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RECOMBINATION AND TRAPPING
OF EXCESS CARRIERS IN 𝑛-InSb

The effect of trapping on the transient and steady-state lifetimes of excess carriers is investi-
gated in InSb of 𝑛-type conductivity. Photoconductive decay and direct current measurements
are used to characterize the starting material and infrared photodiodes. The large difference be-
tween the transient and steady-state lifetimes is explained by the trapping of minority carriers
at the acceptor centers within the two-level recombination model. The recombination parame-
ters of the traps are estimated.
K e yw o r d s: InSb, lifetime, recombination and trapping effects, infrared photodiodes.

1. Introduction
The lifetime of excess carriers is an important param-
eter characterizing narrow-gap semiconductors them-
selves and infrared photodiodes based on them. A
thorough analysis of the experimental methods that
can be used to measure steady-state and transient
lifetimes in these materials was performed by Lopes
et al. [11]. In this work, the transient lifetime of ma-
jority carriers and the steady-state lifetime of mi-
nority carriers were determined on the basis of pho-
toconductive decay (PCD) measurements in mate-
rials and current-voltage characteristics in photodi-
odes. Both methods are known to give equivalent
results, when the minority carrier trapping can be ne-
glected. A significant difference between steady-state
and transient lifetimes indicates the presence of trap-
ping effects.

C i t a t i o n: Tetyorkin V.V., Tkachuk A.I., Lutsyshyn I.G. Re-
combination and trapping of excess carriers in 𝑛-InSb. Ukr.
J. Phys. 69, No. 1, 45 (2024). https://doi.org/10.15407/
ujpe69.1.45.
Ци т у в а н н я: Тетьоркiн В.В., Ткачук А.I., Луцишин I.Г.
Рекомбiнацiя та прилипання нерiвноважних носiїв в 𝑛-
InSb. Укр. фiз. журн. 69, № 1, 45 (2024).

The main recombination mechanisms in 𝑛-InSb are
radiative, Auger-1 and Shockley–Reed–Hall (SRH)
ones [2]. It is the latter that dominates at the oper-
ating temperatures of InSb-based photodiodes. Theo-
retical models of SRH recombination were developed
in early works [3, 4]. It was shown that the life-
time of excess carriers is determined by two donor-
like centers with energy levels located above the edge
of the valence band at distances close to 𝐸𝑔/4 and
𝐸𝑔/2 (hereinafter referred to as levels 𝐸1 and 𝐸2,
respectively). Within the framework of these models,
the capture of minority carriers in a 𝑝-type material
was explained. It has also been suggested that the
same centers may be responsible for the recombina-
tion of excess carriers in the 𝑛-type material. Howe-
ver, a detailed analysis of this suggestion has not been
carried out. Subsequently, the acceptor- and donor-
type traps were discovered in the 𝑛-type material
by the DLTS method, the recombination parame-
ters of which differed significantly from those used
in [5, 6]. The minority carrier trapping has been ob-
served in infrared photodiodes fabricated on the 𝑛-
type material [7]. Because traps in infrared photodi-
odes can be responsible for the tunneling current and
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Fig. 1. Temperature dependences of the electron density in
reference and heat-treated samples (open and closed dots, re-
spectively). The solid curve is the theoretical fit (see text)

low-frequency noise that degrades their performance
[8, 9], their identification remains an important is-
sue. To the best of the authors’ knowledge, the minor-
ity carrier trapping in 𝑛-InSb and photodiodes based
on it has not yet been discussed in the literature.

In this work, the effect of recombination-active
traps, which can interact with both energy bands, on
the lifetime of excess carriers is examined. The differ-
ence between recombination centers and traps is that
the latter are characterized by a significant asymme-
try in the capture coefficients of minority and major-
ity carriers. Based on experimental data, the density
of trapping centers and their energy position were
estimated.

2. Experimental

Wafers of 𝑛-InSb(100) grown by the Czochralski
method were used for the investigation. The dislo-
cation density was less than 103 cm−2. The den-
sity and mobility of electrons determined from the
Hall-effect measurements were in the intervals 1014–
3× 1015 cm−3 and 2–3× 105 cm2/V s respectively, at
77 K. Reference samples ∼500 𝜇m thick were sub-
jected to the chemical-mechanical polishing in an
HBr+ 2.0% Br2 solution to a thickness of about
350 𝜇m. The final treatment included their immer-
sion in the CP4A etchant for several minutes and
passivation of both surfaces in an alcoholic solution of
sodium sulfide. Before photoelectrical measurements,
the samples were stored in isopropanol to prevent the
effect of atmospheric moisture on the surface. Pho-
todiodes were fabricated by the Cd diffusion at tem-

peratures near 400 ∘C. Fabrication details have been
described earlier [10]. Direct current (DC) and high-
frequency (1 MHz) capacitance measurements were
used to characterize the photodiodes.

A C8-13 storage oscilloscope with a frequency band
of 0.8 GHz was used to measure the photoconduc-
tive decay. The excitation of the excess carriers was
carried out by a Q-switched Nd : YAG laser with a
pulse duration of ∼20 ns and the pulse raise and fall
time close to 5 ns. The intensity of laser radiation
was attenuated using neutral filters and measured
using a calibrated pyroelectric photodetector. PCD
was measured according to the standard method and
recorded as a decrease in the voltage across the se-
ries resistance, Δ𝜎/𝜎0 = Δ𝑈/𝑈0. The photon flux
falling on the surface of the sample was of the or-
der of 1 × 1016 cm2s−1, which corresponded to the
mode of low injection level. In order to prevent the
sweep out effect for minority carriers, the dark cur-
rent varied within 1–5 mA. It was established that the
magnitude of the measured signal increases linearly
with the current, which indicates its absence. The de-
cay waveforms were memorized, digitized, and stored
for the theoretical analysis. Hall-effect measurements
in a field of 2 kOe were carried out in the temper-
ature region of 77–300 K to determine the density
and mobility of equilibrium carriers. PCD and Hall-
effect measurements were performed before and after
the fabrication of the 𝑝 − 𝑛 junctions to study the
effect of the thermal treatment to which the samples
are subjected during the processing on their electri-
cal and photovoltaic properties. The depth of the dif-
fusion layer was determined by probe measurements
of a thermoEMF during its precision chemical etch-
ing. The thickness of the samples after the etching
was about 300 𝜇m. Below, these samples are referred
to as heat-treated.

3. Results and Discussion

Typical temperature dependences of the electron den-
sity in reference and heat-treated samples are pre-
sented in Fig. 1. In heat-treated samples, the Hall
effect measurements were made by Van der Pauw
method. These samples retained the 𝑛-type conduc-
tivity, but the electron mobility decreased by 3–
5 times. In a number of samples, the freezing of elec-
trons was observed as shown in Fig. 1. It can be con-
cluded that, as a result of the heat treatment of the
starting material during the fabrication of photodi-
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Fig. 2. Normalized PCD waveforms in a heat-treated sample
at 77 K (1 ) and 173 K (2 )

odes, the degree of its compensation increases due to
the generation of acceptor-type defects. In the refer-
ence samples, the density of equilibrium electrons 𝑛0

as a function of the temperature can be well approx-
imated by the expression

𝑛0(𝑇 ) = 𝑛77 + 𝑛𝑖(𝑇 ), (1)

where 𝑛77 and 𝑛𝑖(𝑇 ) are the density of electrons at
77 K and the density of intrinsic carriers, respec-
tively. This approximation satisfactorily describes ex-
perimental dependences for the values of 𝑛0 ≤
≤ 3× 1015 cm−3 at 77 K.

Namely, the waveforms were composed of slow and
fast decays in the temperature region from 77 K to
approximately 120 K. At a further increase in the
temperature, a single exponent decay was again ob-
served. The carrier lifetimes were determined from
the 1/𝑒 point of the normalized decay waveforms plot-
ted on a linear scale. The results are shown in Figs. 3
and 4 for reference and heat-treated samples.

The normalized waveforms of PCD are shown in
Fig. 2. In the reference samples, the waveforms (not
shown here) were represented by a single exponent,
while, in the heat-treated ones, they exhibited a more
complex behavior depending on the carrier density
and temperature.

To explain the experimental data in reference sam-
ples, a single-level recombination level and an arbi-
trary density of recombination centers 𝑁𝑡 were as-

Fig. 3. Experimental (dots) and calculated 1transient life-
time in a reference sample with an electron density of 1.05×
× 1014 cm−3. Curves 2 and 3 are the Auger-1 lifetime calcu-
lated for electron densities of 1×1014 cm−3 and 1×1015 cm−3,
respectively

Fig. 4. Experimental lifetimes in heat-treated samples with
electron densities of 9.5×1013 and 9.0×1013 cm−3 (closed and
open dots, respectively). The solid and dashed curves represent
the lifetimes of majority and minority carriers, respectively,
calculated for the density of acceptor traps 𝑁𝑡3 cm−3: 1×1011

(1 ), 1× 1012 (2 ) and 1× 1013 (3 )

sumed. Data on heat-treated samples were consid-
ered within the framework of a two-level model, in-
cluding acceptor-type traps. For comparison, Fig. 3
also shows the results of calculating the lifetime
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Fig. 5. Temperature dependences of the equilibrium densities
of electrons, holes, intrinsic carriers 𝑛𝑖 and recombination pa-
rameters 𝑛1 and 𝑝1, calculated for the 𝐸2 level in the middle
of the band gap with the density 𝑁𝑡2 = 1× 1014 cm−3

for the Auger-1 recombination mechanism (see Ap-
pendix). According to Shockley and Read [11], the
steady-state lifetime of excess electrons and holes for
a low injection and single-level recombination is given
by

𝜏𝑛 =

(︂
𝜏𝑝0 (𝑛0 + 𝑛1) + 𝜏𝑛0 [𝑝0 + 𝑝1 +𝑁𝑡𝑓𝑡]

𝑛0 + 𝑝0 +𝑁𝑡𝑓𝑡 (1− 𝑓 𝑡)

)︂
(2)

and

𝜏𝑝 =

(︂
𝜏𝑛0 (𝑝0 + 𝑝1) + 𝜏𝑝0 [𝑛0 + 𝑛1 +𝑁𝑡 (1− 𝑓𝑡)]

𝑛0 + 𝑝0 +𝑁𝑡𝑓𝑡 (1− 𝑓𝑡)

)︂
, (3)

where 𝑛1 = 𝑛0 exp [(𝐸𝑡 − 𝐸𝐹 )/𝑘𝑇 )], 𝑝1 = 𝑝0 ×
× exp [(𝐸𝐹 − 𝐸𝑡)/𝑘𝑇 ], 𝜏𝑛0 = (𝑁𝑡𝐶𝑛)

−1, 𝜏𝑝0 =
= (𝑁𝑡𝐶𝑝)

−1, 𝐸𝑡 is the recombination level energy, 𝐶𝑛

and 𝐶𝑝 are the capture coefficients for electrons and
holes, 𝑓𝑡 = 𝑛0/(𝑛0 + 𝑛1) = 𝑝1/(𝑝0 + 𝑝1), 1 − 𝑓𝑡 =
= 𝑛1/(𝑛0 + 𝑛1) = 𝑝0/(𝑝0 + 𝑝1), 𝑓𝑡 is the probability
of the level occupancy with electrons. Since the values
of 𝑁𝑡 and 𝑛0 in 𝑛-InSb can be comparable, the ap-
proach of SRH recombination with an arbitrary den-
sity of centers is justified.

According to Sandiford [12] and Wertheim [13], the
transient lifetime in this model is represented by two
time constants

𝜏𝑖 =
{︁
𝐶𝑝 [𝑝0 + 𝑝1 +𝑁𝑡𝑓𝑡] +

+𝐶𝑛 [𝑛0 + 𝑛1 +𝑁𝑡 (1− 𝑓𝑡)]
}︁−1

(4)

and

𝜏𝑡 =

[︃
(𝐶𝑛𝑁𝑡)

−1
[𝑝0 + 𝑝1 +𝑁𝑡𝑓𝑡] +

+ (𝐶𝑝𝑁𝑡)
−1

[𝑛0 + 𝑛1 +𝑁𝑡 (1− 𝑓𝑡)]

]︃
𝑛0 + 𝑝0 +𝑁𝑡𝑓𝑡(1− 𝑓𝑡)

, (5)

where the response time 𝜏𝑖 is associated with the
readjustment in the center occupancy related to the
abrupt termination of the optical injection, and 𝜏𝑡
is the transient lifetime associated with the recombi-
nation time. As can be seen from the above expres-
sions, the steady-state lifetime of minority carriers
and the transient lifetime are different. They can be
equal only at small values of 𝑁𝑡.

At temperatures close to 77 K, Eqs. (2), (3), and
(5) can be simplified in view of the relationships be-
tween the density of majority 𝑛0 and minority 𝑝0 car-
riers and the recombination parameters 𝑛1 and 𝑝1 for
the mid-gap level, Fig. 5. In the calculation, the den-
sity of recombination centers 𝑁𝑡 was assumed to be
equal to 𝑛77, and the band parameters of InSb were
taken from [2]. After simplifications, the following ex-
pressions were obtained:

𝜏𝑝 ≈ 𝜏𝑝0 = 1/𝐶𝑝𝑁𝑡, (6)

𝜏𝑛 ≈ 𝜏𝑡 ≈ 1/𝐶𝑝𝑁𝑡 + 1/𝐶𝑛𝑛0. (7)

The physical meaning of Eqs. (6) and (7) is as fol-
lows. The recombination process includes two stages:
the capture of minority carriers (holes) to centers
occupied by electrons with a characteristic time 𝜏𝑝,
and the subsequent fast capture of excess electrons
from the conduction band. For a particular case of
the 𝐸2 level, located at the middle of the gap, the
capture coefficients are 𝐶𝑛2 ≈ 10−6 cm3s−1 and
𝐶𝑝2 ≈ 10−8 cm3s−1 [4]. At 𝑁𝑡2 ≈ 𝑛0, the lifetime of
holes 𝜏𝑝 = (𝐶𝑝2𝑁𝑡2)

−1 is of the order of 10−6 s. Since
the value of (𝐶𝑛2𝑛0)

−1 is about 10−8 s, this leads
to 𝜏𝑝 ≈ 𝜏𝑛, which is typical of recombination cen-
ters. Since the filling of the 𝐸2 level with electrons
varies slightly with the temperature, the transient
lifetime remains virtually unchanged up to approx-
imately 200 K. It is obvious that, in 𝑛-InSb, there
is no trapping of minority carriers, since the recom-
bination occurs with the participation of donor-like
centers.

The trapping of minority carriers implies the ex-
istence of acceptor-type traps in the 𝑛-type mate-
rial. In this case, the charge neutrality is expressed
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as 𝛿𝑛 = 𝛿𝑝+ 𝛿𝑝𝑡, where 𝛿𝑝𝑡 is the density of trapped
holes. In this case, the lifetimes of electrons and holes
are different, with 𝜏𝑛 > 𝜏𝑝, where the lifetime of elec-
trons is determined by relation (7). In a good approx-
imation, the transient constants in Eqs. (4) and (5)
are determined by the lifetimes of minority and ma-
jority carriers, i.e., 𝜏𝑖 ≈ 𝜏𝑝 and 𝜏𝑡 ≈ 𝜏𝑛 [9]. Thus, the
significant trapping of minority carriers means that
the ratio 𝑅 = 𝐶𝑝𝑁𝑡/𝐶𝑛𝑛0 is greater than one. Ob-
viously, a large ratio of capture cross sections 𝐶𝑝/𝐶𝑛

contributes to the effective hole trapping.
The PCD waveforms shown in Fig. 2 may indi-

cate the capture of minority carriers in heat-treated
samples. Two-stage PCD was described in detail by
Blackmore and Nomura [14]. It has been shown that
the shape of the PCD signal can be different, by de-
pending on the capture of minority or majority carri-
ers at the initial stage of decay. Namely, the capture
of minority carriers leads to a slow decay at the first
stage, and a fast decay at the second. Since the ac-
ceptor traps in the studied samples are initially occu-
pied by electrons, they are unavailable for the partic-
ipation in the recombination process. Therefore, the
hole capture must occur before the electron capture,
resulting in two slopes of the decay waveform.

Theoretically, PCD in narrow-gap semiconduc-
tors with trapping centers was studied by Reichman
[15]. The condition for the excitation pulse width to
be shorter than the smallest carrier lifetime was ex-
amined. In this case, the charge neutrality 𝛿𝑛 = 𝛿𝑝 is
realized at the initial stage of the decay of excess car-
riers. For a low injection of excess carriers, the PCD
signal is linearly proportional to the photoconductiv-
ity response

𝛿𝜎(𝑡) = 𝑞𝜇𝑝 [𝑏𝛿𝑛(𝑡) + 𝛿𝑝(𝑡)], (8)

where 𝜇𝑝 is the hole mobility, 𝑏 is the ratio of the elec-
tron mobility to the hole one, 𝑞 is the charge of the
electron. Since the electron mobility in InSb by ap-
proximately two orders of magnitude exceeds the hole
mobility, to a good approximation, the measured sig-
nal is determined by the decay of excess electrons. For
the 𝑛-type material, the following solution was ob-
tained:

𝛿𝑛(𝑡) =
1

1−𝑅
exp

(︂
− 𝑡

𝜏𝑝0

)︂
− 𝑅

1−𝑅
exp

(︂
− 𝑡

𝑅𝜏𝑝0

)︂
.(9)

As can be seen, the PCD waveform depends on the de-
gree of minority carrier trapping 𝑅 = 𝐶𝑝3𝑁𝑡3/𝐶𝑛3𝑛0.

Fig. 6. Energy position of Fermi and 𝐸3 levels (solid curves)
and occupation probability 𝑓03 (dashed curve) as a function of
the temperature

The effect of low, intermediate, and high values of
𝑅 (0.1, 2, and 10, respectively) was analyzed. When
𝑅 = 0.1, the trapping is negligible, thus making the
majority and minority carrier lifetimes approximately
equal. The decay of excess carriers is mainly deter-
mined by the first term of the above equation with
the time constant 𝜏𝑝0. For an intermediate value of
𝑅 = 2, both exponents can contribute to the PCD
waveform which contains slow and fast decays. When
𝑅 = 10, the PCD is determined by the second term in
(9), and the waveform is again represented by a single
exponential, but with the time constant 𝑅𝜏𝑝0. Con-
ditions for the intermediate 𝑅, apparently, took place
at temperatures close to 77 K in measured samples
with an electron density close to 1014 cm−3. As the
temperature increases, the filling of the 𝐸3 level by
electrons decreases, and traps can act as recombina-
tion centers, resulting in a single exponential wave-
form at temperatures around 160–170 K.

To explain experimental data shown in Fig. 4, a,
the model was used that includes a donor-like recom-
bination level 𝐸2 and an acceptor-like trapping level
𝐸3, Fig. 6. Acceptor-like traps in InSb were reported
in a number of works [5, 6, 16, 17]. Assuming that
the 𝐸2 and 𝐸3 levels do not interact, the total re-
combination rate can be represented as the sum of
the recombination rates of individual levels [13, 18]
(see Appendix). At the first stage of recombination,
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holes are captured on 𝐸2 and 𝐸3 levels occupied by
electrons, so the lifetime of minority carriers can be
expressed as

1

𝜏𝑝
=

1

𝜏𝑝2
+

1

𝜏𝑝3
= (𝐶𝑝2𝑁𝑡2 + 𝐶𝑝3𝑁𝑡3𝑓𝑡3)

−1
, (10)

where 𝑓𝑡3 = 𝑛0/(𝑛0+𝑛13) is the occupation probabil-
ity of the 𝐸3 level by electrons. The subscripts 2 and
3 denote energy levels 𝐸2 and 𝐸3, respectively. For
the majority carriers, the lifetime is given by

𝜏𝑛 =

[︂
1 +

𝐶𝑝3𝑁𝑡3

𝐶𝑛3𝑛0
𝑓2
𝑡3

]︂
𝜏𝑝 =

(︀
1 +𝑅3𝑓

2
𝑡3

)︀
𝜏𝑝. (11)

The energy position of the trap level as a function
of the temperature was taken to be 𝐸𝑡3 = 0.07–6×
× 10−5 𝑇 eV, Fig. 6, which is close to the value used in
[17]. To fit the experimental date, the density of traps
𝑁𝑡3 was varied from 1×1011 to 1×1013 cm−3, Fig. 4.
The best agreement was obtained for the capture co-
efficients 𝐶𝑛3 = 3× 10−8 s and 𝐶𝑝3 = 2× 10−6 s. As
can be seen, at low values of 𝑁𝑡, the trapping effect
is negligible. Therefore, the lifetime of the majority
and minority carriers is approximately the same and
is determined by the 𝐸2 level. As the density of traps
increases, their influence on the lifetime increases and,
at 𝑁𝑡3 = 1013 cm−3, it is completely determined by
traps. As a result, a pronounced difference arises be-
tween the lifetimes of majority and minority carriers.

Note that the PCD waveform composed of two
slopes, when are plotted on the logarithmic scale,
can also be observed due to the surface recombina-
tion. The fact is that PCD measures an effective car-
rier lifetime 1/𝜏eff = (1/𝜏𝐵) + (1/𝜏𝑆), where 𝜏𝐵 and
𝜏𝑆 are the bulk and surface lifetimes, accordingly [19,
20]. If the carrier lifetime at the surface is lower than
its bulk counterpart, the time constant 𝜏eff can be de-
termined by 𝜏𝑆 during the initial period of the photo-
conductive decay. Due to the diffusion of the excess
carriers from the near-surface region into the bulk re-
gion, the bulk recombination may dominate 𝜏eff at the
later part of the PCD. As a result, the waveform con-
sists of two slopes, with the larger one characterizing
the surface recombination. This PCD behavior can be
observed in the case of intense surface recombination,
and the time constant of the measuring setup allows
one to detect rapid signal decay. Taking this into ac-
count, it can be concluded that the PCD waveforms
shown in Fig. 2 can be explained by the SRH recom-
bination in the bulk.

The dark current in InSb photodiodes was ana-
lyzed previously in [7]. At low forward and reverse
biases, it is determined by the generation and recom-
bination processes in the depletion region. The for-
ward current density is described by the expression
𝐽 = 𝐽0 exp(𝑞𝑈/𝛽𝑘𝑇 ) with the ideality coefficient 𝛽 =
= 1.7. The reverse current-voltage characteristic is
approximated by a power-law dependence 𝐼 ∼ 𝑈𝑚

with an exponent 𝑚 equals 0.4–0.6 in the voltage in-
terval 𝑈 = 10–200 mV. This means that the carrier
generation in the depletion region dominates the re-
verse current, which can be approximated as 𝐽 =
= 𝑞𝑛𝑖𝑊/2𝜏0, where 𝑊 is the depletion region width,
and 𝜏0 is the effective lifetime related to the steady-
state lifetime of minority carriers [2]. According to the
SRH model, the main contribution to the generation
current is given by levels near the middle of the band
gap. In this case, the effective generation time cannot
be less than the sum 𝜏0 = 𝜏𝑛0+𝜏𝑝0 [11, 21]. Therefore,
in the absence of a minority carrier trapping, the gen-
eration time in studied photodiodes should be close to
∼10−6 s. However, experimental values were found to
range from ∼10−7 s to ∼10−9 s [7, 10]. In this regard,
it is necessary to note the following feature of diffused
photodiodes. The fact is that, in these photodiodes,
depending on the fabrication conditions, a compen-
sated region can be formed, resulting in the formation
of a 𝑝+-𝑛−-𝑛-type junction. This region mainly deter-
mines the width of the depletion region of the photo-
diodes. The electron density in the compensated re-
gion, determined from capacitance-voltage measure-
ments, was found to be 3–5 times lower than in the
starting material. This means that the minority car-
rier trapping in the compensated region can be more
efficient than in the quasi-neutral region beyond, re-
sulting in the trap-assisted tunneling current domi-
nation in the photodiodes [7]. In implanted photodi-
odes, the generation time of the order of 10−8 s was
also reported in the literature [2]. In addition, since
the studied photodiodes had a relatively large area
of 𝑝-𝑛 junctions, on the order of 10−2–10−3 cm2, the
contribution of the mesa surface to the dark current
can be neglected.

Despite the fact that deep defects in InSb have
been studied both experimentally and theoretically
over a long period of time [7, 19, 22–24], in most
published works, their parameters were determined
by indirect methods, and the nature of the defects
remained unclear. It was found that the density and
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cross-section of deep defects are in the ranges of 1012–
1014 cm−3 and 10−12 to 10−17 cm2, respectively. As
for the defects with energy levels near the middle of
the gap, they turned out to be independent of the
growth method, doping, and type of conductivity.
Most likely, these are structural defects. The theo-
retical progress in understanding the nature of point
defects has been achieved with the use of the den-
sity functional theory [22–27]. The main point de-
fects in InSb are vacancies, interstitial atoms, InSb

and SbIn antisites, and their complexes. The InSb and
SbIn antisites are acceptors and donors, respectively,
which can exist in charge states 0/–1 and +1/0. The
formation energies of InSb and SbIn antisites (1.46
and 1.29 eV, respectively) are significantly lower than
those of In and Sb vacancies (2.57 and 1.69 eV, respec-
tively). This means that antisites predominate over
vacancies under stoichiometric conditions. Their ion-
ization energies are close to 𝐸𝑔/2, namely, 𝐸(0/−1) =
= 0.11 eV and 𝐸(+1/0) = 0.09 eV. It can be assumed
that the observed structural defects with states in the
middle of the band gap are associated with antisites.

The conductivity type conversion in 𝑛-InSb sub-
jected to the vacuum annealing could be explained
by the formation of InSb antisites as a result of the
preferential evaporation of the volatile component
(Sb) [28]. Together with In vacancies and residual
acceptors, they can determine the hole density in
vacuum-annealed samples. However, the experimen-
tal confirmation of this phenomenon has not been
obtained yet. To suppress the evaporation of Sb dur-
ing the fabrication of diffused photodiodes, an ad-
ditional amount of material was placed in a quartz
ampoule [10]. Of course, the impurity diffusion and
heat treatment can lead to the appearance of dif-
ferent defects. Thus, the minority carrier trapping in
heat-treated samples and the trap-assisted tunnelling
in photodiodes can also be associated with different
traps. To some extent, this problem is similar to that
observed in HgCdTe alloys [9]. So, the further re-
search is needed to solve it.

The nature of 𝐸3 acceptor-like defects is not clear.
A possible reason for their occurrence may be the
retrograde solubility of cadmium in InSb. As a re-
sult, the point and extended defects may arise dur-
ing the manufacture of 𝑝-𝑛 junctions in diffused pho-
todiodes. In this regard, we note that, in the heat-
treated samples, there was an increase in the density
of etch pits associated with dislocations, as well as

their nonuniform distribution. It is known that dis-
locations can create acceptor states in 𝑛-type A3B5

semiconductors, leading to a decrease in the electron
density in the conduction band [29].

4. Conclusions

In this work, a model of two independent levels of
acceptor-like traps and donor-like recombination cen-
ters is used to fit the experimental data in 𝑛-InSb.
Within this model, the lifetime of excess carriers can
be simulated over a wide range of temperatures with-
out involving other recombination mechanisms. It is
found that the level of acceptor-like traps is at a dis-
tance of about 70 meV below the edge of the con-
duction band. Their density is estimated to be of the
order of 1013 cm−3. It is most likely that traps are
process-induced defects.

APPENDIX

1. A review of recombination mechanisms in narrow-gap semi-
conductors is carried out by Lopez et al. [1]. Using appropriate
expressions, the lifetime of excess carriers was calculated. The
main drawback of the theory developed by Beatty and Lands-
berg for the Auger-1 mechanism is the uncertainty in the value
of the overlap integrals, which varies between 0.1 and 0.3, lead-
ing to an order of magnitude uncertainty in the carrier lifetime.
As can be seen from Fig. 3, by varying the product of the over-
lap integrals, it is possible to fit the experimental and calcu-
lated data at high temperatures. To obtain agreement over the
entire temperature range, it is necessary to allow an increase
in the carrier density by an order of magnitude compared to
the value in the reference samples, which cannot be justified.

2. With regard for the sufficiently small density of recombi-
nation and trapping centers, large difference between 𝐸2 and
𝐸3 levels, and asymmetry of the capture coefficients, the prob-
ability of intercenter transitions can be neglected. According to
Wertheim [13], for a recombination mechanism involving two
levels, the addition of reciprocal time constants is justified, if
one of them is negatively charged. In this case, the net recom-
bination rate can be represented by the sum of two individual
rates [18]

𝑅𝑛 = −
𝑑𝑛

𝑑𝑡
= 𝐶𝑛2𝑁𝑡2[𝑛(1− 𝑓𝑡2)− 𝑛12𝑓𝑡2] +

+𝐶𝑛3𝑁𝑡3[𝑛(1− 𝑓𝑡3)− 𝑛12𝑓𝑡3], (A1)

𝑅𝑝 = −
𝑑𝑝

𝑑𝑡
= 𝐶𝑝2𝑁𝑡2[𝑝𝑓𝑡2 − 𝑝12(1− 𝑓𝑡2)]+

+𝐶𝑝3𝑁𝑡3[𝑝𝑓𝑡3 − 𝑝12(1− 𝑓𝑡3)], (A2)

where 𝑓𝑡2 and 𝑓𝑡3 denote the occupation probabilities for 𝐸2
and 𝐸3 levels. Since the level 𝐸2 lies deep in the band gap, the
probability 𝑓𝑡2 ≈ 1. Neglecting the thermal emission from both
levels to the bands, expression (10) for the minority lifetime can
be obtained from (A1). The solution for the majority carrier
lifetime is given by expression (11).
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РЕКОМБIНАЦIЯ ТА ПРИЛИПАННЯ
НЕРIВНОВАЖНИХ НОСIЇВ В 𝑛-InSb

В статтi дослiджується вплив ефекту прилипання на пере-
хiдний i стацiонарний час життя нерiвноважних носiїв заря-
ду для зразкiв InSb провiдностi 𝑛-типу. Вимiрювання кiне-
тики фотопровiдностi та постiйного струму було використа-
но для характериcтики вихiдного матерiалу та iнфрачер-
воних фотодiодiв. Велика рiзниця мiж перехiдним i стацiо-
нарним часом життя пояснюється прилипанням неосновних
носiїв на акцепторних пастках у рамках моделi дворiвневої
рекомбiнацiї. Оцiнено рекомбiнацiйнi параметри пасток.

Ключ о в i с л о в а: InSb, нерiвноважнi носiї, час життя, ре-
комбiнацiя, прилипання, iнфрачервонi фотодiоди.
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