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Abstract

Deep levels of structural defects in InSb, which are the main centres of
recombination in this material, have been studied experimentally for a long time.
However, neither clear understanding of the nature of these levels nor relevant
information about their binding energy has been achieved until now, while the
experimental data of different works are contradictory. In this paper a theoretical
model of recombination processes in InSb is built that takes into account the
Auger recombination, band-to-band radiative recombination, and the
recombination via deep defect levels, the intensities of which depend in different
ways on the uniaxial stresses applied. A comparison of experimental stress
dependences of the photoconductivity in both n-InSb and p-InSb with the
predictions of our theory allows identifying the deep recombination level with an
h-centre of acceptor type, with the symmetry I'y of the v-band top, which shifts
together with the v-band edge under the uniaxial compression.
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1. Introduction

Together with mercury-cadmium-telluride compound MCT, narrow-gap InSb crystals
still remain principal materials for different IR receivers and detectors (see, e.g., the
review [1]). Recombination characteristics of InSb in the range of temperatures
T<300K and under conditions of relatively low injection/generation of carriers are
determined by the levels of structural defects (see [1] and references therein). In spite of a
great number of experimental works, the origin and the type of these deep centres still
remain unclear. Moreover, the data derived by different authors for the energy position of
the levels contradict each other. The most specious results of the work [2] have yielded
the characteristics of deep levels of InSb presented in Table 1.

These data correlate qualitatively with the results [3, 4], where the shift of the deep
levels with pressure has been studied. It has been demonstrated in the latter works that the
levels marked as 2 and 3 in Table 1 are shifted with pressure, together with the c-band
bottom, though the binding energies presented in [4] differ from those of [2]. This
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corresponds to so-called /-c-centres, with I's symmetry of the c-band bottom [5, 6]. The
centres mentioned above are doubly degenerate and so they do not split under uniaxial
stress. On the contrary, the results of the work [7], where photoionization spectra have
been carefully studied, assume the level 3 in InSb as an /-centre with ['s symmetry of the
v-band top. These fourfold degenerate levels should shift with stress, together with the v-
band. Moreover, they should split into two levels. Notice that these results obviously
contradict the experimental data [3, 4]. Therefore additional studies of the deep levels in

InSb would be timely.
Table 1. Characteristics of deep levels in InSb.
Number Type Degeneracy Energy Concentration
of level of level g; E; - Ey (77 K), meV N, 1083 em™3
1 Acceptor 4 68+2 3+4
2 Donor 2 99+0.5 6+8
3 Donor 2 13243 23

Our analysis is based on a selective effect of uniaxial compression on different
recombination channels in semiconductors. The stress causes an increase in the interband
radiative recombination rate in narrow-gap semiconductors, and a decrease in the
nonradiative interband impact (Auger) recombination rate. As a result, the quantum yield
of radiation can essentially increase. This is why studies of dependence of the carrier
lifetime on the compression can elucidate the type of dominant recombination channel
(see, e.g., [8, 9]).

2. Theory

It is necessary to emphasize that, to the best of our knowledge, no studies of the pressure
effect on the rate of multi-phonon carrier capture by the deep centres have been
performed until now. A strict and general numerical theory of this effect is hardly
possible due to lack of general adequate model for the deep local centres. However, as we
will demonstrate in this work, some important qualitative results may be obtained from a
general examination within the model of adiabatic terms.

Below we will treat the three competing recombination mechanisms: a band-to-band
Auger recombination, band-to-band radiative recombination, and a Shockley-Read
recombination via deep defect levels. After standard procedure (see, e.g., [10]) one can
get the following equation for the carrier concentration dynamics:

dn _
dt

cpcpN

cy(n+m)+c,(p+p) .

G—(np—niz)x Bun+ Byp+ vy, + D

Here n=n'" +8n and p= p(0)+5p are respectively the electron and hole

concentrations, ”12 =n® p(o), G denotes the generation rate, N the concentration of
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recombination centres, S, and f, constants of respectively the Auger processes of cc-cv

and cv-vv types (the recombination energy is then transferred to a free electron or a free

hole, respectively), the constant parameter v,, describes the rate of band-to-band

radiative recombination, ¢, and ¢, govern respectively the capture rates for electron and

hole on the defect, and n and p, define (with the accuracy of the factor of defect
degeneration) respectively the concentrations of free electrons and free holes in the case if
the Fermi level corresponded to the energy position of the defect level [10]. In case of the

absence of pressure we have f3, >> 3, because of an additional overlap integral between

the orthogonal states of heavy and light holes in the transition matrix for the cv-vv
process [9].
Now we examine the case of small generation rate, when the concentrations of

excess carriers on, op are small in comparison with their equilibrium values n'?, p(o) .

We also treat the case of low temperatures, when k7 is smaller than the Auger
recombination threshold energy [10] (this approximation is good for InSb up to the
temperatures of the order of 100 K). Then we obtain

1
dn_g-22  L_\ w0 N @)
dt T, Ty
for the n-type crystal and
dp on 1 (0)
—=G-—, —= +c,N 3
dt 7, .7 P ! ©)

for the p-type one.
Notice that in the case of donor centre we have ¢, >>c¢,,, i.e. the rate of the capture

of electrons by an ionized centre is much higher than that of the capture of holes by a

neutral centre [10]. If the additional relation v,,

~ ¢, >>c, is valid and the values of the
N concentration presented in Table 1 are taken into account, we get that, for 7> 40 K, the
lifetime in the n-type crystal is determined by the rate of band-to-band radiative
recombination, while in the case of the p-type crystal the two competing channels should
be simultaneously considered.

On the contrary, the relationship ¢, <<c¢,, holds true in the case of acceptor centre,

i.e. the capture rate of holes by an ionized centre is much higher than that of the capture
of electrons by a neutral one. In a similar manner, if the additional inequality

Vpp ® €, >>c, 18 satisfied, the lifetime in the p-type crystal is determined by the rate of

band-to-band radiative recombination, while in the case of the n-type crystal the both
competing channels should be accounted for.
In the stationary case Eqgs. (2) and (3) result in the excess carrier concentrations
op=1,G, én=1,G. 4)
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These values can be measured experimentally, e.g., using a photoconductivity.

(0)

Finally, in the opposite case of strong generation (on=090p >>n p(o) ,N') we arrive at

— =0 %=5n|:5n(ﬂn+ﬁp)+vnp:|. )

Now let us examine the dependence of the lifetimes in Egs. (2) and (3) on the

uniaxial stress. The radiative recombination constant v,

p increases with increasing

compression due to renormalization of the hole density near the valence band top [8]. The
scale of this increase in the range of stresses which can be obtained in practice (i.e., under
conditions when the crystal is not yet mechanically destructed, P < 5 kbar for InSb [9]) is
of the order of factor 1.5-2.0 only [8].

However, the dependences of ¢, and ¢, coefficients on the stress need a special

treatment. It is known that, within the approximation of adiabatic terms, the temperature

dependence
Eact
_np 6
kT ] ©)

— ()
Cy,p = Cn,p CXP

has an activation origin. In frame of the Huang-Rhys model the activation energies may
be presented as

2
et (E;nrp) _ Ag(n’p))
YN

(7

Here E}”’p ) is the energy of thermal ionization of recombination level relatively to

electrons and holes and Ag™?) the corresponding thermal extinction energy [10]. Since
one has generally £ ,‘,‘Cé > E}”’p ) , the quantum tunnelling between the terms occurs in any

real systems, and the activation energy in the exponent of Eq. (6) is somewhat smaller
than that predicted by Eq. (7). Further corrections may be introduced into Eq. (6) when
considering the deep centre in frame of the zero-radius potential model [10]. Anyway, the
activation energy should represent some hyper-linear function of the thermal ionization

energy EV"P) .

Let us analyse the behaviour of E}"’p ) parameter for the centres of different

symmetry types. The shifts of levels of these centres occurring under uniaxial stress have
been examined in the studies [5, 6]. As demonstrated in the work [6], the level of an A-
centre is split into two under the stress. However, the splitting value is an order of
magnitude smaller than that for the valence band top, so that we can treat these two levels
as a single one, when compare with all the other energy intervals of the problem.
Considering the values of deformation potentials for InSb [4], we get the following

deformation dependences of E\"?):
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(1) for the I-c-centre
E}")(P) = E;") (0) = const,

(®)
EWP(P)= E)(0)+ 16.0[‘“6\’} x P[Kbar].
kBar
(2) for the A-centre
EY(P)= ES(0) + 14.0[‘“6\/} x P[kBar],
kBar ©

meV
EP)(P)= EW)(0) - 4.0[kBal

J « P[kbar].

Let us mention that the decrease of E}p )(P) with increasing stress taking place in
case of the s-centre is caused by comparatively large energy splitting of the valence band
top.

After substitution of Egs. (8) and (9) into Egs. (6) and (7), and then into Egs. (2) and
(3), one can distinguish several possible cases for the low generation levels.

(1) [-c-centre:

The function 7,(P) slowly decreases with increasing v,, (c, being a constant),
whereas 7,(P) can be nonmonotonic due to essential decrease in ¢, . However, if the
[-c-centre is of a donor type (the majority of deep /-c-centres have this type of symmetry
[5, 6]) and the inequality v,,>>c, is valid, one infers that 7,(P) should decrease

approximately two times in the P range from 0 to 4 kbar. In general we have
7,(P)—1,(0)<7,(P)—7,(0). (10)

This means that in the case of recombination via the /-c-centre the lifetime, and so
the photoconductivity signal, decrease approximately two times in the n-type crystals
subjected to the stresses in the range which could be obtained experimentally without
destructing crystals. The decrease in the lifetime and the photoconductivity signal
occurring for the p-type crystals is then smaller.

(2) h-centre:

The r7,(P) dependence can be nonmonotonic due to essential decrease in c,.
However, if the A-centre is of an acceptor type (this type of symmetry is peculiar for the
majority of deep A-centres [5,6]) and we have v,, >>¢,, the function 7,(P) decreases

approximately two times in the P range from 0 to 4 kbar. On the contrary, 7,(P)
decreases essentially when both v, and ¢, increase. In general, we have

7,(P)—1,(0)<7,(P)—7,(0). (11)

This means that, in the case of recombination via the 4-centre, both the lifetime and

the photoconductivity signal decrease approximately two times in the crystals of p-type in
the range of stresses which could be obtained experimentally without destructing crystals.
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The decrease in the lifetime and the photoconductivity can be essentially greater in the n-
type crystals, being several times in the limiting case.

The inequalities (10) and (11) are qualitative because of a rough character of the
Huang-Rhys model used for description of multi-phonon capture of carriers on the deep
centre. Nonetheless, they give unambiguous information on the type of recombination
centres.

(P)/1(0) 1
3 2
2 3
14 T T —
o
0 T T T T T T T
0 1 2 3 P, kbar 4

Fig 1. Calculated stress dependences of 1(P)/1(0) for different values of
quantum yield: curve 1 -0.03,2-0.06,3-0.1,4 - 0.4.

On the contrary, in the case of strong generation the Shockley-Read recombination
via deep defects is not essential in comparison with the radiative and Auger band-to-band

channels, which depend on the excess carrier concentration like ocon and oc5n2,
respectively. Then the lifetime given by Eq. (5) is not sensitive to the type of defects. The
pressure dependences of t(P)/t(0) parameter calculated for different values of quantum

T duger (O) _ Vip (0)
T Auger 0)+ Tradiative (0) Vip 0)+ 5”:Bn (0) ’

in Fig. 1. One can see that the scale of ©(P)/t(0) changes is greater for smaller initial

yield under a zero stress, 1, = are presented

quantum yields (in general, the quantum yield decreases with increasing generation).

3. Discussion of experimental results

We have studied experimentally the crystals of #n-InSb and p-InSb with the parameters
n® = (2-3)x 108 cm™ and p(o) =(4-6)x 10" cm™ . The InSb samples had the size
of 1x2x6 mm’. Especial attention was paid to preparation of samples and, in particular,
we ensured their strictly parallel faces. The elastic stress P was applied along the
crystallographic direction [100]. The photoconductivity of our samples was excited using
a He-Ne laser operating in a continuous mode and a Nd** laser operating in a pulse mode.
The stress dependences of the 7(P)/7(0) ratio obtained on the basis of photoconductivity
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measurements are presented in Fig. 2. Here the data of Fig. 2a refer to the n-type and
those of Fig. 2b to the p-type crystals. In fact, these dependences represent the carrier
lifetimes plotted in arbitrary units (see Eq. (4)). As seen from Fig. 2, one can derive
7,(0
. 1.5=2 and #
7,(3 kbar) 7,(3 kbar)

values agree well with the inequality (11) for the A-centre of acceptor type.

=2.5+5 for the low generation levels. These

n-InSb
11(P)(0)
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Fig. 2. Experimental stress dependences of lifetime for (a) n-type
(1= lnax, 2 = 0.01/ax, 3 — 0.0001/,,2¢) and (b) p-type (1 = Inax, 2 — 0.01/ 2,
3 —0.001/,,.x) InSb crystals.

quanta

Cl’nZXS

If a strong generation is dealt with (/ =10% , the case corresponding to

Sn=10"-10"cm™), the experimental dependences for the n- and p-type crystals are
similar. They have characteristic maximums in the range of P = 2-3 kbar predicted by the
theory (see Fig. 1). A decrease in the 7 value at low stresses for some samples may be
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explained by competing recombination channels (e.g., via shallow levels), which have
been neglected in the simple model given by Eq. (1).

Finally, we remark that the studies of stress dependences of the photoconductivity in
InSb have allowed us to identify deep recombination centres in this crystal as the A-
centres of acceptor type with the symmetry I's of the v-band top. The appropriate fourfold
degenerate levels are shifted together with the v-band edge under the uniaxial stress and
split into two levels.

Our results correlate with the data [7] obtained for the deep centres with the

activation energy E; —Ey, which are based on careful examination of the

photoconductivity spectra. At the same time, they contradict the data for the same type of
centres obtained from the Hall measurements [2—4].

There may be two possible explanations of this contradiction. The first is that the
Hall measurements have been not accurate enough, while the second should imply that
we deal in this work with some other type of recombination level (e.g., that of the type 1

from Table 1, with E; —E) =68 meV). In any case, it is evident that the results

concerned with the deep levels in InSb need especially careful re-examination.

References

1. Vikulin I M, Kurmashev Sh D and Stafeev V I, 2008. Injection-based photodetectors.
Semicond. 42: 112-127.

2. Shemelina O S and Novototskii-Vlasov Yu F, 1992. Equilibrium parameters of deep
levels in bulk InSb. Fiz. Techn. Poluprov. 26: 1015-1020.

3. Aladashvili D I, Konczewicz L and Porowski S, 1984. Studies of the deep levels in p-
type InSb under pressure. Phys. Stat. Sol. (a). 86: 301-308.

4. Daunov M I, Kamilov I K and Gabibov S F, 2004. Experimental determination of the
constants of absolute volume deformation potentials at band edges in semiconductors.
Phys. Sol. State. 46: 1825-1829.

5. Strikha M.V. and Vasko F.T., 1994. Hydrostatic pressure effect on point defect
electronic states in narrow-gap and gapless semiconductors. Phys. Stat. Sol. (b). 181:
181-188.

6. Strikha MV and Vasko FT, 1994. Impurity states and optical transitions in
uniaxially deformed narrow-gap semiconductors. Phys. Stat. Sol. (b). 181: 447-455.

7. Kolchanova N M, Sipovskaya M A and Smetannikova Yu S, 1982. Experimental
determination of the characteristics of deep centers in A™B" crystals on the base of
two-band model. Fiz. Techn. Poluprov. 16: 2194-2196.

8. Vasko F T, Gasan-zade S G, Strikha MV and Shepelskii G A., 1989. Change in
recombination mechanism in narrow-gap semiconductors during uniaxial
compression. JETP Lett. 50: 318-322.

9. Gasan-zade S G, Strikha M V and Shepelskii G A, 2009. Controlled transformation
of physical characteristics of traditional bulk semiconductors caused by lowering of
symmetry. Ukr. J. Phys. Reviews. 5: 3-33.

Ukr. . Phys. Opt. 2010, V11, Suppl. 1 Sc. Horiz. S33



Boiko V.A. et al

10. Abacumov V N, Perel VI and Yassievich I N, Radiationless recombination in
semiconductors. St.-Petersburg, FTI (1997).

Boiko V.A., Shepelskii G.A., Stariy S.V. and Strikha M.V., 2010. On the problem of type of deep
recombination centres in InSb. Ukr.J.Phys.Opt. 11, Suppl. 1 Sci. Horiz.: S26-S34.

Anomauyia. I'nuboxki pieni cmpykmypuux odegexmis 8 InSbh, axi € ocHo8HUMU peKOMOTHAYIUHUMU
yeHmpamu 8 YboMy Mamepiani, eKCnepUMeHMANbHO BUBYAIOMb YNPOOOBI’C MPUBANOS0 YACY.
Oonak 00Ci HeMae uYImKo20 PO3YMIHHA Npupoou U Muny yux pieHie, GLOCYMHS HAOIUHA
iHghopmayis wodo iIXHbOI enepeii 36 3Ky, a eKCnepUMeHmalbHi OaHi pisHux podim cynepedusi. ¥
yit pobomi no6yod08ano meopemuuny mooeiv pekomoinayitinux npoyecié ¢ InSb 3 ypaxyeannsm
KOHKYPEHMHUX MEXAHI3MI8 0dice-peKOMOIHaYil, UNPOMIHIOB8AIbHOI 30HA-30HHOI peKoMOiHayii ma
peKoMOIHayii yepe3 enUOOKULL OOMIUKOBUL PIGeHb, [HMEHCUGHOCMI SKUX NO DI3HOMY 3A1eHCamy
8i0 NPUKIAOEH020 OOHOBICHO2O MUCKY. 3icmasienHs 00epuCAHUX — eKCHepUMEeHMAalbHUX
3aneaxcnocment homonposioHocmi 8 erekmponHomy ma dipkoeomy InSb 6io eeruuunu 00Ho8icHO20
CMUCKY 3 HpocHO3amMu meopii 0ae 3Mo2y 3poOumu  BUCHOBOK NpO me, Wo 2IuboKul
peKoMOIHayitiHull yeHmp € h-yeHmpom axKyenmopHo2o Mmuny 3 CUMempiclo 8epULUHU B8ANEeHIMHOI
sonu I's, AKUll 3MiWyemscsa pazom 3 GepUUHOI0 BANEHIMHOI 30HU 3d YMOBU NPUKIAOEHHs
OOHOBICHO20 CIMUCKY.
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