
Semiconductors, 2022, Vol. 56, No. 5

Temperature dependence of the Fermi level in HgCdTe narrow-gap bulk

films at different mercury vacancy concentrations
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We calculate Fermi level position in bulk HgCdTe with cadmium fraction from 19 to 22% as a function of

temperature for different concentrations of mercury vacancies forming double-charged acceptors with ionization

energies of 11 and 21meV for neutral and singly charged states respectively. The concentration of free carriers in

the bands at different temperatures and the proportion of acceptor centres in different charge states are calculated

as well. The results explain the fast temperature quenching of photoconductivity involving the vacancies states. It

is also shown that in a p-type material conductivity dependence on temperature includes an exponential growth

region with a characteristic energy much greater than a half of the bandgap at zero temperature expected for an

intrinsic semiconductor.
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1. Introduction

Solid-state solutions of Hg1−xCdxTe (CHT) have been

studied for over four decades, which is due to their leading

position as a material for photodetectors [1,2]. It is well

known that bulk HgTe is a zero-gap semiconductor with

a so-called negative band gap, while CdTe is a relatively

high band gap (band gap Eg ∼ 1.6 eV) semiconductor. This

potentially makes it possible to implement photodetector

and light-emitting devices based on ternary solutions or

heterostructures with quantum wells (QWs) in a wide range

of the spectrum: from near infrared (IR) wavelength range

to far IR (terahertz (THz)) wavelength range [3]. The

practical need for photodetectors of the near and medium

IR range, including photo-integrated matrices, determined

the corresponding development of the technology of epi-

taxial growth of layers of ternary HgCdTe solutions and

the formation of device structures based on them. More

towards, this applies to relatively wide-band layers, on the

basis of which photodetectors for wavelength ranges of

1−3, 3−5, 8−10µm [4] are currently being produced.

The study of more narrow-bandgap layers, as well as

heterostructures with CHT-based QWs, was long held back

by the limited growth possibilities of such structures, and

only relatively recently significant progress has been made

in the technology of molecular-beam epitaxy (MBE) of

structures based on HgCdTe, which revived interest in

studying their properties [5,6]. At the same time, the focus

in the studies of such structures shifted to the area of

effects caused by the law of dispersion of charge carriers

and inversion of bands, in particular, the occurrence of the

state of a topological insulator in two-dimensional [7] and

three-dimensional structures [8] were shown, the presence

of pseudo-relativistic particles — massless Dirac fermions

in massless QWs [9] and Kane fermions in volume CHT

films [10–12]. CHT-based structures may prove to be

a promising material for the creation of detectors and

radiation sources in the far and medium infrared range,

in particular, for designing of interband lasers [13,14] and

for applications in the field of absorption and hetero-

dyne spectroscopy with time resolution in long-wavelength

part of the medium IR range (radiation wavelength is

9−30µm).

One of the main issues in the development of opto-

electronic applications based on HgCdTe in the indicated

directions is strong dependence of the carrier lifetime on

the concentration of impurity-defect centers due to recombi-

nation by the Shockley–Reed–Hall (SRH) mechanism [15].
The most common CHT defect, which is inevitably present

in the material due to the weakness of the mercury–

2 321



322 D.V. Kozlov, M.S. Zholudev, V.V. Rumyantsev, A.V. Ikonnikov, S. Pavlov, H.-W. Hubers, S.V. Morozov

tellurium chemical bond, is a mercury vacancy. The

mercury vacancy is a divalent or double acceptor, which can

be in three charge states: 1) neutral A0
2 -center (two holes are

connected to acceptor); 2) partially-ionized A−1
2 -center (one

hole is connected to acceptor); 3) fully-ionized A−2
2 -center,

free of holes.

Mercury vacancies are mentioned in many papers (see,
for example, [16–20]), but currently there is no consen-

sus on the spectrum of hole states for such acceptors,

including ionization energies A0
2 -center and A−1

2 -center, as

also is no detailed theory that accurately describes the

spectrum of states of
”
two-charge“ centers. The analysis

of absorption spectra in semiconductors with two-charge

centers is of considerable complexity due to the need to

find partial concentrations of charge carriers at different

states of such centers, which is a complex problem requiring

additional experimental data and their analysis, as, for

example, for double donors in silicon [21], where the bond

energy of the centers much smaller than the band gap

and the problem is unipolar. If it is necessary to take

into account carrier concentrations in both zones, as for

narrow-bandgap CHT, the complexity of such calculations

increases. This complicates the analysis of the observed

photoconductivity (PC) and photoluminescence (PL) spec-

tra, as well as the interpretation of the measured carrier

lifetimes, which requires detailed data on the concentration

of acceptors and the degree of their compensation. It

is necessary to understand how mercury vacancies are

distributed by charge states, and how carriers are dis-

tributed by energy levels of such charge states. In recent

studies, the ionization energies of neutral and singly ion-

ized mercury vacancies for narrow-bandgap HgCdTe films

(11 and 21meV, respectively) grown on the GaAs substrate

by molecular-beam epitaxy [22–24] were experimentally

obtained from the analysis of the spectra of PC and PL. For

A0
2 -center this energy was 11± 2meV, for A−1

2 -center —
21± 2meV.

In this work, the temperature dependence of the position

of the Fermi level in volume HgCdTe with different

concentrations of residual shallow donors and doubly

charged acceptors (mercury vacancies) is analyzed. The

concentration of free carriers in the bands at different

temperatures and the fraction of acceptor centers in different

charge states were also calculated. The results obtained

explain the rapid temperature quenching of the PC asso-

ciated with doubly charged acceptors and show that in a

p-type material, depending on the electron concentration

on temperature, the
”
activation“ region with the energy

much higher than 0.5Eg(T = 0) can be observed, as might

be expected from the law of mass action for the intrinsic

semiconductor.

2. Calculation method

To calculate the concentration of equilibrium carriers

in the bands and
”
impurity“ states, the electroneutrality

equation was solved:

n + N−1
A + 2N−2

A = p + N+1
D , (1)

where n is concentration of electrons in the conduction

band, p is concentration of holes in the valence band,

N−1
A is concentration of doubly charged acceptors with

one captured electron (state A−1
2 ), N−2

A is concentration of

doubly charged acceptors with two captured electrons (state
A−2
2 ), N+1

D is concentration of ionized donors.

It was assumed that there are not enough free carriers

to form the degenerated Fermi-gas, so the dependence of

their concentration on temperature T is calculated by the

formulas:

n = Nc(T ) exp

(

F− Ec

T

)

, (2)

p = Nv(T ) exp

(

Ev − F

T

)

, (3)

where F is Fermi energy, Ec is energy of the bottom of

the conduction band, Ev is energy of the top of the valence

band, and Nc and Nv are effective densities of states in the

conduction band and in the valence band, respectively. On

the energy scales under consideration, we can assume that

the dispersion law in these zones is parabolic with high

accuracy; therefore, these quantities are calculated by the

formula

Nc,v =
2

~3

(

mc,vT
2π

)3/2

, (4)

where mc and mv are effective masses in the conduction

band and valence band, respectively.

The concentration of ionized donors is

N+1
D =

ND

1 + gD exp( F−ED
T )

, (5)

where ND is overall concentration of donors, ED = 1meV is

energy of the donor’s ground state (estimated within the

framework of a hydrogen-like model), and gD = 2 is

degeneracy multiplicity of the donor’s ground state.

The concentrations of singly and doubly charged accep-

tors are, respectively,

N−1
A = NA

g1(T )

A(T )
exp

(

F− E(1)
A

T

)

, (6)

N−2
A = NA

g2(T )

A(T )
exp

(

2F− E(1)
A − E(2)

A

T

)

, (7)

where NA is the total concentration of doubly charged

acceptors, E(1)
A is the energy required to capture electron

from the valence band by neutral acceptor, E(2)
A is the energy

required to capture electron from the valence band by the

singly charged acceptor; the normalization factor is equal to

A(T ) = 1 + g1(T ) exp

(

F− E(1)
A

T

)

+ g2(T ) exp

(

2F− E(1)
A − E(2)

A

T

)

, (8)
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and the effective densities of states are equal to

g1(T ) = g(0)
1 +

∑

n=1,2,...

g(n)
1 exp

(

E(1)
A − E(1)

A,n

T

)

, (9)

g2(T )=g(0)
2 +

∑

n=1,2,...

g(n)
2 exp

(

E(2)
A + E(1)

A − E(2)
A,n

T

)

, (10)

where g(0)
1,2 is the degeneracy multiplicities of the ground

one- and two-particle state of the acceptor, and g(n)
1,2 and

E(1,2)
A,n are the degeneracy multiplicities and the energies of

the excited one- and two-particle states of the acceptor,

respectively. Please note that, since the influence of

impurity-defect centers on each other is neglected, the

sum in the above formula should be cut off as soon as

the localization scale of the acceptor state wave function

becomes comparable with the average distance between

impurity-defect centers. This distance is determined by the

concentration of acceptors in the studied CHT films, the

typical value is 50−200 nm. The degree of degeneracy of

the ground state of the singly ionized acceptor center was

assumed to be g(1)
1 = 4, of the neutral one — g(1)

2 = 6.

Thus, the electroneutrality equation can be written as

follows:

Nc exp

(

F− Ec

T

)

+
NA

(

2 + g1(T ) exp
(

E(1)
A −F

T

))

(

1 + g1(T ) exp
(

E(1)

A −F

T

)

+ g2(T ) exp
(

E(2)

A −F

T

))

= Nv exp

(

Ev − F

T

)

+
ND

(

1 + 2 exp
(

F−ED
T

)) . (11)

As a result of solving these equations, the position of the

Fermi level as well as the concentration of free holes in the

valence band and the concentrations of singly ionized and

neutral acceptor centers, as function of the temperature of

CHT were found:

NA−1 =
NAg1(T ) exp

(

E(1)
A −F

T

)

(

1 + g1(T ) exp
(

E(1)

A −F

T

)

+ g2(T ) exp
(

E(2)

A −F

T

))
,

(12)

NA0 =
NAg2(T ) exp

(

E(2)
A −F

T

)

(

1 + g1(T ) exp
(

E(1)

A −F

T

)

+ g2(T ) exp
(

E(2)

A −F

T

))
.

(13)

3. Results and discussion

Figure 1 shows the temperature-dependence of the con-

centration of free holes in the valence band of a solid-state
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Figure 1. Calculated dependences of the concentration of

free holes in Hg1−xCdxTe films with different values of the

band gap (solid lines) at the concentration of mercury vacancies

4 · 1014 cm−3 and concentrations of shallow compensating donors

2 · 1014 cm−3 (the ionization energy of the donor was assumed

equal to 1meV). Dashed line shows the concentration of carriers

transferred from mercury vacancies to the valence band pA. Dotted

line shows the concentration of holes thermally ionized from the

states of neutral mercury vacancies into the valence band pA0 .

solution of CHT, calculated at different values of the band

gap of the material (solid lines) at the concentration of ac-

ceptors NA = 4 · 1014 cm−3 and donors ND = 2 · 1014 cm−3.

The latter value is the donor concentration estimate in real

structures based on the possibility of changing the type

of conduction of structures by means of various annea-

lings [25]. The dashed line represents the concentration

of holes transferred from divalent acceptors — mercury

vacancies. This concentration (pA) can be calculated as

pA = (2NA − ND) − (2NA0 + NA−1). (14)

It should be noted that 2NA − ND is the number of

holes in acceptor levels at zero temperature, 2NA0 + NA−1

is the number of holes associated with acceptor centers

at arbitrary temperature. The calculation showed that the

number of carriers transferred to the valence band from

acceptor centers does not depend on the composition of the

solid-state solution.

It can be seen from Fig. 1 that at T < 15K the number

of free carriers is negligibly small, while at temperatures

above 15K the number of free holes in the valence band

increases rapidly. This explains the effect of
”
quenching“

of photoconductivity (PC) lines of volume CHT films with

increase in temperature, observed in the work [23]: with

increase in temperature, the significant dark current appears,

and relatively weak photoelectric current signal becomes

poorly distinguishable against its background.

In the structure under consideration at low tempera-

ture, the concentration of neutral mercury vacancies is

2∗ Semiconductors, 2022, Vol. 56, No. 5
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Figure 2. Calculated dependence of the Fermi level position and the relative concentration of electrons and holes on temperature at

various degrees of compensation of mercury vacancies by donors. The donor concentration is fixed and equal to 2 · 1014 cm−3 . (Colored
version of the figure is presented in electronic version of the article).

2 · 1014 cm−3. Dotted line shows the concentration of holes

thermally ionized into the continuum from neutral centers.

It can be seen that up to 30K, the concentration of ionized

centers coincides with the total number of holes occurring

in the valence band. Thus, up to 30K, neutral A0
2 -centers

are sources of free holes. At T > 40K, the concentration

of carriers ionized from neutral vacancies approaches to

2 · 1014 cm−3, i.e., to the concentration of neutral acceptors

at low temperatures. Consequently, neutral mercury

vacancies at T > 40K are practically absent.

It is also seen in Fig. 1 that, up to 60K, the concentration

of holes ionized from all acceptor centers practically coin-

cides with the number of free carriers in the valence band,

i.e., up to 60K, mercury vacancies are the source of holes

in the continuum. As the temperature increases > 60K, the

noticeable contribution of the interband thermal excitation

of carriers to the conductivity appears. In this case, the

acceptor states are emptied: at low temperature in the

CHT structure under consideration with the concentration

of mercury vacancies of 4 · 1014 cm−3 and compensating

donors of 2 · 1014 cm−3 the concentration of holes bonded

at acceptor levels is 6 · 1014 cm−3. It can be seen from

Fig. 1 that at temperature of 70K the concentration of holes

ionized into the valence band from mercury vacancy states

is ∼ 5 · 1014 cm−3, i.e., more than 80% of the acceptor

centers lose their carriers.

Semiconductors, 2022, Vol. 56, No. 5
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Thus, it follows from the performed calculations that up to

30K, holes donate neutral mercury vacancies to the valence

band, then, as the temperature rises, A−1
2 -centers begin to

take part in the formation of conductivity, and for T > 40K

such centers become the main source of carriers in the

continuum, and as the temperature increases T > 60K, the

transition to intrinsic conduction begins.

Figure 2 shows the position of the Fermi level in

the band gap for different compositions of the solid-state

solution (x = 19 and 22%) at different concentrations of

mercury vacancies. Solid line shows the position of

the conduction band bottom. The band gap at zero

temperature is Eg(T = 0) = 39.4meV for x = 19% and

Eg(T = 0) = 94.3meV for x = 22% [26]. It can be seen

that at high temperature, when the conductivity becomes

intrinsic, the Fermi level shifts parallel to the edge of the

conduction band with the change in temperature. At low

concentration of mercury vacancies (4 · 1014 cm−3), the

energy gap between the Fermi level and the conduction

band bottom in the temperature range of 200−300K

is approximately equal to half of the band gap at low

temperature (Eg(T = 0)/2). This directly follows from the

law of mass action in the self-conduction mode n = p.
At higher concentration of vacancies, the Fermi level

shifts from the conduction band edge to the depth of the

band gap. At the same time, due to the significant difference

in the mobilities of electrons µn and holes µp (typical ex-
pression µn/µp ∼ 200 [27]), the section of sharp exponential

increase in the dependence of the specific conductivity σ (T )
with increasing temperature will also appear in this case,

however, the adequate slope in the rectifying coordinates

will correspond to an energy substantially greater than

Eg(T = 0)/2, since the condition n = p is not satisfied. This

is illustrated in Fig. 3, which shows the characteristic view

for the dependence of the logarithm of specific conductivity

σ (T ) on temperature. Figure 3 also shows the logarithm

of parameter σ/T 3/2, which makes it possible to eliminate

the factor of increasing for carrier concentrations due to an

increase in the effective density of states with temperature.

On all curves at high temperatures, the segment of fast

quasi-exponential growth of σ (T ) is noticeable. Approx-

imation of this segment by linear function allows one to

determine the activation energy. For the concentration of

mercury vacancies 4 · 1014 cm−3 this energy is close to

half of the band gap at 0K, and for the concentration

of mercury vacancies 4 · 1016 cm−3 this energy increases

by more than 2 times. Please note that the temperature

factor T 3/2 makes a significant contribution to the observed

activation energy for lnσ (T ), therefore, analysis of the curve
without normalization for the dependence of the effective

density of states on temperature will lead to significant

errors.

This should be taken into account when determining the

thermal band gap of the sample with previously unknown

concentrations of vacancies and compensating donors. For

large concentrations of mercury (4 · 1016 cm−3), the n = p
condition will be satisfied only in the range well above

5
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Figure 3. Calculated dependences of the logarithm of the

values σ (solid lines) and σ/T 3/2 (dotted lines) on the temperature

for the CHT film with 22% of cadmium at different concentrations

of mercury vacancies NA. The donor concentration is fixed and

equal to 2 · 1014 cm−3 . It was assumed in the calculation that

µn/µp = 200.

300K, in which measurements are difficult due to material

degradation. On the other hand, fairly sharp dependence

of the Fermi level position on the parameters of
”
doping“

and compensation makes it possible to determine the degree

of compensation and the concentration of vacancies in the

HgCdTe layer under study by means of comparing the

optical band gap with the observed scale of the exponential

increase in conductivity.

4. Conclusion

In this paper, the populations of continuum states

and mercury vacancy states in narrow-bandgap solid-state

solutions of CHT are calculated. It is shown that the

temperature quenching of the PC lines associated with

an increase in the dark concentration of holes occurs at

the temperature of ∼ 15K, which is much lower than

the characteristic temperature at which the ratio between

the concentrations of neutral and singly ionized vacancies

begins to change significantly. Thus, direct observation

of the temperature dynamics of the PC lines associated

with neutral and singly ionized vacancies is difficult. It is

shown that in the range of typical concentrations of mercury

vacancies, the transition to intrinsic conductivity in volume

films with x ∼ 20% begins at temperatures T > 60K,

however, for acceptor concentrations > 4 · 1014 cm−3 the

self-conductivity condition n = p is satisfied with sufficient

accuracy only at temperatures > 300K, which does not

allow estimating the band gap based on the law of mass

action. The results of rigorous calculations given in this

work can be used to determine the concentration of

Semiconductors, 2022, Vol. 56, No. 5
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mercury vacancies from the dependence of the conductivity

of the electron concentration on temperature.
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