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1. INTRODUCTION

It is known that the characteristics of semiconductor
photodiodes depend on the main parameter of the semi-
conductor material, i.e., the lifetime of nonequilibrium
charge carriers [1, 2]. The lifetime, in turn, is defined by
the recombination mechanism prevailing in a particular
temperature region. The competition between different
recombination mechanisms is especially well-pro-
nounced in the narrow-gap semiconductors, specifi-
cally in the Cd

 

x

 

Hg

 

1 – 

 

x

 

Te (MCT) compounds. Because
of the narrow band gap and large ratio between the
effective masses of heavy holes and electrons in these
semiconductors, interband mechanisms, i.e., Auger
recombination and radiative recombination, are of con-
siderable importance, along with extrinsic Shockley–
Read recombination. The interband recombination is
characteristic of the intrinsic material and cannot be
eliminated in principle, whereas Shockley–Read recom-
bination is controlled by impurities and defects, i.e., by
the degree of technological sophistication of the pro-
duction process. It is known that the extrinsic recombi-
nation defines to a large extent the mechanisms of
charge transport and the threshold parameters of diodes
fabricated by implantation or diffusion on the basis of
epitaxial 

 

n-

 

 or 

 

p-

 

type Cd

 

x

 

Hg

 

1 – 

 

x

 

Te films [2].

At the present time, the origin of the Shockley–Read
recombination centers in epitaxial Cd

 

x

 

Hg

 

1 – 

 

x

 

Te-based
films and diodes is unknown. Because the available
data on the recombination mechanisms in epitaxial
MCT films are contradictory, this issue remains open.

The goal of this study was to investigate the lifetime
of nonequilibrium charge carriers in epitaxial MCT
films grown by different technological procedures in
order to establish the prevailing recombination mecha-
nisms.

2. EXPERIMENTAL

We studied the temperature dependences of the life-
time of nonequilibrium charge carriers in the epitaxial
Cd

 

x

 

Hg

 

1 – 

 

x

 

Te (

 

x

 

 = 0.20–0.23) films produced by molec-
ular beam epitaxy (MBE), vapor-phase epitaxy (VPE),
and liquid-phase epitaxy (LPE). The studies were car-
ried out at temperatures 

 

T

 

 ranging from 77 to 300 K.
The nonequilibrium charge carriers were excited by a
pulsed GaAs laser beam at the wavelength 

 

λ

 

 = 0.88 

 

µ

 

m.
The laser radiation intensity corresponded to the condi-
tion of low excitation levels. The lifetime 

 

τ

 

 was deter-
mined from the decay of the unsteady-photoconductiv-
ity signal recorded by a S1-70 wide-band oscilloscope.
We examined more than 20 epitaxial film samples
grown by the above-listed procedures. The parameters
(the concentration of electrons 

 

n

 

 and holes 

 

p

 

 and the
mobility 

 

µ

 

 of charge carriers) of the typical samples
produced by each of the above-mentioned technologi-
cal procedures are listed in the table.

The 

 

n-

 

type films were grown by MBE at a tempera-
ture of 190

 

°

 

C. The substrates were GaAs single-crystal
wafers on which we successively deposited ZnTe and
CdTe buffer layers with the thickness of about 0.3 and
6 

 

µ

 

m, respectively. To suppress recombination at the
film surface and at the film–substrate interface, we
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grew graded-gap layers with the suitable variation in
composition over the thickness. Specifically, the com-
position at the film surface corresponded to 

 

x

 

 

 

≈

 

 0.3. The
thickness of the central part of the film with 

 

x

 

 = 0.22
was 10–15 

 

µ

 

m.

The 

 

p-

 

type epitaxial MCT layer samples were
grown by VPE and LPE. The VPE epitaxial layers were
grown using isothermal evaporation (at 600

 

°

 

C) fol-
lowed by diffusion of the Hg atoms from the HgTe
source onto the CdTe substrate placed at a small (5 mm)
distance from the source. The distribution of the com-
position of the film over the thickness was monitored
by secondary-ion mass spectroscopy. The surface layer
with a high compositional gradient over the thickness
was removed by chemical etching. The layers homoge-
neous in composition were no thinner than 20 

 

µ

 

m. At

 

T

 

 = 77 K, the concentration of holes in the layers was

 

p

 

 = (2–8) 

 

×

 

 10

 

16

 

 cm

 

–3

 

. The LPE layers were grown from
a solution enriched with tellurium on the CdZnTe sub-
strate at the temperature of 500

 

°

 

C and the pressure of
the Hg vapors ~0.1 atm. The samples produced under
these conditions were of the 

 

p

 

 type; the concentration of
charge carriers was 5 

 

×

 

 10

 

15

 

–6 

 

×

 

 10

 

16

 

 cm

 

–3

 

. In the films,

the thickness of the layer homogeneous in composition
was 10–16 

 

µ

 

m. The typical dependences of the photo-
sensitivity of the 

 

n-

 

 and 

 

p-

 

type films are shown in
Fig. 1. The temperature dependences of the lifetime are
shown in Figs. 2 and 3.

3. DISCUSSION

The photosensitivity of the 

 

n-

 

type samples
decreases with increasing temperature. At the same
time, an increase in the photosensitivity is, as a rule,
observed for the 

 

p-

 

type samples as temperature
increases (Fig. 1). If the photoconductivity is measured
under short-circuit conditions (when the load resistance
is much lower than the resistance of the sample), the
value of the photoresponse signal can be found from the
relation [3]

Uph e∆n µn µp+( )UR,=

 

Typical parameters of epitaxial film samples fabricated by different procedures

Sample no. Conductivity 
type Technology

 

x n

 

, 

 

p

 

, cm

 

–3

 

µ

 

, cm

 

2

 

 V

 

–1

 

 s

 

–1

 

τ

 

, ns (

 

T

 

 = 77 K)

1

 

n

 

MBE 0.22 1.2 

 

×

 

 10

 

15

 

6.8 

 

×

 

 10

 

4

 

10

 

3

 

2

 

p

 

VPE 0.23 2.3 

 

×

 

 10

 

16

 

380 10

3

 

p

 

LPE 0.2 2.45 

 

×

 

 10

 

16

 

400 15
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Fig. 1.

 

 Temperature dependences of the photosensitivity of
the (

 

1

 

) 

 

n-

 

 and (

 

2

 

, 

 

3

 

) 

 

p-

 

type Cd

 

x

 

Hg

 

1 – 

 

x

 

Te films grown by
(

 

2

 

) VPE and (

 

3

 

) LPE.
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Fig. 2. Temperature dependences of the lifetime in the epi-
taxial n-CdxHg1 – xTe film (sample 1). The solid squares
refer to the experimental data; the solid lines refer to the
results of calculations of the lifetimes with respect to
(1) radiative recombination and (2) CHCC Auger recombi-
nation. Curve 3 shows the resulting dependence calculated
with regard to recombination via impurities at the concen-
tration of recombination centers Nt = 1.3 × 1014 cm–3.
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where ∆n is the concentration of nonequilibrium charge
carriers, U is the supply voltage, R is the load resis-
tance, and µn and µp are the mobilities of electrons and
holes, with µn � µp. If we take into account that the
pulse duration is τp < τ and the lifetime varies only
slightly in the temperature region under study, we may
assume that, with the slight temperature dependence of
∆n disregarded, the temperature dependence of the
photoresponse signal is bound to follow the tempera-
ture dependence of the charge carrier mobility, or more
exactly, of the sum of the mobilities of the majority and
minority charge carriers. In the low-temperature region,
scattering of charge carriers by impurities and intrinsic
lattice defects prevails; therefore, with elevating tem-
perature, the charge-carrier mobility increases propor-
tionally to T3/2. In the high-temperature region, scatter-
ing at thermal lattice vibrations, i.e., phonons, plays a
dominant role, and therefore, the mobility decreases as
T–3/2 (or follows a power-law dependence with a nega-
tive exponent that can be even larger in magnitude than
3/2, even reaching –3). Thus, the temperature depen-
dence of the mobility is expected to show a maximum
at the point at which the contributions of both mecha-
nisms of scattering are comparable. The temperature
position of the maximum is expected to depend on the
quality of the material. In fact, a shift of the maximum
of the photosensitivity to higher temperatures suggests
that there is a higher concentration of impurities and
extrinsic defects in the material.

From Fig. 1 it can be seen that, for the n-type sam-
ples (curve 1), the maximum should be at low tempera-
tures (below 77 K), suggesting that the epitaxial layers
grown by MBE are of high quality and high purity (sim-
ilar curves were presented in [4]). For the p-type sam-
ples grown by VPE and LPE, the maximum is either
observed at high temperatures beyond the region under
consideration (curve 2) or shifted to temperatures
somewhat below room temperature (curve 3), suggest-
ing that the films are of lower quality. It follows from
the slope of the curves of the photosensitivity in the
low-temperature region for different p-type samples
that the temperature dependence is between ∝T0.5 and
∝T1.3. At the same time, in the high-temperature region,
the slope of the curves corresponding to the depen-
dence ∝T–2.9 may suggest that, as noted in [5], there are
mechanical strains of compression or extension typical
of epitaxial films.

The contribution of various recombination mecha-
nisms to the charge-carrier lifetime in the CdxHg1 – xTe
single crystals with x = 0.20–0.23 was analyzed in a
number of studies [6–11]. It was shown that, in the n-
and p-type materials, the prevailing recombination
mechanism at high temperatures is Auger recombina-
tion [6]. In this case, for the n-type MCT materials, the
CHCC process is essential. The CHCC process implies
recombination of an electron with a heavy hole, with
the energy transfer to another free electron. In p-type
materials, the CHLH process plays a major part. In this

process, the energy released on recombination is spent
for the transition of an electron from the band of light
holes to the band of heavy holes.

We calculated the temperature dependences of the
lifetime of nonequilibrium charge carriers in cases of
different recombination mechanisms in n- and p-type
CdxHg1 – xTe materials at low-intensity excitation lev-
els, i.e., at ∆n = ∆p � n0, p0 (∆n and ∆p are the concen-
trations of nonequilibrium and equilibrium electrons
and holes, respectively, and n0 and p0 are the concentra-
tions of equilibrium electrons and holes). For n-type
MCT materials, the Auger recombination rates were
determined from the relations for the lifetime with
respect to the electron–electron (CHCC) process [7],

(1)

where ni is the intrinsic concentration of charge carriers

and  is the intrinsic lifetime with respect to the
CHCC process, as defined in [7]. In the calculations,
the value of the overlap integral for the wave functions
was taken to be |F1F2| = 0.3.

The lifetime with respect to the CHLH processes
can be found from the relations [8]

(2)

(3)

where  is the intrinsic lifetime with respect to the
CHLH process, Eg is the band gap, and k is the Boltz-
mann constant.

According to the calculations for the pure MCT
materials with x = 0.22 and n = 5 × 1014 cm–3, the life-
time with respect to the CHCC process is ~6.3 × 10–6 s
at 77 K. For the p-type films of the same composition,
with the concentration of holes of ~1016 cm–3, the life-
time with respect to the CHLH process is 8 × 10–8 s.

The lifetime with respect to radiative recombination
was calculated according to van Roosbroeck–Shock-
ley’s theory [9]:

(4)

Here,  is the intrinsic lifetime with respect to the

radiative recombination mechanism. The quantity  is
defined in terms of the radiative recombination coeffi-
cient GR as

(5)

τA1

2τA1
i

1 n0/ni( )2+
----------------------------,=

τA1
i

τA

2γ τA1
i

1 γ γ n0/ni( )2 p0/ni( )2+ + +
------------------------------------------------------------------,=

γ
τA7

i

τA1
i

------- 6 1
5
4
---

Eg

kT
------–⎝ ⎠

⎛ ⎞ 1
3
2
---

Eg

kT
------–⎝ ⎠

⎛ ⎞
1–

,≈=

τA7
i

τR

2τR
i

1 n0/ni+
---------------------.=

τR
i

τR
i

τR
i ni

2GR

----------.=



SEMICONDUCTORS      Vol. 41      No. 2      2007

MECHANISMS OF RECOMBINATION OF NONEQUILIBRIUM CHARGE CARRIERS 133

The expression for GR is given, e.g., in [9]. For the
MCT films with x = 0.22 and n = 5 × 1014 cm–3 at the
liquid-nitrogen temperature, the calculated lifetime
with respect to the radiative process is ~2.4 × 10–5 s. For
the p-type films of the same composition, with p =
1016 cm–3, this lifetime is equal to 1.2 × 10–6 s, which is
an order of magnitude longer that the lifetime with
respect to the Auger recombination. This relation
between the lifetimes with respect to these recombina-
tion mechanisms is valid at other temperatures too, spe-
cifically, up to room temperature and higher. Conse-
quently, the radiative process does not play any notice-
able part in the MCT film of this composition.

The contribution of the Shockley–Read recombina-
tion via impurities increases with decreasing tempera-
ture. In this case, the purer the MCT material, the lower
the temperature at which the impurity recombination
begins to prevail. For example, in the high-purity
n-CdxHg1 – xTe with x = 0.2 (µn = (2–2.5) × 105 cm2/(V s))
at the liquid-nitrogen temperature, the CHCC mecha-
nism prevails [6] and the lifetime is 2–3 µs. For not so
pure compensated crystals with the mobility µ <
105 cm2/(V s) at 77 K, Shockley–Read recombination
via a series of acceptor centers prevails [6]; the corre-
sponding acceptor levels are 10–70 meV above the top
of the valence band [6]. In pure uncompensated
p-CdxHg1 – xTe crystals (with x = 0.2) in which the con-
centration of uncompensated acceptors is NA – ND ≈
1015–1016 m–3, recombination via impurities prevails; in
this case, the recombination occurs via two groups of
recombination levels at 10–15 and 30–50 meV from the
top of the valence band.

There are some reported data in favor of the fact that
the centers associated with the mercury vacancies pro-
duce levels in the band gap at the energies Et = 0.75Eg

and Et = 0.37Eg above the top of the valence band
[10, 12]. The deeper level is more important from the
standpoint of being involved in recombination via
impurities. The available data on the concentration of
recombination centers, Nt, differ by more than two
orders of magnitude, varying from 1.3 × 1014 cm–3 [11]
to 4.3 × 1016 cm–3 [13]. In calculating the lifetime, the
energy of the level was taken to be Et = 0.37Eg and the
values of Nt to be within the above-indicated range.

At low excitation levels and low concentrations of
recombination centers, the lifetimes of the majority and
minority charge carriers are

(6)

At the same time, at high concentrations of recombina-
tion centers, it is necessary to determine the lifetimes of
electrons and holes separately:

(7)

τSR

τp0 n0 n1+( ) τn0 p0 p1+( )+
n0 p0+

----------------------------------------------------------------.=

τSR
p τn0 p0 p1+( ) τp0 n0 n1 Nt 1 n0/n1+( ) 1–+ +[ ]+

n0 p0 Nt 1 n0/n1+( ) 1– 1 n1/n0+( ) 1–+ +
------------------------------------------------------------------------------------------------------------,=

(8)

Here, n1 and p1 are the concentrations of electrons and
holes in the corresponding bands with the Fermi level
coinciding with the level of the recombination center,
the parameters τn0 and τp0 are the minimal lifetimes of
electrons and holes with respect to recombination via
impurities,

(9)

σn and σp are the capture cross-sections of the recombi-
nation centers for electrons and holes, Vth is the thermal
velocity of charge carriers, and γn and γp are the Shock-
ley–Read capture coefficients for electrons and holes.
In general, the coefficients γn and γp are temperature-
dependent and can be described by the empirical for-
mulas [13]

(10)

The resulting lifetime with respect to recombination
via impurities is commonly determined with regard to
the different mobilities µn and µp for electrons and
holes:

(11)

According to the calculation for the n-CdxHg1 – xTe
crystal with x = 0.22, n = 5 × 1014 cm–3, and the concen-
tration of recombination centers Nt = 1.3 × 1014 cm–3,
the lifetime with respect to recombination via impuri-
ties is 5 × 10–8 s. At the high concentration of recombi-
nation centers, Nt = 4.3 × 1016 cm–3, the lifetime is 4.1 ×
10–9 s. For the p-CdxHg1 – xTe crystal with x = 0.22 and
p = 1016 cm–3, the lifetimes with respect to recombina-
tion via impurities are, correspondingly, 3 × 10–7 and
1.7 × 10–9 s.

The total, or so-called effective lifetime of charge
carriers, τeff, is determined by the relation

. (12)

Consequently, the value of τeff is closer to the shortest
lifetime among the lifetimes with respect to different
recombination mechanisms.

The typical temperature dependence of the lifetimes
in the n-type samples is shown in Fig. 2 (sample 1). In
Fig. 2, the squares refer to the experimental data, and
solid lines represent the results of theoretical calcula-
tions by formulas (1)–(5) for the lifetimes with respect
to the basic channels of interband recombination, i.e.,
radiative recombination (curve 1) and CHCC Auger
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recombination (curve 2); curve 3 corresponds to the
total lifetime calculated by formula (12) with regard to
Shockley–Read recombination via impurities (see for-
mulas (6)–(11)). In calculating the lifetime with respect
to the last-mentioned recombination channel, for the
cross sections of the traps of charge carriers, we used
the values given in [13]. These are as follows (see for-
mula (9)): γn0 = 3.2 × 10–7 cm3/s, βn = 1, γp0 = 9.8 ×
10–7 cm3/s, and βp = 0.3. The concentration of recombi-
nation centers was set at Nt = 1.3 × 1014 cm–3. The fact
that, in the low-temperature region, there is no noticeable
effect of recombination via impurities is indicative of the
low concentration of the centers, Nt ≤ 1012–1013 cm–3.

By measuring the photoconductivity of the films of
this type, it is established that the photoresponse pulse
consists of two exponential components, a fast compo-
nent and a slow component (Fig. 2 shows the tempera-
ture dependence of the lifetime corresponding to the
slow component). It can be assumed that the fast com-
ponent is due to surface recombination. In this case, we
can use the well-known relation [14] to estimate the
surface recombination rate as s = d/2τs, where d is the
film thickness and τs is the corresponding lifetime.
Since the fast component is limited by the laser pulse
duration and exhibits the characteristic time <50 ns, we

consequently obtain s > 1.3 × 104 cm/s, which is by
more than an order of magnitude larger than the known
values of s reported previously for the epitaxial MCT
films. For example, for the p-CdxHg1 – xTe bulk crystals
treated in a bromine–methanol etchant, the surface
recombination rate is s ≤ 630 cm/s [15]. For the epitax-
ial films grown by LPE, it is found that the recombina-
tion rate is s ≤ 103 cm/s [16]. It is worth noting that the
lifetime remains unchanged upon illumination of both
sides of the sample, i.e., the side of the film and the side
of the substrate. If the surface effect were well pro-
nounced, a difference would be observed. Thus, we
conclude that the fast component is due neither to sur-
face recombination nor to recombination at the film–
substrate interface.

At the same time, the fact that the fast component
disappears first with increasing laser excitation inten-
sity suggests that there exists a fast recombination
channel that makes its contribution to the lifetime only
at rather high concentrations of nonequilibrium charge
carriers. This channel may be recombination via impu-
rities, such that it makes itself clearly evident from the
rather high concentrations ∆n and, as obvious from
Fig. 2, results in considerably shorter lifetimes, compared
to the lifetimes controlled by the Auger recombination.

In the p-type samples produced by LPE and VPE,
the temperature dependences of the lifetime were simi-
lar both qualitatively and quantitatively. Figure 3 shows
the experimental dependence typical of these samples,
together with the results of theoretical calculations. In
the p-type samples studied here, the CHCC Auger
recombination is the unambiguously prevailing recom-
bination mechanism in the high-temperature region. At
T < 140 K, along with this mechanism, recombination
via impurities becomes noticeable and, thus, competes
with the Auger process down to the liquid-nitrogen
temperature. From the experimental temperature
dependences of the lifetime, it is possible to estimate
some parameters of recombination via impurities in the
samples. For example, in sample 2, the concentration of
recombination centers is high: Nt = 3 × 1015 cm–3. The
parameters of the cross section of capture of an electron
by the recombination center (see formula (9)) at the liq-
uid-nitrogen temperature are γn0 = 3 × 10–7 cm3/s and
βn = 0.4; it follows then that the trapping cross section
is σn = 4.4 × 10–15 cm2.

From the comparison of the lifetimes in the n- and
p-type samples, we can conclude that there exist some
regular trends. In the n-type films at T = 77 K, the life-
time of nonequilibrium charge carriers is in the range
from 10–7 to 10–6 s. In the p-type samples, the typical
lifetime is in the range from 10–8 to 10–7 s. The lifetimes
in the n-type samples are longer, since there is no con-
tribution of recombination via impurities. At the same
time, as follows from the calculations, the lifetime τ in
the p-type samples is shorter, because the CHLH Auger
process and recombination via impurities make approx-
imately identical contributions to the total lifetime.

2 4 6 8 10 12 14
1000/T, K–1

10–6

Lifetime, s

1

10–7

10–8

3

2

4

Fig. 3. Temperature dependences of the lifetime in the epi-
taxial p-CdxHg1 – xTe film fabricated by VPE (sample 2).
The solid squares refer to the experimental data. The solid
lines refer to the results of calculations of the lifetimes with
respect to (1) radiative recombination, (2) the CHCC and
CHLH Auger recombination, and (3) Shockley–Read
recombination via impurities at the concentration of recom-
bination centers Nt = 3 × 1015 cm–3. Curve 4 shows the
resulting dependence calculated with regard to recombina-
tion via impurities.
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The origin of recombination centers in the CdxHg1 – xTe
epitaxial layers and single crystals has not been unam-
biguously established. However, in a number of studies,
it was found that the concentration of deep levels corre-
lated with the concentration of holes; the latter is
known to correlate with the content of the Hg vacancies
in the CdxHg1 – xTe compound. In this context, it was
assumed that the Hg vacancy can introduce two states,
a shallow state and a deep state, or the Hg vacancy can
be involved in a more complex defect. In [12] it was
shown that, in the nominally undoped CdxHg1 – xTe
compound, the concentration of deep traps, Nt, varies in
the range from 0.1NA to 10NA, where NA is the concen-
tration of shallow acceptors. If it is assumed that in the
p-type material, the concentration of holes is p ≈ NA and
the lifetime is ~10–7 s, typical of nonequilibrium charge
carriers, the trapping cross section σn is in the range
from 10–15 to 10–17 cm2. It can be assumed that a
decrease in the concentration of Hg vacancies is
accompanied by a decrease in the concentration of
recombination centers. This may be responsible for the
longer lifetimes in the n-type film sample studied here
and for the lack of the contribution of the Shockley–
Read recombination to the recombination processes.

4. CONCLUSIONS
Thus, from the temperature dependences of the pho-

tosensitivity and the lifetime of nonequilibrium charge
carriers in the epitaxial MCT layers grown by different
procedures, we can draw a number of conclusions. In
the n-type MCT films grown by MBE, the CHCC-type
Auger recombination prevails in the regions of intrinsic
and extrinsic conductivity. At the same time, for the
p-type MCT films grown by LPE and VPE, it is found
that, in the region of the extrinsic conductivity, CHLH
Auger recombination is in competition with Shockley–
Read recombination. The contribution of the last-men-
tioned component depends on the number of recombi-
nation centers and their properties and, naturally, on the
procedure and conditions of preparation of the material.
Thus, the n-type MBE films in which the Auger recom-
bination mechanism prevails in the extrinsic region
contain a much lower concentration of recombination

centers and hence, are of much higher quality com-
pared to the p-type films grown by LPE and VPE.
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