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Critical thickness and stresses of HgTe layers on HgxCd1−xTe substrates
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The calculation of the critical thickness of the pseudomorphic layer and the mechanical stresses of HgTe on (013)
HgxCd1−xTe substrates at growth temperatures of 120, 150 and 180◦C for two dislocation sliding systems was

carried out. It was found that the critical thickness of HgTe varies from 40−60 to 1200−1800 nm with a change

in x from 0 to 0.9. Mechanical stresses due to the mismatch of the lattice parameters of the HgTe/HgxCd1−xTe

heteroparticle vary in the range from 6 to 125MPa with a change in x and weakly depend on temperature.

Mechanical stresses during cooling due to the discrepancy between the coefficients of thermal expansion ranged

from −1 to −7MPa. These results make it possible to predict mechanical stresses in various instrument structures

based on the HgTe/HgxCd1−xTe heteropair.
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1. Introduction

Single-crystals and heteroepitaxial layers based on gapless

compounds HgSe and HgTe attract special attention of

researchers due to their unusual physical properties, which

are determined by their unique electronic structure and

high electrical parameters. The electron concentration is

less than 1015 cm−3 for HgTe and about 1017 cm−3 for

HgSe. The electron mobility reaches values of more than

105 cm2/V · s. Thus, when studying bulk HgSe single-

crystals doped with transition 3d-metals (Fe,Co, Ni) of

extremely low concentrations (< 1 at.%), were discovered,

and the features of electronic properties associated with

the manifestations of abnormalities in the temperature and

concentration dependences of kinetic (electron concentra-

tion, mobility, Hall coefficient) and thermodynamic coeffi-

cients (heat capacity, speed and absorption of ultrasound,

magnetic susceptibility) were studied in detail. It was

identified that all the observed effects are due to the

hybridization of the electronic states of the d-impurity and

the conduction band of the crystal, and are described

under the developed theory of resonant scattering and

spontaneous spin polarization [1–7]. One of the actively

developing directions of studies in this area is associated

with the study of new quantum effect — spontaneous spin

magnetism of donor conduction electrons [7]. Magnetism

of this type was experimentally discovered in bulk single-

crystals HgSe : Fe(Co) with extremely low concentration

of d-impurities (< 1 at.%) both at low ∼ 5K [8–10], and
at room temperatures [11]. The electronic structure of

such systems is gapless crystalline matrix HgSe and a

conduction band filled with donor electrons of impurity

atoms. Spontaneous spin magnetism of new type (without

inter-impurity interaction) is observed under the condi-

tion of an extremely low concentration of d-impurities

(< 1 at.%). In this case, in the conduction band of the

HgSe crystal matrix a system of donor electrons is formed,

the states of which, under the influence of strong spin-

dependent exchange inter-electron interaction, under the

conditions of the initial polarization of electrons of impurity

atoms, create complete spontaneous spin polarization of

such system. In this case, the impurity states hybridize

with states of the conduction band, which is also a

necessary condition for the occurrence of spontaneous

spin polarization of new type. However, it is quite

difficult to control such properties when concentration of

d-impurities in crystals changes. The development of

epitaxial technologies made it possible to consider layers

to create magnetic materials with low concentration of

magnetic impurity.

Interest in studies of heteroepitaxial layers based on

HgSe and HgTe doped with 3d-impurities opens up wide

opportunities for both further study of impurity magnetism

of new type (in the transition from bulk single-crystals to

layers) and for the discovery of new physical properties

of such structures. It was shown that HgSe layers grown

on (001)ZnTe/GaAs substrates during Fe doping to con-

centration greater than 5 · 1018 cm−3 showed a significant

increase in mobility up to 2.7 · 105| cm2/V · s compared

to undoped layers [12,13]. The authors associated the

observation of this effect with Fermi level pinned to Fe

donor located in the conduction band, which was noted
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for HgSe : Fe crystals [14]. However, such result was

not obtained in further studies, which was determined

by the low structural perfection of the HgSe : Fe layers

associated with the low growth temperature of less than

120◦C [15–18]. The higher growth temperatures allows to

increase the crystal structure perfection. It was proposed

to consider the growth of HgTe layers upon doping with

3d-elements to different concentrations as a promising

material for creating a magnetic semimetal. It was shown

that HgTe layers grown at ∼ 180◦C on various substrates

are of high quality [19–21], which made it possible to

create various low-dimensional structures based on quantum

wells [22-30].

To create a material upon growing HgTe layers by MBE

with magnetic properties when doped with impurity Fe

atoms on (013)Cd1−xHgxTe/ZnTe/GaAs, it is necessary to

consider the influence of such a complex substrate on the

expected structural quality, arising and residual stresses,

depending on the layer thickness and growth temperature.

Structural quality is mainly determined by dislocation

density. To minimize the density of dislocations arising

during the growth process, it is necessary to determine

the critical thickness of the pseudomorphic layer (hc), in

which the generation of mismatch dislocations (MDs) does

not occur. The hc depends on the mismatch between

the lattice constants of the conjugation materials of the

grown layer and the substrate at growth temperature and

orientation. When HgTe layer thickness exceeds hc , the

generated MDs will lead to a deterioration in the structural

quality. Mechanical stresses that arise in layers with

thickness hc will be determined by the mismatch between

the lattice constants during growth and the coefficients

of thermal expansion during cooling. The magnitude

of mechanical stress will decrease with thickness increas-

ing.

Thus, when growing HgTe layers on complex multilayer

substrate (013)Cd1−xHgxTe/CdTe/ZnTe/GaAs, it is neces-

sary to analyze the parameters hc and mechanical stresses

that will determine the processes of Fe atoms incorporation

during doping and their electronic state.

The paper presents an analysis of the critical thickness

hc of HgTe layers and stresses during growth on relaxed

(013)Cd1−xHgxTe/CdTe/ZnTe/GaAs substrates dependence

on the composition x at different growth temperatures and

subsequent cooling to room temperature. The influence of

the thickness of the HgTe layer on the magnitude of residual

stresses was assessed.

2. Analysis

2.1. Calculation of the critical thickness

of the pseudomorphic layer

The critical thickness of the pseudomorphic layer hc was

calculated using the formula obtained in accordance with

the Matthews model [31]:

hc = (b/ cos λ)(1− ν cos 2α)[1 + ln(hc/b)]/[8π(1 + ν) f ],
(1)

where α — the angle between the Burgers vector b and

the dislocation line, λ — the angle between the Burgers

vector and the direction lying in the interface perpendicular

to MD, ν — Poisson’s ratio in an isotropic solid and

f = (a l − a s)/a s — mismatch parameter equal to the

relative difference in the lattice constants of layer (a l) and

substrate (a s). Expression (1) was obtained as a result

of the equilibrium thermodynamic approach and is valid

only as a certain limit, to which the system will tend to

under infinite hold-up. In actual situation of film growth

at finite rate, the influence can be exerted by kinetic factors

associated with the mechanism of MD introduction [32]. For
the case of heteroepitaxy on vicial surfaces, the introduction

of MDs belonging to slip systems (a/2)〈110〉{111} occurs

within the 12 dislocation systems (DS) [33]. In the case of

heteroepitaxy of HgCdTe layers on (013)CdTe/ZnTe/GaAs
substrate the parameters of these DSs are given in [34].
Experimental results obtained by transmission microscopy

showed that for layers Hg0.7Cd0.3Te when growing on

(013)CdTe MDs are introduced at thicknesses comparable

to the calculated values hc for DS 1, 2 and 3, 4, for which

the angles α and λ are 79.1 deg. and 44.2 deg., 40.9 deg. and

61.4 deg. respectively.

We simulated hc of HgTe layer during growing on the

surface (013)HgxCd1−xTe using formula (1) with data

on angles α and λ for DS 1, 2 and 3, 4 in the interval

x = (0−0.9) with a step of 0.1. Burgers vector b = aHgTe/2

in the direction [110] and [1̄10] for the system 1, 2 and 3,4,

respectively. The calculation was carried out for growth

temperatures of 120, 150 and 180◦C. The mismatch of

lattice constants f = (aHgTe − aHgxCd1−xTe)/aHgxCd1−xTe is

determined at the indicated temperatures (T ) using the

formula [35]:

a(x , T ) = 6.4614 + 0.008x + 0.0168x2 − 0.0057x3

− 0.0095 + 2.613 · 10−5T + 1.131 · 10−8T. (2)

Poisson’s ratios ν were obtained by calculating the elastic

constants for the growth temperature.

2.2. Calculation of residual stresses after growth

in HgTe layers

The expression for calculating the mechanical stresses

(σmech.) of the layer includes the stresses associated with

the mismatch of lattice constants (σmisf.) that arise during

the growth, and the mismatches in the thermal expansion

coefficients that arise when the grown structure is cooled

after growing (σtherm.):

σmech. = σmisf. + σtherm.. (4)
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Table 1. Values of elastic constants and temperature coefficients

Compound
Elastic constants, GPa αC , GPa/K

C11 C12 C44 C11 C12 C44

CdTe 53.6 37.0 20.1 0.011 0.009 0.002

HgTe 54.1 37.4 20.8 0.020 0.016 0.006

The σmismatch was calculated using the equation proposed

in [36]

σmisf. =
E f (hc/h)

1− ν
, (5)

where E — Young’s modulus, hc — thickness of the

pseudomorphic layer, h — thickness of the grown layer.

This expression determines the magnitude of the mechan-

ical stress on the thickness, which has maximum value at

h = hc and at h > hcdecreases in inverse proportion to the

thickness of the layer. Young’s modulus was calculated using

the formula [37]:

1

E
=

C11 + C12

(C11 − 2C12)
+

(

1

C44

−
2

C11 −C12

)

× (n2
X n2

Y + n2
X n2

Z + n2
Y n2

Z), (6)

where C11,C12 and C44 — elastic constants; nX , nY and

nZ — direction cosines.

The elastic constants C i j at growth temperatures T were

calculated under the assumption of a linear dependence of

elastic constants on temperature in accordance with [38]:

C i j(T ) = C i j(300) + αC(300 − T ). (7)

The values of the elastic constants C i j and their temper-

ature coefficients αC are given in Table 1.

Value of parameter ν for HgTe layers at the growth

temperature was determined according to method in [38]:

ν= =
3B − 2µ

2(3B + µ)
, (8)

where B = C11+2C12

3
— bulk modulus of elasticity;

µ = C11−C12+C44

3
— shear modulus.

Calculations showed that ν was equal to 0.366, 0.365 and

0.364 at temperatures 120, 150 and 180◦C, respectively.

The residual stresses at HgTe layer in the structure

HgTe/HgxCd1−xTe/CdTe/ZnTe/GaAs during cooling from

the growth temperature to room temperature were calcu-

lated using the formula for

σtherm =
E1αT1T
(1− ν)

, (9)

where 1α = αHgTe − αGaAs/substrate, αHgTe and αGaAs —
thermal expansion coefficients of HgTe and GaAs, 1T —
temperature range during cooling from growth temperature

to room temperature. Stress calculations for multilayer

structure can be performed for each layer [39].
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Figure 1. Dependence of critical hc of HgTe layer at growth

temperature180◦C.

3. Discussion of results

Figure 1 shows dependence of critical thickness hc

of HgTe layer in heteropair HgTe/HgxCd1−xTe on x at

temperature 180◦C for slip DS 1, 2 and 3, 4.

As follows from the data presented, with increase in x the

thickness hc increases significantly, but weakly depends on

temperature. This is due to the large change in the mismatch

between the lattice constants of HgTe and HgxCd1−xTe with

changes in composition x and weak change with change in

temperature, which are determined by the lattice constants

as follows from relation (2). Note that data obtained at

x = 0 practically do not match with the calculation hc

in [36] for the heteropair HgxCd1−xTe/CdTe.

Table 2 shows values hc of HgTe layer for the heteropair

HgTe/HgxCd1−xTe for temperatures 120, 150 and 180◦C

upon change in composition x from 0 to 0.9 with step 0.1.

Critical thickness hc for DS 1, 2 is by 1.5 times lower

that in case of DS 3, 4 for all growth temperatures, and

is 40−60 nm and 1200−1900 nm for x = 0 and x = 0.9,

respectively. For both DSs a weak temperature dependence

is observed hc . Note that kinetic limitations of the processes

of MD introduction can lead to increase in hc , which

can exceed the calculated values by ∼ 2 times for the

growth temperature ∼ 180◦C, as shown for the heteropair

Hg0.7Cd0.3Te/CdTe at the beginning of the dislocations

introduction [34] observed at thickness of Hg0.7Cd0.3Te

layer 75 nm.

When growing HgTe layer on CdTe substrate with

thickness less than hc , the crystal lattice constant of HgTe

layer will have the value of CdTe lattice constant. The

surface morphology of HgTe/CdTe layers with thickness

less than hc will have roughness at the nanometer level.

When the thickness of HgTe layers exceeds hc , the surface

morphology of the layers will gradually change from island-

like to their subsequent merging and smoothing of the
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Table 2. Critical thickness of pseudomorphic HgTe layer for heteropair HgTe/HgxCd1−xTe for two DSs 1, 2 and 3, 4

Critical thickness of pseudomorphic HgTe layer, hc , nm

Growth temperature, ◦C Growth temperature, ◦C Growth temperature, ◦C

Substrate composition 120 150 180

x , mol.% Slip system Slip system Slip system

of dislocations of dislocations of dislocations

1, 2 3, 4 1, 2 3, 4 1, 2 3, 4

0 37.0 54.7 38.6 57.0 40.8 60.2

0.1 43.7 64.5 45.7 67.3 48.2 71.0

0.2 52.9 77.8 55.2 81.2 58.3 85.6

0.3 65.7 96.4 68.6 100.6 72.4 106.1

0.4 84.6 123.7 88.3 129.0 93.1 136.0

0.5 113.8 165.9 118.7 173.0 125.2 182.3

0.6 162.7 236.4 169.7 246.5 178.8 259.6

0.7 254.6 368.0. 265.4 384.2 279.5 404.5

0.8 465.0 670.5 484.5 698.4 510.0 734.9

0.9 1205.0 1728.1 1254.7 1799.1 1319.7 1891.8

Table 3. Stress of pseudomorphic layers HgTe in heteropair HgTe/HgxCd1−xTe

Substrate Stresses HgTe in heteropair HgTe/HgxCd1−xTe, σmisf MPa

composition Growth temperature, ◦C Growth temperature, ◦C Growth temperature, ◦C

x , mol.% 120 150 180

0 125.8 124.6 123.5

0.1 109.7 108.7 107.7

0.2 93.8 92.9 92.1

0.3 78.3 77.6 76.9

0.4 63.4 62.8 62.3

0.5 49.4 48.9 48.5

0.6 36.4 36.1 35.8

0.7 24.8 24.6 24.4

0.8 14.7 14.6 14.4

0.9 6.4 6.3 6.2

surface. Experimental studies will make it possible to

determine the required thickness of the continuous HgTe

layer with minimal surface roughness. Doping with Fe to

less than 1 at.% shall not have a significant effect on the

surface morphology.

When growing HgTe layer on substrates with

x ∼ 0.8−0.9, the thickness hc is more than 1000 nm (1µm).
The lattice constant of HgTe layer will have a value slightly

different from the lattice constant of the HgTe crystal. The

surface morphology of such HgTe/Cd0.1Hg0.9Te layers will

have roughness at the nanometer level.

Change in the composition of the substrate x in case of

the growth of HgTe layers will make it possible to change

the lattice constant of the HgTe layers and the state of the

surface morphology.

Figure 2 shows the dependence of the stresses caused by

the mismatch of lattice constants σmisf. in HgTe layer up to

hc thick on the composition of HgxCd1−xTe at 180◦C.

As can be seen from the above data, the stresses

decrease with increase in composition x , which is associated

with a decrease in the mismatch between the lattice

constants of HgTe and HgxCd1−xTe in the heteropair

HgTe/HgxCd1−xTe.

Table 3 shows the stresses σmisf. in HgTe layers at

temperatures 120, 150 and 180◦C.

When growing HgTe layer on CdTe substrate, the stresses

are of 123−125MPa when the growth temperature changes

from 180◦C to 120◦C. When the thickness of HgTe layer

increases during growth on CdTe exceeds the critical value

by ∼ 20 times the introduction of MD will lead to stress

decreasing inversely proportional to the thickness of the

layer, as follows from expression (5), and will be ∼ 6MPa

for all temperatures.

When growing HgTe layer on substrates with x ∼ 0.9,

the stress in HgTe layer 1000 nm thick will be 6MPa at

growth temperatures of 120−180◦C.

Physics of the Solid State, 2024, Vol. 66, No. 2
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Table 4. Stresses σterm. in HgTe layer after cooling from growth temperature to room temperature

Coefficient of thermal Stresses of HgTe layer during cooling σtherm., MPa

expansion, 1αT , 1/T Growth temperature, ◦C Growth temperature, ◦C Growth temperature, ◦C

120 150 18

for αHgTe = 0.00000485 1/T [40] −5.1 −6.6 −6.8

for αHgTe = 0.00000545 1/T [41] −1.0 −1.3 −1.4
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Figure 2. Stresses of the pseudomorphic HgTe layer in the

heteropair HgTe/HgxCd1−xTe vs. composition x at temperature

of 180◦C.

Thus, during the growth of HgTe layer on CdTe and

Hgx 0.9Cd0.1Te substrates the layers HgTe will be obtained

with the same residual stresses caused by the mismatch of

lattice constants, but with different structural perfection —
layers with introduced MDs and pseudomorphic layers.

The choice of the substrate composition, the required

thickness of HgTe layer and the growth temperature will

make it possible to obtain the material with stresses

changing in a wide range of values and different structural

perfection.

Table 4 shows data on the stresses in HgTe layer in

HgTe/HgxCd1−xTe/CdTe/ZnTe/GaAs structure after cooling

from the growth temperature to room temperature (300K).
The values of the thermal expansion coefficients for HgTe

and GaAs were taken from publications and amounted to

αHgTe = 0.00000485 1/T [40], αHgTe = 0.00000545 1/T [41],
and αGaAs = 0.0000056 1/T [42].
The obtained stress values during cooling from growth

temperatures 120, 150 and 180◦C to room temperature

due to the mismatch of thermal cooling coefficients are

comparable to the stresses determined by the difference

in lattice constants at the same growth temperatures using

data from [40]. For the mismatch data of thermal cooling

coefficients from [41], the low value of stresses during

cooling from growth temperatures to room temperature was

obtained. The sign of the stresses indicates compression of

HgTe layers during cooling.

Thus, we can expect that the total stresses σmech. of HgTe

layers after growth, determined by formula (4), will be

absent in grown HgTe layers 1000 nm thick or will have

a weak stretch, which stress will be ∼ 5MPa when mating

HgTe layers with Hg0.9Cd0.1Te and with CdTe.

The simulation of the critical thickness hc of layers and

stresses σmech. allows us to analyze the possible state of the

crystal structure of HgTe layers during their growth and

doping with iron.

4. Conclusion

The parameters of HgTe layers were simulated

when growing by molecular beam epitaxy (MBE)
on the surface HgxCd1−xTe within the structure

(013)HgxCd1−xTe/CdTe/ZnTe/GaAs for subsequent doping

with Fe.

We calculated and obtained the values of the critical

thickness (hc) of the pseudomorphic HgTe layer when

growing on Hg1−xCdxTe substrates with different cadmium

contents and at different growth temperatures. It is shown

that the value hc is determined by the mismatch of lattice

constants and weakly depends on temperature.

A calculation was carried out, and the stresses of HgTe

layers in the heteropair HgTe/Hg1−xCdxTe were obtained

depending on the magnitude of the mismatch of lattice

constants at different temperatures and upon cooling to

room temperature. It was found that stresses are determined

by the mismatch of lattice constants, practically independent

of the growth temperature and lead to stretching of HgTe

lattice. Cooling results in low compressive stresses.

The data obtained make it possible to assess the structural

state of HgTe layers and determine the conditions for their

growth.
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