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Mercury-cadmium-telluride (MCT) epitaxial heterostructures

grown by molecular beam epitaxy (MBE) and liquid phase

epitaxy (LPE) were subjected to nanoindentation for revealing

possible phase transitions in the vicinity of heteroboundaries.

The nanoindentation load � displacement curves of the lattice

mismatched MCT based heterostructures grown by MBE on

GaAs substrates with ZnTe/CdTe buffer layers displayed the

characteristic �elbow� behavior in the unloading part of the curves.

In the lattice matched MCT heterostructures grown by LPE on the

ZnCdTe substrate, the more pronounced bending of similar curves

and the evident �pop-out� effect, which presumably are connected

with phase structural transformations at these heterostructures

heteroboundaries, are revealed.

1. Introduction

MCT is an important material for its applications in

microphotoelectronic infrared (IR) devices in imaging

arrays. As a rule, in many device applications,

Hg1�xCdxTe (x � 0.2) epilayers are deposited on

suitable substrates with same lattice constant, which is

usually the Cd1�yZnyTe substrate, to minimize misfit

dislocation defects in MCT layers. For MCT solid

solutions with x � 0.2, the Cd1�yZnyTe compositions

with y � 0.04 are fairly good matched to the MCT

lattice [1].

Considerable efforts are applied up to now to

grow large-area epitaxial layers on the alternative

(not CdTe or Cd1�yZnyTe) substrates. Among

these substrates are used, e.g., GaAs or Si wafers

[2�5]. In these regards, considerable efforts has

been applied to prove the stability of MCT

layers because of a large difference in the lattice

constants of substrates and layers. Fairly good

focal plane array characteristics were obtained in

MCT heterostructure multielement arrays on GaAs

substrates [6].

MBE procedure was used to grow large-area MCT

layers on 2- or 3-inch (013) GaAs substrates with an

intermediate ZnTe/CdTe buffer layer [7]. The layers in

heteroepitaxial HgCdTe/CdTe/ZnTe/GaAs structures

are not lattice-matched because of the large differences

of the GaAs, ZnTe, CdTe, and HgCdTe lattice constants

(a0 (GaAs) = 5.653 �A, a0(ZnTe) = 6.103 �A, and

a0(CdTe) = 6.482 �A, a0(Hg1�xCdxTe, x= 0.2) =

6.443 �A). These materials under normal conditions

crystallize in F
_

43m lattice (Td) (the zinc blende type

structure of the lattice). Under pressure conditions,

the structural phase transitions zinc blende (ZB) !

cinnabar ! sodium chloride (NaCl) ! orthorhombic

(Cmcm) occur in all of these semiconductors [8�11],

except ZnTe that appears not possessing the NaCl

structure at ambient temperature [12]. HgTe also a little

differs from the sequence observed for other tellurides,

as the �hidden� intermediate ZB ! C2221 ! cinnabar

symmetry transitions are observed in it [13].
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The elastic or inelastic deformations of these

materials can play an important role for a possible

change in the properties of heterostructures near the

boundaries, because of very different lattice constants

compared with that one for GaAs, and also due to

different temperature expansion coefficient dependences.

This is owing to the natural tendency of strained

heteroepitaxial layers to spontaneously form dislocation-

free islands after the formation of uniform, but stressed,

wetting layers. Strain energy relaxation is possible

within the islands due to their lateral expansion (or

compression) in the directions of the free side faces of

the islands. A large point mechanical loading can change

the equilibrium state in the stressed layers near the

boundary which will cause a structural transformation

near the critical boundary.

Nanoindentation is a relatively new technique

designed to measure the mechanical properties of

materials on the nanoscale [14, 15]. There exists a broad

range of investigations implementing nanoindentation to

different materials [16, 17].

The unloading curve is commonly regarded as purely

elastic, apart from situations with strong viscosity,

as found with polymers, or in the case of phase

transformations that occur, e.g., in Si [17]. For the reason

of simple separation of plasticity and elasticity, the

unloading curve is used as the main source of information

in the data analysis based on the Oliver�Pharr approach

[14]. The loading curve � though containing, however,

a lot of not easily accessible information � is commonly

not used for the indentation experiment analysis.

Depth-sensing nanoindentation can provide

important information about the mechanical properties

even in the case of well-studied semiconductor materials

(e.g., Si). It has been established that hardness of

silicon at room temperature is controlled by the phase

transformation pressure. Information on the phase

transformation in the surface layer of silicon upon

contact interaction is very important for understanding

the mechanisms of wear and contact damage that occurs

in many industrial processes [17].

Experimental values of the phase transformation

may be assessed through the depth-sensing

nanoindentation technique, which allows the high-

resolution in situ monitoring of the indenter

displacement as a function of the applied load. During

the nanoindentation procedure controlled, e.g. by

scanning force microscopy (SFM), the depth-sensing

indentation load F and the penetration depth hp
are recorded simultaneously. Hardness H and elastic

modulus E are inferred from the resulting load-depth

curve F (h). Changes in mechanical properties during a

phase transition may be revealed as characteristic events

in the load-displacement curve. For the elastoplastic

materials, load (unload)-displacement curves have no

peculiarities but, in the case of formation of a new

phase under the (nano)indenter, may result in the yield

step (�pop-in�) or a change in the slope (�elbow�) of

the loading curve; a sudden displacement discontinuity

(�pop-out�) or an elbow in the unloading curve may be

indicative of the transition [17].

MCT solid solutions and MCT-based heterojunctions

are widely used in IR technologies [1, 3]. They are

rather soft semiconductors and, at the same time, are

brittle. Nanoindentation testing is, perhaps, the only

one technique that allows a high degree of inelastic

deformation without total sample destruction. The

pressures attainable in nanoindentation experiments

can be much higher compared to those during the

uniaxial deformation. Recently an attempt to reveal the

effects of Zn addition and thermal annealing on yield

phenomena in CdTe and CdZnTe (CZT) single crystals

was undertaken by nanoindentation [18].

The present investigations aimed to reveal, by

nanoindentation experiments, the possible mechanical

properties changes on the nanoscale of MCT-based

heterostructures on lattice matched and mismatched

substrates causing the tension of different layers in

relatively thin MCT epitaxial layers.

2. Experiment

Nanoindentation experiments were performed with

a HYSITRON Triboscope attached to a Nanoscope

IV multimode scanning force microscope of Digital

Instruments. The principal device of the Triboscope is

an electrostatic transducer � a three-plate capacitor,

the mid-plate of which is carrying the indentation tip

mounted to a stylus. Application of a DC-voltage up

to 600 V results in an electrostatic force (the maximum

load depending on the capacitor plate spacing and area

is at most 6.3 mN) that drives the diamond tip at the

sample. The change in the capacitance is simultaneously

recorded as a measure of penetration depth. The primary

data (voltage U , capacitance change �C) are converted
into load F and depth h, resulting in an F (h)-curve.
After the complete unloading, the impression area can

be scanned with the same tip. The stress distribution

under indentation is largely affected by the indenter

tip geometry, which is a vital factor in determining the

boundary conditions for the field [17].
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Fig. 1. Illustration of the parameters which can be extracted from

loading-unloading dependences in nanoindentation experiments

A three-sided 90Æ pyramidal diamond tip was used

for the indentation procedure. By these methods, the

following parameters can be obtained (see also Fig. 1):

maximum indentation depth hmax, penetration depth

hp, depth of the remaining expression after complete

unloading ht, maximal applied force Fmax, nanohardness

HN , and Young's modulus Er. The depth hc is the

penetration depth, at which the cross section area Ac

is taken to calculate the hardness and Young's modulus.

Here, the measurements were repeated 5�10 times, and

the average values of data were calculated.

The key quantities to determine, namely the

mechanical properties, are defined as follows. The

maximum indentation depth hmax includes the elastic

and plastic deformation. The depth, at which the applied

forces becomes zero under unloading, is called hf . The
depth hc is the penetration depth at which the cross

section area Ac is taken to calculate hardness and

Young's modulus. The nanohardness of the sample HN

is determined using [14, 19]

HN =
Fmax

Achc
; (1)

where Fmax is the maximum applied load and Ac is the

cross-sectional area corresponding to the depth hc. The
determination of the contact depth hc is given by

hc = hmax � 0:75
Fmax

S
; (2)

where S is the contact stiffness

S =
dF

dh
; (3)

with dF=dh being the slope of the unloading curve at the

initial point of unloading. The reduced Young's modulus

Er is a measure of the elastic properties of the tip-sample

system and can be calculated from the load-depth curves

according to the formula

Er =
1

2

r
�

Achc

dF

dh
: (4)

For elastically deformable indenters, the reduced

modulus Er can be generalized and is defined as

1

Er

=
1� �2s
Es

+
1� �2t
Et

; (5)

where Es and �s stand for Young's modulus and Poisson

ratio of the sample, respectively, and Et and �t stand for

Young's modulus and Poisson ratio of the indenter tip,

respectively.

Since Et is much higher than Es, the value of Er

will hardly differ from Es for soft materials like MCT or

some other II-VI compounds.

All experiments were carried out at room

temperature in air atmosphere.

3. Samples

MCT heteroepitaxial layers for multielement photodiode

arrays were grown by the MBE technology on (013)

GaAs substrates with ZnTe/CdTe buffer layers [4, 6,

7] and had cutoff wavelength �co from 10.5 to 12.0

�m (� 0.15 �m) at T = 78 K in dependence on the

growth conditions. MCT layers and GaAs substrates are

different with lattice constants and have different

thermal expansion coefficients (�l = 4.6�10�6 K�1 for

Hg0:8Cd0:2Te, and �l = 5.3�10�6 K�1 for GaAs). The

growth temperature was in the region T � 180 � 190 ÆC

for the HgCdTe layers and within T = 240�300 ÆC

for ZnTe/CdTe buffer layers. During the growth

process, the composition of the layer was controlled

by a built-in ellipsometer. The composition non-

uniformity over 1 cm2 area was not more than �x =

�0.001. The as-grown layers had n-type conductivity

(electron concentration n77 � 2�1015 cm�3, electron

mobility �77 � 105 cm2/(V�s)). The following annealing

was necessary to convert the n-type conductivity of

the obtained layers into the p-type to manufacture

n+ � p-photodiodes by B+ implantation. After the

annealing procedure, the MBE MCT layers had hole

concentrations about p78 � (3 � 10)�1015 cm�3 with

carrier mobility in the range of �78 � 350 � 400

cm2/(V�s). The dislocation densities in the material

for those IR photodetectors were about 105 cm�2.
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Fig. 2. SFM image of the nanoindentor impression for

HgCdTe/CdTe/ZnTe/GaAs MBE layer near the heterostructure

boundary

Fig. 3. SFM image of the nanoindentor impression for

CdTe/HgCdTe LPE layer near the heterostructure boundary

The total thickness of the MBE structures

investigated was within 10 to 12 �m. The thickness

of ZnTe layers in different heterostructures was about

300 �A � 0.5 �m and the thickness of CdTe layers

was within several microns. To decrease the influence

of surface recombination HgCdTe layers were grown

with x increasing to the surface [20]. The layers

have special wide gap regions of d � 0.5 �m thick

with composition x � 0.55 near the surface, while

the interior part of the layers was within x �

0:21 � 0:22 in dependence of the growth conditions.

Close to the buffer layer, the Cd content is also

increasing and a potential barrier can be formed in

some cases between the buffer and the photosensitive

layer.

Also the HgCdTe/CdZnTe lattice matched

heterostructures were grown by the LPE method.

MCT epitaxial layers were grown on (111) CdZnTe

single crystal substrates at T � 500 ÆC. MCT layers

and CdZnTe substrates have similar lattice expansion

coefficients. The thickness of these epitaxial layers was

within 8�25 �m.

They were grown on Cd1�yZnyTe substrates with

chemical composition y � 0.04 � 0.02. In the case of

y = 0.04, the lattice constants of MCT layers with x
= 0.215 coincide. The dislocation densities in the LPE

layers were about 2�104 cm�2. The LPE layers had

hole concentrations about p78 � (5 � 20)�1015 cm�3

with carrier mobility in the range of �78 � 400 � 500

cm2/(V�s).

4. Results and Discussion

To investigate the loading-unloading dependences at

heterostructure boundaries the samples were clevaged

or mechanically polished across the surface growth. In

Figs. 2 and 3, we show the SFM image of MBE- and

LPE-grown heterostructure cross-sections, respectively.

Clearly is seen the difference area of the nanoindentor

impression in dependence of its position near the

heterostructure boundary for the MBE-grown structure,

since the MCT is more soft than other materials of

heterostructures.

The sizes of impressions (Fig. 3) are rather similar

for different parts of LPE grown structure cross sections,

which is an evidence of the rather similar hardnesses of

HgCdTe and CdZnTe solid solutions.

In Figs. 4 and 5, we show the corresponding loading

(unloading)-displacement (force-depth) dependences.

Evidently, there exist the differences between the

unloading-displacement dependences taken in different

parts near the heterostructure border for both cases.

Near the, or at GaAs/ZnTe/CdTe heterointerface (point

4) and at the HgCdTe layer (point 1), the �elbow�

effect (Fig. 4) is clearly seen, which can be associated

with phase transformations. The pop-out or elbow

effect is absent for the points out of the border at

the GaAs substrate (points 6) under experimental

loading. The pronounced �elbow� effects and even pop-

out effects (a sudden change of force-depth dependences)

for both unloading curves are represented in Fig. 5, as a

consequence of the phase transformation in HgCdTe
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Fig. 4. Force/depth curves for nanohardness measurements in

MBE heterostructures. Numbers above the curves correspond to

numbers of nanoindentor impression points in Fig. 2

Fig. 5. Force/depth curves for nanohardness measurements in

LPE heterostructures. Numbers above the curves correspond to

numbers of nanoindentor impression points in Fig. 3

and CdZnTe epitaxial layers. Such phase

transformations were revealed by other �macroscopic�

methods [8�10, 21].

The average values of nanohardness and Young's

modulus were calculated by using formulas (1) and (4),

respectively. They are shown in Tables 1 and 2.

It is interesting to note that, despite the �elbow�

and �pop-out� effects observed, which are presumably

connected with phase transformations in the vicinity of

T a b l e 1. Elastic modulus and nanohardness of

heterostructures HgCdTe/CdTe/ZnTe/GaAs grown by

MBE methods (the number of points corresponds to

numbers of the nanoindentor impression in Fig. 4)

Point number Er (GPa) H (GPa)

1 31.2 1.6

2 40.1 1.8

3 55.7 1.5

4 35.2 4.5

5 113.2 7.9

6 112.5 10.3

7 97.6 10.8

T a b l e 2. Elastic modulus and nanohardness

of heterostructures HgCdTe/CdZnTe grown by LPE

methods (the number of points corresponds to numbers

of nanoindentor impression in Fig. 5)

Point number Er (GPa) H (GPa)

1 48.7 1.7

2 43.4 1.3

3 65.5 1.4

4 74.7 1.5

5 43.6 2.0

6 57.2 2.1

7 53.9 2.1

8 59.5 2.8

9 66.9 2.4

10 67.5 2.5

11 73.1 2.0

the heterostructure boundaries, no influence of them on

electrical and photoelectrical properties was observed.

5. Conclusions

The mechanical properties on the nanoscale of MCT-

based heterostructures grown by molecular beam

epitaxy on lattice mismatched GaAs (013) substrates

with ZnTe/CdTe buffer layers, and epitaxial layers

grown by liquid phase epitaxy on lattice matched

CdZnTe (111) single crystal substrates, were studied

by nanoindentation firstly and revealed possible phase

transformations in MCT layers.

The pronounced �pop-out� effect caused, as a rule,

by phase transformations in the materials tested was

observed for the first time in lattice matched MCT layers

in CdHgTe/CdZnTe heterostructures. In the lattice

mismatched MBE-grown MCT-based heterostructures,

the changes in the slopes of the unloading curves were

observed which also testify to the presence of possible

phase transformations in MCT layers.

The values of nanohardness and Young's modulus

were obtained from the force-depth curves.
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IÍÄÓÊÎÂÀÍI ÍÀÍÎIÍÄÅÍÒÓÂÀÍÍßÌ ÔÀÇÎÂI

ÏÅÐÅÕÎÄÈ Â ÅÏIÒÀÊÑIÉÍÈÕ

ÃÅÒÅÐÎÑÒÐÓÊÒÓÐÀÕ HgCdTe

Ô. Ñèçîâ, A. Ðiõòåð, �. Áiëåâè÷, Ç. Öèáðié, K. Kóáiöa, Ð. Ðiñ,

Þ. Ñiäîðîâ

Ð å ç þ ì å

Åïiòàêñiéíi ãåòåðîñòðóêòóðè êàäìié�ðòóòü�òåëóð (ÊÐÒ), âè-

ðîùåíi ìåòîäàìè ìîëåêóëÿðíî-ïðîìåíåâî¨ åïiòàêñi¨ (ÌÏÅ) òà

ðiäêîôàçíî¨ åïiòàêñi¨ (ÐÔÅ), áóëè äîñëiäæåíi ìåòîäîì íàíîií-

äåíòóâàííÿ äëÿ âèÿâëåííÿ ìîæëèâèõ ôàçîâèõ ïåðåõîäiâ ïî-

áëèçó ãåòåðîìåæi. Êðèâi íàâàíòàæåííÿ�çìiùåííÿ ïðè íàíîií-

äåíòóâàííi ãåòåðîñòðóêòóð íà îñíîâi ÊÐÒ, âèðîùåíèõ ìåòîäîì

ÌÏÅ íà ïiäêëàäêàõ GaAs ç áóôåðíèì øàðîì ZnTe/CdTe, ïî-

êàçàëè õàðàêòåðíó �ëiêòåïîäiáíó� ïîâåäiíêó äiëÿíîê êðèâèõ çà

âiäñóòíîñòi íàâàíòàæåííÿ. Ó ãåòåðîñòðóêòóðàõ ÊÐÒ, âèðîùå-

íèõ ìåòîäîì ÐÔÅ íà ïiäêëàäêàõ ZnCdTe, ÷iòêiøå âèðàæåíèé

çãèí íà àíàëîãi÷íèõ êðèâèõ òà íàâiòü ñïîñòåðiãà¹òüñÿ ðîçðèâ

çàëåæíîñòåé, ÿêèé â îáîõ âèïàäêàõ (ÌÏÅ òà ÐÔÅ), éìîâið-

íî, ïîâ'ÿçàíèé iç ñòðóêòóðíèìè ôàçîâèìè ïåðåõîäàìè ïîáëèçó

ãåòåðîìåæi.
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