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This paper presents a study of the mechanical properties of Hg 7Cdp 3Se grown via molecular beam epitaxy on
GaSb (211)B substrates. By applying nanoindentation measurements, the statistical average values of Young’s
modulus and hardness of Hgg 7Cdy 3Se extracted from corresponding 43 effective load-displacement curves are
determined to be approximately 51 GPa with 7.4 GPa standard deviation and 0.93 GPa with 0.05 GPa standard

deviation, respectively. In response to increasing loading force, Hgo 7Cdp 3Se material is found to transition from
purely elastic character to elasto-plastic behaviour, which is observed to be characterized by “pop-in” discon-
tinuities in the recorded load-penetration curves and occurring at a shear stress of around 2.25 GPa. Compared to
the mechanical properties of Hgg 7Cd 3Te, Hgo.7Cdo.3Se is found to present more favorable hardness and plastic
threshold shear stress from the point of view of robustness for device fabrication processing and possible inte-

gration with MEMS technology.

1. Introduction

Over the past decades, mercury cadmium telluride (HgCdTe, MCT)
infrared (IR) detectors fabricated using material grown on lattice-
matched CdZnTe (CZT) substrates have dominated the high-
performance market for IR imaging and sensing applications due to
their outstanding optoelectronic performance [1-5]. However, HgCdTe
IR technology based on CZT substrates suffers from limitations imposed
by the substrate, resulting in high cost and small array format size that
struggle to meet the requirements of broad market infrared applications.
Although various alternative substrates were studied for growing high
quality HgCdTe in order to lower the production cost and increase the
array format size [6-9], high density of misfit dislocations were gener-
ated due to the large lattice mismatch between alternative substrates
and HgCdTe which degraded the device performance. To address this
challenge, mercury cadmium selenide (HgCdSe, MCS) has been pro-
posed as an alternative IR material to HgCdTe. Recent research on the
structural, electrical, and optical properties of HgCdSe materials grown
by molecular beam epitaxy (MBE) [10-12], indicate comparable opto-
electronic properties to HgCdTe in relation to IR detection. Most
importantly, since HgCdSe is nearly lattice-matched to GaSb, the use of
GaSb substrates offers larger wafer size and higher quality in comparison
to CZT substrates [13]. Therefore, HgCdSe-based IR devices have a great
potential for meeting the requirements of next generation infrared de-
tectors with features of larger array format size and lower production

cost [14]. Furthermore, with the emerging integration of micro-
electromechanical systems (MEMS) technology with HgCdTe-based IR
devices [15-17], the ability to complement the versatility of MEMS with
a more robust HgCdSe material system holds great promise for achieving
a reliable and robust device technology. Since understanding and con-
trol of mechanical properties in MEMS structures is critical to achieving
reliability, it is essential to determine the mechanical parameters of
HgCdSe, in particular the material hardness (H) and Young’s modulus
(E). However, the available published research on this is very limited in
the open literature, especially for MBE-grown HgCdSe epilayers.
Nanoindentation has been widely utilized to investigate the me-
chanical properties of semiconductor materials [18-24]. By loading and
unloading the indenter tip, the response of indented material due to
structural deformation can be investigated from the so-called
load-displacement (P-h) curves. Furthermore, compared to alternative
methods of determining mechanical properties on the basis of MEMS
technology [25], nanoindentation does not require elaborate fabrication
of diagnostic microstructures [26,27], especially when fabrication pro-
cesses are yet to be developed for the HgCdSe material system. There-
fore, we have adopted nanoindentation to investigate the elasto-plastic
properties of MBE-grown Hg; ,Cd,Se with x ~ 0.3 on GaSb (211)B
substrates, and present a direct comparison with HgCdTe of the same x-
value [21,28]. It is essential to note that the performance of HgCdTe-
based detector is severely sensitive to its technological quality due to
its soft and brittle character [22]. An IR material with more robust
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mechanical properties than HgCdTe could provide an attractive alter-
native for the development of more fabrication-tolerant IR device
technologies in the future.

2. Depth sensing indentation

In a typical nanoindentation experiment, a hard diamond indenta-
tion tip is applied to the surface of the thin-film specimen. The diamond
indenter is initially pressed into the specimen surface with preset
loading, and then gradually extracted by controllably removing the
loading. During the measurement process, both the loading force (P) and
the corresponding displacement of the tip (h) are recorded, allowing
deformation information to be logged in the form of a load-displace-
ment (P-h) curve, which is schematically presented in Fig. 1. The loading
segment of the P-h curve is associated with the mechanical resistance of
the indented material as the tip penetrates, which typically reflects both
the elastic and plastic properties of the specimen. When the loading
force reaches its peak value, the corresponding penetration depth is
labelled as the maximum depth (hp,x). The unloading segment reflects
the recovery process of indented material, which is dominated by the
elastic properties of the specimen [29]. If the material is fully elastic, the
final penetration depth (hf) will be zero once all loading is removed,
meaning that full recovery of the indented material has occurred. On the
other hand, for fully plastic material where no recovery takes place h is
equal to hy,y. It should be noted that most materials demonstrate elasto-
plastic character, which can be quantitatively determined by the ratio of
hf to hyax, which can be extracted from the recorded P-h curves.

2.1. Determination of Young’s modulus

Based on the P-h curves, a number of methods can be used to extract
the parameters of elastic modulus and hardness [30-33]. In this study,
we adopt the most commonly used Oliver and Pharr method [34] to
analyse the unloading segments of the P-h curves for determining the
Young’s modulus and hardness parameters [29,34]. By considering the
typical P-h curve as illustrated in Fig. 1, the contact stiffness S between
the Berkovich tip and the specimen can be calculated as follows:

S=" 1)

where dP and dh are the differential changes of the loading force and

the penetration displacement, respectively. Furthermore, the
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relationship between P and h in the unloading segment can be described
with a power law relationship.

P=a(h—h)", 2

where a and m are the parameters to be fitted. In this study, the
unloading segment of the P-h curve is preset to be fitted over the range of
60-90 % of the peak loading value. Combined with Egs. (1) and (2), the
initial slope of the unloading curve can be extracted, which is defined as
the contact stiffness (S). The elastic modulus of the specimen is derived
from the nanoindentation measurement using the numerical relation-
ship between the contact stiffness (S) and the projected contact area (A.)
[35]:

2E,
S=="./A., 3
N/ 3)
where E, is the reduced modulus incorporating both the deformation
effect of the indented material and that of the indentation tip. The
combined effects can be expressed as:

I 1—v? 1-?

E, E, E

4

where E, and v, represent the Young’s modulus and Poisson ratio of
indenter tip, respectively. In our study, a Berkovich diamond tip has
been used whose E, and v, are 1141 GPa and 0.07, respectively. In Eq. (4)
for isotropic materials, E and v are the Young’s modulus and Poisson
ratio, and the ratio ;£ is recognized as the plain-strain Young’s modulus
[36]. For anisotropic materials like HgCdSe [37], the value of the
measured elastic modulus reflects the effective elastic behaviour of the
indented material with contributions from various crystal orientations.
Theoretically, for anisotropic materials the value of E should change
with different orientations in indented material. However, it is still
common practice to apply Eq. (4) to extract the effective elastic
modulus, which can generally be treated as the indentation Young’s
modulus even for anisotropic materials [28].

2.2. Determination of hardness

As indicated in Fig. 1 (a), the projected contact area A. between the
indenter tip and the specimen depends on the shape of the tip and the
penetration depth. The parameter illustrating how deep the indenter
and specimen are in contact is labeled as the maximum contact depth,
h,. Correspondingly, hpax represents the maximum penetration depth

Load force (P)

:

Loading

Unloading

(b) hf }ima.\'

Displacement (h)

Fig. 1. (a) Schematic nano-indentation process, where A, is the contact area, hy is the final depth, and h,.y is the maximum depth of the penetrating indentation tip;

and (b) typical load-displacement (P-h) curve of indentation tip.
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under the largest loading force (Ppay). To relate the penetration
displacement of the tip in the specimen with the loading force, the
following model is used [38]:
Pmax

g — e = ST s 5)

where ¢ is a coefficient related to the shape of the indenter tip. For a
Berkovich tip, the suggested ¢ value is 0.75 [39]. Once the penetration
depth is determined, the contact area A, can be extracted from the tip
area function A, = f(h.) [34], which needs to be pre-calibrated by using
a standard specimen related to tip geometric imperfection and system
compliance. Based on the typical definition of hardness (H), we treat H
as the mean pressure which the specimen can sustain at a particular
loading force. Once the contact area A, is determined for Pp,a«, H can be
extracted as follows:

©

3. Experimental details

A Brucker TI 950 nanoindentation system combined with a Per-
formech™ Advanced Control Module was used to undertake the mea-
surements on Hgy 7Cdy 3Se epilayers, which were grown to a thickness of
approximately 4.5 ym on GaSb (211)B substrates using the Riber 32P
MBE at The University of Western Australia. Note that the Hgp 7Cdo.3Se
materials studied in this work are of mono-crystalline as indicated by the
XRD (X-ray diffraction) rocking curve measurement and long strip
RHEED (reflection high-energy electron diffraction) pattern observed
during the MBE growth which are shown in Figure S1 of the supple-
mentary material. Multiple indentation points were performed on the
surface of Hgp 7Cdg 3Se sample using the Berkovich tip under peak loads
ranging from 400 pN to 2000 pN with an increment of 50 uN. The
indenter loading function adopted in this study is illustrated in Fig. 2 (a).
In this profile, the loading force increases to the maximum loading force
(Pmay) within the first 10 s, then decreases to 10 % of Pp,,x in the next 10
s, and then increases to Pp,x in the following 10 s.

Subsequently, the loading force is held at Py for 15 s, and then
reduces to O over the final 15 s.

The pre-indent and the constant load within the indenter loading
function serve the purpose of dissipating the influence on the mea-
surement associated with time-dependent processes within the spec-
imen. The final unloading segment can be regarded to be essentially free
of effects associated with time-dependent deformation processes such as
material creep, allowing for the extracted Young’s modulus and
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hardness values to be representative of the indented material [40]. Fig. 2
(b) shows an exemplar indentation point on the surface of HgCdSe
sample confirming that the Berkovich diamond tip geometry has been
well formed on the surface of the investigated sample.

4. Results and discussion

The measured values of Young’s modulus (E) and hardness (H) of
Hgo 7Cdg 3Se extracted from nanoindentation load-displacement (P-h)
curves are displayed in Fig. 3 as a function of contact depth, h.. Since the
maximum penetration depth is less than 250 nm and does not exceed 10
% of the HgCdSe thin film thickness (~4.5p m), the extracted values of E
and H can be considered to be essentially free from any substrate effects
[24].1t can be observed in Fig. 3 that the values of E for Hgp 7Cdg 3Se as a
function of contact depth have significant variation, and the average
value is determined to be ~ 51 GPa with ~ 7.4 GPa standard deviation
(o). This variation is plausibly caused by tip-shape irregularities espe-
cially for contact depths less than ~ 100 nm. Note Figure S2 shows the
large variation when contact depths are less than ~ 100 nm. Thus only
the E values with the contact depths more than ~ 100 nm are used for
discussion in this work. However, the 43 indentation points provide a
valid database to effectively mitigate this artificial interference. The
average value of E for previously reported Hg( 7Cdg 3Te data is found to
be ~ 50 GPa [21], which is similar to the average value of E for
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Fig. 3. Measured hardness (open diamonds) and Young’s modulus (closed di-
amonds) of MBE-grown Hg Cdo 3Se thin film as a function of contact depth.
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Fig. 2. (a) Indenter load function adopted in this work, and (b) an AFM image of an indentation point on a Hgy 7Cdo 3Se sample.
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Hgo.7Cdp 3Se, and this similarity is likely to be related to the highly
analogous crystal structure between HgCdTe and HgCdSe (both HgCdTe
and HgCdSe belong to the IIB-VIA family with zinc-blende structure)
[41,42]. On the other hand, the trend as a function of contact depth
observed in this study for H of Hgy 7Cdg 3Se differs from the previous
observation for Hg( 7Cdo 3Te, which included indentations with contact
depths extending to 800 nm. The resultant H values for Hgy7Cdo sTe
obtained below an indentation contact depth of ~ 300 nm were found to
increase with decreasing depth, which was attributed to the indentation
size effect formulated by the work of Nix and Gao [43]. In contrast, it is
evident from Fig. 3 that the measured H values for Hg( 7Cdg 3Se remain
constant over the investigated indentation contact depth range of
40-220 nm. Since this indentation depth range is not as extensive in
comparison to the previous Hgp7CdgsTe study, we do not discuss
extensively the noted differences. Nevertheless, since the indentation
size effect is expected to be especially pronounced in relatively soft
crystalline materials, the lack of an observed trend in Hgg;Cdg 3Se
supports the notion that HgCdSe is not such soft in comparison to
HgCdTe. The data for the observed Hgg7Cdg 3Se hardness gave an
average value of H ~ 0.93 GPa with ¢ ~ 0.05 GPa, which can be
considered to be notably greater than the average value of H ~ 0.66 GPa
found for Hgy 7Cdg sTe [21]. This could be associated with Cd-Se (111.3
kcal/mol) and Hg-Se (110.2 kcal/mol) bonds having larger cohesive
energies than those of Cd-Te (95.4 kcal/mol) and Hg-Te (94.2 kcal/mol)
[44]. Considering that HgCdTe has always been considered a soft-brittle
material leading to severe constraints on its fabrication technology,
HgCdSe with a larger hardness value may therefore be a more robust
option from the point of view of tolerance to fabrication processes.

To further investigate the elasto-plastic behaviour of Hgg 7Cdg 3Se,
we focus our attention on the details of the recorded P-h curves. Fig. 4(a)
illustrates the load-penetration curves of Hgp7Cdg3Se epilayers for
multiple peak load forces, Py, ranging from 100 to 300 uN. For Py
less than or equal to 150 pN, the loading and unloading segments of the
curves overlap fully with one another, indicating that the indented
material presents completely elastic behaviour. For greater values of
Prmax, the Hgo 7Cdg 3Se presents an elasto-plastic response with typical
discontinuities observable in the penetration depth, which are generally
referred to as “pop- in” events [45].

The “pop-in” events have previously been linked with rapid nucle-
ation and propagation of homogenous dislocations [46], the occurrence
of cracks and slippage in crystals [47], and the onset of phase trans-
formations [48]. From similar studies on silicon [48], the onset of phase
transformation is strongly linked with the occurrences of obvious dis-
continuities in the unloading segments, which are commonly referred to
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as “pop-out” events. However, as indicated in Fig. 4, no “pop-out” events
were observed in our experiments. In addition, no evidence of cracking
has been observed with any of the indents. Therefore, the onset of plastic
deformation and dislocation nucleation in HgCdSe is the most plausible
explanation for the occurrence of the observed “pop-in” events, which is
also consistent with the conclusion obtained in a previous study on
HgCdTe (more details are discussed later in this work) [28].

Several studies in the open literature have demonstrated that the
critical shear stress required for initiation of homogenous nucleation of
dislocations and the onset of plastic flow, 7., can be approximated by
[49-51]:

G

T = Ea (7)

where G is the shear modulus of the material. For Hgg 7Cdg 3Se, the
shear modulus can be interpolated using Vegard’s Law based on the
theoretical shear modulus of HgSe and CdSe [52,53]. Using this
approach, the theoretical critical shear stress required to induce ho-
mogeneous nucleation of dislocations in Hgp 7Cdp 3Se can be estimated
to be 2.25 GPa. On the other hand, the maximum shear stress, 7, for a
spherical indenter under fully elastic contact conditions with R > h can
be expressed as a function of the average contact pressure, pn, as [54]:

P
77 ~ 0.465p,, ~ 0.465A— ~ 0.465 (€)]

P

2RI

where P, A., R and h represent the load force applied to the indenter,
projected area, radius of indentation tip, and penetration depth,
respectively. Because the Berkovich indentation tip used in our study is
not perfectly sharp and is effectively rounded, Eq. (8) can be applied to
the range of shallow indentations undertaken in this study with the
indenter tip radius, R, estimated to be around 700 nm, by applying
Hertzian elastic equations [55] to the fully elastic P-h curves.

Table 1 compares the theoretical critical shear stress required to
induce homogenous nucleation of dislocations, 7., and the maximum
shear stress induced by the indenter immediately prior to the onset of a
“pop-in” event, 7r. The range of 77 represents the values obtained from
the P-h curves with a “pop-in” event occurring. To provide a direct
comparison between 7, and 77, the percentage of 7. that 77 has achieved
just before a “pop-in” event is also listed in Table 1. It is evident from
these values that 77 developed immediately prior to the occurrence of a
“pop-in” event is well correlated with the theoretically calculated 7.
using the elastic constants for perfect single-crystal HgCdSe, suggesting
that “pop-in” events in Hgy7Cdg3Se are linked with homogenous
nucleation of dislocations and the onset of plastic deformation. Similar
findings have also been found for MBE-grown Hg, 7Cdg sTe epilayers

T v T v T v T
2000 4 500 LlN _
* 1000 uN
a 1500 uN
1500 - * 2000 uN -
1000 - -
500 -
0

250

(b) Contact depth (nm)

Fig. 4. (a) The load-penetration (P-h) curves for Hg 7Cd 3Se with Py, ranging from 100 to 300 pN in 50 pN increments. The characteristic discontinuities or “pop-
in” events are labelled with an arrow. (b) P-h curves for Hg, 7Cdg 3Se with much larger P, ranging from 500 to 2000 pN in 500 uN increments. Notably no dis-

continuities are observed for the unloading segments.
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Table 1
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Data extracted from nanoindentation measurements on MBE-grown Hg ,Cdy 3Se epilayers in comparison to data for Hgo ,Cd 3Te taken from Ref [21] (E, average
Young’s modulus; H, average hardness; 7., theoretical critical shear stress; 7r, maximum shear stress induced by indentation load force immediately prior to a “pop-in”

event).

Thickness (um) E (GPa)

H (GPa)

7,(GPa) 7r(GPa) 77 /7.(%)

Hgo.7Cdo 3Se 4.5 51
Hgo.7Cdg 3Te 10 50

0.93 2.25
0.66 1.80

2.06-2.43
1.70-1.80

92-108
94-101

[21]. As shown in Ref.21, plastic deformation happened when the
maximum shear stress (¢r) induced by the indenter immediately prior to
the “pop-in” event was greater than the theoretically critical shear stress
(z) required to induce homogeneous nucleation of dislocations, and the
onset of plastic deformation was postulated to be associated with the
homogenous nucleation and propagation of dislocations. The value of z.
can, to some extent, reflect the limiting elastic stress above which irre-
versible plastic deformation will be generated. Table 1 compares the
values of 7z, for Hgy 7Cd 3Se and Hgp 7Cd sTe, and it is evident that the
shear stress for the onset of plastic deformation for Hg( 7Cdo 3Se material
is significantly greater than for Hgo 7Cdo.sTe.

The elasto-plastic character of Hgg;Cdp3Se can be quantitively
evaluated by the ratio of hs to Amayx, Where hyq, represents the maximum
penetration depth during loading and hy is the final depth after the
indented material recovers from the unloading process. The value of hy/
hmax ranges from O for purely elastic materials, to 1 for purely plastic
materials. This parameter is plotted in Fig. 5 for our experiments as a
function of indentation contact depth, and is directly compared to the
data determined previously for Hgp7CdosTe. It is evident that for
penetration depths less than 15 nm, Hgy;Cdg 3Se epilayers tend to
display a high degree of elastic character (hy/hnex less than 0.2). This
agrees well with the observations from Fig. 4, where “pop-in” events are
found to occur for a contact depth of approximately 15 nm. It can also be
observed from Fig. 5 that for increasing penetration depths beyond the
“pop-in” event depth, the value of hs/hmq. continues to rapidly increase
and then subsequently saturates, reaching a value of 0.83 for contact
depths exceeding 100 nm. The rapid increase of hs/hne in Fig. 5 in-
dicates that there is a sharp transition from elastic to plastic character in
both Hgp7Cdo sTe and Hgg7Cdp 3Se material with increasing contact
depth, which occurs close to the depth of “pop-in” events. This is
consistent with the notion that plastic deformation in HgCdSe is asso-
ciated with homogenous nucleation of dislocations and their
propagation.

5. Summary and conclusions

In this paper, the elasto-plastic properties of MBE-grown
Hgo.7Cdp 3Se thin films on GaSb (211)B substrate have been deter-
mined via the nanoindentation technique. The Young’s modulus and
hardness of Hgy7Cdg3Se epilayers have been determined to be
approximately 51 (with 6 ~ 7.4) GPa and 0.93 (with ¢ ~ 0.05) GPa,
respectively. Load-penetration curves indicate that for increasing
indentation load there is a transition from purely elastic to the elasto-
plastic character in HgCdSe, and this transition is marked by charac-
teristic “pop-in” discontinuities. The maximum shear stress, 77, induced
by the indenter just prior to a “pop-in” event agrees well with the critical
shear stress, 7., required to induce homogenous dislocation nucleation
calculated using the elastic constants for ideal single-crystal
Hgo.7Cdy 3Se, indicating that the plastic deformation associated with a
“pop-in” event in Hgg 7Cdg 3Se is linked to the homogenous nucleation
and propagation of dislocations.

Hg 7Cdg.3Se is found to have greater hardness and shear strength in
comparison to Hgg 7Cdy 3Te, which is potentially correlated to the larger
cohesive energy of Cd-Se and Hg-Se bonds in comparison to Cd-Te and
Hg-Te bonds [44]. Even though HgCdTe-based infrared detectors have
dominated the high-performance end of the aerospace and defence
market for many decades, the soft-brittle nature continues to present
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Fig. 5. The measured ratio of final penetration depth, kisa, to the maximum
indentation depth, Ay, as a function of penetration depth for Hgy,Cdg 3Se
(open diamonds) and Hgp7Cdg 3Te (full triangles). The HgCdTe data is taken
from Ref [21].

significant challenges for conventional manufacturing processes in
terms of production yield and cost. With comparable infrared optical
parameters to HgCdTe [11,13,14,56], HgCdSe possesses more favour-
able hardness and elastic shear strength, and thus presents a potential
pathway to increase the tolerance to fabrication processes, in particular
towards potential integration of infrared sensors with MEMS
technologies.
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