the passage of a light wa
through the boundary between two media.13 Such depen-
dences are shown in Fig. 3b~curves1 and2!. It follows from
them that for a light wave polarized in the plane of inciden
the photocurrenti p increases with the angle of incidence an
passes through a maximum nearu'75°. This increase is
i 75°
p / i 0°

p '1.2, which corresponds to a decrease in reflecti
losses. For the other polarizationE' PIR ~Fig. 3, curve2!,
on the other hand, the photocurrenti s decreases with increas
ing angle of incidence in the entire range of variation ofu ,
and this corresponds to an increase in reflection losses.

For other photon energies~Fig. 3a, curves1 and2! the
photocurrentsi p and i s have the same angular dependenc
they are close in magnitude for the same values ofu, and
they reveal a maximum at nearly the same angle,u'55°.
Therefore, as the energy of the incident radiation photo
varies, we see regions in which for both polarizations of t
LPR the photocurrents increase with increasing angleu; this
indicates a decrease in the reflection losses not only for
waveE i PIR, but also forE' PIR, which does not follow
from the Fresnel relations.13,14 In our opinion, such a behav-
ior in the polarization dependence of the photocurrent vers
the angle of incidence of the LPR can be attributed to t
antireflection effect of the ITO film. As follows from Fig. 1
~curve2!, this effect was not sharply manifested in the spe
tral dependence of theh in the case where unpolarized ligh
was used. However, on switching to LPR, there appear in
spectral dependences ofi p and i s photocurrent maxima and
minima which were ‘‘hidden’’ in the case of the natural ra

FIG. 3. Short-circuit photocurrents~1, 2! and induced photopleochroism
coefficient~3, 4! of an ITO/n-Si solar cell (T5300 K; \v, eV: a! 1.60, b!
1.27!.

679 Semiconductors 31 (7), July 1997
is
r
at

r

es
e
e

e

n

,

s
e

e

s
e

-

e

diation by the summation of the contribution from light wit
the complete set of polarizations.

Figure 4 shows the typical spectra of the quantum e
ciency of photoconversion for two polarizations of the LP
incident on the surface of a ITO film at angleu'75°, when
the effect of polarization on the photoactive absorption
now quite large in accordance with the relationPI;u2. The
long-wavelength edge of the photoactive absorption splits
this case,i p. i s in accordance with the Fresnel relations.13 It
is evident from Fig. 2~curves2 and3! that for both polar-
izations the long-wavelength photosensitivity of the SC f
lows the square-root dependenceAi p,i s;\v, which is char-
acteristic of indirect interband transitions, and th
extrapolation of these dependences to zero gives the s
value of the intercept on the energy axis, which coincid
with the case of natural radiation~Fig. 2, curve1!, and which
is equal to the band gap in silicon.7 This fact agrees with the
nature of the anisotropy of the photoactive absorption
duced by oblique incidence of LPR8 and arising as a result o
the polarization dependence of the passage of radiatio
different polarizations through the air/ITO interface and
flecting the degeneracy of the states in the upper vale
band of silicon in the absence of directed perturbations.

In the region of the maximum photosensitivity of th
SCs~Fig. 4, curves1 and2!, the photocurrentsi p and i s for
different polarizations vary in phase opposition. For e
ample, the maxima in the spectral curvei p(\v) at 1.95 and
2.65 eV correspond to minima in the curvei s(\v) and, con-
versely, the maxima in the spectrumi s(\v) at 1.60 and 2.30
eV correspond to the minima in the spectrumi s(\v). We
call attention to the fact that near the photon energies 1
and 2.30 eV the spectral curves converge to one anot
while at energies 1.95 and 2.65 eV, on the other hand

FIG. 4. Spectral curves of the relative quantum efficiency~1, 2! and induced
photopleochroism coefficient~3rs, 4! of an ITO/n-Si solar cell (T5300 K;
u570°, 1— E i PIR, 2— E' PIR!.
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We see that the spectrumh(\v), which is observed

under illumination with unpolarized light and in which th
characteristic features manifested in LPR~Fig. 4, curves1
and 2! are ‘‘closed’’ and therefore not manifested, can
obtained by adding the polarization dependencesi s(\v) and
i p(\v), which corresponds to a transition from LPR to na
ral radiation. Here it is relevant to note that the system
seven equidistant maxima~Fig. 1, curve2! that appears in
natural radiation also remained in LPR but only in the pol
izationE i PIR.

If the minima manifested in LPR at 1.95 and 2.65 eV
maxima at 1.60 and 2.30 eV in the dependenceshp(\v) and
hs(\v) are attributed to interference of radiation in the IT
film, then estimates of the film thickness give the val
d'0.47 mm, which is virtually identical to the measure
thickness of the ITO.

The most distinct effect of polarization on the photoa
tive absorption in ITO/Si structures was reflected in the sp
tral dependence of the induced photopleochroism coeffic
~Fig. 4, curve3!. The oscillatory character of the photople
chroism is clearly seen in it. The minima of the photople
chroism correspond to regions of convergence in the spe
dependenceshp(\v) andhs(\v), while the maxima ofPI

correspond to maxima in the curveshp(\v) and minima in
hs(\v). Therefore, there are grounds for concluding that
spectral dependence of the induced photopleochroism ca
used to monitor the magnitude and spectral position of
antireflection effect. It is obvious that the effect is maximu
in the minima of the spectral dependence of induced p
topleochroism asPI→0. Since the photocurrentsi p5 i s

whenPI50, it can be assumed that we have antireflection
this case for waves of both polarizations. At the same tim
we also have antireflection at the maxima of the depende
PI(\v). However, since in this casei p. i s, it can be as-
serted that antireflection is attained only for a wave w
E i PIR, while forE' PIR polarization reflection predomi
nates, which accounts for the decrease ofi s relative toi p.

If the values of the induced photopleochroism at t
maxima of the dependencePi(\v) are connected by a
straight line~Fig. 4, curve4!, then the photon-energy depe
dence ofPI is weak, as theoretical analysis of the induc
photopleochroism predicts.9 Then the existing ‘‘dips’’ in the
680 Semiconductors 31 (7), July 1997
-
f

-

r

-
c-
nt

-
ral

e
be
e

-

n
,
es

dependence extrapolated according to its maximum va
~curve4! then clearly show a region of antireflection actio
of the ITO film. The maximum valuesPI

m make it possible,
in accordance with Ref. 9, to estimate the refractive index
the material of the entrance window of the SC
n'1.8–2, which corresponds to ITO. The drop observed
PI
m with increasing photon energy~Fig. 4, curve4! appar-

ently indicates thatn decreases slightly along the thickne
of the film in the direction toward the outer plane of ITO.

In closing, we note that the maximum azimuthal curre
photosensitivity in our SCs at angles of incidenceu'70°
reaches 80 mA/~W•deg! at T5300 K. Therefore, such sola
cells can be used as selective polarimetric sensors, and
polarization measurements of the photosensitivity of a
can themselves be used in nondestructive diagnostic
ready-made structures and in the technology of fabrica
antireflection coatings.

This work was supported by the Committee of the E
ropean Society under contract INTAS N 94-3998.

1M. M. Koltun, Optics and Metrology of Solar Radiation@in Russian#,
Nauka, Moscow, 1985, p. 280.

2Yu. N. Malevski� and M. M. Koltun@Eds.#, Solar Power@Russian trans.,
Mir, Moscow, 1979, p. 375#.

3O. P. Agnikhatri and B. K. Gupta,Selective Surfaces in Solar Setup
@Russian trans., Mir, Moscow, 1984, p. 312#.

4A. I. Malik, V. A. Baranyuk, and V. A. Manasson, Geliotekhnika, No.
3 ~1980!.

5N. Mardesich, inRec. 15th IEEE Photovolt. Spec. Conf., Kissimee, 1981,
IEEE, N. Y., 1981, p. 446.

6N. V. Su�kovskaya,Chemical Methods of Obtaining Thin Transpare
Films @in Russian#, Khimiya, Leningrad, 1971, p. 198.

7P. I. Baranski�, V. P. Klochkov, and I. V. Potykevich,Handbook of Semi-
conductor Electronics@in Russian#, Naukova dumka, Kiev, 1975, p. 240

8Yu. V. Rud’, Izv. Vyssh. Uchebn. Zaved., Fiz.29, No. 8, 67~1986!.
9G. A. Medvedkin and Yu. V. Rud’, Phys. Status Solidi A67, 333 ~1981!.
10N. N. Konstantinova, M. A. Magomedov, V. Yu. Rud’, and Yu. V. Rud
Fiz. Tekh. Poluprovodn.26, 1861~1992! @Sov. Phys. Semicond.26, 1043
~1992!#.

11S. G. Konnikov, V. Yu. Rud’, Yu. V. Rud’, D. Melebaev, A. Berkeliev
M. Serginov, and S. Tilevov, Jap. J. Appl. Phys.32-3, 515 ~1993!.

12V. Yu. Rud’, Author’s Abstract of Candidate’s Dissertation,Physicotech-
nical Institute, Russian Academy of Sciences, St. Petersburg, 1995, p

13G. S. Landsberg,Optics @in Russian#, Moscow, 1976, p. 927.
14R. Azzam and M. Bashara,Ellipsometry and Polarized Light@in Russian#,
Moscow, 1981, p. 584.

Translated by M. E. Alferieff
680Botnaryuk et al.



Photosensitivity of thin-film ZnO/CdS/Cu(In, Ga)Se 2 solar cells
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The photoelectric properties of thin-film ZnO/CdS/Cu~In,Ga!Se2 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 coefficientPI increases with the angle
of incidence of the incident radiation asPI;u2 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 Physics.@S1063-7826~97!01107-1#

I–II–VI 2 ternary compounds have already found appli-tained with an active surface area of up to 2 cm2 was equal to
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cation in the production of high-effciency photovoltaic so
cells, since their electrical and optical properties are optim
for devices of this kind. Polycrystalline CuInxGa12xSe2
~CIGSe! thin films make it possible to obtain solar photoco
version efficiency of up to 17%.1–4 Further optimization of
the production of thin-film solar cells~TSCs! of this type and
an increase in the photoconversion efficiency will require
more thorough study of the relationship between the pho
electric parameters and the technological conditions un
which the films based on I–III–VI2 compounds are
formed.1,5 In this paper we report the results of comprehe
sive experimental study of the photoelectric properties
ZnO/CdS/CIGSe TSCs by the methods of polarization p
toactive absorption spectroscopy.6

1. In the study we used ZnO/CdS/CIGSe thin-film so
cells fabricated at the Institute of Physical Electronics~IPE,
Germany!. Films of the solid solution were produced b
vacuum thermal sputtering of the components from in
vidual sources. The composition of the films corresponde
the ratio In/~Ga1 In! 5 0.25 and was chosen on the basis
the requirements which must be met in order to obtain
maximum photoconversion efficiency.1 The films were de-
posited on metallized molybdenum glass. The molybden
ensured an ohmic contact to the CIGSe film. The photos
sitive structure was produced by depositing on the CIG
surface a.0.5-mm-thick film which was not specially dope
cadmium sulfide. Next, a.1-mm-thick ZnO film was de-
posited on the CdS surface; this film provided high opti
transmission and allowed for collection of charge carrie
The technological process of production of TSCs was co
pleted by deposition of a current-extracting metal grid on
ZnO surface. Under AM–1.5 illumination conditions~100
mW/cm2) the photoconversion efficiency in the TSCs o
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12–15%.
The TSCs ordinarily contained six separate heterostr

tures on a single glass substrate. The heterostructures c
then be switched in the required manner, taking into acco
the ratio of their photoelectric parameters.

2. Figure 1 shows a typical stationary current-volta
characteristic~IVC! of one such structure. The transmissio
direction in the TSC corresponds to a negative external b
voltage on ZnO; this corresponds to the energy diagram
the heterostructure.3 One can see from Fig. 1~curve 1! that
for Ud.0.4 V the direct current grows exponentially as

I5I 0~expeUd /bkT21!.

The typical value ofb for the TSCs isb52.0–2.2. A high
value ofb is also known in other types of solar cells bas
on CuInSe2 ~CISe! and is ordinarily attributed to the recom
bination of photogenerated pairs in the space-cha
region.3,4 The deviation observed forUd.0.7 V from an
exponential law is due to the effect of the serial resistance
the TSC on the straight IVC. In the regionUd.0.7 V, as one
can see from Fig. 1, the relation between the current and
voltage is linear

U5U01R0•I ,

where the cutoff voltageU0 in different structures is in the
range 0.6–0.7 V, and the residual resistance is in the ra
R056–16V at T5300 K. The reverse current in the TS
grows in proportion to the voltage up to.5 V; this reflects
the fact that the leakage currents make the determining c
tribution to charge-carrier transport in reverse-biased str
tures. As an illustration, the values of some parameters
six TSCs, arranged on a common glass substrate, are
sented in Table I. One can see from the table that, toge

68181-05$10.00 © 1997 American Institute of Physics
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with R0, a large spread is observed in the values of the
verse currentI R for UR51 V. The most reproducible param
eter for the TSCs obtained in a single technological proc
is probably the cutoff voltage, which equals the saturat
photovoltageU` on the same structures and which can
compared with the contact potential differenceF. The rela-
tively good reproducibility ofF in these cells shows that th
doping level of the layers and the compositions of the so
solution in the TSCs being compared are quite close.

3. When the TSC is illuminated, a photovoltaic effe
appears; here the sign of the photovoltage corresponds t
negative polarity of the voltage on ZnO. Figure 2~curve4!
shows a typical load characteristic of one of the best TS
characterized by a filling factor of 0.83. The values of t
open-circuit photovoltageUi and the short-circuit currentI s
under AM-1.5 illumination conditions are also presented
Table I. In the best cellsi s reaches 40 mA/cm2, which is a
record high value for the TSC construction under study. T
observed variance ini s for the TSCs formed on a commo
substrate shows that the technology must be improved s
to decrease the variance in the parameters of individual c
As a result of the observed variance of the TSC parame
the photoconversion efficiency decreases with increasing
tive area of the TSC.

Figure 2 shows the spectral dependences of the rela
quantum efficiencyh of photoconversion, calculated as th

FIG. 1. Stationary current-voltage characteristic of an-ZnO/n-CdS/
p-CIGSeTSC.1 — Direct bias,2 — reverse bias.T5300 K. Inset: Con-
struction and scheme of illumination of the TSC.
TABLE I. Photoelectric properties of a ZnO/CdS/CIG
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ratio of the short-circuit photocurrenti s to the number of
incident photons, for several types of photovoltaic cells
T5300 K under conditions such that the cells are illum
nated by unpolarized light in a direction normal to the ph
toreceiving surface. We see that in the ZnO/CdS/CIG
TSCs photosensitivity is observed in a wide spectral reg
from 0.5 to 3.5 eV. The long-wavelength exponential edge
h is described by a steep slopeS545–60 eV21 for different
TSCs ~see Table I!. The energy position of the long
wavelength edge ofh in a CIGSe-based TSC is displace
relative to the similar edge ofh for a CdS/CISe structure
obtained by depositing a.2-mm-thick CdS film on a thick
(.0.5 mm! p-CISe substrate obtained by crystallization of
stoichiometric melt. This shift is due to the substitution of
atoms for Ga atoms,5 while the close slope of the long
wavelength edge for ZnO/CdS/CIGSe and CdS/CISe st
tures indicates that the energy spectrum of the solid solu
CIGSe, just as the completely ordered compound CISe
characterized by direct interband transitions. This res
agrees with Ref. 5.

FIG. 2. Spectral dependences of the relative quantum efficiencyh of pho-
toconversion for ZnO/CdS/CISe/Mo~1!, In/CIGSe/Mo ~2!, and CdS/CISe
~3! structures and the load characteristic of a ZnO/CdS/CIGSe TSC~4! at
T5300 K ~illumination from the wide-gap film or indium side in the cas
of the surface-barrier structure!; unpolarized radiation: to prevent superpo
sition, the curves are shifted relative to one another along the ordinate
Se TSC atT5300 K.

682lter et al.
i s , mA/cm
2 Ui , V

Cell No. U0 , V R0 , Q i R , mA
~U51V!

S, eV21 d1/2 , eV U` V L.100 mW/cm2

1 0.6 16 0.2 55 1.5 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 1.5 0.61 28 0.58
5 0.6 11.4 7 48 1.6 0.62 32 0.60
6 0.7 14.5 0.5 52 1.6 0.70 33 0.70

uctors 31 (7), July 1997 Wa



The sharp short-wavelength boundary of photosensitiv-
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ity for CdS/CISe structures~Fig. 2, curve3! is caused by the
interband transitions in CdS and extension of the layer
photogenerated pairs from the active region of the TSC o
distances greater than the diffusion length of holes in CdS
similar, with respect to spectral position and physical natu
short-wavelength dropoff ofh near the band gap in CdS, a
one can see from Fig. 2~curve 1!, also appears in a ZnO
CdS/CIGSe TSC. However, because of the much thin
CdS layer, in the latter case the drop inh is much weaker.

To determine the role of CdS and ZnO films in the sho
wavelength photosensitivity of TSCs based on polycrys
line CIGSe films, we also obtained surface-barrier In/CIG
structures. The typical spectral dependence ofh for one such
structure is shown in Fig. 2~curve2!. The long-wavelength
edge ofh in these structures has the same spectral pos
and slope as those characteristic of ZnO/CdS/CIGSe TS
this serves as additional evidence indicating that this edg
related to direct interband electronic transitions in the ene
spectrum of CIGSe. As the photon energy increases to 3
the photosensitivity of In/CIGSe structures does not sho
pronounced short-wavelength drop; this shows that the
ciency of collection of photogenerated pairs by a surfa
barrier junction is high. Switching to TSC~Fig. 2, curve1!,
it should be noted that the drop inh arising for\v.EG

CdS,
even for small CdS thicknesses, is due to the influence
radiation absorption in the narrow-gap CdS film, and
\v.EG

CdS in the ZnO film as well.
The spectral contouri (\v) for separate TSCs formed o

a common glass substrate turned out to be quite repro
ible. The total width of their spectral characteristich(\v) at
half-height isd1/251.5–1.6 eV for different TSCs~see Table
I! and it characterizes them as wide-band phototransduce
natural radiation.

It should also be noted that a system of equidistant pe
is consistently observed in the spectral dependenceh(\v)
of the TSCs. In the best structures~Fig. 2, curve1!, seven
peaks can be distinguished in the spectrum ofh. If their
appearance is attributed to the interference of radiation in
ZnO film, then an estimate gives a thickness equal to
measured value. The manifestation of the interference
tures in the photosensitivity of the TSC is evidence of
rather high structural perfection of their constituent polycr
talline films.

The wide-band character of the photosensitivity spec
remains after the transition to the surface-barrier structu
based on CIGSe films which are analogous to TSCs, but
system of maxima characteristic of TSCs is absent~Fig. 2,
curves1 and2!. These features show that both types of e
ergy barriers ~In/CIGSe and CdS/CIGSe! are efficient
enough to suppress the recombination losses at thep-CIGSe
surface, and the interference peaks inh ~Fig. 2, curve1! can
be attributed to optical processes in the ZnO films.

According to Fig. 2~curve3!, in the case of CdS/CISe
structures a system of six equidistant peaks is clearly see
the entire range of maximum photosensitivity; this syst
agrees with the interference of the incident radiation in
CdS film.

4. In the case of illumination of the thin-film ZnO/CdS
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CIGSe structures with linearly polarized radiation~LPR! in a
direction normal to the ZnO surface, the short-circuit pho
current is independent of the position of the polarizati
planeE of the radiation. It can be concluded, therefore, th
the natural photopleochroismPN is absent in heterostructure
fabricated using the anisotropic materials~CIGSe, CdS, and
ZnO7–10!. This situation can be attributed to the polycrysta
line structure of the films or to texturing, when the tetragon
and hexagonal axes are predominantly oriented in a direc
normal to the ZnO surface.

As soon as the angle of incidenceQ of the LPR is dif-
ferent from 0°, the short-circuit photocurrent manifested
the entire photosensitivity range from 0.5 to 3.5 eV in
tested TSCs begins to exhibit a dependence on the orie
tion of the electric field vectorE of the light wave relative to
the plane of incidence~PI! of the radiation on the receiving
ZnO surface. The periodic dependence of the photocur
on the azimuthal anglew betweenE and PI withQ5 const
was consistent in the entire range of photosensitivity of
TSC with the law

i w5 i pcos2w1 i ssin2w,

where the photocurrentsi p andi s correspond to the polariza
tionsE i PI andE' PI, respectively.

The typical dependences of the photocurrentsi p and i s

on the angle of incidence of the LPR for one TSC are sho
in Fig. 3 ~curves1 and2!. We see that forQ50° the values
of i p and i s are the same, and that they differ only fo
Q.0°. The angular dependences obtained for TSCs sho
new feature with respect to the results of investigations of
induced photopleochroism.11–15 Indeed, as one can see fro
Fig. 3 ~curves1 and2!, the photocurrentsi p and i s exhibit a
similar behavior. At first, they increase withQ, reach a
maximum value for definite angles of incidence for each p
larization, and only then start to drop rapidly. According
the Fresnel relations, such a behavior of the amplitude tra
mission coefficients of the air–conductor interface should

FIG. 3. Short-circuit photocurrentsi p ~1! and i s ~2! and the induced pho-
topleochroism coefficient~3, 4! as a function of the angle of incidence o
LPR on the receiving surface of a ZnO/CdS/CIGSe TSC atT5300 K
(\v51.33 eV!.
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observed only fori p, while the photocurrenti s should drop
monotonically with increasingQ.0°.16,17 Previous investi-
gations for the case of a perfect photoreceiving plane of
structures agree with the model of Refs. 11–15. The de
dation of the quality of the semiconductor surface usua
had the effect that both dependencesi p(Q) and i s(Q) be-
came similar, exhibiting a monotonic drop with increasi
Q.0°.18

However, in the case of highly efficient TSCs with
mirror ZnO surface, for both polarizations the photocurre
starts to increase with the angle of incidence, as show
Fig. 3 ~curves1 and 2!. This can occur as a result of a
elimination of reflection losses not only for thep-wave but
also for thes-wave; i.e., antireflection appears for radiatio
with both polarizations. Since this effect did not appear
previous investigations, the optical processes were chec
using the Fresnel relation.15,16

As one can see from Fig. 2~curves3 and4!, the coeffi-
cient of induced photopleochroism due to oblique inciden
of LPR, defined as

PI5~ i p2 i s!/~ i p1 i s!,

increases gradually according to a quadratic lawPI;Q2

with increasing angle of incidence in the entire region
photosensitivity of the TSC. This result is in agreement w
Ref. 15.

It should be noted that the characteristic feature ofi p and
i s(Q) studied here could find applications for monitoring t
antireflection effect in TSCs. It is obvious that total antir
flection corresponds to the condition where the polarizat
difference of the photocurrentsD i5 i p2 i s and, correspond-
ingly, the induced photopleochroism coefficient approa
zero.

5. For the TSCs obtained by us, a typical example of
spectral dependences of the photocurrentsi p and i s for one
of the fixed angles of incidenceQ570° is shown in Fig. 4.
We see that for oblique incidence of LPR on the receiv
ZnO surface of a TSC, the wide-band character of the p

FIG. 4. Spectral dependences of the relative quantum efficiency of ph
conversionhp ~1!, hs ~2!, and the induced photopleochroism coefficient~3!
of a ZnO/CdS/CIGSe/Mo TSC (Q570°).
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diation; here the relationi . i holds in the entire range o
photosensitivity. As a result, the polarization differenceD i is
positive. Similar regularities are observed in the experim
tal range of angles of incidence 0°,Q,90°. AsQ is in-
creased, the spectral curvesD i approachi p(\v).

In accordance with Ref. 15, the induced photopleoch
ism coefficient is determined by the refractive indexn and
also by the angle of incidence. For this reason the photop
chroism in ZnO/CdS/CIGSe TSCs is weaker than
CdS/CISe.19 An estimate of the index of refraction on th
basis of the maximum valuePI517220% for TSCs with
\v51.3 eV andQ570° givesn51.5–1.7, which, becaus
of the antireflection, is slightly less than the standard va
n52.0 for ZnO.20 This situation could be attributed to th
fact that interference was completely disregarded in Ref.

The spectral dependence of the induced photopleoc
ism coefficient in TSC~Fig. 4, curve3! exhibits sharp oscil-
lations which accompany the interference effects. We
that the photon-energy dependence of the photopleochro
coefficient is much stronger and therefore appears to
much more pronounced than for the photocurrents~Fig. 4,
curves1 and2!. If in the absence of interference the induc
photopleochroism is nonselective and remains virtually c
stant in the entire range of photosensitivity,12,13 then as soon
as conditions for interference appear, sharp oscillations a
in the spectral dependence of the photopleochroism.

In summary, the polarization photoactive absorpti
spectroscopy applied to thin film ZnO/CdS/CIGSe solar ce
showed that~a! they can be used in a new capacity for the
devices — wide-band photoanalyzers of LPR — and~b! the
photopleochroism is sensitive to the optical quality of t
wide-gap heterostructure window. The antireflection
quired to achieve a high photoconversion efficiency in TS
suppresses the induced photopleochroism; this could find
plication in the development of a technology for fabricati
highly efficiency solar cells.

This work is supported under INTAS Grant No. 95
3998.
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High-temperature annealing and nuclear-transmutation doping of GaAs bombarded

e

by reactor neutrons
V. N. Brudny , V. A. Novikov, and V. V. Peshev

V. D. Kuznetsov Siberian Physicotechnical Institute, 634050 Tomsk, Russia
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The electrical properties and spectrum of deep traps in GaAs under heat treatment, neutron
irradiation, and subsequent annealing toTann51100 °C have been investigated. It is shown that for
Tann.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 function ofTann and the integrated neutron flux.
The parameters of deep traps in the experimental material are presented. ©1997 American
Institute of Physics.@S1063-7826~97!01207-6#

Rapid progress has recently being made in the develop-consisted ofn- andp-type GaAs single crystals grown by th
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ment of a method of doping by nuclear transmutation for
purpose of obtainingn-type gallium arsenide with a high
degree of uniformity of the electrical properties in the bu
The method includes bombardment of the material by rea
neutrons followed by high-temperature annealing and n
tron bombardment of the material at high temperatures
eliminate bombardment-induced radiation defects~RDs!.
Thermal neutrons induce in GaAs the reactions

~30.2%! 69Ga~n,g!70Ga→70Ge1b2,

~19.8%! 71Ga~n,g!72Ga→72Ge1b2,

~50%! 75As~n,g!76As→76Se1b2,

with the parameters, respectively,

s51.68b, T1/2521 min,

s54.7b, T1/2514.1 h,

s54.3b, T1/2526.4 h,

which results in the accumulation of donor-type chemi
elements~Ga, Se! in the crystal lattice. Recent investigation
of neutron-bombarded GaAs have revealed that annealin
RDs occurs in a wide temperature range fromTirr to Tmof
the material (Tirr andTm are the irradiation and melting tem
peratures, respectively!; this results in the formation of ther
mal defects ~TD!, which degrade the properties of th
nuclear-transmutation-doped~NTD! GaAs. For this reason
in transmutation doping it is especially important to choo
the optimal annealing or irradiation temperature.

We have investigated the CDLTS~capacitance deep
level transient spectroscopy! spectra of growth defects~GD!
and TD in the initial GaAs, the systematic features of th
transformation during heat treatment up to 1100 °C, and
spectra of RDs in the irradiated GaAs. Measurements of
electrical parameters of GaAs irradiated with reactor flu
up to 231019 neutrons•cm22 and annealed in the temper
ture range 100–1100 °C were performed. The initial mate
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Czochralski method:n-type GaAs ~conductivity s510
V21

•cm21, sample 1!, p-type GaAs (s5101 V21
•cm21,

sample 2; s51021 V21
•cm21, sample 3; s51025

V21
•cm21, sample 4!, and n-type GaAs (s51022

V21
•cm21, sample 5!. Bombardment with the total neutro

spectrum was performed in a VVR-Ts reactor~Obninsk! at
temperatures of about 70 and 850 °C, thermal neutron
densitiesDtn510132531013 cm22

•s21 and cadmium num-
ber 10. Isochronous annealing of the material was perform
for 20 min in vacuum (Tann,500 °C! or under equilibrium
As vapor pressures (Tann5600–1100 °C!. To eliminate sur-
face effects, the samples were ground after irradiation
each side to 50mm and to 200mm after annealing.

It is well known that neutron bombardment of GaA
results in pinning of the Fermi level nearEn10.6 eV~Ref. 1!
and an increase in the resistivity of the material tormaxof
about (3–5)3108 V•cm ~at 300 K! as a result of the trap
ping of free charge carriers by ‘‘deep’’ RDs.2,3 The resistiv-
ity was found to decrease~compared withrmax) under pro-
longed irradiation; this is attributed to charge transfer alo
local states in the band gap, which are located near the F
level ~such ‘‘over-irradiated’’ samples arep-type!.

To eliminate the RDs and to activate the chemical imp
rity with transmutation doping, the GaAs must be he
treated. The NTD parameters of GaAs after high-tempera
heat treatment at 900 and 1100 °C are presented in Tab
The change in the conductivitys as a result of isochronou
annealing of the irradiated materials is shown in Fig. 1. F
the over-irradiated samples 1 and 2~Table I! a continuous
change is observed in the electrical properties of GaAs fr
the main stages of annealing near the temperature inter
200–300, 400–600, and 700–900 and above 1000 °C
addition, the conductivitys decreases to 1026–1028

V21
•cm21 at Tann,500 °C due to the decrease in the co

tribution of the hopping conductivity to the total charg
transport because of the decrease in the density of local s
in the band gap.2,3 Similar dependencess(Tann) also were
observed for over-irradiated samples 3 and 4~Table I!. At

68686-05$10.00 © 1997 American Institute of Physics
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TABLE I. Parameters of transmutation-doped GaAs after isochronous
(t520 min) annealing at 900 and 1100 °C. The measurement temperature

t

s

Tann.500 °Cs was found to increase, and atTann.550 °C a
p–n conversion due to doping with Se and Ge impurities w
found to occur in the samples 1–4.

In crystals irradiated atT5900 °C with weak neutron
fluxes~sample 5, Table I!, the restoration of the conductivit
s occurs mainly atTann51002200 °C, which correspond
to annealing of point defects in GaAs and is supposedly
to the accumulation of such defects due to ‘‘self-irradiatio
of the crystals withb2 particles from the radioactive deca
of 72Ge and76As during storage of the irradiated material.4

The degree of compensation of the material, calcula
from measurements of the mobility of free electrons at
and 300 K, lies in the range 0.3–0.4 atTann5900 °C and
0.3–0.5 atTann51100 °C. It follows from the data in Table
I that upon annealing in the temperature interval 90
1100 °C the mobilitym of the free electrons decreases
samples irradiated with weak neutron fluxes~sample 5!. For
intermediate doping levels~samples 2–4! we have

m~Tann5900 °C!.m~Tann51100 °C!,

Tmeas5300 K.

Sample
No.

D,
1015 cm22

Irradiation temperatureTirr , °C

900 1100

n, cm23 m, cm2/~V•s! n, cm23 m, cm2/~V•s!

1 200 1.631018 1490 1.731018 1840
2 90 9.231017 2170 1.031018 2030
3 90 9.531017 2300 9.231017 2310
4 90 9.831017 2230 9.031017 2280
5 5 8.031016 4140 4.831016 3650

FIG. 1. Variation of the conductivitys in transmutation-doped GaAs with
isochronous~20 min! annealing. The numbers on the curves correspond
the sample numbers in Table I.
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–and in strongly irradiated material~sample 1! the value of
m continues to increase, remaining less than the corresp
ing values ofm in samples 2–5.

Measurements of the CDLTS spectra of samples bo
barded by fast neutrons with fluxesDfn51014–1017 cm22

were performed to determine the traps responsible for
observed changes in the properties of GaAs. The meas
ments were performed on Schottky barriers~Pd/n-GaAs! in a
material irradiated with neutrons with energyE.0.1 MeV
and neutron flux density of about 4310921012 cm22

•s21,
Tirr,70 °C, and a cadmium screen (d51 mm!. For these
measurements, weakly doped ‘‘solar’’n-type GaAs
(n5531016 cm23, s530 V21

•cm21, sample 6! was used
as the initial material. ForDfn<1015 cm22 finished struc-
tures were irradiated, and forDfn.1015 cm22 Schottky bar-
riers were prepared on samples which were partially
nealed after irradiation and were suitable for measuring
CDLTS spectra. The most characteristic CDLTS spectra
the initial, heat-treated and irradiated samples are show
Fig. 2. The parameters of the traps which were revealed
given in Table II. The identification of the spectra was ma
by comparing the measured parameters of the initial tr
~growth defects GDs!, thermal traps~TDs!, and radiation
traps~RDs!, revealed in the experimental material, with th
characteristics of known5–9 traps in GaAs.

More than six traps were observed in the initial materi
The GD1 trap (Ec20.12 eV! in the initial material lies

close in energy to the growth defectN2, which is often ob-
served in the bulk of GaAs according to measurements of
Hall effect and is attributed to the complex^intrinsic lattice
defectVGa or AsI&–^shallow donor, possibly Si&, formed by
o

FIG. 2. CDLTS spectra for samples:1— Initial GaAs~sample 6!, 2— after
annealing up to 1000 °C,3 — after irradiation with a neutron flux
D5331015 cm22, 4 — after irradiation with a fluxD51016 cm22 and
annealing at 450 °C. Conditions of measurement of the spectra:tp520
ms,t5531023 s; for the E2 peakt51024 s. The designations of the type
of defects are the same as in Table II.
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cooling of the m

TABLE II. Parameters of electronic traps observed inn-type GaAs before~growth defects GDs! and after
neutron irradiation~radiation defects RDs! and after heat treatment~thermal defects TDs!.
Experiment Published data4–9

Trap type E, eV sn , cm
2 Trap type E, eV sn , cm

2

GD1 0.12 1.2310215 N2 0.15
GD2 0.21 1.4310215 EL14? 0.21 5310215

GD3 0.30 6.7310215 EL7~EL6?! 0.30 7.2310215

GD4 0.40 6310216 E11 0.43 7.3310216

GD5 0.58 3310214 EL3 0.57 1.7310213

GD6 0.75 2.9310214 EL2 0.75–0.82
GD7 Low-intensity peak, not investigated in detail
TD1 0.32 3.3310214 Appears with annealing above 900 °C
TD2 0.44 1.2310214 Appears with annealing above 900 °C
RD1 0.18 3310213 E2 0.14 1.2310213

RD2 0.3 56.6310215 E3 0.30 6.2310215

RD3 U band
P1* 0.35 10214 P1 0.38 6.9310215

P2* 0.52 3310214 P2 0.50 1.4310215

P3* 0.63 2.9310212 P3 0.72 1.4310213

Note:The P1* –P3* centers were observed after the irradiated samples were annealed.
elt.6 The density of GD1 traps fluctuates in
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the rangeN5(0.521)31013 cm23.
The parameters of the GD2 trap (Ec20.21 eV, density

N.531013 cm23) are close to those of the growth defe
EL14 observed in bulk GaAs. Sometimes, in the Hall eff
measurements the growth traps GD1 and GD2 are not
solved’’ and a defect with a level nearEc2(0.13–0.20) eV,
which presumably controls the electrical properties of Ga
crystals which were not specially doped and which w
grown by the Czochralski or the Bridgman method,8 is re-
ported.

The parameters of the GD3 trap (Ec20.30 eV, density
N.(2–15)31014 cm23) are close to those of an EL7~EL6?!
center in bulk GaAs. With heat treatment of the materia
temperaturesTann.600 °C the intensity of the correspondin
peak in the CDLTS spectra of the initial GaAs decrea
~Fig. 3!.

The GD4 trap (Ec20.4 eV with density
N.(0.5–5)31014 cm23) is observed in some initial an
annealed samples. Its characteristic feature are low value
the electron trapping cross section, approximately 6310216

cm2. Upon heating to 900 °C this trap practically vanishe
The GD5 trap (Ec20.58 eV! is present in the initial

crystals in densities of (1–2)31015 cm22 and its parameters
are close to those of the EL3 center.7 The character of the
variation of its density on annealing from 100 to 1100 °C
illustrated in Fig. 3.

The density of the main trap GD8, which corresponds
the well-known center EL2~AsGa–X!, in the initial material
— the trap present with the highest density (N.1016

cm23) — did not change much with annealing right up
1100 °C~Fig. 3!. Furthermore, other peaks of little interes
for example, the peak GD7 in Fig. 2, which have not be
studied in detail, were also observed in the CDLTS spe
of the initial samples.

We call attention to the correlation between the anne
ing of growth traps~GD!, the formation of thermal defect
~TDs! during heat treatment, and the change in the electr

688 Semiconductors 31 (7), July 1997
t
-

s
e

t

s

of

.

o

n
ra

l-

al

the density of GD3 and GD5 centers increases the fr
electron density atTann&900 °C, and the generation of the
mal defects TD1 and TD2 atTann.900 °C decreases it~Fig.
3!. In addition, the overall decrease in the density of grow
traps for electrons equals about 331015 cm23 with the free-
carrier density varying up to 231016 cm23 for Tann,900
°C. This shows that in other acceptor-type growth defe
whose levels lie in the bottom half of the band gap, bel
the level of the EL2 defect, also vanish in this temperat
interval.

FIG. 3. Variation of the free electron density~1! and density of growth traps
~2!–~8! in the initial n-type GaAs~sample 6! with isochronous~10 min!
annealing. Types of defects:2 — GD3, 3 — GD5, 4 — GD6, 5 — GD7,
6— TD1, 7— TD2, 8— P1* . The annealing curve of the P1* center was
obtained for the sample irradiated with a neutron fluxD51016 cm22.
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The CDLTS spectra of the neutron-irradiatedn-GaAs
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samples revealed a number of deep electronic traps~RD1,
RD2!, which can be attributed to the known centers E2 a
E3, possibly the point defects in the As sublattice,8 and a
wide band~RD3! in the temperature range 230–320 K~so-
called U band!, which is presumably associated with th
presence of cluster-type defects, since it is observed o
with neutron and ion irradiation.9 A characteristic feature o
theU band is that it appears in the CDLTS spectra of Ga
only with some threshold neutron fluxes, as previously no
in Ref. 10 in an investigation of GaAs obtained by gas-ph
epitaxy. At low neutron fluxes, at first, the intensity of th
EL3 peak increases and this band is observed to appear i
CDLTS spectra only with fluxesDfn.331015 cm22.

When the samples are heated to 300 °C, the E2 and
centers vanish and a P1* center, whose parameters are clo
to those of the R1 center in the electron-irradiated and
nealed~up to 300 °C! n-GaAs ~Table II!, is observed in the
CDLTS spectra instead of the peak E3. The intensity of
U band decreases~at Tann.450 °C!, a displacement of the
band to higher temperatures is observed, and theU band
‘‘resolves’’ into two peaks — P2* and P3* ~Table II!. Peaks
of the type P* are thought to be associated with compl
defects, which form as a result of neutron bombardment a
possibly, partially during subsequent annealing. They ann
in the temperature range 500–600 °C~for example, the P1
* peak in Fig. 3!. In the samples irradiated with neutro
fluxes up to 1017 cm2, there are no ‘‘traces’’ of RDs in the
CDLTS spectra forTann.700 °C, but the incomplete resto
ration of the electrical properties of strongly irradiated ma
rial indicates the presence of a group of RDs with high th
mal stability, which are not observed in the CDLT
measurements.

Our studies have shown that as a result of the vanish
of at least three groups of radiation defects, annealing
NTD GaAs occurs in a wide temperature interval in thr
stages:

— annealing ofE-type traps at 100–300 °C-probab
point defects characteristic of GaAs, irradiated withg rays,
electrons, and H1 ions;

— annealing of P1* –P3* centers at 400–600 °C, whic
is accompanied by restoration of the lattice period and
density of neutron-irradiated material to values characteri
of unirradiated material11 and which is attributed to the de
cay of cluster-type defects; and

— stage of annealing near 700–900 °C, which is as
ciated with the decay of an unknown group of defects
strongly irradiated GaAs.

Annealing of the growth defects GD3 and GD5 in Ga
is virtually complete at temperatures of about 900 °C. T
increases the free-electron density in the initial material~Fig.
3!. This annealing temperature is critical, since
Tann.900 °C intense formation of acceptor-type defects
curs in GaAs, which decreases the electron mobility and
impurity utilization factorK imp ~see below! and increases the
degree of compensation of the material~sample 5, Table I,
Fig. 3!. This limits the choice of maximum heat-treatme
temperatures in transmutation doping of GaAs. At the sa
time, in samples irradiated with strong neutron fluxes~D
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5231019 cm22!, the values ofn and m at Tann5900–
1100 °C continue to increase as a result of the incomp
annealing of RDs even atTann.1100 °C ~Table I!. The
lower quality of the NTD GaAs with high levels of transmu
tation doping and heat-treatment temperatures is due to
complete annealing of RDs and dissemination of thermal
ceptors in the material.

In closing, we present data on the impurity utilizatio
factorK imp5Dn/NNTD in NTD GaAs under different doping
conditions~integrated thermal neutron fluxes and tempe
tures of subsequent annealing!, obtained on the basis of ou
investigations and existing data in the literature~Fig.
4!.4,13–16In Fig. 4Dn5n2n0, wheren0 andn are the free-
electron density in the initial and NTD GaAs, respective
NNTD5NSe1NGe is the impurity density (70Ge, 72Ge, 76Se!
in NTD GaAs. The quantityNNTD was estimated from the
relationNNTD5KNTD•Dtn , whereNNTD50.16 cm21. This
quantity was obtained in Ref. 3 experimentally by means
measurements performed by the method of chemical m
roanalysis of the concentration of impurities introduced
nuclear transmutations and is close to the theoretical e
mates ofKNTD in GaAs.15

It follows from Fig. 4 that for transmutation doping o
GaAs the annealing temperature at any irradiation flu
should not be less than 800–900 °C in order to reach va
K imp'1 and should not exceed 900 °C in order to prev
generation of thermal acceptors in the material.

In published articles the isochronous annealing ti
tann varied over wide limits — from 3 min16 to 12.5 h.15 As
follows from the data in Fig. 4, short annealing timestannare
inadequate for achievingDn'NNTD and long annealing

FIG. 4. Values of the impurity utilization factorK imp5Dn/NNTD in
transmutation-doped GaAs for different irradiation conditions and annea
temperatures. The solid curve corresponds toDn/NNTD51; 1–6 — pub-
lished data:1— Ref. 12,2— Refs. 4 and 13,3— Ref. 15,4 – Ref. 14,5,
6,—Ref. 16;7–10— our data. Annealing temperature,Tann, °C: 1— 870;
2, 5, 9— 900;3, 8— 800;4— 830;6— 750;7— 700;10— 1100.
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timestann result in the appearance of thermal acceptors in the
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4N. G. Kolin, L. V. Kulikova, and V. B. Osvenski�, Fiz. Tekh. Polupro-
vodn.22, 1025~1988! @Sov. Phys. Semicond.22, 646 ~1988!#.

pl.

.

k,

in
material. For this reason, the timestann'20–30 min are or-
dinarily used.

In weakly irradiated samples (NNTD,1017 cm23) values
K imp.1 are sometimes observed at annealing temperat
near 900 °C. This is apparently due to the ‘‘decompen
tion’’ process in the initial material, and at high transmu
tion doping levels (NNTD.1018 cm23) K imp is always less
than 1, which is due to the incomplete annealing of R
even with long heat-treatment times and possibly the s
compensation effect in the material as a result of the amp
teric nature of Ge when it is present in gallium arsenide
high concentrations.
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Characteristic structural features of amorphous hydrated silicon films deposited

ere
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. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted October 25, 1996; accepted for publication October 31, 1996!
Fiz. Tekh. Poluprovodn.31, 816–819~July 1997!

Data on the hydrogen content and different forms of hydrogen bonds with silicon ina-Si:H films
deposited by direct-current decomposition of silane in a magnetic field~MASD! as a
function of the deposition conditions are presented: temperature, pressure of the mixture
25%SiH4 1 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 Physics.@S1063-7826~97!01307-0#
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In our preceding study1 we showed for the first time tha
device-quality, amorphous, hydrated silicona-Si:H can be
obtained at high film-deposition temperatures (Ts
5300–400 °C! by direct-current decomposition of silane in
magnetic field~MASD!. The construction of the apparatu
for obtaining the films was described in detail in Ref. 1.
this paper we report the results of a detailed investigation
the structure ofa-Si:H films deposited by this method as
function ofTs with directed variations of the other condition
of deposition: pressure and pumping rate of the gas mix
25% SiH4 1 75%Ar and insertion of a grid into the dis
charge chamber. Data on the photoconductivity of the fil
as a function of their structure are also presented.

2. EXPERIMENT: METHODS, RESULTS, AND DISCUSSION

The hydrogen density distribution over the thickness
the film was determined by the recoil proton method~ERD!.
This method yields information about the total content of
hydrogen bound with Si and the hydrogen that is not bou
with Si. To determine the content of bound hydrogen,
analyzed the infrared~IR! absorption band at 630 cm21.

The microstructural parameter was found as

R5
I 2090

I 20001I 2090
,

where I 2000 and I 2090 are the intensities of the absorptio
bands at 2000 and 2090 cm21. As is well known, these fre-
quencies correspond to monohydride~Si–H! and dihydride
~Si–H2) complexes, respectively. To identify the form of th
dihydride complexes SiH2 or ~SiH2)n , the IR spectra nea
875 cm21 were analyzed, since the absorption band at
frequency corresponds to SiH2 and the doublet~840, 890
cm21) corresponds to~SiH2)n , i.e., the chain structure o
dihydrides. The photoconductivitysphof the films was mea-
sured at room temperature,hn52 eV, and generation rat
G51019 cm23

•s21; in addition, sph was determined as
function of the position of the Fermi levelEF in the mobility
gap. The gapEc2EF (Ec is the conduction band edge! was
found, as usual, from the relationEc2EF5kT ln s0 /sd ,
whereT5300 K,sd is the dark conductivity at this tempera
ture, ands05150V21

•cm21. Investigations of the absorp
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performed for a number of films by the constant photocurr
method ~CPM!. The defect density and Urbach parame
were determined.

The typical hydrogen density distribution over the thic
ness for the experimental films is shown in Fig. 1: The h
drogen distribution is uniform. We note thatCH determined
by ERD and IR spectroscopy methods are the same to wi
2–3 at.%.

Figure 2 shows data on the hydrogen content in films
a function of their deposition temperature. In all experime
the anode voltage was equal to 500 V and the applied m
netic field was equal to 500 G. The pressure of the gas m
ture was varied in the rangeP5(2.5–7.5)31023 Torr and
the gas pump rater5123 standard cubic centimeters p
minute~s.c.c.m.!. A number of experiments were performe
with a grid inserted into the discharge chamber; the poten
on the grid was equal to that of the substrate holder. The
was placed 15 mm from the holder, and the target–grid d
tance was equal to 35 mm.1 The data displayed in Fig. 2
show that atTs5 const the values ofCH can vary over a
substantial range.

The minimum hydrogen content in thea-Si:H films de-
posited by the MASD method atTs53002400 °C is the
same as in the films deposited by the glow-discharge met
in standard reactors (f513.56 MHz! using undiluted
silane,2–4 as well as by the method of catalytic decompo
tion of silane on a hot tungsten filament.5 At the same time,
thea-Si:H films deposited by the glow-discharge method in
high-frequency reactor (f570 MHz! and the same values o
Ts contain approximately two times more hydrogen.6 This
same picture is observed with diluted silane–argon
silane–helium mixtures in the glow-discharge method of fi
deposition.3,4 A high hydrogen content is also observed
a-Si:H films deposited by the remote silane–hydrog
plasma method.7 In contrast to what we have said above, t
use of a strongly diluted silane–argon mixture does not
creaseCH in films deposited by the MASD method. Thi
undoubtedly should be regarded as an advantage of
method from both the ecological and economic standpoi
Indeed, minimization ofCH , which is important from the
standpoint of increasing the stability ofa-Si:H against exter-

69191-04$10.00 © 1997 American Institute of Physics
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nal actions, is achieved with a comparatively small amo
of expensive, toxic, and explosive silane.

Figure 3 shows how the film deposition conditions infl
ence the microstructure parameterR. At maximum pressure
of the gas mixtureR50.7 in the entire range of variation o
the deposition temperature; i.e., the fraction of SiH2 com-
plexes is high~curve 1!. Doublets~840, 890 cm21) are ob-
served in the IR spectra; i.e.,~SiH2)n chains are characteris
tic of the structure.

At the minimum pressure of the gas mixtureR increases
with Ts , reaching a value of several units~curve 2!. For such
films, it is not legitimate to speak about the presence of ch
structure~SiH2)n : An absorption band is observed in the I
spectra at 2100 cm21 with no absorption band in the regio
800–900 cm21. This could be due to a number of factor

FIG. 1. Hydrogen distribution over the thicknessd of the film.

FIG. 2. Hydrogen content versus film deposition temperature:1 —
P5(7–8) 3 1023 Torr, r51 s.c.c.m.;2 — P5(2.5–3.5)3 1023 Torr,
r51 s.c.c.m.;3— P5331023 Torr, r53 s.c.c.m.;4— grid inserted into
the chamberP5731023 Torr, r51 s.c.c.m.
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presence of impurities~oxygen, nitrogen, and carbon!,
which, having a higher electronegativity than silicon, c
shift the absorption band at 2000 cm21 into the region of
large wave numbers or by the presence of hydrogen bo
with silicon, which cover the surface of voids or grains. I
creasing the pumping rate of the gas mixture and introduc
a grid into the discharge chamber give rise to a further va
tion of the microstructure parameter~curves 3 and 4!. In the
process, the dihydride complexes, if they are present in
film, are in the form SiH2.

Thus, atTs5 const the quantityR can vary in a directed
manner over wide limits. This picture is not observed f
deposition ofa-Si:H films by other methods at high temper
tures. As examples, Fig. 3 shows data from Refs. 3 and 6
Ts5300–400 °CR approaches zero.

Figure 4 shows the microstructure parameterR as a
function of the hydrogen content in thea-Si:H films accord-
ing to data from this study and from a number of other stu
ies. We see that according to the data of Refs. 3 and 6

FIG. 3. Microstructure parameter as a function of the film deposition te
perature:1–4 — same as in Fig. 2;5, 6 — data from Ref. 3; undiluted
SiH4 and the mixture 40%SiH4 1 60%He, respectively, were used;7 —
data from Ref. 16.

FIG. 4. Microstructure parameter versus hydrogen content in the film.
dots represent our data for films containing the complexes SiH1 SiH2 ~1!
and ~SiH2)n chains ~2!; arrows mark their variations withCH5 const.
Curves from different studies:I — Ref. 3,II — Ref. 6,III — Ref. 5,IV —
Ref. 8,V — Ref. 9.
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R increases simultaneously with the hydrogen content.
highest values ofR ~up to 0.8! are observed fora-Si:H films
deposited by the glow-discharge method atTs5260 °C using
silane–helium mixtures3 and by the magnetron sputterin
method atTs5260 °C and variations of the hydrogen part
pressure in the mixture of hydrogen with argon.9 It should be
noted that in Refs. 3 and 9 the film deposition rates reac
1.5 nm/s. In contradistinction to what we have said abo
the MASD method can yielda-Si:H films with a low hydro-
gen content which have high values ofR and contain dihy-
dride complexes in the form of both SiH2 and ~SiH2)n ~Fig.
4!. Furthermore, these films are deposited at rates no hi
than 0.2 nm/s. Therefore, the deposition process and s
ture of thea-Si:H films studied have a certain uniqueness

It was of interest to investigate how the characteris
structural features of the films obtained by the MAS
method influence the electronic properties of the films, p
marily, the photoconductivity. Data on the value of the pro
uct hmt, obtained fromsph as a function ofEc2EF (h is
the quantum yield,m is the electron mobility, andt is the
electron lifetime! are presented in Fig. 5. The different sym
bols show the data for films containing~SiH2)n films, SiH1
SiH2 complexes, and also only SiH complexes. The res
of investigations ofa-Si:H obtained in a number of Europea
centers are also presented in Fig. 5 — Philips University
~Germany, Ecole Polytechnique~France!, BARI ~Italy!, and
PATRAS ~Greece!.10 The films were deposited by the glow
discharge method but under different conditions~reactor
construction, temperature, composition of the gas mixtu
and others!. According to Ref. 10, the curve in Fig. 5 show
the limit of the region corresponding to device-qual
a-Si:H. Let us see how well the data for films deposited
MASD method atTs53002400 °C correspond to it. Irre
spective of their structure~SiH or ~~SiH2)n), thea-Si:H films
with Ec2EF50.7–0.78 eV ‘‘fall’’ into this region, with the

FIG. 5. hmt versus the position of the Fermi level in the mobility gap. Da
of this work for films containing:1 — SiH (R50); 2 — SiH 1 SiH2

(R50.3–0.8);3 — ~SiH2)n (R50.6–0.8);4 — for films with I51; 5 —
data from the European Science Centers.
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exception of the films for whichI51 ~Fig. 5!: A strong
decrease inhmt for them is apparently due to the high im
purity content ~nitrogen, oxygen!. We underscore tha
Ec2EF in sucha-Si:H is close to the ‘‘intrinsic’’ value.11

Some films of ‘‘pseudodoped’’a-Si:H, whereEc2EF,0.7
eV, fall out of this region slightly.

Figure 6 shows the spectral curves of the absorption
efficient measured by the constant photocurrent met
~CPM! for films of intrinsic and pseudodopeda-Si:H depos-
ited by the MASD method. The defect densityND was de-
termined from these data by the method proposed in Ref.
as was also the Urbach parameter«u . For intrinsic and
pseudodopeda-Si:H ND5831015 cm21 and 531016 cm23

and «u550 and 60 meV. It should be noted thatND and
«u for intrinsica-Si:H correspond to the analogous quantiti
known for films deposited by the glow-discharge method.
the case of pseudodopeda-Si:H, for Ec2EF5 const these
parameters for the MASD films are high, which explains t
small decrease in the value ofhmt ~Fig. 5!. It is significant
that the films studied by us have high valuesR50.7–0.8 and
that the dihydride complexes in them are present in the fo
SiH2. We also note that in Ref. 8 correlations were est
lished between the microstructure parameterR and the Ur-
bach parameter«u for a-Si:H films deposited by the glow
discharge method, and that the data for the MASD fil
correspond to the results of Ref. 8.

3. CONCLUSIONS

The method of direct-current decomposition of silane
a magnetic field~MASD! possesses a number of attracti
features from the standpoint of the technology and the ph
ics of amorphous silicon hydride, since it makes it possi
to do the following:

FIG. 6. Spectral dependences of the absorption coefficient for films de
ited by the MASD method:1— a-Si:H itself, 2— pseudodopeda-Si:H.

693Golikova et al.



— obtain a-Si:H films at Ts5300–400 °C with a low
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hydrogen content, using a strongly diluted silane–argon m
ture;

— vary the hydrogen content in films withT5 const and
vary in a directed fashion the other conditions of depositi

— vary the microstructure parameterR over wide limits
with low hydrogen content, which cannot be done in oth
methods; and

— obtain atTs5 const (Ts5300–400 °C! films contain-
ing dihydride complexes in the form SiH2 or ~SiH2)n .

On this basis we considered these films as new obj
for investigating the relationship between the structure
electronic properties ofa-Si:H and we determined a correla
tion between the quantityhmt and different forms of the
hydrogen bond in a film. It was shown that a film of intrins
a-Si:H can contain only SiH complexes and only~SiH2)n
complexes.

This work was supported by a grant INTAS N 93191
We wish to thank W. Fuhs, the coordinator of the pr

gram, for providing the data on the parameters ofa-Si:H
films obtained in a number of European centers. We a
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Effect of laser irradiation on the photoconductivity and noise in n -Cdx Hg12xTe 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. Poluprovodn.31, 820–822~July 1997!

The effect of nanosecond laser radiation on the photoconductivity and 1/f noise in CdxHg12xTe
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 of 1/f noise and the increase
in its frequency are due to a laser-induced increase in the defect density in the material. ©1997
American Institute of Physics.@S1063-7826~97!01407-5#

The electrical properties of narrow-gap semiconductordiation with energy density 0.05 J/cm2, the short-wavelength
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solid solutions CdxHg12xTe are largely determined by th
interaction of point and extended structural defects. The
plasticity threshold has the effect that under different acti
~including laser irradiation!, to which crystals are subjecte
in the process of fabrication of IR photoelectronics devic
substantial changes are observed in the defect structure1–4

In this paper we report the results of an experimen
study of the photoconductivity~PC! spectra and 1/f -noise
spectra inn-CdxHg12xTe (x50.2) single crystals irradiated
by ruby laser (l50.694mm) pulses with durationt520 ns.
The linear dimensions of the samples after polishing a
chemical etching were 3375 mm and the thickness wa
equal to 30mm. Contacts were obtained by electrochemi
deposition of indium on a freshly etched surface. The el
tron density determined from Hall measurements in a w
magnetic field (mH•B)

2!1 wasn52.531014 cm23 and the
Hall mobility wasmH51.53105 cm2/~V•s!.

The PC spectra were measured atT577 K at a fixed
modulation frequency of 400 Hz with an IKS-21 infrare
spectrometer. The intensification and conversion of the
signal were performed with a preamplifier and a synchron
detector. The data processing was performed with a c
puter, taking into account the corrections for the spec
distribution of the globar. The PC spectra were converted
one photon of the incident radiation, displayed on a mon
screen, and printed out.

The excess noise was measured by the standard th
and four-probe method atT585 K in the frequency range
1–20 kHz with a digital spectrum analyzer, which employ
fast Fourier transform algorithm. The spectral noise den
SV( f ) ~whereV is the constant voltage on the sample!, after
the generation–recombination component was subtra
out, was a quadratic function of the current and in the f
quency range studied it varied as 1/f g. The values ofg for
different samples fell into the range 0.78–1.02.

The PC spectra before~1! and after~2, 3! laser treatment
are shown in Fig. 1. The initial spectrum~1! was traced after
chemical-dynamic treatment of the samples1 and storage of
the samples in air for one month. The sharp long-wavelen
boundary of the spectrum shows that the crystals were
form. After the samples were irradiated with ruby laser

695 Semiconductors 31 (7), July 1997 1063-7826/97/07
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wing of the PC spectrum decreased, which indicated a
crease in the surface recombination rate~Fig. 1, curve2!.
Increasing the energy density of the pulses to 0.12 J/c2

decreases the PC signal and the short-wavelength shift o
maximum and the long-wavelength limit of the spectrum.

No changes are observed in the frequency spectra
1/f noise with pulse energy density 0.5 J/cm2. Increasing the
irradiation energy density up to 0.12 J/cm2 intensifies the
1/f noise~Fig. 2, curve3!.

For the interpretation of the results we shall rely on t
following facts.

1. Interband Auger recombination predominates in
initial experimental samples. The density of nonequilibriu
charge carriers~NCCs! and their lifetime equal, respectively
Dn5Dp andtn5tp5t5331026 s. The NCC lifetime was
calculated from the photocurrent relaxation curves with
citation by Nd laser radiation pulses (l51.06mm, t520 ns!
in a linear regime.

2. The chemical-dynamic analysis of the surface do
not produce deep damaged layers, and the effective rat
surface recombination, estimated from the short-wavelen
drop of the PC signal, was equal tos!103 cm3/s. After the
samples were allowed to stand in air for one month,
surface was oxidized and the surface recombination rate
creased tos533104 cm/s ~Fig. 1, curve1!. The lifetime in
the surface layer is lower than in the volumets,t. This
makes it possible to characterize the interface with an ef
tive parameterseff, which is not related to the classical qua
tity s.

3. The damaged regions are effective sinks for NCCs
CdxHg12xTe extended growth defects — finely dispersed
clusions of a second phase, large-scale fluctuations of
composition, vacancy clusters~voids!, impurity and disloca-
tion clusters, networks of small-angle boundaries, a
others5 — can act as sinks. Laser treatment decreases
intensity of the PC signal and produces a short-wavelen
shift of the maximum of the PC spectrum~Fig. 1, curve3!.
Such a dependence of the PC is also observed under uni
compression of the crystal, when the stresses do not ex
the threshold for plastic deformation.2 The composition of
the crystal changes in the region of local plastic deformati

69595-03$10.00 © 1997 American Institute of Physics
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An excess of mercury, with respect to its content in the m
trix, forms around the imperfections.4 The mercury-
enrichment of the deformed region forms a semimeta
shell with a minimum value oft. On the one hand, this
region plays the role of internal short-circuits during curre
flow and, on the other, when the density of the short circu
is sufficiently high in the volume, they decrease the pho
sensitivity of the material.6

4. The increase inEg in the state of uniaxial deformatio
of the crystal matrix is due to the positive pressure coe
cientdEg /dP.

Laser treatment leads to two ‘‘technological’’ effects
the surface layer — removal of the oxide film, which d
creases the rate of surface recombination~Fig. 1, curve2!,
and evaporation of interstitial mercury with formation of
depleted, with respect to the majority carriers, inver
layer.3 At high irradiation energy densities the compositi
of the solid solution changes in the direction of depleti
with respect to mercury and compaction of the layers adjo
ing the surface by the shock wave which is produced. In b
casesEg increases; this can be judged from the sho
wavelength shift of the maximum of the PC spectrum~Fig.
1, curve3!.

5. The degradation of the material has the greatest ef
on the photosensitivity of the material. Inn-CdxHg12xTe
crystals allowed to stand for one year under natural con
tions, the PC signal~especially in the region of fundament
absorption! and t of the NCCs decreased by more than
order of magnitude.5 Accordingly, the spectral characteristic
of the noise density are shifted into the region of high
frequencies.

FIG. 1. Photoconductivity spectra of an-CdxHg12xTe crystal (x50.2) and
77 K before ~1! and after irradiation with ruby laser pulses with ener
density~J/cm2): 2— 0.05,3— 0.12.
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The model, which has been proposed thus far, for
aging mechanism of CdxHg12xTe crystals reduces to diffu
sion of mercury atoms from the volume toward the surfa
and subsequent evaporation or oxidation of these atom
the interface~at the surface!. The rate of this process is de
termined by the intensity of the mercury flux at the surfa
which depends strongly on the extent to which the materia
defective.5

The measurements of the 1/f -noise spectra establishe
that the 1/f -noise intensity increases with increasing irrad
tion energy. This result agrees with Ref. 7, where it is sho
that defects~traps, localized states, scattering centers! are
responsible for 1/f -noise in CdxHg12xTe; i.e., a large num-
ber of defects corresponds to a higher noise level. Theref
laser radiation generates in CdxHg12xTe crystals defects
which decrease the photosensitivity and are responsible
1/f -noise.

We thank Yu. N. Shavlyuk for performing the measur
ments of the spectral dependences of the noise.
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FIG. 2. Excess 1/f -noise spectra with the generation-recombination com
nent subtracted out: after chemical-dynamical treatment~1!, after storage in
air for a month~2!, and after irradiation with laser radiation pulses wi
energy density 0.12 J/cm2 ~3!.
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Photoelasticity and quadratic permittivity of wide-gap semiconductors

S. Yu. Davydov and S. K. Tikhonov

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted November 1, 1996; accepted for publication November 14, 1996!
Fiz. Tekh. Poluprovodn.31, 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 semiconductors~silicon carbide and boron, aluminum, and gallium nitrides! with
sphalerite and wurtzite structures. The quadratic permittivity is also calculated for
hexagonal structures. ©1997 American Institute of Physics.@S1063-7826~97!01507-X#

Despite extensive study of wide-gap semiconductors in
1
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recent years, there is very little experimental informatio
about the optical properties of these materials. For this
son, theoretical estimates of the charactertistics~even rough
estimates! are certainly of interest. Phillips2 advanced, on the
basis of his dielectric model,3 the suggestion that the photo
elastic properties of semiconductors can be described
analogy with their elastic properties. Using the well-prov
Keating empirical model of elasticity4,5 and assuming a cor
respondence between the photoelastic (pi j ) and elastic (ci j )
constants, Phillips analyzed the satisfaction of the rela
for cubic crystals

2p44~p111p12!5~p112p12!~p1113p12!, ~1!

which is the exact analog of the expression relating the e
tic constantsci j . A check of the relation~1! for diamond
showed that it holds within 16%. In the present paper
employ this analogy to estimatepi j for silicon carbide and
boron, aluminum, and gallium nitrides.

The following relation was obtained in Refs. 6 and 7

p1112p1252h~«`21!/«`
2 , ~2!

whereh5226ap
2 . Here«` is the high-frequency permittiv

ity, and ap is the Harrison polarity of a crystal.8–10 If
(p1112p12)/3 is compared with the bulk modulu
B5(c1112c12)/3, (p112p12)/2 is compared with the shea
modulusCs5(c112c12)/2, p44 is compared withc44, and the
relations obtained for the elastic constants in the Keatin
Harrison model are used,11 then we find

p1152
1

3
hkS 11

8l

81l D «`21

«`
2 ,

p1252
1

3
hkS 12

4l

81l D «`21

«`
2 ,

p4452hk
33l

~81l!~813l!

«`21

«`
2 , ~3!

wherel50.85 is a dimensionless parameter,8,9 and k is a
dimensionless coefficient. In particular, it thus follows im
mediately thatp1250.35p11 andp4450.51p11. According to
the data in Ref. 12, for diamondp11520.38, p12520.09,
and p44520.17. This leads to the relationsp12/p1150.23
andp44/p1150.45. Therefore, the relations~3! can serve as a
preliminary estimate of the photoelastic constants. Fork52

698 Semiconductors 31 (7), July 1997 1063-7826/97/07
a-

by

n

s-

e

–

p44520.18, in good agreement with experiment. We no
however, that the experimental data are inconsistent. For
ample, in Ref. 3 the following data are given for diamon
p11520.31, p12520.12, andp4450.09.

The computational results for the photoelastic consta
of wide-gap semiconductors with cubic structure are p
sented in Table I. The polaritiesap were calculated in Ref. 7
and the experimental values of«` were taken from Refs. 8
and 14. According to Table I,pi j for silicon carbide and
boron nitride agree withpi j for diamond with respect to sign
and order of magnitude. For compounds with a higher deg
of ionicity, i.e., for aluminum and gallium nitrides, the pho
toelastic constants are an order of magnitude smaller
positive. In general, Keating derived expression~1! for ci j
for group-IV semiconductors and its form changes somew
for heteropolar compounds.15 This circumstance, however, i
disregarded here.

The photoelastic constants for the hexagonal modifi
tion ~wurtzite structure!, which are converted from the con
stants for the sphalerite structure in accordance with Mart
theory16 ~see the corrections to this theory in Refs. 17 a
18!, are presented in Table II. Here we disregard sm
changes in the high-frequency permittivity~according to the
data in Ref. 19 for silicon carbide, the difference in«` be-
tween the wurtzite and sphalerite structures does not exc
6%!. Unfortunately, we know of no experimental data on t
photoelasticity of hexagonal compounds.

The quadratic~bilinear! permittivity X14 of cubic wide-
gap semiconductors was calculated in Ref. 7. Crystals w
the wurtzite structure~6mm! possess three independent co
ponents of bilinear permittivity: X15, X31, and X33. The
transformation which yields a relation between the perm

TABLE I. Photoelastic constantspi j for semiconductor crystals with
sphalerite structure.

Crystal SiC BN AlN GaN

ap 0.26 0.34 0.59 0.60
«` 6.5 4.5 4.8 5.8
p11 224.5 226.7 1.7 2.7
p12 28.5 29.3 0.6 0.9
p44 212.5 213.6 0.9 1.4

Note:The values ofpi j are increased by a factor of 102.

69898-02$10.00 © 1997 American Institute of Physics



i

c-
on
t

This work was supported, in part, by the U.S. Depart-

n
l-

-

n,

3,

TABLE II. Photoelastic constantspi j for semiconductor crystals with wurtz-
ite structure.
tivities of cubic and hexagonal structures was obtained
Ref. 20:

X14

2

A3
5X33522X31522X15.

The values of these permittivities are given in Table III. A
cording to the data in Ref. 21, for GaN films deposited
sapphire it is X33 52.8831028 CGSE, in good agreemen
with the theoretical value 3.0431028 CGSE.

Crystal SiC BN AlN GaN

p11 228.9 231.4 2.0 3.1
p33 230.5 233.1 2.2 3.3
p12 27.2 27.4 0.5 0.8
p13 25.5 26.0 0.4 0.6
p44 228.1 230.5 0.7 1.0
p66 210.4 211.8 0.7 1.2

Note:The values ofpi j are increased by a factor of 102.

TABLE III. Bilinear permittivity Xi j .

Crystal SiC BN AlN GaN

X14 0.27 0.29 2.31 2.63
X33 0.31 0.33 2.67 3.04
X315X15 20.16 20.17 21.33 21.52

Note:The values ofXi j are given in units of 1028 CGSE.
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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
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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. ©1997 American Institute
of Physics.@S1063-7826~97!01607-4#
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The latest investigations have shown that, even in
simplest formulation, the tunneling problem is not as triv
as it seemed initially. Even in the one-dimensional, o
particle model the stumbling block turned out to be the ta
of determining the temporal characteristics of tunneling1,2

At present, the tunneling process is clearly understood o
for particles whose momentum is prescribed accurately.
assumed that such particles are described by wave pa
which are wide compared to the barrier structures, in wh
the tunneling occurs. Most investigations~see the review ar-
ticle in Ref. 1! are in agreement that the particle dynamics
the barrier region is characterized in this case by
‘‘phase’’ transmission time.

The situation is completely different for particles whic
are described by wave packets of arbitrary width. Here th
is no single opinion~see Refs. 1 and 2! either about how to
define the tunneling time correctly or even how to interp
correctly some properties of the wave packet dynam
which have been observed in numerical modeling of o
dimensional structures. This includes effects such as
change in the average momentum of the wave packets du
scattering and also the ‘‘premature’’~i.e., with ‘‘break-
down’’ of causality! appearance of the transmitted packet
the other side of the barrier.

The analysis in Ref. 3 showed that the observed beha
of wave packets appears to be unphysical because of a
correct interpretation of the quantum-mechanical descrip
of the tunneling process. Ordinarily~explicitly4,5 or
implicitly2!, in estimating the tunneling times of a partic
the positions of the centers of mass~i.e., the average value
of the coordinatex) of the transmitted and reflected packe
are compared separately with the corresponding charact
tic of the incident packet. However, such a procedure ma
no sense physically, because all three packets describe
ferent sets of measurements. This question was examine
detail in Ref. 3, where a new definition of tunneling tim
was proposed for particles described by wave packets
general form.

In the present paper we essentially continue the w
begun earlier.3 We will investigate numerically the tunnelin
parameters of a particle~transmission coefficient, averag
momentum, and the tunneling times determined in Ref.!,
whose initial state is described by the Gaussian wave pa

700 Semiconductors 31 (7), July 1997 1063-7826/97/07
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where

A~k!5exp~2 l 0
2~k2k0!

2!;

c is a normalization constant,l 0 is the packet width,k0 is the
average wave number, andE(k)5\2k2/2m. Following Ref.
3, it is assumed here that the left-hand boundary of the b
rier lies far to the right of the coordinate origin, where th
maximum of the incident wave packet is located initially.

Let T(k) and J(k) be the transmission coefficient an
phase, respectively, which characterize the tunneling o
separate wave with fixed wave numberk ~see Ref. 6!. Then,
according to Ref. 3, the transmission timet tr of a particle
through the barrier region is given by

t tr5
m^J8& tr
\^k& tr

. ~2!

The corresponding reflection timet ref , if the analysis is re-
stricted to the symmetric barriers, is given by the express

t ref5
m^J8& ref
\^2k& ref

. ~3!

Here and below the symbol^ . . . & denotes averaging ove
the transmitted (tr ), reflected~ref!, or incident ~inc! wave
packets~see Ref. 3!; the prime denotes a derivative wit
respect tok. The transmission coefficientT̄ of a particle is
determined ~see Ref. 3! according to the formula
T̄5^T(k)& inc .

We performed all calculations for dimensionless quan
ties. In addition, we chose the widthd of the barrier structure
as the unit of measurement in the case of aperiodic struct
and the width of one period in the case of periodic structur
The formulas relating dimensional and dimensionle
~marked with a tilda! quantities are

l05 l̃0d, l 05 l̃ 0d, V5
\2

2md2
Ṽ, t5

md2

p\
t̃ ,

whereV is the potential,t is the time, andl052p/k0.

2. SQUARE BARRIERS

The main patterns of the variation of the tunneling p
rameters with increasing degree of particle localization

70000-04$10.00 © 1997 American Institute of Physics
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demonstrated for the example of square barriers w
Ṽ530 and l̃55. We note first that for any barriers wit
w50 (w51/ l̃ 0) all particle tunneling parameters are n
merically equal to the corresponding parameters for an in
vidual wave. Specifically, the tunneling times~2! and ~3!
equal the phase times. However, forw Þ 0, when the wave
packet describing a particle possesses a finite width
x-space, the character of the particle scattering changes
stantially. Asw increases, the fraction of the harmonics f
which the barrier is transparent increases in the spectrum
the wave packet. As a result, the transmission coefficien
the particle increases~Fig. 1!. In addition, the most rapid
growth is observed in the region 0< log(w)<2. For compli-
cated multibarrier structures, when one-wave resonance
present nearE0 (E05E(k0)), the behavior ofT̄(w) in this
region can be nonmononotic. However, in any case,
w→`, irrespective ofk0 and the form of the barrier,T̄
→1 for particles which are initially localized at a point an
any barrier is transparent.

A characteristic feature of the tunneling of particles d
scribed by wave packets of finite width is that the avera
momenta of the incident, transmitted, and reflected pac
are all different. However, as has already been noted~see
Fig. 3!, this does not at all mean that a particle is accelera

FIG. 1. Transmission coefficient~dots!, ^k& tr /k0 ~solid curve!, and

^k& ref /k ~dashed curve! for square barriers of heightṼ530 andl̃055.

FIG. 2. Effective barrier width (J̃ 8) for a transmitted particle~solid curve!
and a reflected particle~dashed curve!. The parameters of the barrier and
the particle are the same as those in Fig. 1.
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pretation is possible!. Evidently, the particle momentum
should not change in the case of scattering by a static po
tial barrier. In a quantum-mechanical description~which es-
sentially refers to all measurements including the two p
sible variants of scattering!, this property is reflected in the
fact that the average values of the momentum over the in
~incident wave packet! and final ~transmitted1 reflected
wave packets! states are identical. Therefore, the fact that
average momenta of the transmitted and reflected wave p
ets are diffrent indicates only that the average particle m
mentum in each~of the two! series of measurements is di
ferent. In addition, the average particle momentum bef
and after scattering is the same in each series separately~see
Ref. 3!. Figure 1 shows for the square barriers investiga
the ratio of the average momenta of both packets to the
mentum of the incident packet as a function of the param
w. As one can see from the figure, the average moment
the incident and transmitted packets are the same for
ticles whose initial momentum or coordinate is precise
fixed. In the first case this occurs because the incident pa
actually consists of one harmonic. In the second case
due to the fact that the particle passes through the ba
without reflecting~see above!. ~Here it should be kept in
mind that in the first case the form of the wave packet d
not change on scattering, whereas in the second case
transmitted packet at sufficiently long times breaks up int
countable set~ensemble! of wave packets with one maxi
mum which move with different velocities.! In the interval
0< log(w)<2 we have a situation in which the fractions
the harmonics for which the barrier is transparent and n
transparent are the same in the spectrum of the wave pa
The shape of the wave packet in this case is much m
strongly distorted on scattering, and the momentum of
transmitted packet is greater than the momentum of the i
dent packet by the maximum possible amount. The reflec
packet decelerates in this region~see Ref. 3!. In general,
when resonances are present nearE0, the dependence of th
average momenta onw for both packets is more compli
cated. Specifically, the momentum of the transmitted pac
can be less than that of the reflected packet.

Let us now consider the quantities^J8& tr and ^J8& ref in
the expressions~2! and ~3! for the particle tunneling times
They can obviously be regarded as effective barrier wid
for a particle in the corresponding series of measureme
One can see from Fig. 2 that both quantities are identica
the particle momentum is fixed accurately enough. In
other cases they are different. In the limitw→` the effective
barrier width for the transmitted particle~we recall that in
this case particle transmission through the barrier eqa
100%! equals the barrier widthd. Particles initially localized
at a point pass through the barrier region without ‘‘noticing
the barrier, since their average energy is infinite.

It is known that the phase tunneling time can be ne
tive. In this case, the corresponding effective barrier width
also negative. For example, this happens for a particle w
l̃055 that passes through a square potential well of de
Ṽ521 ~see Fig. 3!. At first glance, this result is unphysica
since the negative times indicate violation of the causa
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principle ~we note immediately that this case of ‘‘violation
of the causality principle is fundamentally different from th
one studied in Ref. 3, which occurs only for packets w
w Þ 0). However, it should be kept in mind that in this ca
the well width is much smaller than the width of the wa
packet. Under such conditions the tunneling is strongly n
local. Furthermore, here it is very important to rememb
that the formalism proposed in Ref. 3 makes it possible
determine the passage time only for sections~including the
barrier region! whose boundaries lie at distances from t
barrier that are much greater than the width of the wa
packet. The tunneling time of the barrier section is det
mined in Ref. 3 as the contribution of the barrier region
the total transmission time through these sections. In the
at hand, probes for measuring the tunneling time should
placed at a distance from the barrier that is much greater
the width of the barrier. However, if a particle is initiall
described by a Gaussian packet, whose width is much
than that of the barrier, then the probes can be placed r
up against the edges of the barrier. If the time~3! is negative
in this case as well, then there would be grounds for talk
about violation of the causality principle. However, the c
culations show~see Fig. 3! that asw increases, the effective
barrier width for the transmitted particle becomes posit
and in the limitw→` it equalsd.

3. PERIODIC STRUCTURES

Particle tunneling through bounded and semiboun
~super!lattices is of special interest. This question was st
ied in Refs. 7 and 8 for particles with an accurately defin
momentum. It was shown that in this case all resonances
periodic structures lie in the energy regions~transmission
regions! which are allowed bands for the corresponding u
bounded structures. In Ref. 7, it was shown that, for a su
ciently large number of lattice periods, within each of the
regions the plots of the energy dependence of the trans
sion coefficient and phase transmission time for one pe
fall between two envelopes. The explicit form of both pa
of envelopes was also found in Ref. 7. In semibounded
tices, when the number of periods is infinite, the energy
rivatives of both functions are unbounded almost everywh
in the regions of transmission.

FIG. 3. ^ J̃ & tr for a square well withṼ521 andl̃055.
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To understand such unusual properties it is importan
remember the following. When the problem concerns
tunneling of particles with a well-defined momentum, it
actually assumed that the width of the corresponding Ga
ian wave packets inx space is known to be greater than t
width of the periodic structure under study. In this case
role of the two boundaries of the structure is important
any arbitrarily large~but finite! number of periods of the
structure.

How does tunneling of a particle through a lattice occ
if the initial state of the particle is described by a wa
packet of arbitrary width? First, here it should be kept
mind that forw Þ 0 the solution of the Schro¨dinger equation
no longer satisfies Floquet’s theorem in the region of peri
icity of the potential. Therefore, particle localization resu

FIG. 4. Transmission coefficient versus the parameterẼ0 ~see text! for a
periodic structure consisting of ten square barriers of height 13 and w

0.5, well width — 0.5; l̃ 052 ~solid curve!, 0.28 ~dashed curve!, and 0.07
~dotted curve!.

FIG. 5. Tunneling timet̃ tr for one period in a periodic structure~see Fig.
4!.
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in destruction of the band character of the energy spect
~division of the energy scale into regions of transparency
nontransparency!. We performed calculations for structure
consisting of ten square barriers of width 0.5~the distance
between the barriers obviously also equals 0.5! and height
13. Figures 4 and 5 show the transmission coefficient
transmission time of one period as a function of the para
eterẼ0 for these values ofl̃ 0: 2, 0.28, and 0.07. The calcu
lations, which were performed for large values ofl̃ 0 as well,
showed that the envelopes of both functions in the transm
sion regions are most sensitive to a change inẼ0. As l̃ 0
decreases in the intervalN< l̃ 0<1 (N is the number of pe-
riods!, the corresponding pairs of envelopes approach
another and then merge into one curve. As the param
l̃ 0 decreases further, the transmission coefficient is alre

FIG. 6. ^ k̃ & tr for a periodic structure~see Fig. 4!.
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mission as well. In addition, here the temporal characteri
changes most strongly. If forl̃ 0@1 the transmission time fo
one period in the region of nontransmission is nearly equa
zero, then for localized particles this characteristic, as
can see from the figure, increases to such an extent that i
even exceed the corresponding tunneling time in the tra
mission region. The well-known problem of ‘‘superluminal
propagation of wide~in x space! wave packets through~su-
per!lattices in regions of nontransmission~see, for example,
Ref. 2! does not arise for particles for which the uncertain
of the initial position does not exceed one lattice period.

I shall now briefly discuss the dependence of^ k̃ & tr on
Ẽ0 ~see Fig. 6!. As one can see from Fig. 6, an appreciab
deviation of this quantity fromk̃0 is observed in the region
of nontransmission, whenl̃ 0,1. For l̃ 052, the average
momentum of the transmitted~and therefore reflected! par-
ticles is virtually identical to that of the incident particle
Small deviations are observed only near the boundarie
the regions of transparency.

In closing, I note the following. It is known that wav
packets spread with time. Therefore, it is worth underscor
that in the formalism of Ref. 3 the tunneling parameters
pend on the initial width of the packet.
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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. Poluprovodn.31, 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 1026 at a wavelength of 633 nm. ©1997 American Institute of Physics.
@S1063-7826~97!01707-9#

There exist two basic models for explaining the lumines-~IR! transmission spectra~500–5000 cm21) were obtained
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cence of porous silicon~PS!. According to one model, the
pumping radiation is absorbed in the volume of the PS
the photoluminescence~PL! is a consequence of radiativ
recombination at the surface.1–3 The other model assume
that the luminescence is due to the presence of siloxen-
compounds that arise during anodization of the silicon on
surface of the PS.4

The study of the optical properties of PS can yield info
mation about the electronic structure and mechanisms
light absorption and recombination and serve to give a be
understanding of the nature of PL. During thermal annea
of samples of PS, products of the electrochemical treatm
are desorbed from its surface and its luminescence prope
change. To obtain information about the nature of PL in P
we investigated the change in the optical characteristics
PS during vacuum heat-treatment.

The PS layers were prepared on KDB-1 silicon pla
~boron-doped silicon, resistivity 1V•cm! with ~100! orien-
tation. The electrolyte consisted of hydrofluoric acid~50%
solution! and isopropyl alcohol in a 1:1 ratio. Etching wa
performed with a current density of 15 mA/cm2 for 30 min.
After anodization the samples were washed in deionized
ter and dried in air. To remove the film formed durin
anodization4,5 and to prepare samples of different thickne
the PS layer was treated in KOH.

The thermal annealing of PS was performed in a vacu
chamber with a residual pressure of 1026 Torr. The tempera-
ture of the heater, on which the experimental sample w
secured, was raised by steps of 10–20 K and held for 10
min at each new temperature. When the plate with the
layer was heated rapidly, the PS separated from the subs
and cracking occurred along the isothermal lines, indicat
the presence of a substantial mechanical stress in the
layer.6 The maximum heating temperature was equal to 6
°C. In this manner, PS layers which were heated once
subjected to a heating–cooling cycle several times were
pared. The heat-cycling treatment was repeated until the t
perature dependence of the reflection coefficient measure
an angle of incidence of 15° at the wavelengthl5633 nm of
He–Ne laser radiation repeated. The reflection spectra~in the
interval 400–800 nm! and the luminescence and infrare
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for the initial samples and for the heat-treated PS layers
It was established that even after a one-time heating

to 500°C the PS completely loses its ability to luminesce
Thermal desorption mass spectra were also obtained

the initial PS samples. Figure 1a shows the dependenc
the number of desorbed particles on the temperatureT for
the two most intense components with mass numbers 2
18, associated with H2 and H2O, respectively. The variation
of the reflection coefficientR at wavelengthl5633 nm for
the first and fifth cycles, in the case where a sample of thi
nessh58 mm was heated, are presented in Fig. 1b. Co
paring Figs. 1a and 1b one can see that the change in
reflection coefficient can be attributed to the desorption
gases from the surface of the PS. For a sample of thickn
h53 mm, three heat-treatment cycles were required bef
the results of the measurements of the reflection starte
repeat in each cycle~Fig. 1c!. We see from Fig. 1c that the
effect of the substrate is still felt for a thin sample, since t
curve of the variation of the reflection coefficient can
approximated by a straight line which describes the temp
ture dependence of the reflection coefficient of a clean s
con surface. Therefore, the data from these experiments
test to the fact that sorption–desorption of gases by the
surface are the mechanisms responsible for the change i
reflection coefficient of PS on heating up to 600 °C.

It is interesting that for sufficiently thick samples, wit
thicknessh.5 mm, the reflection coefficient is temperatur
independent.

The reflection spectra before and after annealing are
sented in Figs. 2 and 3, respectively. The result of the h
treatment is an increase in the reflection coefficient of the
surface in the region 400–550 nm~Fig. 3!. This can be at-
tributed to the formation of dangling bonds and narrowing
the band gap or to the appearance of additional levels
bands in the band gap due to the hydrogen losses.7,8

To calculate the optical constants of the PS layers,
reflection spectra were measured for two states of polar
tion S andP of the incident light. The fact that for wave
lengths of 600–800 nm the imaginary part of the comp
index of refractioņ !1 and its contribution to the reflectio
coefficient is very small were taken into account. This ma

70404-03$10.00 © 1997 American Institute of Physics
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it possible to calculate by a fitting procedure the comp
index of refractionn1 i¸ and the thicknessh of the PS film.
A rough estimate of the thickness of the layer was ma
from microscopic measurements performed on the cleav
face of the sample.

The procedure of fitting the parametersn,¸, andh con-
sisted of the following:

1! The dependences ofn and¸ on l in the wavelength

FIG. 1. a — Intensity of thermal desorption of H2 and H2O versus tempera-
ture T. b — Reflection coefficientR of a PS layer of thicknessh58 mm
versus temperatureT on heating~solid line! and cooling~dashed line! in the
first ~1! and fifth ~5! heat-treatment cycles. c — Reflection coefficientR of
a PS layer of thicknessh53 mm versus temperatureT on heating~solid
line! and cooling~dashed line! in the first ~1! and fourth~4! heat-treatment
cycles.
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range 600–800 nm were approximated by straight lines
thatn5a1bl and¸5c1dl;

2! assuming that the thicknessh is sufficiently large to
eliminate interference effects, we chosea and b in such a
way that the computed straight line of the reflection coe
cient is an average line of the experimentally recorded refl
tion spectrum;

3! c, d, andh were chosen so that in the computed cur
the amplitude of the oscillations of the reflection coefficie
corresponded to the experimental amplitude; and

4! the computed curve was phase-matched with the
perimental curves by varyingh over a small range~tens of
nanometers!.

The reflection coefficient of the PS layer was calcula
using Fresnel’s formulas for an absorbing film on an abso
ing substrate.9 The real part of the refractive index of silico
was determined from measurements of the reflection spe
for the initial plate, and the spectral dependence of the ima
nary part was taken from the literature.10 The computational
results are given in Table I.

The entire procedure of reconstructing the parame
n, ¸, andh from measurements of the reflection spectra w
tested for a SiO2 layer on silicon and showed good agre

FIG. 2. Reflection spectrum of intial PS sample.

FIG. 3. Reflection spectrum of a heat-treated PS sample.
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ment between t

TABLE I. Optical constants and thickness of initial and annealed layers of PS.

706 Semicond
PS

n ¸ h mm

l5600 nm l5800 nm l5600 nm l5800 nm Calculation
Microscopic
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
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states in the layer. This is manifested in the fact that for the
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values obtained from independent measurements.
For PS samples which were not subjected to heat tr

ment, the computed thickness of the layer was found to
2–2.5 times greater than the thickness determined from
croscopic measurements. For heat-cycled samples the t
ness of the layer determined in the fitting procedure w
equal to the measurements performed on the cleavage
From preceding investigations of PS11,12 it is known that a
PS layer is structurally uniform over thickness and the film
substrate interface is sharp. Experiments on oxidation
PS13 showed that compaction and settling start at tempe
tures above 1000 °C. On the basis of these data, the di
ence between the computed and measured film thickne
can be explained by the substantial optical nonuniformity
the PS layer over depth, i.e., by the fact that chemica
adsorbed reagents and products of electrochemical treat
of silicon are present in the voids.

It is evident from Table I that the values of̧ for the
initial and annealed samples are close, but because the
puted thickness of the PS layer is excessive, in order to
tain the same magnitude of damping of the amplitude of
interference maxima and minima in the reflection spectra,
value of¸ must be increased by the same factor by wh
h is overestimated. Because of the optical nonuniform
over the thickness of the initial PS layers, the values o¸
found for them are approximate.

In summary, the effect of vacuum thermal annealing
the optical properties of PS has been investigated. It
found that the chemically adsorbed products of electroche
cal treatment of silicon substantially alter the electro
uctors 31 (7), July 1997
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initial samples the optical thicknessnh of the layer is much
greater~2.0–2.5 times! than the optical thickness of the hea
cycled sample. Annealing decreases the imaginary part o
complex refractive index for wavelengths of 600–800 n
Such changes in the optical constants can affect the prob
ity of surface recombination of carriers and thereby give r
to quenching of luminescence. It was also found that
temperature coefficient of reflection of PS is at least subs
tially less than for the initial silicon plates and does not e
ceed 1026.
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Electron-hole scattering in p-type silicon with a low charge-carrier injection level

T. T. Mnatsakanov and L. I. Pomortseva

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

V. B. Shuman

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted November 11, 1996; accepted for publication November 14, 1996!
Fiz. Tekh. Poluprovodn.31, 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 properties ofp-type silicon. Diode
n1–p–p1 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, inp-type material with doping levelsN.1018 cm23. © 1997 American
Institute of Physics.@S1063-7826~97!01807-3#

1. A method for investigating the parameters character-characteristic valueN051017 cm23, i.e., when the bandgap
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izing electron-hole scattering~EHS! in indirect-gap semicon-
ductors with a low charge-carrier injection level was recen
proposed in Ref. 1. The first application of this method
investigation of EHS inn-type silicon gave interesting re
sults, indicating the possibility for the existence of comple
dragging of minority charge carriers by the majority carrie
during which the mobility of the minority charge carrie
changes sign and becomes negative, inn-type silicon with
doping levelsN>1017 cm23 at room temperature. The exis
tence of the complete dragging of minority charge carriers
majority charge carriers was first established experiment
in gallium arsenide quantum wells2,3 with doping level
N.1017 cm23 and temperatureT.90 K. A comparative
estimate4 of the effect of the EHS on charge-carrier transp
showed that the EHS efficiency in silicon is approximate
50 times higher than in gallium arsenide. The result obtai
in Ref. 1 is in agreement with the estimate presented
attests to the fact that the complete dragging of mino
charge carriers by the majority charge carriers can appre
bly influence the characteristics of silicon structures. Acco
ing to Refs. 5 and 6, EHS can strongly alter the inject
capacity of ap1–n junction.

Ordinarily, doping levelsN>1017 cm23 are realized in
the emitter layers of semiconductor structures. From
standpoint, it is of great interest to investigate this effect
p-type silicon, since in most silicon structures, which a
ordinarily fabricated on the basis ofn-type material, the
emitter layers arep-type. Our objective in the present pap
is to investigate the parameters characterizing EHS inp-type
silicon with a low charge-carrier injection level and to eva
ate the possibility of complete dragging of minority char
carriers by the majority charge carriers in this material.

2. The investigation was based on the method propo
and described in detail in Ref. 1. This method involves
measurement of the current-voltage characteristic~IVC! of
diode samples in a specially chosen range of current de
ties and to determine the mobilitymnp , determined by the
EHS, with the help of the following relations.

In the case where the doping level does not exceed
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narrowing is small,mnp is given by

mnp5
mn

A221
, ~1!

where A5( j 0)cal/( j 0)exp, ( j 0)cal5(qni0
2 /NA)(Dn /tn)

1/2,
ni0 is the intrinsic charge-carrier density,q is the elementary
charge,NA is the doping level of the basep-layer,mn and
Dn are, respectively, the mobility and diffusion coefficient
the majority electrons, andtn is the electron lifetime in the
p-type base. The experimental saturation current (j 0)exp is
determined from the measured IVCs of the diode sample

For the case of higher doping levels, when bandgap n
rowing becomes substantial, the relation for determin
mnp becomes

mnp5
mn

B221
, ~2!

where B5( j 0)cal/( j 0)exp, ( j 0)cal5(qni0 /NA)(Dn/tn)
1/2

3exp(DEg /kT), DEg is the decrease in the band gap, and
other notation is the same as in the preceding formula.

3. The measurements and calculations were performe
the same sequence as in Ref. 1. Then1–p–p1 structures,
whose main parameters are given in Table I, were fabrica
The depth of the diffusedn1 layers did not exceed 10mm.

The IVC was measured for each of these structures
the standard method. The region of current densities, whe
low injection level of the nonequilibrium charge carriers w
realized in the base layer of the structure, was chosen for
measurements. The experimental dependence ofj on V was
approximated by an expression of the form

j5~ j 0!expS qV2 jrpWp

kT D , ~3!

whereWp is the thickness of thep-type base, andrp is the
resistivity. A least-squares analysis of the experimen
points of the IVC made it possible to determine the expe
mental value of the parameter (j 0)exp for Eq. ~1! or Eq. ~2!.
Next, the parameter (j 0)cal was calculated from the formula
presented above. The values ofDEg taken from the measure

70707-03$10.00 © 1997 American Institute of Physics
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ments in Ref. 7 were used in the calculations, and the de
dence ofDn on the doping level was taken into account
accordance with Ref. 8. The electron lifetimetn was mea-
sured by Lax’s method.9 However, since this method is dif
ficult to apply to strongly doped samples, we also took in
consideration the values oftn presented in Ref. 10. We sha
discuss this in greater detail in a discussion of the result

4. Figure 1 shows the experimental points correspond
to the samples indicated in Table I. The variance of
points in the figure corresponds to the variance given in
table for the parameters. We note that the data for sampl
and 3 are combined and are presented in the figure as a s
point.

The electron lifetime in the experimental samples me
a separate discussion. The values oftn presented in Table
were obtained by Lax’s method. The problems in using t
method ordinarily arise in strongly doped layers, when
lifetime becomes substantially shorter than 1ms. For

Sample No. rp , V•cm Wp , mm S, mm2 tn , ms

1 0.38560.025 162 19.6 1.5
2 0.10060.005 240 83.0 0.2860.04
3 0.10060.005 270 83.0 0.2860.04
4 0.04060.002 146 37.4 0.1060.02
5 0.04360.002 165 25.2 0.1060.02

Note: Wp—thickness of thep-type base;rp—resistivity; S—area of the
structure,tn—lifetime of electrons.

FIG. 1. Mobility mnp versus the density of the majority charge carriers
p-silicon. Points:1–5 — our experimental values ofmnp for samples 1–5
~see Table I!, 28, 38, 48 — the values ofmnp found for the samples 2, 3, an
4 in calculations using the published values oftn .

10 Curves: a — Mobility
of the majority charge carriers~holes! according to the data in Ref. 8; b —
values obtained formnp by extrapolating the data in Refs. 11 and 12 usi
Eq. ~4! to the case of a low charge-carrier injection level.
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shorter than 1ms, the lifetimes presented in Ref. 10 turn o
to be much longer:tn.426 ms with NA5531017 cm23,
corresponding to samples 2 and 3, andtn.122 ms with
NA51018 cm23, corresponding to samples 4 and 5. The
fore the situation withp-type samples is completely differen
from then-type samples in Ref. 1, since the hole lifetim
measured inn-samples fell into the range of values encou
tered in the literature. The smallness of the lifetime valu
obtained from measurements in samples 2–5 could be du
the imperfection of the silicon used to fabricate the samp
and to the presence of additional recombination levels in
samples as compared with the samples which are emplo
by other authors for determiningtn .

Nonetheless, we determined how the results cha
when the published lifetime values are used. In Fig. 1
two lowest values ofmnp ~the points28, 38, and48! corre-
spond to samples 2, 3, and 4, but with lifetimes correspo
ing to the published values for the corresponding dop
level.10

Besides the experimental results of the present wo
two curves are presented in the figure. Curve1 represents the
dependence of the mobility of the majority charge carri
~holes! mp on the doping level. Curve2 shows the result of
extrapolating themnp data obtained with a high doping leve
in Refs. 11 and 12 to the case of a low injection level
accordance with the formula proposed in Refs. 13 and 4

mnp5G/pS 1p0 1
1/p2

11~n1p!/2p1
D , ~4!

where G51840 cm2/~V•s!, p053.231017 cm23,
p153.531016 cm23, andp254.631016 cm23.

One can see that the experimental values ofmnp are
much lower than the values obtained by extrapolation. Ho
ever, comparing the experimental values ofmnp with the
mobility of the majority holes~curve1! shows that the con-
dition mnp<mp , determining the possibility of complet
dragging of the minority electrons by the majority holes5

can be satisfied only forNA.1018 cm23. The value obtained
for the acceptor density is approximately an order of mag
tude higher than the donor density inn-samples at which
complete dragging of the minority electrons by the major
holes turns out to be possible.1 Two factors determined the
increase in the threshold level for complete dragging of
doping level inp-type samples. First, the values found f
mnp were found to be somewhat higher but close to the up
values of the mobilitympn determined in Ref. 1. Second
complete dragging inn-type material is determined by th
inequality mpn,mn , and sincemp,mn , it should be ex-
pected at the outset that the appearance of this effect wil
impeded inp-type silicon.

This work was supported by the Russian Fund for Fu
damental Research under projects Nos. 95-02-05767 and
02-17902a.
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Effect of tin impurity on the photoconductivity kinetics of thin amorphous layers

ation
of arsenic selenide
M. S. Iovu, E. P. Kolome ko, 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. Poluprovodn.31, 836–840~July 1997!

In thermally sputtered As2Se3 and As2Se3 1 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.
@S1063-7826~97!01907-8#
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It is well known that impurities have only a weak effe
on the electrical characteristics of chalcogenide glassy se
conductors~CGSs!, if the impurities are introduced durin
the thermal synthesis of the glass. However, in the cas
‘‘cold’’ doping ~modification!, when the material is not in
thermal equilibrium, some impurities, for example, Ni a
Fe in As2Se3, are electrically active.1 An impurity in ther-
mally sputtered amorphous films of CGSs, which are ch
acterized by a higher degree of structural disorder than b
glasses, is of practical interest. For example, modification
arsenic selenide with Bi and Sn impurities has no effect
the position of the Fermi level,1 whereas in sputtered amo
phous films As2Se3Bix (x50.001, 0.01, and 0.1) substanti
changes have been observed in the optical properties
electrical conductivity, indicating that these films have a m
croheterogeneous cluster structure.2 Similarly, the photocon-
ductivity in thermally sputtered As2Se3Snx (x50.123.5
at. %! films is much higher than in bulk glass samples of t
same composition with a low dark conductivity. The use
As2Se3Sn layers in film structures for electrographic reco
ing of optical information increases substantially the pho
electric sensitivity.3,4 Measurements of the time of flight i
As2Se3Sn films have recently established5 that adding tin to
As2Se3 substantially increases the drift mobility and slow
down recombination. Our objective in the present paper i
show that adding tin in small amounts also changes ap
ciably the parameters of the photoconductivity relaxat
process in As2Se3 films. The photoconductivity kinetics wa
investigated with stepped optical excitation, which, toget
with a drop in photoconductivity, makes it possible to o
serve an increase in photoconductivity as well.

2. EXPERIMENTAL CONDITIONS

Tin was introduced in an amount of 1 at.% into th
charge during thermal synthesis of the initial material
sputtering. Synthesis was conducted by melting the charg
an evacuated quartz cell followed by holding at a tempe
ture of 1100 °C and slow cooling with the furnace switch
off. As2Se3 and As2Se3Sn films of thickness 1.5–10.0mm
were obtained by discrete thermal sputtering in vacuum
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with two sputtered electrodes, of which the top electrode w
half-transmitting. The photoconductivity was excited by lig
from a LGN-108 helium-neon laser; a photoshutter with
1023 s triggering time was used to interrupt the light. Th
intensity of the lightF051015 cm22

•s21 could be decreased
with calibrated light filters. Additional illumination
(F5331014 cm22

•s21) was produced by light from a
KGM-100 incandescent lamp. To obtain uniform optical e
citation in the sample, the light was passed through an
senic selenide film filter. The photoconductivity relaxatio
curves were recorded with a time constant not exceeding
s on a ENDIM 622 01 X–Y plotter using an U5-11 electr
metric amplifier.

3. EXPERIMENTAL RESULTS

The nonstationary photoconductivity with the excitatio
switched on and off in As2Se3 and As2Se3Sn films is shown
in Figs. 1a and 1b, respectively, for room temperature a
three light intensities. As one can see, the character of
photocurrent relaxation changes appreciably when tin is
troduced. In the undoped material the photocurrent on
increasing section passes through a maximum before re
ing a stationary state~so-called ‘‘spike’’!, while in films con-
taining tin the photocurrent increases monotonically up t
stationary value. Substantial differences are also seen in
decay of the photocurrent after the light is switched off.
Fig. 2 the sections of decreasing relaxation in the experim
tal sample are presented in a double-logarithmic scale. As
intensity of the light increases, the character of the deca
the doped samples~curves1–3! remains almost unchanged
whereas in the undoped As2Se3 films ~curves4–6! the pho-
tocurrent decreases rapidly, especially in the final part of
dropoff ~for t.2 s). The tin ‘‘switches off’’ the effect of the
generation intensity on the decay rate and gives a power
decay in the entire experimental time interval~Fig. 3!. Con-
versely, in undoped films the relaxation rate, which at firs
higher, gradually slows down, approaching the values ch
acteristic of the tin-containing samples and the same va
tion with time. From Fig. 3 one can also see that the inst

71010-04$10.00 © 1997 American Institute of Physics



the
FIG. 1. Photocurrent relaxation in As2Se3 ~a! and As2Se3Sn ~b! films (L510 mm) with the light switched on and off . The curves are normalized to
maximum value of the photocurrent. The temperature equals 288 K~a! and 290 K~b!. Excitation intensityF, cm22

•s21: 1,4— 1015; 2,5— 1014; 3,6—
1013.
taneous value of the decay time in the tin-containing samples
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is always higher than in the undoped samples.
A change in temperature has the opposite effect~Fig. 4!

from that of a change in the light intensity on the dec
kinetics of the photocurrent. An increase in temperature s
stantially increases the decay rate in the tin-containing fi
~curves1–3! and its effect on the decay in undoped samp
is comparatively weak~curves4–6!. At a sufficiently high
temperature (T5350 K! the decay rates in undoped an
doped films approach one another. Therefore, increasing
temperature of the sample eliminates the relaxation de
due to the introduction of the tin impurity. Constant illum
nation, acting even after the main excitation is removed,
a similar effect~Fig. 5!.

4. DISCUSSION

A satisfactory interpretation of the relaxation of phot
conductivity in amorphous As2Se3 can be obtained in a
model of repeated capture in deep traps, quasicontinuo
distributed in energy in the mobility band gap in glas
semiconductors.6–8 This model also makes it possible to u
derstand other nonequilibrium processes which are spe
to CGSs, such as dispersion transport and induced op
absorption. Analysis of these processes leads to an expo
tial energy distribution of the density of localized stat
g(E)5(Nt /kT0)exp(2E/kT0), whereNt is the total density
of localized states, andT0 is the distribution parameter. Fo
As2Se3 , in the energy intervalE50.2–0.6 eV above the
edge of the conducting stateskT050.05 eV and
Nt<1.431018 cm23.8 For this reason, we shall adopt th
model as the basis for discussing the results on photocon
tivity relaxation, under the assumption that it is true f
As2Se3 films and with the goal of determining the chang
that occur upon the introduction of tin impurity.

As we have already mentioned, the most noticeable
ture of the section with increasing photocurrent in As2Se3
~Fig. 1! is the unusual ‘‘spike-like’’ character, observed u
der certain conditions, of the relaxation, which does not h
pen in samples with tin. The spike-like kinetics of the ph
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and has often been attributed to charge redistribution nea
electrodes. However, it was shown in Refs. 8–10 that
spike in the increasing section follows naturally from
model of repeated capture with sufficiently high generat
levels, when bimolecular recombination~BMR! becomes the
determining mechanism. The spike is due to time-depend
nonstationary recombination, whose intensity changes w
the density of the captured nonequilibrium holes. The
model predictions have been confirmed experimentally
arsenic selenide films.9,10After excitation is switched on, the
relaxation of photocurrent on the increasing section is de
mined by capture in localized states with an exponential
ergy distribution and grows monotonically according to
power lawi ph } ta, wherea is the so-called dispersion pa
rameter (a,1), which depends on the temperatureT and the
characteristicT0 of the quasicontinuous distribution of loca
ized states:a5T/T0. A spike appears under conditions o
strong recombination~BMR!, if the recombination rate is
higher than the capture rate, even when traps are not fi

FIG. 2. Photocurrent relaxation in As2Se3Sn ~1–3! and As2Se3 ~4–6!
samples with light switched off with different excitation intensityF,
cm22

•s21: 1,4— 1015; 2,5— 1014; 3,6— 1013. The temperature equals 29
K ~1–3! and 288 K~4–6!.
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This is confirmed by the fact that the spike vanishes wh
the excitation intensity decreases as a result of a trans
from the bimolecular to a monomolecular recombinati
~MMR! mechanism. The absence of a spike in the increas
section of the photocurrent in samples with tin indicates t
capture is intensified, since the generation of photocur
carriers under the same excitation intensities is balance
capture and not recombination.

According to the calculations in Refs. 9 and 10, the tim
t8 at which the recombination starts to predominate o
trapping in the photocurrent kinetics is proportional to t
total densityNt of localized states

t85t0~Nt /Nc!~tR /t0!
1/a, ~1!

wheret0 is the hole lifetime with respect to trapping in a
localized states,Nc is the density of delocalized states, a
tR is the lifetime of nonequilibrium holes with respect
recombination. As one can see from Fig. 1, adding tin
creases this time by a factor of 2–8~on the increasing sec
tion!.

FIG. 3. Variation of the instantaneous relaxation tim
t inst52 i ph /(diph /dt) as a function of the decay time of the photocurrent
As2Se3Sn ~1–3! and As2Se3 ~4–6! samples with different excitation inten
sity F, cm22

•s21: 1,4— 1015; 2,5— 1014; 3,6— 1013. The temperature
equals 290 K~1–3! and 288 K~4–6!.

FIG. 4. Photocurrent relaxation on the decay section in As2Se3Sn ~1–3! and
As2Se3 ~4–6! samples at different temperaturesT, K: 1 — 290; 2 — 313;
3 — 345; 4 — 288; 5 — 304; 6 — 341. The excitation intensityF51015

cm22
•s21.
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stationary state after the light is switched off in the repeat
capture model leads to a power-law time dependence of
nonstationary photocurrent, consisting of three sections
which the decay rate increases gradually.10 In the initial de-
cay section the delocalized-carrier density decreases du
the capture in localized states andi ph } t2(12a). In the inter-
mediate decay section, which is observed with sufficien
high generation intensities, bimolecular recombination p
dominates and the photocurrenti ph } t21. In the final decay
section monomolecular recombination dominates and de
accelerates:l ph} t2(11a). The time of the transition from the
initial section to the intermediate section corresponds to
onset of bimolecular recombination; i.e., the onset of t
mechanism depends strongly on the generation intensity
is comparatively insensitive to the temperature~it is deter-
mined by the temperature dependence of the drift mobility8!.
In contrast, the moment of the transition to the final sect
~MMR! does not depend on the light intensity, it exhibits
activational temperature dependence and is also describe
the expression~1!.

The features noted above can be seen in the decay k
ics of the photocurrent~Figs. 2–4!. Just as in the growth
kinetics, tin slows down the relaxation in all cases~except at
the highest experimental temperature of 345 K, Fig. 4, cu
3!. The relaxation rate is higher in the undoped samples
the entire experimental temperature interval~Fig. 3!. This
means that earlier stages of relaxation are seen experim
tally in undoped As2Se3 films than in samples containing tin
In contrast to tin-doped samples, the form of the decay
undoped samples depends strongly on the generation in
sity ~Fig. 2, curves1–3!. This shows that the acceleration o
the decay in the interval 1–10 s occurs because here rec
bination predominates over capture~for high intensities —
BMR, for low intensities — MMR!. This is confirmed by the
behavior of the photocurrent on the increasing section~Fig.
1a!, where the spike disappears as the generation inten
decreases. The moment of onset of intense recombina
can be estimated from the kink in the curve4 ~Fig. 2!: '1 s
~for intensityF0 andT5290 K!.

FIG. 5. Photocurrent relaxation on the decay section in As2Se3Sn samples
under different conditions of constant illuminationF, cm22

•s21: 1 —
331014; 2— 331012; 3— 2.731011; 4— 931010; 5— 0. Temperature:
290 K.
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perimentally in the tin-doped samples. The prolonged hyp
bolic decay~Fig. 3, curves1–3! and the weak dependence o
the generation intensity and quite strong temperature de
dence~Fig. 4! show that capture in deep states dominates
tin-doped samples. The demarcation energy, below wh
these states lie9,10

E* ~ t !5kT ln@~Nc /Nt!~ t/t0!#, ~2!

can be approximately estimated from the kink points on
curves1–3 ~Fig. 4!. If it is assumed that the capture time
all traps ist0.10212 s, then it follows from Eq.~2! that the
demarcation energy lies near the Fermi level~about 0.85 eV!
and the density of states is very high@(Nc /Nt).102#.

The kink points correspond to the onset timet8 of in-
tense recombination. As one can see, these times in the
doped samples are several times longer than in undo
samples (t8525 s atE5290 K!. These times decrease wit
increasing temperature. The temperature dependence in
~1! includes, in addition to the exponent 1/a, the temperature
dependence of the drift mobility as well.8 The delay of re-
combination with the introduction of 1.0 at. % tin in As2Se

3 was also observed in time-of-flight experiments.5 Close
values were obtained for the times corresponding to the o
of intense recombination~2.3 and 11.8 s for As2Se3 and
As2Se3Sn, respectively!.

Additional evidence in support of a delay of recombin
tion in As2Se3Sn samples follows from the effect of consta
illumination ~Fig. 5!. Illumination increases the decay rat
which increases with increasing illumination intensity, by a
celerating photoionization and recombination of localiz
nonequilibrium current carriers.

We note that the increase in the role of capture in
characteristics of the drift mobility under nonstationary co
ditions of dispersion transport has been noted previously
arsenic sulfide films doped with tin up to 0.03 at. %.11

The possible nature of the states engendered by
added to As2Se3 can be gleaned from an investigation of t
as an impurity in As2Se3 by the Mössbauer spectroscop
method.12 In the glass As2Se3 tin is tetravalent~Sn41); and
all four valence electrons of tin participate in chemical bon
with the matrix atoms and are not manifested in the electr
properties. However, in unannealed films some tin atoms
present in the form of divalent tin~Sn21). Then only the
5p electrons of tin participate in the formation of a chemic
713 Semiconductors 31 (7), July 1997
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Another possibility is photoinduced charge exchange on
impurity centers Sn41⇒ Sn21 with capture of the electrons
on the tin centers.

5. CONCLUSIONS

Tin impurity introduced into CGSs during thermal sy
thesis has a much stronger effect on the nonstationary c
acteristics of the photoconductivity than on the equilibriu
parameters. This influence is based on the increased ro
capture in deep localized states, which apparently appear
result of the introduction of tin. Intensification of captur
which determines the slow initial relaxation stages which
specific to CGSs, results in a delay of recombination onse
doped samples and increases the lifetime of the photoexc
state after the light is removed. Since the real onset time
intense recombination reach several seconds and severa
of seconds, doping is helpful from the standpoint of incre
ing the photosensitivity of electrographic devices for reco
ing of optical information based on CGS film structures.

We wish to thank V. I. Arkhipov for interest in this
study.
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Study of submicron deposits in polycrystalline materials using the internal-friction

of
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
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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 Physics.@S1063-7826~97!02007-3#

Polycrystalline semiconductor materials are now beingsensitive to precipitation of microinclusions. The objects
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used extensively in microelectronics, optoelectronics,
sensor electronics. Reproducible properties are difficul
obtain in polycrystalline samples because of the effect
structural features associated with intergrain bounda
~IGBs!. Depending on the type of IGBs and the character
their interaction with the dopants, the properties of the se
conductors can differ sharply.1 This is especially strongly
manifested in the properties of devices such as gas-sens
sensors, luminophors, photodetecters, and light emitters.
crosegregation and precipitation of impurities on IGBs ma
it possible to control the gas sensitivity and selectivity
adsorption semiconductor sensors. The kinetics of segr
tion and precipitation predetermines the degradation pro
ties.

Different models are used to describe segregation: h
spheres,2 structural unit,3 electric,4 molecular dynamics,5 and
local electronic sheets.6 The role of the impurity precipitating
on a grain boundary in changing the selectivity with resp
to an adsorbed gas is studied in Refs. 7 and 8. The exp
mental investigations of segregation and precipitations of
purities are performed, as a rule, by an electron-probe
other method of surface analysis. Although these meth
yield a great deal of information when the probe falls
rectly on the surface of an IGB, their transverse resolut
strongly limits their applicability.9

Our objective in the present paper is to evaluate the p
sibility of using other integral physical methods which a

FIG. 1. Diagram of the oxidation setup.1— Precision regulation valve2;
3— bubblers;4— quartz tube;5— furnace;6— substrate;7— bubbler
with deionized water;8— furnace;9— output neutralizing bubbler.
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investigation were gas-sensitive, doped, tin-dioxide-ba
layers.10 The experimental data on the change in the elec
cal properties, sensitivity, and selectivity of tellurium-dop
samples are explained by redistribution of the impurity.

Tin films were deposited on 22KhS ceramic substra
by the method of thermal vacuum sputtering. The subst
temperature was held at 150 °C, which made it possible
avoid the formation of drops of condensate. Two types
charges were used to regulate the tellurium content: pure
and tin telluride obtained by the iodine method.11 Traces of
iodine make it possible to obtain a more developed granu
ity of the films. The impurity content was fixed by mixin
the compositions of the two initial charges. The uniform
of the phase composition was monitored by an x-ray diffr
tion method using the technique described in detail in R
12. Tin dioxide was obtained by oxidation in two stages. T
low-temperature annealing stage corresponded to 210 °C
lasted for 6 h. The high-temperature stage varied in dura
from 6 to 30 h and was conducted at a temperature

FIG. 2. Diagram of the setup for measuring the temperature dependen
the IF by the inverted-pendulum method. Explanations are given in the

71414-02$10.00 © 1997 American Institute of Physics
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450 °C. Oxidation was conducted in a controlled atm
sphere. The arrangement of the apparatus is shown in Fi
The oxygen partial pressure was varied from 0.1 to 0.2 a

As a physical method for investigating the redistributi
of tellurium between the volume and the grain boundar
we employed the internal-friction~IF! method, which was
previously successfully used to study inclusions of a sec
phase in semiconductors.13–15The method involves measu
ing the temperature dependence of the IF by the inver
pendulum method. The arrangement of the apparatus is i
trated in Fig. 2. The experimental sample is secured at
end to base3 by a collet2. A collet 4with the pendulum5 is
secured to the other end of the sample1. A ring 6 of ferro-
magnetic material is placed on the top of the pendulu
Coils 7 and8, which are connected via the switches9 either
to a low-frequency generator2 or to an amplitude discrimi-
nator11, whose output is connected to the electronic coun
12, are arranged symmetrically near the ring6. In the first
case, coils7 and8 are used to excite mechanical oscillatio
of the pendulum5 by the interaction of the magnetic field o
the coils with the ferromagnetic ring6; in the second case
they are used as a sensor for displacements of the ring6. A
heater13 is placed near sample 1. The elements 1,2,4–8
are placed in an airtight container14, from which air is
pumped out in order to decrease the damping of the osc
tions of the pendulum5.

Internal friction measurements were performed

FIG. 3. Temperature dependence of the IF in tellurium-doped tin polyc
talline films on ceramic substrates.1— Before annealing;2— after anneal-
ing for 30 h at 450 °C.
715 Semiconductors 31 (7), July 1997
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of deposition of the tin layer and low-temperature oxidatio
It was found that in the tellurium-doped samples, in contr
to the samples obtained from pure tin, in the process of hi
temperature oxidation an IF peak appears at temperat
close to the melting point of tellurium. The intensity of th
peak increases by a factor of 12 as the annealing time
creases from 6 to 30 h.

These results can be interpreted as a change in the t
rium distribution in the polycrystalline samples. The absen
of an IF peak~Fig. 3! in the case of a short treatment tim
attests to the presence of tellurium bonds characteristic
SnTe ~melting point 805 °C!. As the annealing time in-
creases, the tellurium diffuses to the grain surfaces, whe
precipitates in the form of a second phase. Figure 3 a
shows the temperature dependence of the IF for a sam
annealed for 30 h. It should be noted that in a number
samples the maximum of the peak was displaced to lo
temperatures.

In summary, the IF-based method can be used to ana
the kinetics of microsegregations and precipitates in po
crystalline samples. Compared with the electron-pro
method, this method can be used to determine submic
precipitates in the entire polycrystalline layer formed.
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Mechanism of electroluminescence of porous silicon in electrolytes

ely
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Fiz. Tekh. Poluprovodn.31, 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 substrate. ©1997 American
Institute of Physics.@S1063-7826~97!02107-8#
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Porous silicon~PS! is attracting the attention of man
investigators largely because of hopes for producing
based solid-state electroluminescence structures operati
the visible region of the spectrum. However, the results
tained in this direction remain very modest. Much better
sults have been obtained in PS–electrolyte systems.1,2 The
investigation of processes occurring at the PS–electrolyte
terphase boundary makes it possible, in our opinion, not o
to increase the intensity of the electroluminescence~EL! in
such systems, but also to clarify the nature of limitations
the EL intensity in solid-state structures.

Light emission from a number ofn-type semiconductors
with a smooth surface, for example, GaP and GaAs, wh
are employed as the cathode in an electrolytic cell has b
studied in detail.3 It arises as a result of radiative recomb
nation of conduction band electrons which enter the se
conductor from the external current source, with holes
jected in the valence band of the semiconductor from
electrolyte side. An energetic oxidizer, for example, calciu
persulfate or hydrogen peroxide, was therefore introdu
into the electrolyte. During the passage of a current, the
dizer ions ~molecules! trap electrons from the conductio
band of the semiconductor and are converted into short-li
ion radicals, which possess strong acceptor properties
are capable of extracting electrons even from the vale
band of the semiconductor or, in other words, inject ho
into it.

This point of view is also valid for PS.4 However, at
present, the construction of the model of EL in a P
electrolyte system is incomplete and it contains many
clear elements. The main one is the mechanism of cur
passage in the system. The PS microcrystallites do not
ceed several nanometers in size.5 As a result of the quantum
size widening of the band gap, these microcrystallites
high-resistance formations. According to experimen
estimates,6 the resistance of PS microcrystallites can be
to eight orders of magnitude higher than that of bulk silic
~substrate!. Filling the voids in the PS, an electrolyte with
resistivity of about 10V•cm should nearly completely shun
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that many PS fragments have no electric coupling with
substrate at all and are separated from it by layers of sili
oxide. One would think that no electroluminescence sho
be observed at all under such conditions, which is at varia
with the actually observed EL quantum efficiency, equal
1022–1023.

In the present paper we construct a generalized mode
current passage and EL in the system under study. The
posed model explains the entire spectrum of phenomena
served at the PS–^oxidizing electrolyte& boundary. The high
EL efficiency in such a system as well as the nature of
differences in the EL obtained with a liquid or solid conta
to the PS become understandable.

2. EXPERIMENTAL DATA

In constructing the model we relied on previously pu
lished results and new data. The main experimental facts
as follows.

1. Electroluminescence of porous silicon, onn-type sub-
strates, in contact with an oxidizing electrolyte and with
cathode bias~minus on silicon! is characterized by a wide
emission band in the physical region of the spectrum, sim
to a photoluminescence band.1,2,4

2. We performed a series of experiments with P
samples grown onp-type silicon substrates. It was found th
in this case, in electrolytes containing persulfate, visib
range cathodic EL is observed at virtually the same curre
as in the case ofn-type silicon but with higher values of th
electrode potential.

3. Together with visible-range luminescence, radiation
present in the near-infrared~IR! region of the spectrum. The
position of the maximum of this band corresponds to
position of the peak of the electroluminescence of
^bulk silicon&–electrolyte interface, but the band itself
wider and more intense.7

4. In the investigation of the kinetics of visible-range E
in the system under study a substantial delay was obse
between the start of the current pulse and the appearanc
EL. This suggested that some current bypasses the mic

71616-03$10.00 © 1997 American Institute of Physics



rystallites through the substrate~so-called bypass current!.8
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Further investigations of the kinetics of the IR band of E
showed that the delay times of the IR pulses are shorter
those of the visible-EL pulses. In both bands the delay tim
decrease with increasing current density.

5. Cathodic polarization curves~dependence of the cur
rent density on the cathode potential! in the system PS–
^persulfate electrolyte& are characterized by the presence
regions of flattening, indicating that besides the cathodic
duction of persulfate ions, there is an additional chemi
reaction.4,9 An example of such a reaction is the dischargi
of hydrogen ions, which are always present in the electro
because of the dissociation of water molecules. Hydro
gas release starts at the cathode and visible-range EL ap
at the same time,9 a point which is especially important.

6. The electric resistance of the PS–water electro
contact is high. The introduction of organic solvents, wh
improve the wetting of the PS surface, into the electrol
decreases this resistance by more than a factor of 20, an
resistance approaches that of the contact of a water ele
lyte with a smooth silicon surface. Furthermore, under th
conditions EL arises with much lower cathode potentials
a number of cases EL was observed only in the presenc
organic additives in the electrolyte.9

3. DISCUSSION

Summarizing these results, we can imagine the mec
nism of charge transport and the appearance of EL in po
silicon at the boundary with a persulfate electrolyte as a
ries of successive processes.

1. Because of the current present in the system, ion r
cals are produced at the surface of the silicon substrate a
macrocrystals without a quantum well, which are electrica
coupled with it, according to the reaction

~S2O8!
221e2→~SO4!

d21~SO4!
22, ~1!

where (SO4)
d2 are the ion-radicals formed. In accordan

with Ref. 4, the ion radicals inject holes into the silico
according to the reaction

~SO4!
d2→~SO4!

221h1. ~2!

In the process an IR-range EL band arises as a result o
radiative recombination of holes with conduction-band el
trons in the substrate and macrocrystals. The higher inten
of this EL, as compared with the EL of bulk silicon, is e
plained mainly by the strongly extended surface of the m
rocrystals.

2. When the negative potential of the electrode is su
ciently high, reduction of hydrogen ions starts and, in ad
tion to ion radicals, hydrogen atoms are formed according
the reaction

H11e2→H°, ~3!

where Ho is a neutral hydrogen atom. Subsequently, so
hydrogen atoms combine to form molecules, and hydro
gas release is observed at the electrode.

3. Other hydrogen atoms, which diffuse in the elect
lyte, are adsorbed on the surface of electrically neu
quantum-well microcrystallites. Comparing the standa
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tive to the standard hydrogen electrode~SHE!! with the
position of the Fermi level in silicon shows that with respe
to silicon and PS atomic hydrogen is an exceptionally act
donor and therefore it can inject electrons directly into t
conduction band of PS:

H°→H11e2. ~4!

4. The ion radicals (SO4)
d2 are also capable of diffus

ing in the electrolyte. Reaching the surface of quantum-w
microcrystallites, they inject holes into the valence band
these formations according to the reaction~2!. The microc-
rystallites remain electrically neutral and bipolar carrier
jection into the microcrystallites via the reactions~2! and~4!
gives rise to visible-range EL.

The use of lower-viscosity and more hydrophilic electr
lytes ~for example, introducing acetone into the electroly!
gives the best wettability of PS and contact between the e
trolyte and a larger number of microcrystallites and theref
improves the conditions for the appearance of visible-ra
EL.

It is obvious that the visible-range EL should not depe
on the resistance of the microcrystallites. Furthermore
should not depend on the resistivity or the type of cond
tivity of the silicon substrate on which the porous silicon w
grown. This is confirmed by experiments with samples of
on p-type substrates.

The fact that current-carrier transport to PS particles
of an ionic, rather than electronic, character explains the l
delay times observed for luminescence relative to the cur
pulse.8 The appearance of EL is associated with the accum
lation of a sufficient number of ion radicals and hydrog
atoms, as well as with their diffusion time from the electro
to the microcrystallites. The drift velocities and diffusio
rates of ions in the electrolyte are several orders of mag
tude lower than the carrier drift velocities in solids.

In the case of IR luminescence, the preliminary produ
tion of atomic hydrogen is not required and the EL del
times are shorter. Increasing the current density in the sys
accelerates the production of the required components
decreases the delay times.

One would think that in an electrolyte a direct charg
exchange reaction can occur between hydrogen atoms
ion-radicals, eliminating potential charge carriers to PS p
ticles:

~5!

However, by virtue of the Franck–Condon principle,11

the probability of such a direct reaction in an electrolyte
much smaller than the probability of a reaction between
same particles adsorbed on the surface of an electrically
tral solid.12 The energy stored earlier in these particles
released in the form of radiation and heat.

In summary, the proposed model presumes that cha
carrier transport to PS particles is ionic in nature and t
there are two mechanisms of current-carrier injection fr
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the electrolyte into the PS — monopolar and bipolar. Mo-
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nopolar injection~only holes! gives IR-range EL while bipo-
lar injection gives visible-range EL.

4. CONCLUSIONS

In this paper we proposed the first generalized model
the appearance of visible- and infrared-range electrolumin
cence in a^porous silicon&–^oxidixing electrolyte& system.
The model explains the mechanisms for current flow in
complex porous-silicon system containing simultaneou
low-resistance macrocrystals and high-resistance quan
well microcrystallites. While infrared-range EL appears
such a system as a result of monopolar injection of ho
from the electrolyte into the low-resistance macrocrysta
visible-range EL is possible only with simultaneous injecti
of charge carriers of both signs into quantum-well micro
rystallites. A mechanism of electron injection directly fro
the electrolyte was proposed. It was determined that the
charge of hydrogen ions occurring in the volume of the PS
important for electron injection and the appearance
visible-range EL. It was concluded that the character of
EL of porous silicon is virtually independent of the resisti
ity and even of the conductivity of the silicon substrate
which the porous silicon was grown.

These results make it possible to understand the rea
for the main difficulties arising in the production of solid
state luminescence structures on porous silicon. In m
known solid-state structures of the Schottky-diode ty
which are produced on the basis of porous silicon, curr
passage does not provide sufficient injection of carriers
both signs in high-resistance or insulated~from the substrate!
microcrystallites. The current is mainly of a tunneling
breakdown nature, which results in rapid degradation of
structures. The use of materials that penetrate into the v
~metals, polymers! also lacks the main advantage of havi
an electrolyte – the production of injecting components, a
718 Semiconductors 31 (7), July 1997
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Excitonic effects in the photoconductivity of quantum-well Ga xIn12x As/InP structures

ded
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. Poluprovodn.31, 848–850~July 1997!

The photoconductivity spectra of quantum-well structures consisting of 50 alternating 7 to 12-mm-
thick GaxIn12xAs (x50.47) layers forming quantum wells and 10 to 15-nm-thick InP
barriers have been investigated. Characteristic excitonic peaks 11H, 11L, 13H, 22H, and 22L
were observed in the high-quality structures. A strong temperature dependence was found
for the 11H exciton, while no such dependence was observed for any of the other excitons. This
is explained by the fact that the 11H state 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 150630 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 Physics.@S1063-7826~97!02207-2#

The lattice parameters of the solid solution GaxIn12xAs close to the technological value. This value correspon
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with x50.47 are close to those of InP. Because of this
cumstance, the composite quantum-well structures base
them are of great value for modern electronics and optoe
tronics and they are of great interest as model objects
investigations.1

The structures investigated by us were obtained
molecular-beam epitaxy and are a classical example o
composite undoped superlattice with weakly coupled qu
tum wells ~so-called MQW structures!. The
GaxIn12xAs layers forming the wells were 7–12 nm thic
and the InP barriers were 10–15 nm thick. The number
layers was equal to approximately 50. The period and qua
of the structure were checked by x-ray methods.

Since the quantum-well structures were obtained o
semi-insulating InP substrate, the photoelectric meas
ments were performed with the contacts arranged paralle
the layers. Contacts of the alloyed type, prepared wit
pulse ruby laser, were used.2 The spectra were measured b
the synchronous detection method.

The photoconductivity~PC! spectra in the absorption re
gion in quantum-well layers for one of the high-quality ba
riers are shown in Fig. 1. The room-temperature PC sp
trum ~curve 1! contains all features observed previously
the absorption spectra.1 The appearance of intersubband tra
sitions in the form of maxima shows that they are of
excitonic nature. The low-temperature PC spectrum~curve
2! differs from the absorption spectrum primarily by the fa
that the long-wavelength peak vanishes.

To identify the types of excitonic transitions, calcul
tions of the size-quantization levels and the interlevel g
were performed in the square-well approximation simila
to Ref. 3. The difference in the energies for the 11H and
11L excitons was found to be very close to that of the si
quantization levels for heavy (1H) and light (1L) holes.
Comparing the experimental quantityE115(11H211L)
512.5 meV with the computed values made it possible
determine the well width, which was found to be 11.3 n
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to the excitonic band gapEgx50.747 eV at 300 K
for the three-dimensional ~3D! solid solution
GaxIn12xAs, which is lattice-matched to InP.4,5 The com-
puted energies for the corresponding excitonic transitions
marked by arrows in Fig. 1. They agree well with the expe
mentally observed values. We note that in addition to
transitions 11 and 22, which are allowed by the select
rules, there is a weak transition 13, which was also obser
in Refs. 1 in the absorption spectra at 20 K.

The fact that at low temperature the lower excitonic st
does not appear in the photoconductivity spectra is und
standable in principle: Thermal dissociation of the excit
does not occur and free charge carriers are not produ
However, detailed investigations of the temperature dep

FIG. 1. Photoconductivity spectraI ph at 293 ~1! and 85 K ~2! and the
photoreflection spectrumDR/R ~3! of a multilayer quantum-well structure
in the system Ga0.47In0.53As/InP. The energies of the following excitoni
transitions are shown: 11H(1e21hh); 11L(1e21eh); 22H(2e22hh);
22L(2e22eh); 13H(1e23hh).

71919-03$10.00 © 1997 American Institute of Physics
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FIG. 2. Temperature dependences of t
normalized photoconductivity spectraI ph
in the region of the excitonic transitions in
quantum wells. Temperature,T, 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 th
11H state.
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results. A strong temperature dependence was observed
for the 11H exciton, as one can see in Fig. 2. The ma
changes appear in a narrow temperature interval from 14
200 K, where rapid growth of the intensity of the 11H peak
is observed, while the temperature variations are manife
in the remaining extrema in their energy shift. The relat
intensities of the peaks do not change in this case~in Fig. 2
all spectra are normalized to the photoconductivity in
region of the 11L maximum!.

The form and intensity of the characteristic spectral f
tures corresponding to transitions into excitonic states
their temperature dependence are determined by the pos
of the ground states of the excitons relative to the continu
of the allowed energies. For all other excitons the 1S state
lies either in or close to (11L exciton! the continuum of
allowed free-carrier energies. Such states are reson
states. The lifetime of the excitons in them is short, and
expenditure of energy is required to dissociate an exci
For this reason, these states exhibit a large broadening.

The thermal activation energy of an exciton was fou
from the temperature dependence of the photoconduct
near the (11H) excitonic ground state. It was found to b
unexpectedly high and equal to 150630 meV. This is more
than an order of magnitude greater than the binding ene
of the 11H exciton (;8 meV! and shows the complicate
character of the formation of the PC signal. Indeed, the va
of the activation energy is close to the offset of the bands
a lattice-matched heterojunction, which according to data
tained by different authors varies from 0.13 to 0.51 eV
both electrons and holes. This suggests that at least one
rier ~probably, an electron! must be ejected from a well in
order for the photoconduction process to be activated. T
above-barrier carrier is picked up by the tranverse elec
field present near the surface of the structure and enter
ther other wells or the high-resistance InP layer, chang
their conductivity. Since photogenerated charge carriers
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and they can make a substantial contribution to the pho
electric effect.

To check the presence of a transverse electric field,
photoreflection of the same structure on which the photoc
ductivity spectra were measured was measured by
method of Ref. 6. These data are presented in Fig. 1~curve
3!. The presence of a strong signal in the region of the e
tronic ~excitonic! transitions in quantum wells and the fa
that the characteristic features of the photoreflection and p
toconductivity spectra occur at the same energies indicate
presence of a transverse electric field in the experime
structure. The field intensity, estimated similarly to that
Ref. 7, was found to be of the order of 104 V/cm, which
confirms the assumptions advanced above about the me
nism of the formation of the photoconductivity signal in th
experimental structure.

The relative arrangement of the excitonic and itinera

FIG. 3. Relative arrangement of the excitonic (Eex) and itinerant (E) states
in the experimental structure.
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states in the structure is shown schematically in Fig. 3.
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The character of the spectra and their temperature de
dences for other similar structures are similar to those p
sented above, but in a number of cases their broadenin
much greater, especially for strained GaxIn12xAs/InP struc-
tures.
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Lateral association of vertically coupled quantum dots

on-
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. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted November 20, 1996; accepted for publication November 25, 1996!
Fiz. Tekh. Poluprovodn.31, 851–854~July 1997!

The modification produced in the structural and optical properties of vertically coupled
In0.5Ga0.5As 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
In0.5Ga0.5As quantum-dot planes separated by narrow~of the order of the height of the
quantum dots! GaAs 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 Physics.@S1063-7826~97!02307-7#

In the last few years there has been great deal of interestenergy is one way to improve the characteristics of semic
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in objects which are bounded in three spatial dimensions
quantum dots~QDs!. This stems from a development of
method for obtaining QDs based on the spontaneous tr
formation of a thin layer of a single material, deposited
the surface of a different material with a different latti
constant, into islands.1,2 Quantum dots formed by depositin
a ~In, Ga!As layer on a GaAs~100! surface have been inves
tigated extensively. These QDs are characterized by the
sence of mismatch dislocations and by a high photolumin
cence~PL! efficiency. Injection semiconductor lasers with
high characteristic temperature and a low threshold cur
density have been produced on the basis of arrays of~In,
Ga!As QDs.3,4

The working characteristics of lasers can be substanti
improved by using as the active region an array of vertica
coupled QDs~VCQD!, i.e., sequences of QD planes sep
rated by narrow layers of a wide-gap material. As shown
Refs. 5 and 6, the QDs in each successive row are for
above the QDs of the preceding row. The interaction of
electronic levels of the QDs in neighboring rows increa
the localization energy and correspondingly decreases
probability of thermal transfer of carriers from the grou
state of the QDs to higher-lying states. Furthermore, the m
tiplication of the QDs increases the overlapping of the lig
wave with the active region and therefore increases the
accompanying a population inversion. Using an array of v
tically coupled QDs as an active region made it possible
increase the temperature stability of injection lasers~reach a
characteristic temperatureT0'400 K in the temperature
range 80–170 K! and decrease the threshold current den
(Jth'100 A/cm2 at 300 K!.7

As shown in Ref. 8, in the case of vertical alignment
several QD layers separated by narrow~of the order of the
height of a QD! GaAs layers, the lateral dimensions of th
QDs in the top rows increases and therefore the dista
between individual QDs in the plane of the structure d
creases. This can give rise ultimately to lateral interaction
neighboring VCQD and therefore increase the carrier loc
ization energy. As noted above, increasing the localiza
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ductor lasers and makes it possible to shift the lasing wa
length into the spectral region near;1.3 mm, important
from the standpoint of practical applications. In our study
examined the change produced in the structural and op
properties of vertically coupled In0.5Ga0.5As QDs in a GaAs
matrix by increaseing the number of deposited layers
QDs.

The samples were grown by molecular-beam epita
performed in the RIBER-32 system, on GaAs~100! sub-
strates. The effective thickness of a In0.5Ga0.5As layer in each
deposition cycle was equal to 12 Å and the GaAs lay
were 50 Å wide. The formation of QDs was monitored a
cording to the HEED pattern. The number of repeati
In0.5Ga0.5As layers varied from sample to sample in th
rangeN51–20. The PL was excited with a Ar1 laser with
photon energy;2.54 eV and excitation density;100 V/
cm2 and they were recorded with a Ge photodetector.

Figure 1 shows transmission electron microscopy~TEM!
images of QDs in a structure withN520 planes of InGaAs
QDs. The lateral dimensions of the QDs equal;300 Å and,
as one can see, formation of extended conglomerates of o
lapping QDs, which we call lateral association of VCQ
occurs. Moreover, as one can see from the transverse-se
images~Fig. 1c!, atN510 the interaction between the clo
est QDs has the effect that deviations are observed from
strict vertical alignment for QDs located in the upper laye
Both factors decrease the distance between the closest
QDs and result in overlapping of neighboring VCQDs.

The PL spectra atT577 K of structures containing a
different number of planes of InGaAs QDs are shown in F
2. A single line~QD!, resulting from recombination of non
equilibrium carriers via the ground state of the VCQD, c
be seen in the spectra of the samples containing 1, 3, a
layers of QDs. Increasing the deposition cycles to 10 res
in the appearance of a new PL band~CQD! in the spectrum.
The new band is shifted relative to the line QD in the lon
wavelength direction~Fig. 3!, indicating an increase in the
characteristic size of the VCQD. As the number of Q
planes is increased to 20, a relative drop occurs in the in

72222-04$10.00 © 1997 American Institute of Physics



FIG. 1. Thermal-field image of a structure with twenty QD layers in a planar geometry~a! and light-field image~b! in a transverse section (g5200).
sity of the band QD and the line CQD dominates the PL
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This behavior of the PL agrees with the TEM da

which likewise show that increasing the number
In0.5Ga0.5As layer deposition cycles results in a lateral ov
lapping of the closest VCQD. The combined effect of a d
crease in the height and width of the potential barrier
tween neighboring VCQD is to decrease the quantum-w
energy and shift the optical transition energy to lower valu
~Fig. 4!. Recombination via the states of the interacting Q
leads to the appearance of the CQD line in the PL spectr

The shift of the QD band with increasing number
In0.5Ga0.5As planes can be described on the basis of per

FIG. 2. PL spectra of the experimental structures atT577 K. The numbers
on the curves represent the number of QD planes in the structure.
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riers localized in the aligned QDs is weak.9,10Assuming that
the only interaction is between the energy states of the ne
boring QD layers, the shiftDEmax(N)5E12EN in the maxi-
mum (En) of the PL line in a sample withN QD planes with
respect to the position of the maximum (E1) of the line in
the spectrum of a structure with one QD layer can be
tained by equating the following determinant to zero:

UE12En D 0 0

D E12EN D 0

0 D E12EN D

0 0 D E12EN

. . . .

U50,

whereD5Dc1Dh, andDc(Dh) is the matrix element de
scribing the interaction of electrons~holes! localized in
neighboring aligned QDs. The approximation of the expe
mental curveEmax(N) by the curve calculated withD545
meV is shown in Fig. 3. ForN.10 a discrepancy is ob
served between the experimental and theoretical curves.
is apparently due to the appearance of lateral overlappin
neighboring VCQD.

Figure 5 shows the PL spectra measured at differ
temperatures for structures with 20 planes of QDs.
T'10 K, the dominant line in the spectrum is the QD lin
The intensity of this line decreases with increasing tempe
ture and the line practically vanishes at temperatures ab
;80 K. Figure 6a shows the temperature dependences o
ratio of the integrated intensities of the QD and CQD lin
for samples with a different number of planes of QDs.
one can see from this figure, for a structure with ten layers
QDs the QD band dominates at low temperatu
(T,;170 K), whereas in the spectrum of the sample w
twenty layers of QDs the CQD line dominates in the ent
temperature range. As the temperature increases, the in
sity of the QD line decreases strongly relative to the intens
of the CQD band. These facts show that increasing the n
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ber of In0.5Ga0.5As deposition cycles increases the number
overlapping VCQD~Fig. 1b!. At a low temperature, the elec
tron and hole transitions between VCQD are impeded
the form of the PL band is determined by the energy dis
bution of the density of states of the VCQD array. As t
temperature is raised, the probability of carrier transport
relaxation in states with a high localization energy increas
This gives rise to a substantial, compared with the chang
the band gap, shift of the minimum of the CQD line in th
long-wavelength direction and a decrease in the width of
line with increasing temperature~Figs. 6b and 6c!.

As the number of deposited QD layers increases,
decrease in the intensity of the QD band starts at lower
ues of the temperature~Fig. 6d!. This shows that the activa
tion energy of the process, which gives rise to the decreas
the intensity of the QD band with increasing temperatu
decreases as the number of In0.5Ga0.5As deposition cycles
increases. At the same time, the carrier localization energ

FIG. 3. Position of the maximum of the QD and CQD lines versus
number of deposited QD planes.1— Theory;2— experiment.

FIG. 4. Schematic diagram of the transverse section~1! and band diagram
~2! of structures with nonoverlapping~a! and overlapping~b! VCQD.
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a state with which the PL line QD is associated increa
with the number of deposited QD layers, as follows from t
long-wavelength shift of the QD band with increasing nu
ber N. This confirms the assumption made above that
probability of nonequilibrium-carrier transport between QD
and relaxation of the carriers into a state with a low
quantum-well energy, which are due to lateral association
the VCQD, increases. The activation energy of this proc

FIG. 5. PL spectra of a structure with twenty QD layers at different te
peratures.

FIG. 6. Temperature dependences: a — Ratios of the QD and CQD line
intensities; b — shifts of the maximum of the QD and CQD line
DEmax(T)5(Emax(T50)2Emax(T)); c — CQD band width at half-maximum;
d — integral intensity of the QD line.
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us ~Fig. 6d!: 1365, 1765, and 2065 meV for structures
with N520, 15 and 10, respectively.

In summary, our investigations showed that the depo
tion of a sequence of In0.5Ga0.5As QD planes separated b
narrow~of the order of the height of a QD! GaAs interlayers
leads to the appearance of an interaction between neigh
ing VCQD. This interaction shifts the PL line, due to th
recombination of nonequilibrium carriers via the states of
QDS, to lower photon energies. The lateral association
VCQD gives an additional possibility of controlling the ele
tronic spectrum and the wavelength of the radiation of str
tures with QDs.

This work was supported by the Russian Fund for F
damental Research under Grant No. 96-02-17824, the V
swagen Foundation, and INTAS under Grant INTAS-9
1028.
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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. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted November 21, 1996; accepted for publication November 25, 1996!
Fiz. Tekh. Poluprovodn.31, 855–857~July 1997!

A relatively simple technology~without photolithography! based on diffusion welding and ion-
plasma deposition of an insulating coating has been developed for fabricating multijunction
silicon solar cells with verticalp–n junctions. The effective collection factor for such structures
is independent of the wavelength of the incident light in the wavelength range
l534021080 nm. ©1997 American Institute of Physics.@S1063-7826~97!02407-1#

The question of how best to arrange thep–n junctions SiO2 coatings, a method which is now widely used.7
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with respect to the direction of the incident light — perpe
dicular or parallel — was discussed in the beginning stag
development of semiconductor solar-power conversion1,2

Calculations and experiments have shown that the recom
nation of the photogenerated charge carriers on the illu
nated surface plays a much larger role in the case of a
allel arrangement of ap–n junction relative to the inciden
light than for a perpendicular arrangement. For a long ti
the solution of the problem of surface passivation enco
tered insurmountable difficulties, and the efficiency of s
con solar cells~SSCs! with vertical p–n junctions was low
— 0.8%~Ref. 3! and 8%~Ref. 4!. For this reason, the plana
construction became the standard. At the same time, it
noted earlier1,2 that SSCs with verticalp–n junctions have a
number of substantial advantages over the planar cons
tion:

1! There are no inconsistent requirements on the la
resistance of the emitter, on the spectral sensitivity, on
contact grid area, and so on;

2! since the front and back surfaces of such SSCs c
tain no metallization, they are transparent to the lon
wavelength part of the spectrum beyond the edge of the m
absorption band, so that their equilibrium working tempe
ture should be lower than in the case of the planar analo

3! they are bilateral and can serve as the main par
cascade solar cells~SCs!; and

4! in contrast to planar junctions, SSCs with verticalp–n
junctions generate a high voltage~because the cells are con
nected in series! and a low current at the same power. As
result, arrays of such cells are more efficient, because
losses due to the production of the high-current cells
lower.

It is obvious that these advantages can be realized on
use is made of the latest achievements of silicon device t
nology. Our objective was to develop an efficient technolo
for fabricating multijunction concentrator solar cells wi
verticalp–n junctions. For example, thep1–p–n1 structure
was produced by diffusion from polymer sources, whi
have performed well in the fabrication of planar SSCs.5 Suc-
cessful surface passivation required eliminating the soft
der in joining the plates, which is used in Refs. 3 and 4, a
replacing it by the methods employed in high-power techn
ogy and microelectronics~for example, diffusion welding6!.
Surface passivation was achieved by depositing insul
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We employed plates ofp-silicon ~KDB-12!, 40–60 mm
in diameter and 300mm thick, to prepare the SSCs. A
p1–p–n1 structure was obtained on the plates by succes
diffusion of boron and phosphorus from polymer source8

The diffusion layers were 1mm thick. After phosphorus dif-
fusion the plates were annealed for 15 h at 720 °C to ge
impurities from deep levels. This technology gives electr
lifetimes ~measured by Lax’s method9! in the range 45–55
ms; i.e., the electron diffusion length was greater than
thickness of the base. After the oxide layers were etched
aluminum was deposited on the surface of the plate
350 °C. Diffusion welding was performed by two method
In the first one, the plates were assembled into a stack; in
second one, the plates were alternated with 30 to
mm-thick Silumin layers. Further investigations show th
the characteristics of the samples obtained are close, bu
‘‘shading’’ was;1% in the first variant and;10% in the
second variant. Diffusion welding was conducted in vacu
at 550 °C with sufficient pressure to produce the requi
plastic deformation of aluminum and Silumin. Next, th
stack of plates was cut with a circular diamond sawblade i
separate 531.231-mm elements, shown schematically
Fig. 1. The outer layer, whose crystal structure was destro
by the cutting, was removed by systematic grinding, m
chanical polishing, and etching in acid.

A passivating coating (;100-Å-thick layer of SiO2) and
a two-layer quarter-wave antireflection coating, consisting
Si3N4 and SiO2, were obtained in a triode-type, ion-plasm
sputtering system by means of ion-plasma reactive sputte
of a silicon target in an oxygen atmosphere~to form the
SiO2 layer! or a nitrogen atmosphere~to deposit a Si3N4

layer! at working pressures of (5–7)31024 Torr. An oil-
free heteroion evacuation with a titanium magnetic-discha
pump was used to obtain a high vacuum and produce
working gas medium. These pumps give high-vacu
evacuation and efficiently remove from the working gas m
dium uncontrollable gaseous oxidizing impurities~water,
oxygen!. This purification of the gas medium is achieved
a result of the high evacuation efficiency characteristic
pumps of this type. For example, the rate of evacuation
oxygen is approximately 10 times higher than that of nit
gen and almost 100 times higher than that of argon. T
technology developed recently makes it possible to ob

72626-02$10.00 © 1997 American Institute of Physics
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Si3N4 and SiO2 layers with refractive indices
n251.9660.02 andn151.4860.02, respectively. The layer
were deposited on an antireflection surface in one vacu
cycle. Their thickness was determined by the requirem
that the antireflection of the surface be optimal in the wa
length rangel'800 nm. The passivating and antireflectio
coatings approximately doubled the photocurrent compa
with samples with a mechanically polished surface.

The spectral dependence of the reflection coefficienR
of one sample is shown in Fig. 2~curve 3!. A two-layer
antireflection coating gives a wider spectral dependence
lower values of the reflection coefficient than a single-la
coating — the value ofR in the intervall5710–1010 nm
does not exceed 5%. The spectral dependence of the ca
collection factor (Q) for the same sample is represented
curve 2 in Fig. 2 and the effective collection facto
Q(12R) is denoted by curve1 in the same figure. As one
can see from the data presented, multijunction SSCs ha
high sensitivity in the infrared~IR! and ultraviolet~UV! re-

FIG. 1. Load characteristic of SSC containing four serially connectedp–n
junctions under an illumination intensity of 22 suns. Inset: Structure of S
1— p1 layer,2— n1 layer.

FIG. 2. Spectral characteristics of SSC:1 — Effective internal collection
factor;2— external collection factor;3— reflection coefficient of the front
face.
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carrier collection is due to the decrease in the distance~as
compared with a planar structure!, which the carriers traverse
before they are separated by the verticalp–n junctions. High
carrier collection is observed in the UV region of the spe
trum because the UV radiation is absorbed not in
strongly doped emitter but rather directly in the weak
doped base, which has a large diffusion length and a
surface recombination rate. Therefore, the effective car
collection factor is virtually independent of the waveleng
in a wide range of wavelengths~340–1080 nm!. This effect
was previously predicted from general considerations.10

The absolute current sensitivity of the SSCs was m
sured with a small solar radiation simulator calibrated
AMO illumination conditions. The short-circuit currentI sc ,
calculated on the photoactive surface of one structure, wa
the range 27.5–30 mA/cm2 ~AMO, 25 °C!. The load char-
acteristics of SSCs consisting of four serially connectedp–n
junctions were measured under a pulsed concentrated
radiation simulator~AMO, 25 °C!. The characteristic of one
sample with solar radiation concentrationK522 is presented
in Fig. 1. The open-circuit voltageUoc on this SSC reached
2350 mV,I sc58 mA, and the filling factor (FF) was equal
to 0.8. The high value of theFF indicates a low serial resis
tance (;1022 V/h) per structure; this was achieved by co
tinuous metallization of strongly dopedp1 and n1 layers.
The radiation conversion efficiencyh at 22 suns exceede
11% ~AM 1.5!.

In summary, the new technology has made it possible
obtain for the first time satisfactory commercial-silico
based concentrated solar cells with verticalp–n junctions. As
a result of their high UV sensitivity, these structures can
used as sensors in this region of the spectrum.

This work was supported by the Russian Fund for Fu
damental Research under Grant No. 96-02-17903.
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1/f noise in strongly doped n-type GaAs under band–band illumination conditions

f.
N. V. D’yakonova, M. E. Levinshte n, and S. L. Rumyantsev

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

F. Pascal

Center d’Electronique et de Micro-optoelectronique de Montpellier, CNRS-Universite UMR 5507,
Place Bataillon, 34095 U. M. ll, Montpellier
~Submitted November 21, 1996; accepted for publication December 1, 1996!
Fiz. Tekh. Poluprovodn.31, 858–863~July 1997!

The nature of 1/f noise, which appears in strongly dopedn-type GaAs~electron densityn0.1017

cm23) 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 number~and 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 conditions. ©1997
American Institute of Physics.@S1063-7826~97!02507-6#

1. INTRODUCTION the review article8 on the basis of the model proposed in Re
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Low-frequency 1/f g type noise in strongly dopedn-type
GaAs ~electron densityn0.1017 cm23) has been investi-
gated extensively ~see, for example, Refs
1–7!. Such investigations are of practical interest, beca
strongly doped GaAs is used for channels in modern fie
effect transistors. From the physical standpoint, investi
tions of low-frequency noise in strongly doped semicond
tors make it possible to analyze the relative contribution
the two main mechanisms of fluctuations in solids: carr
number fluctuations, which dominate in weakly doped se
conductors~see the review in Ref. 8!, and mobility fluctua-
tions, which dominate in metals.9

In Ref. 5, low-frequency noise inn-type GaAs with
n0.231017 cm23 was investigated in a wide temperatu
range~80–560 K! and under band–band illumination cond
tions. It was shown that at high temperatures (T.500 K!
band–band illumination has virtually no effect on low
frequency noise in the entire frequency range 20 Hz–20 k

At low temperatures (80,T,150 K! extremely weak
illumination, corresponding tods/s0,1023 (s0 — equilib-
rium conductivity,ds — photoconductivity!, increases the
noise level by one or two orders of magnitude. As the il
mination intensity increases further, the noise level contin
to increase at high frequencies; at low frequencies it reac
a maximum and then decreases. For sufficiently strong
mination ~corresponding to the levelds/s0<0.1) the fre-
quency dependence of the noise at low temperatu
(T.80 K! is virtually identical to the frequency dependen
of the noise at high temperatures (T.500 K!.

At intermediate temperaturesT.300 K band–band illu-
mination suppresses noise at low frequencies and incre
noise at high frequencies. Once again, under sufficie
strong illumination the frequency-dependence of the spec
noise densityS( f ) becomes virtually the same as fo
T.500 K.

The mechanism by which the band–band illuminati
influences low-frequency noise has been analyzed in deta
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1/f noise is due to population fluctuations in the levels for
ing the tail of the density of states near the edge of the b
gap of the semiconductor. The model proposed in Ref.
made it possible to explain an entire series of phenom
associated with 1/f noise in Si, GaAs, and SiC.8 The model
explains qualitatively the effect of band–band illuminatio
on low-frequency noise: the character of the change in
noise under illumination, as well as the nonmonotonic d
pendence of the noise on the illumination intensity. Ho
ever, in accordance with the model in Ref. 10, under su
ciently strong illumination the spectral noise density at lo
frequencies should be independent of frequency, and at
frequencies it should drop inversely as the square of the
quency f . At the same time, experiments show5 that under
conditions where the initial noise is suppressed by ban
band illumination a new noise mechanism appears. This n
noise mechanism is characterized by the fact that its ex
nentg51 ~flicker noise!. Increasing the illumination inten
sity further has no effect on the noise spectrum, and the n
level is essentially temperature-independent in a very w
temperature interval~80–550 K!.

In our study the nature of 1/f noise observed in strongly
doped GaAs under band–band illumination conditions w
investigated by means of measurements of the low-freque
fluctuations under high geometric magnetoresistance co
tions.

2. EXPERIMENTAL CONDITIONS

The idea of investigating the nature of noise by perfor
ing measurements under high geometric magnetoresist
conditions was proposed in Ref. 11 and later used in R
12–14. High geometric magnetoresistance arises in a m
netic field oriented in a direction transverse to the curr
under conditions where there is no Hall voltage, i.e.
samples with a small ratio of lengthL to width d
(L/d!1)11,14 or in samples in the form of a Corbino disk.12

72828-05$10.00 © 1997 American Institute of Physics
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ditions the mobilitym in the presence of a magnetic fie
B is related to the mobilitym0 at B50 by the relation

m5
m0

11~m0B!2
. ~1!

If it is assumed that the noise is due to mobility fluctu
tionsdm0, then it is easy to obtain from the expression~1! a
relation between the amplitude of the mobility fluctuatio
dm in the presence of a magnetic field and the value
dm0:

11

S dm

m D 25F12~m0B!2

~11m0B!2G
2S dm0

m0
D 2. ~2!

It is obvious from the expression~2! that form0B51 the
mobility fluctuationsm0 do not give rise to fluctuations o
m at all. Therefore, by using magnetic fieldsB corresponding
to the conditionm0B.1, the resistance fluctuations due
mobility fluctuations can be distinguished from noise cau
by carrier number fluctuations. A strong decrease of
noise form0B.1 attests to mobility fluctuations. The ab
sence of a magnetic field dependence of the noise level
be explained in a natural manner on the basis of carrier n
ber fluctuations, which do not depend on the magnetic fi

Furthermore, as noted in Ref. 11, measurements un
high geometric magnetoresistance conditions make it p
sible to distinguish surface from volume noise. Indeed s
face noise is usually described by an equivalent circuit
which the ‘‘noisy’’ surface resistanceRS is connected in par-
allel with an ideal~noiseless! volume resistanceRV . In this
caseRS@RV . The quantityRS does not depend on the ma
netic field. The quantityRV changes in a transverse magne
field in accordance with the well-known relation~see, for
example, Ref. 16!

DRV

RV
5~m0B!2. ~3!

Therefore, in a magnetic field a relatively larger fracti
of the current passes through a noisy surface resistancRS

~the volume resistanceRV shunts the surface resistance to
lesser degree!. It is easy to show on the basis of such
equivalent circuit that the relative spectral noise dens
SU
B /U2 in a magnetic field is related to the spectral no
densitySU /U

2 in the absence of a magnetic field by th
relation

SU
B

U2 5
SU
U2 @11~m0B!2#2. ~4!

In the experiments we employed the epitaxialn-type GaAs
samples with electron densityn0.(1–2)31017 cm23. The
mobility m0 at 300 K was in the range 0.33<m0<0.5
m2/~V•s!. The maximum inductionB was equal toB52 T.
Therefore, the maxmum expected geometric magnetore
tanceDR/R was in the range 0.43<DR/R<1.08. In accor-
dance with the expression~2!, the maximum expected de
crease in the noise in the case of mobility fluctuations wo
have to be a factor of 6.5 for samples with the minimu
mobility. For the maximum mobilitym>0.5 m2/~V•s! total
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in noise due to carrier number fluctuations and with the s
face noise given by the expression~4! could range from 3.1
to 6.7 dB. The accuracy of the noise measurements
equal to60.75 dB.

Three types of samples were investigated. Type
samples were identical to the samples investigated in Re
They were GaAs-based Schottky-barrier, field-effect tran
tors ~MOSFET! with gate lengthL51 mm and gate width
d.200mm, i.e., the ratioL/d5531023. The channel thick-
ness h050.120.2 mm and the electron densit
n0.(123)31017 cm23.

The structures of the types 2 and 3 were commer
field-effect transistors. The type-2 structures were mic
wave GaAs-based Schottky-barrier, field-effect transist
manufactured by the NEC Company. The gate lengthL.1
mm, the gate widthd.100 mm, andL/d.1022. The ce-
ramic case of the transistor was transparent to light w
wavelength corresponding to a band–band transition
GaAs ~the energyhn.1.4 eV!. In the type-3 field-effect
transistors the gate lengthL.122 mm, the gate width
d555 mm, andL/d.0.02–0.04.

3. EXPERIMENTAL RESULTS AND DISCUSSION

For all experimental structuresDR/R was measured as
function of the magnetic fieldB for different values of the
drain–source currentI DS . In all cases theDR/R 2B2 de-
pendence was linear. The mobilitym0 calculated from Eq.
~3! depended somewhat on the value ofI DS . The depen-
dencem0(I DS) was different for different samples. For ver
low values ofI DS , in the case of contacts which were n
completely ohmic, the value ofm0 was relatively low and
increased with the drain–source current density. For
ample, for type-2 samplesm0.0.33 m2/~V•s! with a drain–
source current on a 1-mm gatei DS57.5 mA andm0.0.43
m2/~V•s! for i DS534 mA. In the case of a complete absen
of barrier nonlinearity at the source and sink contacts
mobility m0 was maximum even at very low currentsI DS .
As I DS increased,m0 decreased somewhat, apparently
flecting a transition to the saturation regime even for valu
of I DS corresponding to the apparent linear section of
curve I DS(UDS). For example, for type-1 samplesm0.0.4
m2/~V•s! for I DS53 mA and m0.0.35 m2/~V•s! for
I DS525 mA.

Curves ofDR/R versusB2 for all three types of sample
and values ofI DS approximately corresponding to the max
mum values ofm0 are shown in Fig. 1. The values ofm0

calculated from the curves using Eq.~3! are: m0.0.41
m2/~V•s! for type-1 samples,m0.0.43 m2/~V•s! for type-2
samples, andm0.0.52 m2/~V•s! for type-3 samples. The
value m0.0.52 m2/~V•s! agrees well with the theoretica
estimate of the Hall mobility of electrons inn-type GaAs
with electron densityn0.231017cm23 and low compensa-
tion level.16 The valuem0.0.42 m2/~V•s! in accordance
with the estimates of Ref. 16 attests to a compensation le
corresponding to the condition (ND2NA)/(ND1NA).0.5.

For all samples, the frequency- and temperatu
dependences of the relative spectral noise densitySI /I

2 were

729D’yakonova et al.
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obtained before measurements were performed in a mag
field.

For type-1 samples the observed dependences~Fig. 2!
are in complete agreement with the results described in
bried communication.5 At a high temperatureT5540 K
band–band illumination has no effect on the noise. In acc
dance with the theory in Ref. 10, this situation arises beca
of the fact that even in the dark the levels forming the tail
the density of states are emptied at high temperatures
cause of thermionic emission of electrons into the cond
tion band. The appearance of holes as a result of band–
illumination does not change the population of the levels
the tail.

At T588 and 239 K~Figs. 2a and 2b! the dark noise has
the formSI;1/f g, whereg.1.5. The nature of such a fre

FIG. 1. Relative change in the resistance of the samples~DR/R0) versus the
squared magnetic induction. The numbers on the curves indicate the sa
type.

FIG. 2. Frequency dependences of the spectral noise density (SI /I
2) for

type-1 samples at three different temperaturesT and under different illumi-
nation levelsJ/J0. Solid curves — dark noise, dashed curves — noise un
band–band illumination conditions. a:T588 K; J/J05531028 ~1!, 1024

~2!, 1 ~3!. b: T5293 K; J/J05531023 ~1! and 1 ~2!. c: T5540 K;
J05531018 cm2

•s21.
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quencySI( f ) was discussed in Ref. 17. Under sufficient
strong illumination~Fig. 2a, curve 3 and Fig. 2b, curve 2! the
frequency-dependences of the relative spectral density o
fluctuations are close to the formSI;1/f ~flicker noise!. Un-
der maximum illumination the dependencesSI( f ) are very
close for all three temperatures.

The effect of the band–band illumination on the spect
noise density in type-2 samples is of a qualitatively differe
character~Fig. 3!. Curve1 in Fig. 3 follows the dependenc
SI;1/f 1.5 in the frequency rangef>150 Hz. At lower fre-
quencies the dependenceSI( f ) is close toSI;1/f . Under
illumination the noise level increases monotonically in t
entire frequency range. As one can see from Fig. 3, illum
nation with intensityJ/J051 increases the noise level b
;30 dB ~by a factor of;1000) at low frequencies (f.20
Hz!. At high frequencies (f.10 kHz! the increase is;20
dB. The character of the functionSI( f ) also changes. In the
frequency rangef*80 HzSI;1/f 2. At lower frequencies a
clear tendency to saturation is observed. Therefore, un
strong illumination conditions the functionSI( f ) corre-
sponds to a classical Lorentzian with characteristic va
t51/f 0 .0.012 s. Forn0.231017 cm23 and thermal ve-
locity of electrons in GaAs at 300 Kv t.4.53 107 cm/s this
value of t corresponds to an electron capture cross sec
s.(n0nt)21.2310221 cm2.

We note that a strong increase in noise (;30 dB! under
illumination was observed in Ref. 18 in epitaxialn-type
GaAs films with doping levelND2NA.1015 cm23. The na-
ture of the observed effect~surface or volume! was not dis-
cussed.

Samples exhibiting both types of behavior were fou
among the type-3 samples. In some samples the band–
illumination at 300 K suppressed noise at low frequenc
and converted the noise spectrum of the form 1/f 1.5 into a
spectrum of the form 1/f similarly to type-1 samples. In
other samples the effect of band–band illumination was

ple

r

FIG. 3. Frequency dependences of the spectral noise densitySI /I
2 for type-2

samples in the dark~1! and under band–band illumination conditions wi
maximum intensityJ/J051 ~2!. T5300 K. Straight lines — 1/f and 1/f 2.
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increase the noise at all frequencies, similarly to typ
samples. However, the increase in the noise was not so l
~Fig. 4!.

The relative spectral noise density in a magnetic fi
was measured for all samples under high geometric ma
toresistance conditions. The measurements were perfor
in the dark and under band–band illumination conditions

The typical dependence for type-1 samples is shown
Fig. 5, where the experimental curve1 is compared with
curve2 calculated from Eq.~2! for m050.41 m2/~V•s!. Ex-
periment shows that in the dark and under illumination
relative spectral noise density is independent of the magn
induction at any frequency in the experimental range 20
–20 kHz. The character of the experimental dependenc
the relative noise on the magnetic induction points to car
number fluctuations as the source of the observed l
frequency noise. On the other hand, no increase is obse
in the relative spectral density, which points to a volum
nature of the observed noise.

Therefore, the results show that under strong band–b
illumination conditions, when the known mechanism of lo
frequency noise — fluctuations of the occupancy of levels
the tail of the density of states — is found to be suppress
the experimentally observed flicker noise is due to car
number fluctuations in the volume of the sample. The mic

FIG. 4. Frequency dependences of the spectral noise density (SI /I
2) for

type-3 samples in the dark~1! and under band–band illumination condition
with maximum intensityJ/J051 ~2!. T5300 K.

FIG. 5. Relative spectral noise densitySI /I
2 versus magnetic inductionB

for type-1 samples.1 — Experimental data,2 — calculation from Eq.~2!
with m050.41 m2/~V•s!.
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der such conditions is not clear.
As noted above, for type-2 samples the band–band i

mination does not suppress noise. In contrast, it increase
noise in the entire experimental frequency range.

For type-2 samples in the dark a magnetic fieldB52 T
increased the relative spectral noise density by the amo
DSI.1.5 dB at all frequencies in the experimental rang
The observed increase is appreciably smaller than expe
in a magnetic field in the case of a purely surface nature
the noise. It is easy to establish from Eq.~4! that for
m050.43
m2/~V•s!, noise in a fieldB52 T should increase byDSI
.4.8 dB.

The observed discrepancy can be explained either by
fact that surface and volume noise make approximately eq
contributions to the dark noise or the conditionRV!RS does
not hold in these structures.

Under band–band illumination conditions a magne
field has no effect on relative spectral density of the noise
type-2 samples. Therefore, it must be assumed that the
strong increase in the noise under the influence of light is
to a decrease in the occupancy of the deep volume leve
is completely obvious that the intensity of the source
band–band light available to us was too low to deplete co
pletely the levels responsible for the observed low-freque
noise. A further increase in the band–band illumination
tensity should result in noise suppression and possibly re
the same mechanism of flicker noise which predominate
type-1 samples under strong illumination.

In type-3 samples the effect of a magnetic field on t
noise varies, depending on the response of the noise
band–band illumination. In samples where noise suppres
by illumination was observed~similarly to type-1 samples!, a
magnetic field had no effect on the relative spectral den
of the noise.

In the samples where illumination increased the no
~Fig. 4!, a substantial~up to 5 dB! increase of the relative
spectral density of the noise in a magnetic field was
served.

Figure 6 shows the frequency dependences of the s
tral noise density in the dark~solid lines! and under band
illumination conditions~dashed lines! with no magnetic field
~curves1 and2! and in a transverse magnetic fieldB52 T
~curves18 and28). One can see that in the dark and und
illumination a magnetic field increases the noise at all f
quencies in the experimental range. The noise increase
;2.5 dB in the dark and by;5 dB under band–band illu
mination conditions. Form050.52 m2/~V•s! the increase in
noise expected in a magnetic fieldB52 T in accordance
with Eq. ~4! should be;6.3 dB. On the basis of the resul
shown in Fig. 6, it can be concluded that in the dark t
contributions of surface and volume components to the ov
all noise are comparable. Under band–band illuminat
conditions the surface component of the noise dominate

4. CONCLUSIONS

The investigations, performed under high geomet
magnetoresistance conditions, of type 1/f noise arising when

731D’yakonova et al.
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the ordinarily observed low-frequency noise is suppressed
band–band illumination, show that this noise is of a volu
character and is due to carrier number fluctuations in
sample. The nature of these fluctuations is unclear at pre

In a number of samples an increase rather than supp
sion of noise is observed under band–band illumination c
ditions.

The very substantial~up to 30 dB! increase in the low-
frequency noise in strongly doped (n0.231017 cm23)
n-type GaAs is the first such observation.

The noise observed under illumination conditions is v
ume noise. The nature of the observed effect is appare
similar to that of the increase in noise under illuminati
conditions, observed previously in Ref. 18 for weakly dop
(n0.1015 cm23) n-type GaAs.

In some samples band–band illumination gives rise t
relatively small (;5 dB) increase in the noise, the same
all frequencies in the experimental range 20 Hz–20 kHz

FIG. 6. Frequency dependences of the spectral noise density for ty
samples in the dark~solid curves! and under band–band illumination con
ditions ~dashed curves!. B, T: 1, 2— 0; 18, 28 — 2. T5300 K.
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purely surface nature.
We note that, as is clear from the results presented h

measurements in a magnetic field under band–band illu
nation conditions make it possible to distinguish surfa
from volume noise quite reliably. It is important that th
method is nondestructive and that it can be used for a w
class of semiconductor devices, since for most modern
vices the conditionL/d!1 holds very well.

We thank I. A. Khrebtov for assisting in this work.
This work is supported by the Russian Fund for Fund
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Longitudinal photoeffect in In 0.53Ga0.47As p–n junctions

nd in
S. V. Slobodchikov, Kh. M. Salikhov, and E. V. Russu

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted November 22, 1995; accepted for publication December 27, 1996!
Fiz. Tekh. Poluprovodn.31, 864–865~July 1997!

A longitudinal photoeffect in In0.53Ga0.47As p–n junctions was investigated: the dependence of
the longitudinal photoemfVph 1 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 ofVph 1 agree with the experimental values. The temperature variation
of Vph 1 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 field,Vph 1is observed to increase
as a result of the photomagnetic effect. ©1997 American Institute of Physics.
@S1063-7826~97!02607-0#
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directed to investigations of the photoelectric properties
different types of diode structures~p–n junctions,p–i–n di-
odes, heterojunctions, and others! based on the solid solu
tions InGaAs. This interest is due mainly to the production
highly sensitive, fast photodetectors operating in the ne
infrared ~IR! region of the spectruml51.0–1.7mm. The
main, potentially important, application of these devices is
fiber-optic communication systems. A further expansion
the functional possibilities of diode structures was achie
by experimental investigations of these devices as IR ra
tion and gas~hydrogen! detectors.1,2

In this paper we report some results of an experime
study of the longitudinal photoeffect in In0.53Ga0.47As p–n
junctions.

The samples were produced by the gas-phase epi
method. A 2-m-m thick layer ofn-In0.53Ga0.47As with elec-
tron densityn51015 cm23 was grown on an1-InP substrate;
a 1-mm thick p-type layer with hole densityp51017 cm23

was produced by doping with Zn. A continuous ohmic co
tact on the substrate side was produced with the alloy Ag1
Ge 1 In. Local 1-mm diam ohmic contacts were produce
on thep-side by sputtering the alloy Ag1 10% Zn through
a mask. Local illumination from thep-side was performed
with monochromatic light from a SPM-2 monochromat
with a graphite radiator through a mask with a 0.4-mm-w
light strip. The longitudinal photoemfVph 1 was measured
the inversion characteristic, the temperature dependence
the change in a magnetic field.

The inversion characteristics of the photoemf of a dio
structure~variation of the photoemf as a function of the c
ordinatex of the light strip occurring with a change in sign!
under illumination with monochromatic light withl51.55
and 0.67mm are shown in Fig. 1. Both branches of th
characteristics are nearly linear, and the absolute magni
of the longitudinal photoemfVph 1 under illumination with
light with a wavelength near the maximum of the spect
sensitivity (l51.55 mm) is approximately three orders o
magnitude greater than that in the case of short-wavele
irradiation. Estimates show that this difference is due
only to the large difference in the incident radiation flu
density in both cases, but also, in part, to recombinat
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the volume. The temperature dependence of the longitud
photoemf in the intervalT5100–300 K with an arbitrary
position of the light strip is shown in Fig. 2. In a large part
the temperature interval the photoemf decreases with
creasing temperature, decreasing by almost a factor of
T5300 K.

To analyze the data obtained by us, we shall employ
results of a theoretical calculation of the longitudinal pho
emf, performed in Ref. 3. From this work it follows that

Vph 15wp~0!2wp~ l !

5
2tFrpsin h~a l /2!sin ha~ l /22xj !

wpasin ha l12ta cosha~ l2xj !coshaxj
, ~1!

where 2t is the width of the light strip,F is the incident
radiation flux density,a5Ag(rp /wp1rn /wn), rp(n) is the
resistivity of thep(n! layer,wp(n) is the effective thickness o

FIG. 1. Inversion characteristics of the longitudinal photoemf
In0.53Ga0.47As p–n junctions under illumination by light withl51.55 ~1!
and 0.67~2! mm.

73333-02$10.00 © 1997 American Institute of Physics
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the p(n) layer, g5 j s /nkT is the conductivity of the diode
l is the length of the sample, andx is the coordinate of the
light strip. The values ofVph 1 were calculated according t
Eq. ~1! with electron and hole mobilitiesmn.104 cm2/
~V•s! andmp.102 cm2/~V•s!, respectively,j s5631026 A/
cm2 ~from the current-voltage characteristic!, andF51014

cm2
•s21 corresponds to the experimental value. The inv

sion characteristic should be linear~for 2t! l ) in the limit

lim V
ph 1

a l→0

~x!5
2t lqFrp

wp
S 122

x

2D . ~2!

In our casea l50.6. Good agreement was found to ex
between the values ofVph 1 calculated from Eqs.~1! and~2!
and the linear characteristic. In general, as follows from
~1!, the temperature dependence ofVph 1 should be deter-
mined by the temperature variation of the saturation curr

FIG. 3. Variation of the longitudinal photoemf of a In0.53Ga0.47As p–n struc-
ture in a magnetic field:1— Experimental curve,2—computed curve.

FIG. 2. Temperature dependence of the longitudinal photoemf
In0.53Ga0.47As p–n structures.
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in our diodes,Vph 1 should vary with temperature mainly i
accordance withrp5 f (T).

The temperature variation ofVph 1 ~Fig. 2! can be repre-
sented asVph 1;T2b, whereb51.4. Considering the rela
tively high equilibrium hole density in thep-type layer, its
variation in the experimental temperature interval should
small. The temperature dependence ofVph 1 can then be at-
tributed completely to the temperature variation of the h
mobility, mp;T2b, i.e., to hole scattering by therma
phonons. The weak variation ofVph 1 observed with decreas
ing temperature atT,140 K is evidently due to the increas
ing contribution of scattering by ionized impurities, fo
which, as is well known,mp;T3/2. The longitudinal photo-
emf increases when the diode structure is placed in a m
netic fieldH directed parallel to the illuminated surface
thep-layer ~Fig. 3!

Vph 1~H !5Vph 1~0!1DVph m. ~3!

For the maximum magnetic field (H520 kOe! DVph m is
7–8%. The curveDVph m5 f (H) in Fig. 3 resembles the cor
responding curves of the photomagnetic emf versus the m
netic field inp- or n-type semiconductor crystals.4 The de-
pendence, expressed analytically by the relation

Vph m5A
H/c

A11~mnH/c!2
, ~4!

corresponds to our experimental curveDVph m5 f (H) ~Fig.
3, curve2!. Equation~4! is valid for a rapid, low-surface
recombination rate. The relatively small, experimentally o
served, incrementDVph m is largely due to the fact that th
generation depth of nonequilibrium current carriers w
l51.55 mm is comparable to the thickness of thep-layer
and the gradient of the diffusion current is small. It is obv
ous that a diode structure can be technologically optimi
so as to give the maximum absolute values of the longitu
nal photoemf, including those with use of a magnetic field
will be of practical interest as a longitudinal photocell.

1S. V. Slobodchikov, G. G. Kovalevskaya, M. M. Meredov, A. V. Pentso
E. V. Russu, and Kh. M. Salikhov, Pis’ma Zh. Tekh. Fiz.17~5!, 1 ~1991!
@Sov. Tech. Phys. Lett.5, 315 ~1991!#.

2S. V. Slobodchikov, E. V. Russu, Kh. M. Salikhov, M. M. Meredov, an
A. I. Yazlyeva, Pis’ma Zh. Tekh. Fiz.21, 50 ~1995! @Tech. Phys. Lett.21,
298 ~1995!#.

3U. Nin, T. Matsuda, H. Sadamatzu, and M. Takai, Japan. J. Appl. P
15, 601 ~1976!.

4Yu. V. Ravich,Photomagnetic Effect in Semiconductors and Its Applic
tions @in Russian#, Sov. radio, Moscow, Chap. 1, § 3.
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Deep centers and negative temperature coefficient of the breakdown voltage

of SiC p –n structures

A. A. Lebedev

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

S. Ortoland, C. Raynaud, M. L. Locatelli, D. Planson, and J. P. Chante

CEGELY-INSA–Bat. 401–20, av. A. Einstein–F., 69621 Villerbanne Cedex, France
~Submitted November 28, 1996; accepted for publication December 25, 1996!
Fiz. Tekh. Poluprovodn.31, 866–868~July 1997!

The temperature coefficient of the breakdown voltage of 6H-SiC 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 Physics.@S1063-7826~97!02707-5#
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It is well known that in 6H-SiC p–n structures, in which
the electric field is parallel to thec crystalline axis, the tem-
perature coefficientb t of the breakdown voltage is, as a rul
negative.1 This was attributed in a number of studies to t
crystalline structure of the hexagonal polytypes of SiC a
the presence of a natural superlattice.2,3 In other studies4,5 it
was assumed that the negative value ofb t could be due to
charge exchange on deep centers, as was shown
silicon.6,7 In our study an attempt was made to attribute
observed temperature dependence ofb t in 6H-SiC p–n
structures to deep centers.

2. SAMPLES

We investigated 6H-SiCp–n structures obtained by sub
limation epitaxy in an open system.8 Boron was diffused
before the formation of the mesa structures. Diffusion tre
ment made it possible to solve two technical problems:9 1!
increase in the breakdown voltage of relatively stron
doped SiC layers as a result of compensation of the b
region and 2! decrease of the probability of surface brea
down as a result of the production of weakly doped regio
at the periphery of the mesa structures.

The experimental structures possessed a negative
perature coefficient of the breakdown voltage. The roo
temperature value of the coefficient was;231023 K21.
The absolute magnitude of the temperature coefficient of
breakdown voltage also depended on the temperature
decreased approximately by an order of magnitude as
structures were heated to 600 K~Fig. 1!.

3. COMPUTATIONAL MODEL

In analyzing the experimental data, following Refs. 4
we took into account the influence of deep centers. As sho
previously, boron diffusion results in the formation of tw
acceptor levels in SiC — a shallow boron level and
D-center level. Our model is based on taking into acco
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prebreakdown current in weakly dopedp-type layer near the
metallurgical boundary of thep–n junction.

Two assumptions were made: 1! A region of avalanche
multiplication lies in the weakly dopedp-type region near
the metallurgical boundary of thep–n junction and 2! the
density of deep acceptors in this region is comparable to
density of shallow acceptors. The appearance of such a
gion could be due to overcompensation of then-type mate-
rial because of diffusion of the acceptor impurities~for ex-
ample, boron!. The existence of such a region in th
experimental samples was previously shown experiment
in Ref. 9.

The breakdown voltage of an abruptp–n junction is
given by the standard expression

Ubr5«aEcr
2 /2qNi , ~1!

whereEcr is the critical electric field strength,Ni is the im-
purity density in the base,q is the electron charge, an
«a5«0«s ; here «0 is the dielectric constant and«s is the
relative dielectric constant of the semiconductor.

Let us rewrite the expression~1!, taking into account the
presence of deep acceptors in a weakly dopedp-type base:

Ubr5«aEcr
2 /2q~Ns1KM !5Ubr 0/~11KM /Ns!, ~2!

where Ns is the density of shallow acceptors
K5(M2m)/M is the degree of filling of the deep accepto
by electrons,M is the total density of deep acceptors,m is
the density of deep acceptors filled with holes, andUbr0 is
the breakdown voltage of thep–n junction in the absence o
deep acceptors.

When U!Ubr , there is virtually no current flowing
through thep–n junction and all deep acceptors in thep-type
material are filled with electrons (K51).

When U'Ubr , avalanche multiplication starts in th
space charge region and the holes which are formed
trapped by deep acceptors. Since the acceptors that tra
holes are neutral, the quantityK decreases and, correspon
ingly, the electric field decreases. This increases the obse
value ofUbr . It should be noted that the degree of filling o

73535-03$10.00 © 1997 American Institute of Physics
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FIG. 1. Temperature dependence of the reve
current-voltage characteristics ofp–n structures.
T, K: 1— 298,2— 323,3— 348,4— 373,5—
398,6— 423,7— 448,8— 473.9— 498,10—
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and decreases with heating. For this reason,Ubr decreases
with temperature; i.e., we have a negative temperature c
ficient of the breakdown voltage.

On the basis of the Shockley–Read statistics, the rat
charge exchange on deep acceptors can be written in our
as

dm/dt5~M2m!Dpap2manDn2apb im, ~3!

whereDn5Dp is the carrier density in the space char
layer; an(p)5sn(p)n t ; sn(p) is the electron~hole! trapping
cross section of a center;n t is the thermal velocity of the
carriers;Nn is the density of states in the valence band;Ei is
the ionization energy of the level;k is Boltzmann’s constant
and,T is the absolute temperature.

For the equilibrium case (dm/dt50), sinceap@an , we
obtain from Eq.~3! the following expression forK:

K5b i~Dp1b i !
21. ~4!

Now, we obtain from Eqs.~4! and~2! the expression for
Ubr

Ubr5Ubr0@11Mb i /Ns~Dp1b i !#. ~5!

Let us now analyze the expression~5! for the region of
high and low temperatures.

If T→0, thenb i→0 andUbr'Ubr0. If T→`, b i→1
and sinceNn@Dp, we obtainUbr /Ubr0215M /Ns .

4. DISCUSSION

In summary, for thep–n structures investigated by u
Ubr0 and M /Ns ~Fig. 1! were found toUbr05800 V and
M /Ns50.65. Taking into account these values and the p
lished data forNn and the parameters of aD center
(En10.58 eV; sn510220 cm2; sp53310216 cm22), we
calculated the temperature dependence
F5$Ubr0/Ubr21%.
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in Fig. 2. As one can see from the figure, the best agreem
between calculations and experiment was obtained for va
of Dp of the order of 1011–1012 cm23. However, the value
of Dp determined from the prebreakdown current
Dp5J/nsq ~where J is the density of the current flowing
through thep–n junction, andns is the saturation velocity!,
was equal to 1010–1011 cm23. This discrepancy can be ex
plained, from our point of view, by taking into account th
fact that breakdown in SiC ordinarily occurs in local regio
~microplasma breakdown!, whose area is an order of magn
tude smaller than the total area of thep–n junction. How-
ever, in calculating the density of the current through thep–n
junction we employ the value of the entire area of the str
ture. In other words, the current density is substantia
higher and the value ofDp is high in regions where micro
plasma breakdown occurs, as required by the propo
model.

5. CONCLUSIONS

In summary, the negative value of the temperature co
ficient of the breakdown voltage could be attributed to t
charge exchange atD centers which form the deepest leve
in boron-doped SiC. The calculations of the temperature
pendence ofb t performed on the basis of this assumpti
and the parameters of aD center are in good agreement wi
experiment.

Since boron diffusion is often used to shield the perip
ery of SiC-based mesa structures from surface breakd
and since boron (D center! is itself a characteristic back
ground impurity in SiC obtained by different technologies10

from our standpoint the question of the sign ofb t can be
finally answered only by taking into account or by elimina
ing the influence of charge exchange at theD centers on the
breakdown voltage of SiCp–n structures.

736Lebedev et al.



e
FIG. 2. Temperature dependence of th
computed~1–3! and experimental~4–5! val-
ues of F. The computed parameterDp
equals, in cm23: 1— 1010, 2— 1011, 3—
1012. The experimental values ofUbr corre-
spond to prebreakdown currents of 100~4!
and 500~5! mA.
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Photoluminescence of erbium in amorphous hydrogenated phosphorus-doped silicon

E. I. Terukov and A. N. Kuznetsov

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

E. O. Parshin
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G. Weiser and H. Kuehne

Philips-Universitat Marburg, D-35032 Marburg, Germany
~Submitted December 5, 1996; accepted for publication December 25, 1996!
Fiz. Tekh. Poluprovodn.31, 869–871~July 1997!

The photoluminescence of erbium ions in phosphorus-dopeda-Si:H 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 Physics.@S1063-7826~97!02807-X#

Increased attention has been devoted in recent years tothe center of the band gap ofa-Si:H with energy transferred
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the photo- and electroluminescence of rare-earth ions~REIs!
in semiconductor materials because of the possibility of el
tronic pumping of REIs.1 Erbium-doped silicon is of greates
interest in connection with the potential production of rad
tors operating at a wavelength of 1.54mm, which correspond
to the absorption minimum of an optical fiber. The drawba
of erbium-doped crystalline silicon is the strong temperat
quenching of the luminescence due to erbium excitation
this material. Erbium ions are excited during Auger reco
bination of excitons bound on shallow donor levels with a
tivation energy in the range2,3 100–200 meV.

We recently observed efficient room-temperature lum
nescence of erbium ions in amorphous hydrogenated sili
prepared by magneton-assisted silane decompos
~MASD!.4,5 We explain the efficient erbium luminescence
this material by a different mechanism of excitation, spec
cally, trapping of matrix electrons in the states of defects

FIG. 1. Room-temperature photoluminescence spectra of Er ions fora-Si:H
samples with different phosphorus concentrations. Phosphine concentr
in the gas phase, ppm:1— 1, 2— 100.
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into the f -shell of the erbium ions by the Coulomb intera
tion ~model of Auger recombination with defec
participation6!.

In our study we investigated the photoluminescence
erbium ions in phosphorus-dopeda-Si:H samples. The intro-
duction of phosphorus changes the initial situation in
a-Si:H samples, specifically, it increases the defect den
and shifts the Fermi level. The effect of these factors on
erbium photoluminescence is discussed on the basis of a
viously proposed model.

Phosphorus-dopeda-Si:H films were deposited on quart
substrates by decomposition of SiH4 and PH3 in a glow-
discharge plasma with the following process paramet
substrate temperatureTs5250 °C, working pressure in the
chamberp50.1 mbar, and specific discharge powerP550
mW/cm2. The experimental samples were 0.1mm thick.
Samples prepared with phosphine PH3 concentration of 1

ion
FIG. 2. Photoluminescence spectra ofa-Si:H^Er& samples obtained with a
phosphine concentration of 100 ppm in the gas phase. TemperatureT, K:
1— 77, 2— 130,3— 200,4— 295.

73838-02$10.00 © 1997 American Institute of Physics



and 100 ppm in the gas phase were investigated. According
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to electron spin resonance~ESR! data and data from electri
cal measurements, the Fermi level and the defect den
were equal to 0.47 eV and 631016 cm23 for the first sample
and 0.26 eV and 331017 cm23 for the second sample, re
spectively. Erbium was introduced by ion implantation w
ion energy of 1.2 MeV and a dose of 1014

cm22. The photoluminescence spectra were measured in
temperature range from 77 to 300 K with excitation by arg
laser radiation with wavelengthl5544 nm. The excitation
power was equal to 50 mW in all cases. The photolumin
cence was detected with a germanium detector, coole
liquid-nitrogen temperature with use of a SPEX-1403 dou
monochromator.

The investigations showed that after implantation
samples exhibited no erbium photoluminescence, consis
with the data of Ref. 7. Photoluminescence appears after
samples are vacuum annealed at 350°C for 2 h.

Figure 1 shows the room-temperature photolumin
cence spectra (I ) of erbium for two a-Si:H samples with
different phosphorus densities. It is interesting that as
phosphorus density in the initial film increases, a small s
of the position of the maximum of photoluminescence
erbium occurs in the direction of higher energies (E). In our
opinion, this shift is due to a change in the local environm
of the erbium ion. An increase is also observed in the int
sity of the photoluminescence of erbium~approximately by
an order of magnitude! with increasing phosphorus conce
tration in the samples.

Figure 2 shows the photoluminescence spectra
a-Si:H^Er& samples obtained in a wide spectral range at
ferent temperatures and a phosphine concentration of
ppm. These spectra exhibit, together with Er photolumin
cence, a clear photoluminescence band near 0.85 eV, w
is associated with defects. As the temperature increases
intensity of the Er photoluminescence decreases and
background of the defect-induced band, where Er photolu
nescence is observed, also decreases.

The temperature dependences of the intensities of
characteristic photoluminescence ina-Si:H, the Er photolu-
minescence, and the photoluminescence due to defect
shown in Fig. 3. It is interesting to note that there is a c
relation in the temperature behavior of the photolumin
cence due to defects and the Er photoluminescence; this
relation in our view attests to excitation of erbium ions v
defects.

Our investigations of the photoluminescence ofa-Si:H
^Er& samples prepared by the MASD method showed t
the pumping of Er photoluminescence occurs as a resu
an Auger process. According to these ideas, an electron f
the conduction band is trapped by a defect in theD0 state
and aD2 state is produced. As a result of the Coulom
interaction, energy is transferred into the system off elec-
trons of erbium, where the transition4I 15/2→ 4I 13/2 occurs.
739 Semiconductors 31 (7), July 1997
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This is an efficient excitation process because the energies
these electronic transitions are approximately equal.

It is easy to explain on the basis of these ideas the e
perimental results for Er photoluminescence in phosphoru
dopeda-Si:H films. The excitation of an optically active Er
atom is possible only if a defect is located next to it. Increa
ing the density of phosphorus atoms without changing the
atom density increases the defect density and, hence, the
photoluminescence because of the higher probability of A
ger excitation of thef -electrons in the Er atoms. On the othe
hand, as the temperature increases, the probability of therm
activation of an electron into the band followed by nonrad
ative recombination via a defect increases. The experime
tally observed correlation between the temperature depe
dences of the Er and defect-induced photoluminescence~see
Fig. 3! confirms this assumption and is consistent with th
model of excitation of Er atoms as a result of Auger recom
bination with participation of defects.

We thank the Ministry of Science of the Russian Feder
tion ~Project V.O. UNS!, the Russian Fund for Fundamenta
Research~Grant 9502-04163-a, Grant 96-02-17901-a!, and
Volkswagen Stiftung~Project No. 1/71 646! for financial
support.
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FIG. 3. Temperature dependences of the intensities of the characteri
photoluminescence~1!, Er photoluminescence~2!, and defect-induced pho-
toluminescence~3! in a phosphorus-dopeda-Si:H^Er& sample. The phos-
phine concentration in the gas phase equals 100 ppm.
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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
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~Submitted December 29, 1995; accepted for publication January 15, 1997!
Fiz. Tekh. Poluprovodn.31, 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 withl51.065mm. 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 Physics.@S1063-7826~97!02907-4#
The idea that a photovoltaic effect appears in an asym-
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metric system of quantum wells under illumination in a ma
netic field was first advanced in Ref. 1. Photovoltaic effe
~PGE! under the action of circularly polarized illuminatio
have been observed in uniform crystals without a center
symmetry center in the absence of a magnetic field.2 These
effects are most often observed in ferroelectric materi
Photoelectric effects have also been observed in semicon
tors with complex bands, such as Te,p-type Ge, andp-type
GaAs.3 In a magnetic field, the well-known Kikoin–Nosko
effect arises under nonuniform illumination.4 The Hall cur-
rent could also be due to potential barriers, for example
the metal–heterostructure contact region.

The first results on the experimental observation
PGEs in quantum-well structures excited by light from
incandescent lamp were reported in Ref. 5. The present w
is a continuation of the work reported earlier.5 The following
problems were solved: verification of the variation, found
Ref. 5, of the spectral function of the short-circuit curre
I sc(l) using coherent light sources normalized to a const
energy illumination of the sample at different wavelength
determination of the dependence ofI sc on the magnetic field
intensity H in a wider range ofH ~up to 12 kOe! under
illumination with an infrared~IR! laser with subthreshold
radiation energy (« las,Eg). The latter circumstance is o
fundamental importance for studying PGEs in semicond
tors. The point is that under such excitation carriers of op
site signs~electrons and holes! are not generated and th
nonequilibrium distribution function is produced by excit
tion of carriers of the same sign from impurity states and a
as a result of heating of the electron gas. It was of interes
this connection to investigate in greater detail the unus
result obtained in Ref. 5 that the sign of the shift inI sc under
excitation with light with« las,Eg does not depend on th
direction of the magnetic field. It is possible that this effe
was associated with the low intensity of excitation in t
near-IR region, since the spectral distribution of the
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form and decays strongly in the regionl.0.9mm.
In the present work we investigated the photovoltage a

short-circuit photocurrent in a multiwell structure in mag
netic fields up to 12 kOe. The structure consisted of th
undoped square GaAs quantum wells of width 70, 60, and
Å separated by 30 and 20-Å-wide undoped Al0.25Ga0.75As
barriers. This structure is separated from the semi-insula
GaAs substrate by ani-GaAs buffer layer and is bounded b
barrier layers consisting of undoped Al0.25Ga0.75As ~300 Å!.
The exciting light was directed in a direction normal to th
plane of the sample, the magnetic field was applied in
plane of the layers, and the short-circuit photocurrent w
measured in the plane of the layers perpendicular to the
rection of the magnetic field.

The spectral dependence of the short-circuit photoc
rent atT5300 K is shown in Fig. 1. This dependence w
measured with the sample under a constant illumination
tensity of 0.6 W/cm2, which was achieved by varying the
laser power or the diameter of the excitation radiation sp
The dependence found qualitatively agrees with that
tained in Ref. 5. Therefore, it can be assumed that the m
mum of I sc lies at l50.8 mm, which corresponds to the
band gap in GaAs atT5300 K @Eg51.43 eV ~Ref. 6!#.
Figure 2 shows the current-voltage characteristics~IVCs! in
the case where the structure is illuminated with lasers
wavelengthsl56764 Å andl51.065 mm and the same
illumination intensity of 0.6 W/cm2. From Fig. 2 we see tha
the IVCs in the case of illumination by thel51.065-mm
laser is nearly linear; very small deviations from linearity a
observed forU,0.05 V. In the case of illumination by the
l56764-Å laser the IVC is strongly nonlinear. When th
voltage is switched, the current does not change sign up
U<2 V ~curve 1!. This result shows that an electric fiel
appears inside the structure under illumination with light
the fundamental absorption region and no such fields app
under illumination by thel51.065-mm laser. We performed
the investigations in a magnetic field with the sample illum
nated by a laser with subthreshold energyl51.065mm and

740740-03$10.00 © 1997 American Institute of Physics
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specific power level 0.6 W/cm2 ~see the inset in Fig. 3!. At
this wavelength only carriers from the energy states of i
purities and defects can be excited; therefore, the photoe
tromagnetic effect does not contribute to the photocurre
As one can see from Fig. 3, the photocurrent increases
early with the field up to 11 kOe. When the magnetic field
switched, the sign of the photocurrent changes. The va
presented here for the photocurrent a
DI sc5I sc(H)2I sc(0). When the sample is irradiated wit
the l51.065-mm laser, the resistance of the sample d
creases by two orders of magnitude, evidently as a resu
the excitation of carriers from impurities and defects.

In summary, a detailed study of the conductivity in
multiwell asymmetric structure has shown that excitation
the structure in a magnetic fieldH by coherent light sources
produces a photocurrent whose magnitude increases
H. We attribute this photocurrent to the photovoltaic effe
whose nature can be explained on the basis of the mode

FIG. 1. Spectral dependence of the short-circuit photocurrentI sc at
T5300 K.

FIG. 2. Current-voltage characteristics of a nanostructure under excita
by lasers with wavelengthsl5676 Å ~1! and l51.065 mm ~2! and
T5300 K.
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Ref. 1. According to this model, currents, which induce
toroidal moment, arise in an asymmetric nanostructure in
magnetic field oriented in the plane (x, y) of the heterostruc-
ture. According to Ref. 7, the spectrum of the charge carrie
in this case becomes asymmetric in the quasimomentu
E(ky) Þ E(2ky). The total current along they axis in the
case of a nonequilibrium distribution function is differen
from zero. If the nonequilibrium is caused by optical action
then a photovoltaic effect appears in the system. The curre
density isj PGE5bTH , where the coefficientb is due to the
nonequilibrium andTH is the toroidal moment induced by
the magnetic field. In weak magnetic fieldsj;H and in
strong magnetic fieldsj;1/H. The decrease in current in
strong magnetic fields is due, according to Ref. 1, to an in
crease in the localization of the wave function, when th
electron is increasingly less affected by the presence of t
second well. The value of the magnetic field, for which th
curve j5 f (H) passes through a maximum, can be estimate
from the relationl;W, wherel is the magnetic length, and
W is the well width. In our case this maximum should be
observed forH>40–50 kOe.

We thank Yu. V. Kopaev and A. A. Gorbatsevich for
participating in the interpretation of the experimental result
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A study of the excitonic characteristics in heterostructures with quantum wells and

hin
corrugated surface
I. A. Avrutski 
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V. G. Litovchenko
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~Submitted May 12, 1996; accepted for publication May 22, 1996!
Fiz. Tekh. Poluprovodn.31, 875–879~July 1997!

The excitonic characteristics of InxGaAs12x–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.
@S1063-7826~97!03007-X#
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Interest in quantum-well structures with a corrugat
surface has increased in the last few years in connection
the possibility of realizing in this manner one- or zer
dimensional quantum-well structures and in connection w
the substantial effect of the natural or specially produc
microprofile on the optical properties of structures w
quantum wells~QWs!. A convenient method for investigat
ing the effect of a surface profile is to study the polarizat
of the photoluminescence~PL!, whose magnitude can b
substantial even with no change in the energy position
shape of the PL lines. The appearance and investigatio
the anomalous polarization of PL under these conditions
the theory of the effect, based on taking into account
anisotropy of the effective masses of the valence band in
case of two-dimensional quantum wells, have been descr
in detail in several publications1–5 in application mainly to
GaAs-based structures. At the same time, the use of pu
optical spectral methods gives additional possibilities fr
the methodological and physical standpoints. Indeed, the
curacy with which the reflection and transmission signa
recorded in the modulation variant is much higher than in
case of PL. Structures with QWs based on the ternary c
pounds InxGa12xAs are of great interest. Such structur
make it possible to produce, with comparatively low valu
of x, heterostructures which are more sensitive to radia
in a longer wavelength region of the spectrum 0.85–1mm
than GaAs-QW-based structures and which can be used
detecting radiation with silicon detectors.

2. EXPERIMENTAL PROCEDURE

This experimental study focused on the excitonic a
polarization properties of InxGa12xAs (x50.16–0.32) struc-
tures, grown by gas-phase epitaxy from organometallic co
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(;300 Å! GaAs buffer layer and a thin~200–600 Å! pro-
tective GaAs layer.5–7

The measurements were performed in an automated
gime at different temperatures and angles of incidentsu of
the light: photoluminescence PL~at 77 K, u50), light-
modulated transmissionDT/T (77 K, u50), and light-
modulated reflectionDR/R (u545°, room temperature!.
Modulation was performed with a He–Ne laser (l50.63
mm!, and the magnitude of the signalDR/R and DT/T
reached 231023. In the transmission region a signal cou
be recorded with accuracy up toDT/T;231025. The ex-
periments were performed with samples employed for fa
cating laser structures. The thickness of the QWs was in
range 73 to 93 Å.

3. EXPERIMENTAL RESULTS

The data on the PL and the light-modulated transmiss
and reflection in the near-edge region of the spectrum
presented in Fig. 1. The main PL peak lies in the region
the free exciton radiation.7,8 The small half-width of the lines
~7–20 meV! shows that the samples are of high quality. T
maxima of the peaks for different thicknesses of the quan
layer lie in the spectral region predicted for the correspo
ing two-dimensional band gapsEg with the indicated com-
ponent composition of the QW.5,8 Specifically, as the QW
decreased in thickness,Eg increased substantially from
;1.2 to;1.4 eV @with d reachingd'73 Å ~Fig. 2!#. The
dependenceEg(d) approximately follows the lawEg;1/d.

A careful measurement of the long-wavelength wing
the PL spectrum indicates the presence of an additional p
~or step! ~Fig. 1a!. These features are due to phonon repe
tion, since the indicated sections are displaced from the m
maximum of the PL spectrum by an amount equal to
energy of the longitudinal optical surface phono
Eph53662 meV. From the ratio of the amplitudes of th

74343-04$10.00 © 1997 American Institute of Physics
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zero-phonon PL peakI 0 and the one-phonon peakI 1,
N5I 1 /I 0, it is possible to calculate the electron–phon
coupling parameterN, which in the adiabatic approximatio
of a weak electron–phonon interaction makes it possible
calculate, to a high degree of accuracy, the absolute bin
energy of the excitonEex :

11–15

Eex5S p

2 D 1/2 «`

D«
EphN, ~1!

where«` is the the dynamic permittivity,D«5«02«` , «0
is the the static permittivity — all three are known tabulat
quantities, andEphand N are determined from the exper

FIG. 1. Experimental spectra obtained for InxGa12xAs–GaAs structures
with a single quantum well. a — PLspectra for different values ofx: 1—
0.2, 2 — 0.16, 3 — 0.21, 4 — 0.35. Temperature: 77 K. b — Laser-
modulated reflection spectrum~temperature 300 K,x50.21,u545°). c —
Photomodulated transmission spectrum for two mutually perpendicular
entations of the plane of the surface relative to the direction of polariza
of the incident beam (u50; x50.02; 300 K!.

744 Semiconductors 31 (7), July 1997
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g

ment. In contrast to the standard method, the present me
does not require measurements at different temperatures
electric fields preceding the decay of the exciton. The va
ity of this approach for two-dimensional GaAs–AlAs qua
tum systems was confirmed by direct measurements of
exciton energies according to the temperature quench
of the excitonic peak of the PL.15 In the present work
we obtained values ofEex for the heterostructures
InxGa12xAs–AlAs with x150.2 andx250.35. In the calcu-
lation, sections characteristic of an excitonic state can
seen in the spectrum. The positions of the excitonic pe
whose magnitude equals, to within the binding energy of
exciton, the band gapEg , i.e.,Emax5Eg2Eex'Eg , can be
calculated from these sections. Figure 2 shows the comp
~according to Ref. 8! dependenceslm(d) andEg(d) on the
quantum well thicknessd for different values ofx. The ex-
perimental data obtained for several samples are also
sented. The data obtained from the photoluminescence s
tra at a temperature of 77 K differ substantially from t
room-temperature theoretical curves. The room-tempera
data were obtained from the optical transmission and refl
tion spectra. They follow well the theoretical curves. Valu
of the temperature coefficients of the variation ofEg and
Eex were obtained from the difference in the energies of
peaks at room temperature and at 77 K.

As one can see from Fig. 3, the curveEex(d) is more
complicated~nonmonotonic! than predicted by the simple
theory of quantum-well excitons, whenEex is expected to
increase asEex;1/d.16–18 The dependenceEex(d) slowed
down substantially with decreasingd for QW thicknesses
close to the exciton radiusaex ~for the experimental sample
aex'100 Å!. At d'0.5aex the dependence reaches a ma
mum, after which it decreases sharply. As is well known10

ri-
n

FIG. 2. Maximalm of the PL curves~1, 2, 3! and characteristic energies o
the excitonic reflection and transmission spectraEg* (18,28,38) versus quan-
tum layer thicknessd for different valuesx50.16 (1,18), 0.2 (2,28), 0.35
(3,38). Dots — experimental data on PL at 300 K~at the tips of the arrows!
and on the optical spectra at 77 K~dots located at the start of the arrows!.
Solid lines — theory of Ref. 8.
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such a nonmonotonic behavior is due to the tunneling p
etration of the electron cloud into the barrier region, i.e. it
due to the delocalization of the electron cloud in the tra
verse direction. Our values ofEex, computed according to
the ‘‘phonon’’ method discussed here, agree well with t
theoretically predicted values, showing that the propo
method is quite reliable.

As the QW thickness decreases, the interfaces, the c
acteristics of the boundary barrier, the mismatches of
permittivities, and also the electronic and phonon mixing
the corresponding characteristics of the quantum well
barrier become increasingly more important. An importa
factor facilitating the appearance of these effects is the
mation of small-scale geometric microprofile in the techn
logical process. One consequence of this circumstance is
fact that indirect phonon transitions are no longer forbidd
As a result, nonradiative recombination increases sharpl
does the electron-phonon interaction.2,4 To study the effect
of the surface profile, it is of interest to employ polarizati
effects which are sensitive to the microrelief, comparable
scale to the radius of excitons. This question has been
lyzed in detail in Refs. 3 and 4 using the PL spectra. Here
call attention to the possibility of performing measureme
with the help of purely optical methods~modulated reflection
and transmission spectra!. By rotating the sample~oriented
in the present case in the@100# plane! around the normal axis
by 90° relative to the linearly polarized light, we were ab
to record the change in the amplitude of the signalI , which
in the region of the excitonic resonance reached 20%.
energy position of the peaks~just as in the studies2–4

of GaAs! remained unchanged~within 1–2 meV!. Polariza-
tion, calculated according to the standard formu
P5(I i2I')/(I i1I'), is present in the region of the mai
excitonic transition and in the transmission region~Figs. 1b

FIG. 3. Exciton binding energyEexversus quantum layer thicknessd for
different values ofx: 1 — 0.2, 2 — 0.35, 1, 2— temperature 77 K;18,
28 — 300 K. Curve1a was obtained for an isolated quantum well,18 the
remaining curves were obtained for heterostructures on the basis of Re
and 9. The dashed line at the top shows the maximum possible value fo
two-dimensional exciton energyEex(2D)54Eex(3D).
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and 4!. Moreover, polarization also occurs under normal
cidence of the light, although in the latter case polarizat
should be absent for a flat surface. Therefore, the orien
surface profile is the main mechanism for the appearanc
polarization. For the InxGa12xAs samples, the profile wa
oriented in the@100# cleavage planes.

The experimental data on the polarizationP are pre-
sented in Fig. 5. In the figure we see a tendency forP to
increase with decreasing thicknessd of the quantum well and
for the film growth to accelerate. It is also evident that t
presence of the additional germaniumd-layer gives rise to a
growth of the profile of the heterojunction surface.

To estimate the parameters of the profile, we shall e
ploy the theoretical relations obtained in Refs. 3 and 4. In

. 8
he

FIG. 4. Modulated transmissionDT/T versus the azimuthal anglea for a
sample with quantum layer thicknessd592 Å (x50.2; 300 K!.

FIG. 5. Polarization of excitonic PL for samples with a quantum layer. D
— experimental data for samples with differentx: 1— 0.16,2— 0.2,3—
0.35 and different conditions of film growth@with Ge d-layer with typical
(28) and high (29) growth rates#. Inset: Schematic diagram of the polariza
tion measurement experiment.
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calculations ofP, optical transitions with participation of th
strongly anisotropic, heavy-hole valence band were ex
ined in those studies. The excitonic transitions in a quan
well have an additional specific property which is charact
ized by the dipole momentsPn , which in the case of a nar
row QW are not affected by the distant, symmetric, lig
hole band. The dipolesPn are mutually perpendicular an
for this reason the quantityPn for the flat surface of the
sample is direction-independent in the entire quantum
gion. In the presence of a relief, the modulus ofPn remains
unchanged but the direction of the polarization vectorPn

changes, following the curvature of the surface. For exam
Px5Py5Pz , wherePz is the dipole which is locally perpen
dicular to the surface,

P1,x5P1 /~11j2!1/2, P1.z5P1j/~11j2!1/2, ~2!

wherej5Dz/Dx'h/ l is the slope of the profile, andh and
l are, respectively, the height and length of the profile s
tion. The magnitude of the polarizationP depends on the
slopej of the profile and on its shape. For the most natu
shapes~sawtooth or sinusoidal! the functionsP(j) are simi-
lar, but they differ strongly for an asymmetric profile. F
sufficiently strong asymmetry, the functionP(j) is almost
identical for profiles of different shapes. The functionP(j)
was calculated for a reasonable real range of profile par
eters ~Fig. 6!. We note that the curves for GaAs an
InxGa12xAs for low values ofx are identical, since for them
the anisotropy factorb'0.66 is approximately the same.

The corresponding experimental data are plotted in F
6. Comparing them with the theoretical curves shows that
profile dimensions lie in the rangeh'5–10 Å and
l'15–50 Å. We also note that the phonon-repetition pe
was most strongly pronounced for the samples with the m
prominent profile. .

FIG. 6. Comparison of the theoretical curvesP(j) with the experimental
data obtained for structures with quantum layers for different values ox:
1— 0.16,2— 0.2,3— 0.35. The dashed lines correspond to a symme
relief and the solid lines correspond to an asymmetric relief w
l 1 / l 253.
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We analyzed the dependences of the energy of the e
tonic peak and the binding energies of the free excitons
determined from the spectral position of the peaks in lum
nescence and the reflection and transmission spectra in
excitonic region of the spectrum, on the quantum well thic
ness for film heterostructures with different compositio
x50.16–0.35 for the alloy InxGa12xAs. A method was pro-
posed for calculating the exciton binding energy from t
optical spectroscopy data in the presence of phonon rep
tions. The effect of the microprofile was found to be subst
tial for heterostructures with thin quantum wells. The para
eters of the profile were estimated on the basis of a the
that takes into account the anisotropic polarization of
heavy-hole band.
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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. ©1997 American Institute of Physics.
@S1063-7826~97!03107-4#

1. INTRODUCTION We assume that the external magnetic field is perp
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Semiconductor microcavities~MCs! have been under in
tensive investigation in recent years, both experimentally1–3

and theoretically.4–7 This interest stems from the fact tha
first, the study of semiconductor microcavities has mad
possible to observe a number of new effects~such as Rabi
splitting and Rabi oscillations! and, second, microcavities ar
used to produce lasers with vertical emission of radiation
typical MC consists of a central semiconductor or dielec
layer ~the ‘‘cavity’’ of the MC! bounded by two multilayer
Bragg reflectors~BRs!; the entire structure is grown on
substrate made of a semiconductor material~see Fig. 1!.
Light modes localized in the central layer can be excited
such a structure. The spectrum of these modes is disc
and for normal incidence of light it is determined by th
relation

2nK0L1 f 11 f 252pN, ~1!

where K0 is the modulus of the wave vector of light i
vacuum,n is the index of refraction of the cavity,L is the
thickness of the cavity,f 1(2) is the phase of the amplitud
coefficient of the reflection of light from the first~second!
BR, andN is an integer. The reflection~transmission! spectra
of these structures contain characteristic features in the f
of deep, narrow dips~peaks!, whose spectral position is th
same as that of the characteristic optical modes of the M

Our objective in the present work was to study the F
aday rotation of light8–10 in semiconductor microcavities. I
is natural to assume that as a result of multiple rereflectio
light from the mirrors forming the cavity, Faraday rotation
the microcavity will be strongly intensified at the frequenc
of the characteristic modes.

2. BASIC EQUATIONS

Let light linearly polarized along thex axis be incident
on the microcavity in a direction along the normal. A pla
wave of unit amplitude propagating along thez axis can be
represented in the form

S 10D 5
1

2S 1i D 1
1

2S 1

2 i D , ~2!

where the components of the column vectors are thex and
y components of the electric fieldE of the light wave.
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dicular to the plane of the layers of the MC. For simplicit
we also assume that the rotation of the polarization pl
occurs only in the plane and not in the mirror layers.

The linearly polarized wave in the cavity separates in
two circularly polarized wavesE1 andE2 , corresponding
to different refractive indicesn1 andn2 ~Ref. 8!

n15n1d, ~3a!

n25n2d, ~3b!

where for paramagnetic and diamagnetic materialsd is de-
fined as

d5VH/K0 , ~3c!

whereV is the Verdet constant, andH is the intensity of the
magnetic field. Ferromagnetic materials are ordinarily ch
acterized by a specific Faraday rotationF in the state of
saturated magnetization.10 For this cased is given by the
expression

d5F/K0 . ~3d!

The values ofV and F differ very strongly for different
substances and they depend on the temperature and sp
region. For example, for EuS compounds at liquid-heliu
temperaturesF in the wavelength range 0.8–0.9mm is of the
order of 103–104 rad/cm, which corresponds tod.0.1. We
note that this wavelength range corresponds to the trans
sion range of EuS.10

The reflected and transmitted light can possess ellipt
polarization, which can be written in the form

E5
1

2
Aexp~ iw1!S 1i D 1

1

2
Bexp~ iw2!S 1

2 i D , ~4!

where the two coefficients of the column vectors correspo
to the complex amplitudes of two different circularly pola
ized waves. The expression~4! can be put into the form

E5
1

2
~A1B!exp~ ic!S cosfsinf D

1
i

2
~B2A!exp~ ic!S sinf

2cosf D , ~5!

74747-05$10.00 © 1997 American Institute of Physics
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where the two terms correspond to two waves polarized
early along the principal axes of an ellipse,c5w11w2 ,
and the rotation anglef of the polarization plane is given b
the expression

f5w22w1 . ~6!

The degree of linear polarization of light is determined
the expression

Plin5
2AB

A21B2 , ~7!

and the degree of circular polarization is given by the f
mula

Pcir5
A22B2

A21B2 . ~8!

FIG. 2. a — Reflection spectra for two circular polarizations of the lig
b — Reflection spectra of light linearly polarized in a direction para
~dashed line! and perpendicular~solid line! to the polarization of the inci-
dent light. c — Spectral dependence of the rotation angle of the polariza
plane. d — Spectral dependence of the degree of linear polarization~solid
line! and circular polarization~dashed line! of the reflected signal. The re
flection coefficients of the mirrors forming the cavity equal 90% and
refractive index mismatch isd50.03.

FIG. 1. Diagram of the structure.
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sion coefficients (t1 ,t2) for two different circular polariza-
tions can be calculated by the transfer matrix method.11 The
reflection coefficient for the case in which the reflected lig
is polarized linearly in the same direction as the incide
light will then be given by

Ri5
1

4
ur11r2u2, ~9!

and the reflection coefficient for the case of polarization p
pendicular to the polarization of the incident light is given
the expression

R'5
1

4
ur12r2u2. ~10!

The transmission coefficients are found similarly: For pol
ization in the same direction as the polarization of the in
dent light

Ti5
1

4

nl
n0

ut11t2u2 ~11!

and for polarization perpendicular to the polarization of t
incident light

.
l

n

FIG. 3. a — Transmission spectra for two circular polarizations of the lig
b — Transmission spectra of light linearly polarized in a direction para
~dashed line! and perpendicular~solid line! to the polarization of the inci-
dent light. c — Spectral dependence of the rotation angle of the polariza
plane of the transmitted light. d — Spectral dependence of the degree
linear ~solid line! and circular~dashed line! polarization of the transmitted
light. The reflection coefficients of the mirrors forming the cavity equal 90
and the refractive index mismatch isd50.03.
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wheren0 andnl are the refractive indices of the first and la
semi-infinite media that bound the structure. We note t
this procedure~specifically, the transfer matrix method! is
inapplicable for oblique incidence of the light.

3. RESULTS AND DISCUSSION

It is obvious that the optical behavior of the system w
be determined by both the Faraday rotation of light in
cavity ~i.e., by the parameterd) and by the reflection coef
ficients of the mirrors or, more accurately, the cavityQ.

We performed the calculations for three symmetric m
crocavities with different reflection coefficients of the m
rors. The mirrors consisted of periodic sequences of pair
layers with refractive indices 3.0 and 3.5 and thicknes
68.3 and 58.6 nm, respectively. The mirrors in the first M
consisted of eight pairs of layers~the reflection coefficient of
the mirrorsRm50.9), the mirror of the second MC consiste
of 10 pairs of layers~the reflection coefficientRm50.95),
and the mirror of the third MC consisted of 15 pairs of laye
~reflection coefficientRm50.99). In all three cavities the in
dex of refraction and thickness of the central layer~cavity!
were n53.5 and 117.1 nm, respectively; this correspond
to half the wavelength of the light in the cavity at the fr
quency of the normal mode withd50 ~so-calledl/2 cavity!.
In this case the rotation angle of the polarization plane
light passing through the cavity is related to the value ofd by

f5pd. ~13!

The parameters of the MCs were chosen to be simila
those of the MCs studied experimentally in Refs. 1–3.

The different refractive indicesn1 andn2 for different
polarizations give a different spectral position of the norm
modes and the corresponding characteristic features in
reflection and transmission spectra of circularly polariz
light ~Fig. 2a, 3a, 4a, and 5a!. For a symmetric microcavity
and no absorption in the structure, the positions of the f
tures in the reflection and transmission spectra for light
the same circular polarization coincide, and the reflect
and transmission coefficients at the frequencies at the c
acteristic modes become equal to 0 and 1, respectively.

Let us consider linearly polarized light incident on a m
crocavity. In the case where the reflection coefficient of
cavity mirrors is small~90%! and the mismatch of the refrac
tive indices is small (d50.03) ~Figs. 2b and 3b! the degree
of modulation of the line corresponding to the characteris
mode is lower and the width of the mode is greater, an
signal appears in the polarization perpendicular to the po
ization of the incident light.

The spectral dependence of the rotation angle of the
larization plane of the reflected signal is shown in Fig.
The discontinuities in this dependence correspond to
points whereR' is of the same magnitude asRi . We note
that the rotation angle of the polarization plane in the cas
light passing through al/2 cavity with d50.03 equals 0.1
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rad, while the maximum value of the rotation anglef of the
polarization plane of the reflected signal in the case at h
exceeds 2 rad.

Figure 2d shows the spectral dependences of the de
of linear and circular polarization of the reflected signal. O
can see that at frequencies close to the positions of the c
acteristic modes of the circularly polarized light, the pola
ization of the incident light is converted from linear to ci
cular.

Figures 3b–3d show similar curves for the transmitt
light.

Let us now consider the case of large values ofd for the
reflection coefficients of the cavity mirrors. Figures 4 and
show the spectral dependences of different characteristic
reflected and transmitted light for the caseRm50.99 and
d50.1. We see that when the structure is illuminated
linearized light, the reflection and transmission spectra c
tain two features, each in both linear polarizations, and at
frequencies of the characteristic modes the reflection
transmission coefficients equal 25% for any linear polari
tion, indicating that the polarization is completely convert
from linear to circular.

It should be noted that for the case considered her
symmetric MC, the reflection and transmission spectra

FIG. 4. a — Reflection spectra for two circular polarizations of the lig
b — Reflection spectra of light linearly polarized in a direction paral
~dashed line! and perpendicular~solid line! to the polarization of the inci-
dent light. c — Spectral dependence of the rotation angle of the polariza
plane. d — Spectral dependence of the degree of linear~solid line! and
circular ~dashed line! polarization of the reflected signal. The reflection c
efficients of the mirrors forming the cavity equal 99% and the refract
index mismatch isd50.1.
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light polarized perpendicular to the polarization of the in
dent light are virtually identical.

Figure 6 shows the position of the features in the tra
mission spectra for light polarized in a direction perpendi
lar to the polarization of the incident light, on the value
d for three MCs with different values ofRm . We see that in
the case whereRm is small, for small values ofd, one feature
is observed in the spectrum. Asd increases and crosses
critical value, the line splits in two. For large values ofRm

two features are present in the spectrum, even for small
ues of d; here the positions of these features are virtua
identical to the positions of the normal modes of the MC
light with two different circular polarizations.

Figure 7a shows the dependence of the transmission
efficient of light polarized linearly in a direction perpendic
lar to the polarization of the incident light on the value
d. This is a saturating dependence: The transmission co
cient approaches 0.25; saturation is reached all the more
idly, the higher the value ofRm . Saturation corresponds t
complete conversion of linearly polarized light into circ
larly polarized light. For comparison, the figure also show
plot of the function sin2(pd), which describes the quantit
T' in the case where there is no reflection of light from t
boundaries of the cavity.

FIG. 5. a — Transmission spectra for two circular polarizations of the lig
b — Transmission spectra of light linearly polarized in a direction para
~dashed line! and perpendicular~solid line! to the polarization of the inci-
dent light. c — Spectral dependence of the rotation angle of the polariza
plane of the transmitted light. d — Spectral dependence of the degree
linear ~solid line! and circular~dashed line! polarization of the transmitted
light. The reflection coefficients of the mirrors forming the cavity equal 99
and the refractive index mismatch isd50.1.
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For possible device applications it is important to kno
the total power of the signal measured in linear polarizat
perpendicular to the polarization of the incident light wi
the MC illuminated with ‘‘white’’ light (P'):

P'5E I'dv. ~14!

.
l

n

FIG. 6. Positions of the peaks in the reflection and transmission spect
light linearly polarized in a direction perpendicular to the polarization of t
incident light versus the refractive index mismatchd for three microcavities
with reflection coefficients of the mirrors equal to 90%~1!, 95% ~2!, and
99% ~3!. Solid lines — positions of the characteristic cavity modes for tw
different circular polarizations of the light.

FIG. 7. Maximum value of the transmission coefficientT'max ~a! and total
intensity of the transmitted linearly polarized light~b! with the MC illumi-
nated by ‘‘white’’ light versus the refractive index mismatchd for three
symmetric microcavities with reflection coefficients of the mirrors equal
90% ~1!, 95% ~2!, and 99% ~3!. Dashed line — plot of the function
sin2(pd).
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these are saturating dependences. It is obvious that satur
is reached at the levelPs' given by

Ps'5D/2, ~15!

whereD is the width of the line corresponding to the norm
mode.

The main results of this study are as follows. We inve
tigated the Faraday rotation of light in microcavities. It w
determined that the Faraday rotation of light is greatly int
sified at the frequencies of the characteristic modes of
cavity and at these frequencies the polarization of the ligh
substantially transformed. This effect can be used to mea
the magnetic field and modulation of light signals with t
aid of a magnetic field.

This work was supported by the Russian Fund for F
damental Research under Grant N 96-0217836-a and
Ministry of Science and Technology Policy under the p
gram ‘‘Physics of Solid-State Nanostructures.’’
751 Semiconductors 31 (7), July 1997
ion

l

-

-
e
is
re

-
he
-

discussions.

1C. Weisbouch, M. Nishioka, A. Ishikava, and Y. Arakawa, Phys. R
Lett. 69, 3314~1992!.

2R. Houdre, R. P. Stanley, U. Oesterle, M. Ilgems, and C. Weisbou
Phys. Rev. B49, 16 761~1994!.

3J. Tignon, P. Voisin, C. Delande, M. Voos, R. Houdre, U. Oesterle, a
R. P. Stanley, Phys. Rev. Lett.74, 3967~1994!.

4A. V. Kavokin and M. A. Kaliteevski, Sol. St. Commun.95, 859 ~1995!.
5E. L. Ivchenko, M. A. Kaliteevski, and A. V. Kavokinet al., J. Amer.
Opt. Soc.13, N 5 ~1996! ~in press!.

6V. Savona, L. C. Andreani, P. Schwendimann, and A. Quatropani, S
Status Commun.93, 733 ~1995!.

7M. A. Kaliteevski�, Fiz. Tekh. Poluprovodn.30, 516~1996! @Semiconduc-
tors30, 283 ~1996!#.

8M. M. Bredov, V. V. Rumyantsev, and I. P. Toptygin,Classical Electro-
dynamics@in Russian#, Nauka, Moscow, 1985, p. 338.

9N. I. Kaliteevski�, Wave Optics@in Russian#, Vyssh. Shkola, Moscow,
1995, p. 160.

10I. S. Grigor’eva and E. Z. Me�likhova, Physical Quantities@in Russian#,
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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. Poluprovodn.31, 885–888~July 1997!

The results of experimental studies of the effect ofg-irradiation on the electrical properties of
MIS structures containing the rare-earth oxides Y2O3, Dy2O3, Tb2O3, Gd2O3, and Lu2O3

are reported. The static characteristics~current-voltage, capacitance-voltage! and dynamic
characteristics~transient characteristics, diagrams of oscillatory regimes! of the structures
before and after irradiation with dosesD5104–106 rad are examined. It is found that the
irradiation doseD5106 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 SiO2 as the insulator. ©1997
American Institute of Physics.@S1063-7826~97!03207-9#

In the last few years the effect of radiation on the char-Si containing a~n1–p)-Si junction ~OL! and with a buried
1 2
um

x-
es
he
s
be
en
th
su
-

.
re
n.
c
an
th
h,

he
es
I
tr
-
b
ti
um

50
de

ted
th of
ot

ris-

We
de-
du-
ess
lla-
re
ms

-

rom

e
hift
t a
ace

ra-
ce

m
-
fter
d
-

07
acteristics of MIS structures has been investigated in a n
ber of studies.1–13However, despite the large amount of e
perimental and theoretical data now available in th
studies, it is difficult to pinpoint the process leading to t
appearance of radiation-induced volume charge in the in
lator and at the oxide–semiconductor interface. This is
cause the accumulation of radiation-induced charge dep
on many factors: the technology for producing the oxide,
irradiation conditions, post-radiation treatment, and the in
lator material.4,5,11,12Radiation effects arising in MIS struc
tures with silicon dioxide SiO2 and silicon nitride Si3N4 as
the insulator have been studied in greatest detail.2,3,6 The
high radiation resistance of the insulators SiO21Si3N4

and SiO21Si3N41SiO2 is pointed out in Refs. 3, 7, and 8
Data on the effect of radiation on field structures with ra
earth oxides~REOs! as the insulator are less well know
Investigations of the electrical characteristics of MIS stru
tures with rare-earth oxides have shown that the electric
insulating properties of these oxides are highly stable,
permittivity and chemical stability of the oxides are hig
and the band gap is large.10,14

Our objective in the present work is to investigate t
effect of g-irradiation on the parameters of MIS structur
containing rare-earth oxides. It should be noted that M
structures prepared on a uniform substrate and on a subs
with a built-in p–n junction were investigated. MIS struc
tures with a nonuniformly doped substrate were chosen
cause their current-voltage characteristics contain a sec
of negative differential resistance and the nonequilibri
processes occurring in them can be more sensitive
g-irradiation.

1. METHOD OF INVESTIGATION

Samples containing the rare-earth oxides~dysprosium
oxide Dy2O3, terbium oxide Tb2O3, lutecium oxide Lu2O3,
gadolinium oxide Gd2O3, and yttrium oxide Y2O3) were in-
vestigated. The sample ranged in thickness from 100 to
Å. An aluminum film served as the field-emission electro
Three types of substrates were used: uniformly dopedn-type
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diffused ~n –n –p!-Si layer ~BL!. The topology of the
sample structures is shown in Fig. 1~inset!.

The samples were irradiated with a60Co source with
open electrodes. The irradiation doses varied from 102 to
106 rad. The measurements were performed on the irradia
samples after the samples were stored for the same leng
time following irradiation, equal to 60 h; annealing was n
performed.

Measurements of the rf capacitance-voltage characte
tics ~CVCs!, dynamic current-voltage characteristics~IVCs!,
and transient characteristics before and after irradiation.
measured the duration of the transient process with the
pleting voltage pulse switched off, whose amplitude and
ration were varied; the durations of the transient proc
were analyzed as a function of the irradiation dose. Osci
tory states of a RL circuit containing the MIS structure we
investigated before and after irradiation. The state diagra
are constructed in the coordinates ‘‘amplitude–^frequency of
external action&.’’ The experimental procedure with a non
linear nonautonomous circuit with ap–n junction and the
method for constructing the state diagrams were taken f
Refs. 15 and 16.

2. RESULTS AND DISCUSSION

Analysis of the pre- and postirradiation rf CVCs of th
structures showed that for all samples the well-known s
of the CVC occurs along the voltage axis, indicating tha
positive charge is induced in the insulator and at the interf
~Fig. 1!. The flat-band voltage assumes values from21.25 V
to 24.5 V for different samples, depending on the preir
diation value of this voltage. The densities of the surfa
states were found to lie in the rangeNss5(0.7–1.1)31012

eV21
•cm22 for unirradiated samples and Nss

5(2.3–3.7)310212 eV21
•cm22 for irradiated samples.

Figure 2 shows the IVCs of MIS structures on unifor
(1,18) and nonuniform (2,28) substrates. The IVCs of struc
tures on the uniform substrate retain the same form a
irradiation. The IVCs of samples with nonuniformly dope
~n1–p!-Si as well as~n1–n2–p!-Si substrates differ accord

75252-04$10.00 © 1997 American Institute of Physics
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ing to the parameterUs ~the voltage switching!. These
curves have sections of negative differential resista
~NDR!. The dependence ofUs on the irradiation doseD is
shown in Fig. 3. At low dosesD,104 rad the switching
voltage increases to 9–12 V, and as the dose increases a
104 rad,Us decreases to 4–7 V. Evidently, as the dose
creases, the degree to which the positive radiation-indu
charge in the insulator influences the voltage redistribut
between the insulator and the space-charge region~SCR! in
the semiconductor changes, leading to the switching eff
At low doses, the introduced positive chargeQbuilt is insuf-
ficient for this, and the switching voltage increases. Inde
the appearance of a positive charge on the insulat
semiconductor interface increases the electron density a
semiconductor surface. Then some of the positive charg
the injected holes and the holes accumulated at the sur
compensates for this induced negative charge, and when
hole density required for the switching effect is reach
Us increases. As the doseD increases to 106 rad, the charge
Qbuilt increases, which substantially decreases the resist
of the insulator and voltage redistribution starts at a low
bias on the field-emission electrode, i.e.,Us decreases. This
result agrees with the data in Ref. 17, in which is noted
role of deep levels in the insulator, which are associated w
centers lying near the silicon and the aluminum on wh
charge accumulation during irradiation results in charg
and recharging of the silicon and aluminum with increas
dose.

FIG. 2. Pre-~1, 2! and postirradiation (18,28) current versus voltage char
acteristics of MIS structures containing Lu2O3 with a negative voltage on
the field-emission electrode with doseD5106 rad. Type of substrate:1,
18 — n-Si, 2, 28— n–p1-Si.

FIG. 1. Pre-~1! and post-irradiation~2! capacitance versus voltage chara
teristics of MIS structures containing Lu2O3.
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The dependence of the duration of the transient proc
on the irradiation dose is presented in Fig. 4. We see tha
low (U0,10 V! and high (U0.10 V! amplitudes of the
pulse of magnitudeU0 the dose dependences of the durati
ts of the transient process are different. After a pulse w
amplitude up to 10 V is switched off,ts increases, as the
irradiation dose increases to 104 rad, and then decreases. F
a pulse with amplitude greater than 10 V, which transfers
structure into an open state, the durationts of the transient
process at first decreases with increasing irradiation dose
then increases. Thus, it is clear that for each region of v
ages of the bistable state of the system, as the dose incre
the mechanism of relaxation of the nonequilibrium char
carriers changes.

The explanation of the results obtained is based on
following. If the amplitude of the pulse is less than 7–10
the structure is in a high-resistance state and the duratio
the transient process is determined by the relaxation of
holes accumulated at the insulator–semiconductor boun
with the participation of surface states. When the amplitu

FIG. 3. Switching voltageUs versus irradiation doseD for MIS structures
with insulators:1— Dy2O3 ~BL!, 2— Dy2O3 ~OL!, 3— Tb2O3 ~BL!, 4—
Tb2O3 ~OL!. Types of substrates in the structures: OL —~n1—p!-Si,
BL — ~n1–n2–p!-Si.

FIG. 4. Durationts of the transient process as a function of the irradiati
dose.1, 2— Pulse amplitudeU0.10 V; 3, 4— U0,10 V. The experi-
mental points 1–4 correspond to the same structures as in Fig. 3.
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FIG. 5. Pre-~top a, c, e! and postir-
radiation ~bottom — b, d, f!
state diagrams of aRL circuit con-
taining a MIS structure. Types
of substrates in the structures: a
b — n-Si, c,d — ~n1–p!-Si, e,f —
~n1–n2–p!-Si. The numbers 1–4, 6
and 8 denote the regions of existenc
of oscillations with the correspond
ing period 1T — 4T, 6T, and 8T.
The dashed lines represent the line
of hysteresis with respect to doping
The hatching indicates regions o
chaotic oscillations.
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e
. A
ed
e
ct
s
n
th
e
n
in
ar

itc
re

A
, b
ta
e
fa
th
io
as
of

he

g
e

S
at

ro
ti
n
ra
n

characteristics of MIS structures, influence the excitation of
a
th

ith
m of
te,

ad a
er-
pli-

on

ry

ure

ns.
re
m of

he
IS
of

me
and

h
ne
ced
are
resistance state, the duration of the transient process is d
mined by the passage of carriers through the insulator
doses D,104 rad the appearance of radiation-induc
charge in the insulator is accompanied by the appearanc
a negative charge in the surface region of the semicondu
and an electric field~which remains after the pulse i
switched off! which is directed in such a way that the motio
of the holes toward the surface is retarded. As a result,
duration of the transient process increases with dose. Incr
ing the irradiation dose to 106 rad decreases the contributio
of these factors, decreases the voltage drop across the
lator, and gives rise to unimpeded motion of carriers tow
the surface, so thatts decreases~see Fig. 4, curves3 and4!.
This argument confirms the dose dependence of the sw
ing voltage presented in Fig. 3. The observed featu
~maxima! in the curves ofts andUs versus the irradiation
dose confirm the nonlinearity of the processes studied.
the dose increases, the positive built-in charge increases
the increase in the built-in charge gives rise not to a cons
growth of the parametersts or Us but rather only an increas
in these quantities up to a certain value, as a result of the
that a redistribution of voltage between the SCR and
insulator occurs. This changes the accumulation, relaxat
and motion of the accumulated charge. It is realistic to
sume, on the basis of the irradiation dose dependencets
with pulse amplitude greater than 10 V~see Fig. 4, curves1
and 2!, that radiation defects in the insulator influence t
passage time of the holes injected by thep–n junction, giv-
ing rise to some acceleration of the holes in the ran
D5102–104 rad and deceleration in the rang
D5104–106 rad.

The effect ofg-irradiation on the parameters of MI
structures was also observed in studying the oscillatory st
of aRL circuit containing a MIS structure. It is known18 that
the state diagrams reflect the dynamics of the following p
cesses in the semiconductor sample: carrier accumula
and relaxation with the participation of recombination ce
ters and surface states. Therefore, the changes in the pa
eters of the surface states, which determine the freque
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oscillations in the circuit. When a periodic voltage with
periodT was applied, complicated periodic oscillations wi
different periods — 2T, 3T, 4T, and 6T — as well as ran-
dom oscillations arose in the system.

Figure 5 shows the state diagrams of structures w
three types of substrates. Let us examine the state diagra
the circuit containing a MIS structure on a uniform substra
where a Y2O3 film is used as the insulator~Figs. 5a and 5b!.
As one can see, before irradiation the state diagrams h
complicated structure — regions of period doubling, hyst
esis, and chaos. After irradiation the state diagrams sim
fied: oscillations with periods of 1T, 2T, and 4T remained,
and the area of the region of chaos is smaller.

In the state diagram of a circuit containing a structure
a ~n1–p!-Si substrate~Figs. 5c and 5d! only the doubling
region remains after irradiation; none of the other oscillato
states observed before irradiation are observed~Fig. 5d!. The
preirradiation state diagram of a circuit containing a struct
on a ~n1–n2–p! Si substrate~Figs. 5e and 5f! contained
regions of periodic, quasiperiodic, and chaotic oscillatio
After irradiation, regions of period doubling and chaos we
observed in the state diagram, just as in the state diagra
a circuit with a MIS structure on a uniform substrate~see
Fig. 5b!. It can be assumed that the simplification of t
topology of the state diagrams reflects the change in the M
structure under the action of the irradiation. The number
recombination centers~in the insulator — positively charged
centers! increases. As a result, the carrier accumulation ti
increases and the oscillatory states at a given frequency
amplitude of the external perturbation change.

3. CONCLUSIONS

The results of the investigations of the static~current-
voltage, capacitance-voltage! and dynamic~transient process
time, oscillatory states! characteristics of MIS structures wit
uniformly and nonuniformly doped substrates agree with o
another and suggest that the observed radiation-indu
changes in MIS structures containing rare-earth oxides
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consistent with the standard data for structures with SiO2 as
13 of

to
n

n.

n

10V. A. Rozhkov and A. I. Petrov, inAbstracts of Reports at the Conference
on ‘‘Electrophysics of Layered Structures,’’@in Russian#, Tomsk, 1988,

ys.

d

-

the insulator. In addition, it was shown that, because
convenience and informativeness, analysis of the oscilla
states can be used to estimate the quality of a silico
^rare-earth oxides& interface.
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Calculation of a hierarchical PbS–C superlattice in a multiwell model

ize
E. Ya. Glushko and V. N. Evteev

State Pedagogic Institute, 324086 Krivo� Rog, Russia
~Submitted August 7, 1995; accepted for publication October 25, 1996!
Fiz. Tekh. Poluprovodn.31, 889–892~June 1997!

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. ©1997 American Institute of Physics.
@S1063-7826~97!02806-8#
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semiconductor materials exhibit some interesting electr
and optical properties, which can be utilized for practic
purposes.1–3 They can be important, first of all, for designin
materials with an assigned electronic structure and opt
characteristics.

Theoretical investigations of the electronic structure
hierarchical systems have been described in the litera
mainly within two approaches. The first is based on mod
of an effective~free! band particle moving in a macroscop
envelope potential of a superlattice.4–7 Under such an ap
proach each of the layers is described by one flat poten
well, and the spectrum is derived directly from the transm
sion coefficient of the structure.6,7 The other approach is
based on the conception of a model Hamiltonian for a sys
of one-level quantum wells with ‘‘strong’’ and ‘‘weak’’
probabilities for the transition of a particle into a neighbori
well that alternate according to a hierarchy.8,9 Because of the
nearest-neighbor approximation, the matrix of the Ham
tonian becomes three-diagonal, significantly simplifying t
renormalization-group analysis of the structure of the sp
trum.

MULTIWELL MODEL

However, there is one more possible physical formu
tion of the problem of the electronic spectrum of a hierarc
cal system, which apparently corresponds most closely
optical experiments. In the proposed model10,11 the atoms or
unit cells are represented by quantum wells~QW’s! in a hi-
erarchical system that is transverse to the layers, so that
layer of the hierarchical system is described by a system
QW’s, and the hierarchical system comprises a superla
system. The multiwell approach eliminates the serious pr
lem in single-well approximation~where the QW represent
a semiconductor layer!, viz., the instability of the energy
spectrum. For example, doubling the thickness of the laye
the single-well approximation leads to considerable al
ation of the miniband pattern, while the real spectrum var
very weakly already forN>10, whereN is the number of
unit cells in the transverse direction.

Another aspect of the multiwell model is the explic
consideration of the separation between the longitudinal
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quantization is determined by the transverse motion,
such characteristics as the electron affinityU1 and the work
functionU0 are results of the solution of the complete pro
lem. Therefore, in the approximation for the crystal poten
developed in Ref. 12, one-dimensional motion across lay
is characterized by an electron affinity and a work functi
that are three times smaller than the bulk equivalents.
area of application of the approximation in Ref. 12 was d
cussed in Ref. 13 in the example of linear chains of cylind
cal potential wells, where its asymptotic accuracy for ba
states was demonstrated.

With consideration of the foregoing, to calculate a F
bonacci structure of PbS–C layers3 we approximated the
three-dimensional potential of a bulk PbS crystal by a sum
three one-dimensional Kronig–Penney potentials. The po
tial of the external medium~a vacuum! was taken as 0, and
the bottom of the three-dimensional well coincided with t
top of the valence band, which was evaluated from the w
function for removal of an electron from the materi
U054.6 eV. Then, for the depth of the one-dimensional w
we haveU0851.53 eV. For a constant size of the unit-ce
~the well together with the barrier! a55.94 Å, we varied the
barrier heightU and the ratio of the barrier widthb to the
well width a so as to obtain the necessary energy gap, wh

is equal to
D

3
, whereD5U02U1, andU154.2 eV. The fol-

lowing parameters were obtained after fitting: a well wid
equal to 5.4 Å, a barrier width equal to 0.54 Å, andU5U08
~Fig. 1a!. The one-dimensional characteristics of the sp
trum of PbS are presented in Fig. 1b~smooth line!. The
carbon film was approximated by a rectangular barrier wit
width of 5 Å and a height that is also equal to the depth
the well. Then the structure described in Ref. 3 was c
structed. This structure can be described by the form
VACAACACACAACACAACACACV1!, where V is a
vacuum barrier,A is a PbS layer consisting of ten unit cell
andC is a monolayer carbon film~Fig. 1a!.

According to Refs. 10 and 11, the dispersion relation
the eigenvalue problem has the form

~1, k0!F S m̄ n̄

l̄ m̄
D S mn

lm D S m̄ n̄

l̄ m̄
D G 10S m8n8

l8m8D . . .

75656-03$10.00 © 1997 American Institute of Physics
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FIG. 1. Multiwell model of a PbS–C hierarchical system. a — Geometry of the one-dimensional potential of the hierarchical system. The total numb
wells is 120, there are nine carbon barriers, and the dotted line denotes continuations of the structure. b — Calculated energy dispersion. Heres labels the
states (smax5138). Smooth curve – thick PbS layer~120 unit cells!. Dashed curve – structure described in Ref. 3.
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D 50, ~1!

wherek5A2m(U02E)
\2 andk05A2mE

\2 ,

m52k coska, l5sin ka, n5k2sin ka,

m̄52k0 coshk0
b

2
, l̄ 5sinh k0

b

2
, n̄ 5k0

2 sinh k0
b

2
,

m852k0 coshk0b8, l85sinh k0b8,

n85k0
2 sinh k0b8. ~2!

The matrix with the primed elements corresponds to a car
barrier of thicknessb8, and the group of three square mat
ces in the first power corresponds to a half-barrier–we
half-barrier sequence in the PbS crystal potential. The po
in ~1! corresponds to a ten-wellA layer in the formula of the
structure. The terminal matrices, i.e., the row and the c
umn, ensure satisfaction of the boundary conditions on
outer surfaces of the hierarchical system. The multiw
model of the PbS–C hierarchical structure described, i.e.,
energy spectrum, the wave functions, and the density
states, was calculated using the oscillation theorem, wh
made it possible to maintain a relative error in the deter
nation of the wave functions no greater than 1028 and to
guarantee their orthogonality. One interesting feature of
calculation of the electronic structure of the superlattice a
the hierarchical structure is the enormous difference betw
the accuracies required for the energies of the states an
corresponding wave functions. At the same time, in order
the latter to satisfy the requirements of continuity and
thogonality with respect to the remaining wave functions a
to contain the correct number of nodes, the accuracy of
calculation had to be increased by several orders of ma
tude. The active computer interface of the model make
possible to create and approximate hierarchical structure
well as unordered systems.

CALCULATION RESULTS AND DISCUSSION

The results of a calculation of a hierarchical system c
taining a total of 120 PbS cells and nine carbon layers
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the transverse motion in the multiwell model leads to
grouping of the states within the PbS band. The narrowing
the one-dimensional conduction band of the structure
'0.03 eV in comparison to the PbS band~as indicated by
the arrows in Fig. 1b! is a consequence of the insufficie
thickness of the PbS layers in the hierarchical structure
detailed quantitative analysis shows that this effect~see also
Ref. 11! is one of the manifestations of the phenomenon
stability of the spectrum of multiperiodic QW systems. The
are no carbon levels in the spectrum, since carbon is re
sented by a simple barrier.

The levels in the conduction band were regrouped i
subbands, the maximum gap between the subbands b
equal to 0.072 eV. We conclude that such alteration of
spectrum in comparison with the spectrum of pure PbS
unlikely to be detected by nonselective methods, taking i
account that the second band gap vanishes when the le
for three measurements are combined. If only the transv
quantum numbers of the problem (s here! participate in the
light scattering or absorption processes, the vertical porti
of the dispersion curve~Fig. 1b! correspond to horizonta
plateaus on the absorption curve, as was observed, in
likelihood, in the experimental study in Ref. 3. Visual in
spection of the wave functions of the states showed that t
have the form of standing waves and are localized in regi
with a double layer of PbS and in regions with a single lay
of PbS. A classification analysis of the structure of the sp
trum ~Fig. 2! reveals a clear-cut relationship between t
number of subbands of a lower hierarchy in the band o
higher hierarchy and such factors as the number of single
double PbS layers. The results of the investigations of
states in the wave functions of a given hierarchical syste
as well as many other states, leads to a simple classifica
rule: the higher is the hierarchy of the potential, the mo
internal is the structural hierarchy of the levels in which it
reflected and vice versa. For example, the two bands of
highest hierarchy~column1! are stipulated by the paramete
of a single potential well~Fig. 1a!, and the six bands of the
latest hierarchy~column4! are determined by six macrolay
ers with a singleA layer. The smallest unit in the structure
a single PbS well, and this leads to splitting of the spectr
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into bands, each of which consists of 120 levels~Fig. 2,
column1!. The upper band is incompletely filled. The ne
unit determining the hierarchy is a layer of ten PbS we
therefore, each bands splits into ten bands, each conta
twelve levels~Fig. 2, column2!. Single and double PbS lay
ers are simultaneously responsible for the formation of
next level of the hierarchy. Each band, in turn, splits in
three subbands. The upper and lower subgroups consi
three levels, and the middle subgroup consists of six lev
~Fig. 2, column3!. Such splitting is attributed to the fact tha
the structure has three double layers~each of which supplies
two levels to each spectral band! and six single layers. Suc
an interpretation of the splitting is also supported by the f
that the wave functions of the middle subgroup are locali
in single layers, while the wave functions of the upper a
lower groups are localized in double PbS layers.

The calculation of the density of state
rs5uEs2Es21u21 from the dispersion dependence obtain
for the hierarchical system revealed the extremely high
gree of inhomogeneity of this quantity. The strong inhom
geneity is also conserved on the logarithmic scale~for
lnrs).

Placement of the system of wells~Fig. 1a! in an electric
field resolved the orderly hierarchy in the spectrum. Eros
of the lower hierarchical orders of the spectrum~column4!
began already for voltagesDw'0.01 V. WhenDw'0.3 V,
the field completely mixes the structure presented in Fig
without altering the clearly expressed inhomogeneity of
density of states. WhenDw'0.4 V, the gap between th
bands in the highest hierarchy vanishes.

CONCLUSIONS

The general conclusions drawn here regarding the e
tronic structure are also valid for pure Fibonacci structur

FIG. 2. Energy diagram of a PbS–C hierarchical system. The structure
the spectrum for decreasing hierarchical orders are presented in col
1–4; the arrows demarcate the spectral range and indicate the magnific
of the scale.
758 Semiconductors 31 (7), July 1997
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illustrated by taking a hierarchical system in which ten
ementary QW’s are reproduced ten times and alternated
inner intervening layers, the structure obtained is again
produced ten times with thicker intervening layers, and
on. The process is terminated in the highest hierarchical
der. The multiwell model gives a clear decimal hierarchy
the spectrum of this structure. In particular, an increase in
thickness of the outermost intervening layers leads to ‘‘sti
ing’’ of the levels in the fine-structure subbands, and t
thickness of the inner intervening layers regulates the ba
of the highest level in the spectral hierarchy.

The model permits more exact simulation of the on
dimensional crystal potential of the original materials b
cause of the detailing of the shape of the elementary po
tial well ~with steps!. It can be made as complicated as o
desires, and the number of matrices in the square bracke
Eq. ~1! can be increased accordingly.

The grouping of the states in a hierarchical system le
to the appearance of nearly vertical segments on the dis
sion curve, which can be the cause~along with the interfer-
ence effects! of the appearance of the horizontal plateaus
the absorption spectrum of the hierarchical structure, des
the integral nature of the absorption coefficient.

1!It should be noted that Fibonacci’s recurrence relation did not hold her
in Ref. 3.
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PERSONALIA
Viktor Il’ich Fistul’ (On his seventieth birthday)

Fiz. Tekh. Poluprovodn.31 ~July 1997!

@S1063-7826~97!03507-2#
Viktor Il’ich Fistul’, Academician of the Russia Acad-
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emy of Natural Sciences and Professor in the Departmen
Solid-State Physics and Chemistry at the Moscow Acade
of Precision Chemical Technology, celebrated his seventi
birthday on May 1.

V. I. Fistul’ is a prominent Russian scientist working in
semiconductor materials physics. His scientific authority
acknowledged not only in our country but abroad as well. H
has been awarded the honorary title ‘‘Honored Scientist a
Technologist of Russia,’’ he is a laureate of two state prize
and he is a member of the Russian Physical Society,
American Physical Society, and the Physical Society of t
Hungarian Republic.

At the beginning of his scientific career he had the go
fortune of studying under the world-renowned scientist a
father of semiconductor physics in Russia, A. F. Ioffe, an
his scientific interests were tied firmly and for a long time
semiconductors. Since 1959 he has been studying the s
and behavior of impurities in semiconductors. A large part
his scientific works concerns these problems.

The investigations of strongly doped semiconducto
which V. I. Fistul’ performed together with his students le
to the discovery of the phenomenon of polytropy of impur
ties in semiconductors. These investigations led to his w
ing the monographStrongly Doped Semiconductors~1965!,
which has been translated into the English language and p
lished in the USA~1969!.

V. I. Fistul’ made a large personal contribution to th
mastery of the metrics of semiconductors. He was award
the State Prize in the field of science and technology~1975!
for developing a system of procedures for monitoring th
quality of gallium arsenide and for his participation in th
development of the technology and industrial production
GaAs.

The study of the behavior of impurities in semiconduct
heat-treatment processes led to the discovery of a numbe
characteristic features of the process of decomposition
semiconductor solid solutions and served as a basis for
monographDecomposition of Supersaturated Semiconduc
Solid Solutions~1977!.

The investigations of transition-metal impurities in IV
and III–V semiconductors performed under the direction
V. I. Fistul’ yielded unique data and established the ba
mechanisms of the behavior of these impurities. These inv
tigations are reflected in another monographTransition-
Metal Impurities in Semiconductors~1983!, which V. I. Fis-
tul’ coauthored with his student E´ . M. Omel’yanovski�. This
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it has been published in Great Britain~1986!.
The study of the behavior of gasous impurities in sem

conductors led to the discovery of a new phenomenon ass
ciated with the behavior of hydrogen in germanium and sil
con.

V. I. Fistul’ and his students made a large contribution t
the theories of the behavior of isovalent and amphoteric im
purities. V. I. Fistul’’s monographAmphoteric Impurities in
Semiconductorswas published in 1992.

In recent years V. I. Fistul’ has been actively generatin
and developing new ideas concerning the development
nonstandard methods for obtaining new materials. The
methods include laser implantation of impurities in semicon
ductors, the development of polymer–semiconductor comp
sitions, and an entire series of other methods. He is al
actively involved in publishing.

Since 1958, V. I. Fistul’ has been actively engaged i
scientific work and teaching. Since the Department of Sem
conductor Materials Technology was formed in 1962 at th
M. I. Lomonosov Moscow Institute of Precision Chemica
Technology, V. I. Fistul’ has been teaching a course o
‘‘Semiconductor Physics’’ and in 1977 he became head
the department. In 1984–1985 he was the first one in o
country to develop a course on ‘‘Solid-State Physics an
Chemistry’’ for technical schools of higher learning. In 1986
the Department of Solid-State Physics and Chemistry w
created at the Institute through his efforts and headed by h
until 1991.

V. I. Fistul’ generalized his pedagogical experience i
the textbooksIntroduction to Semiconductor Physics~1975,
1984! andNew Materials~1995!. In 1995 he published his
textbookSolid-State Physics and Chemistry~two volumes!,
which is the first effort of its kind, encompassing both as
pects of the science of solids, and can be used as a ba
textbook for teaching different special solid-state discipline
This textbook very quickly won wide acclaim from special-
ists.

V. I. Fistul’ has trained six doctors and 45 candidates o
science. He is a member of the Scientific Council of th
Russian Academy of Sciences, and he has been awarde
‘‘Badge of Honor’’ and medals. He was a member of the
editorial board of the journal ‘‘Semiconductors’’ from the
day the journal was founded and remained on the board f
many years.

V. I. Fistul’ is a fascinating, well-educated person and a
age 70 he is still hale and hearty and actively engaged in h
favorite work.

We wish V. I. Fistul’ health, optimism, and many years

75959-02$10.00 © 1997 American Institute of Physics



of fruitful work and success in all his new endeavors.
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Moscow Academy of Precision Chemical Technology.

Instructors and colleagues in the Department of Solid

State Physics and Chemistry and the Department of Se
conductor Materials Technology at the M. I. Lomonoso
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Electronic Phenomena in Chalcogenide Glassy Semiconductors
Collective monograph edited by K. D. Tse´ndin, Nauka, St. Petersburg, 1986, 486 pages.

Fiz. Tekh. Poluprovodn.31 ~July 1997!

@S1063-7826~97!03607-7#

This monograph was produced by an international teamphenomena occurring in strong electric fields. Finally, t
o
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of authors~Russia, Belgium, Japan, England! whose core are
staff members at the A. F. Ioffe Physicotechnical Institute
the Russian Academy of Sciences. The results of wi
ranging experimental and theoretical investigations of
physical properties of chalcogenide glassy semiconduc
~CGSs! are described. The development of the physics
CGSs is followed from creation up to the latest achie
ments. The exceptional role of the electron-phonon inter
tion, which determines the characteristic features of both
electronic spectrum and the spectrum of defects as we
the specific nature of the electric and optical properties
CGSs, is examined.

The twelve chapters of the book can be divided in
several groups according to subject. The first group co
prises the chapters devoted to the electric and photoele
properties as well as the problem of extrinsic conductivity
CGSs. The second group comprises the chapters descr
761 Semiconductors 31 (7), July 1997 1063-7826/97/0707
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third group comprises the chapters concerning nonlinear
tical phenomena and metastable photoinduced states.

The book can be recommended to specialists in the fi
of semiconductor physics and technology, micro- and op
electronics, materials engineering, and informatics as we
to instructors, graduate students, and students of the co
sponding specialities.

This monograph is dedicated to the memory of the d
coverer of chalcogenide glassy semiconductors, Boris Tim
feevich Kolomi�ts, the anniversary of whose ninetieth birt
day will be celebrated in 1998.

This monograph was written and published with the
nancial assistance of Russian Fund for Fundamental
search.

K. D. Tséndin

Translated by M. E. Alferieff
76161-01$10.00 © 1997 American Institute of Physics
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