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The present paper concerns the elastic-plastic nanodeformation of Te-doped GaSb crystals grown by molecular
beam epitaxy on the n-type of GaSb substrate. The conventional analysis of nanoindentation data obtained with
sharp triangular (Berkovich) and spherical tip revealed the elastic modulus (F = 83.07 £ 1.78 GPa), hardness
(H =5.19 £ 0.25 GPa) and “true hardness” (Hr = 5.73 + 0.04 GPa). The registered pop-in event which indicates
the elastic—plastic transition in GaSb crystal points towards the corresponding yield strength (oy = 3.8+£0.1 GPa).
The origin of incipient plasticity in GaSb crystal is discussed in terms of elastic-plastic deformation energy concept.
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1. Introduction

The GaSb low band-gap crystal, has attracted consid-
erable interest among the III-V compound semiconduc-
tors due to its potential applications for infrared detec-
tors (the Schottky barrier diodes) [1], infrared LEDs [2],
thermophotovoltaic generators [3], or spintronics de-
vices [4]. It has turned out to be important candidate
for applications in tunnel field-effect transistor, due to
its inter-band tunneling capability exhibited when an en-
ergy barrier is absent [5]. With the recent development of
nanomaterials, the engineers become increasingly aware
that present applications of semiconductors require satis-
factory mechanical characteristics in addition to already
well-established electronic and optical properties. Suf-
fice it to mention as an example the ultra-thin cantilever
with resonant frequencies modified by an accurate ad-
justment of its elastic constants, which is currently used
as an efficient nanoelectromechanical sensor [6]. While
the nanomechanical properties of numerous semiconduc-
tors had already been studied (see e.g., Refs. [7-9]), there
is lack of systematic data about mechanical behavior of
the important GaSb crystal. Consequently, our research
addresses the nanoindentation probing of this interesting
material. Our focus is the elastic and plastic behavior
of nanodeformed GaSb thin film fabricated by molecular
beam epitaxy (MBE).

2. Materials and methods

The GaSb thin film was grown by MBE using the
V80H-10 system equipped with standard chamber de-
signed for deposition of group-III elements with the
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growth rate 1 pm/h and at temperature 500°C. In
this study we investigated the 500 nm thick layer of n-
type GaSb:Te with 10'® cm~2 doping levels deposited
on 500 nm thick n-type GaSb(100) substrate. Antimony
was provided from a Valved cracker source and tellurium
dopants were introduced by a special GaTe source.

The nanoindentation experiments were performed us-
ing Hysitron Triboindenter TI 950 equipped with either
the sharp Berkovich (nominal radius R = 100 nm) or
spherical (R = 1 pm) diamond tip. The measurements
were carried out in a load-control-mode with maximum
indentation load Pyax varied from 100 to 5000 pN. The
selected load time (180 s) allowing us to observe the dis-
continuities (pop-in events) on a loading part of the load-
displacement (P—h) curve.

3. Results and discussion

The typical P—h curves registered during the indenta-
tion of the sharp-tip are smooth and repeatable, which
indicates the homogeneity of our sample (Fig. 1a).

Based on the obtained results we determined the con-
ventional Mayer hardness (H) and Young modulus (E)
(see Fig. 1b) of the examined material, according to the
Oliver and Pharr method [10]:
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where P, A, S, F;, Eog, v, Vi, and [ define the indentation
load, contact area, unloading stiffness, indenter elastic
modulus, effective Young modulus, material Poisson ra-
tio, the Poisson ratio of diamond tip and constant depen-
dent on the Berkovich tip geometry — 1.034 [11], respec-
tively. The calculated values of H = 5.19+0.25 GPa and
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E = 83.07 £ 1.78 GPa (see Fig. 1b) are consistent with
the earlier data that were obtained by means of micro-
indentation equipment [12].
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Fig. 1. The nanoindentation results recorded with the

sharp Berkovich tip. The P—h curves were regis-
tered for different maximum loads of 1000, 3000, and
4700 puN (a), which allowed us to obtain the elastic
modulus and hardness depth profiles (b). The consid-
erations based on energy principle of indentation (EPI)
enabled us to estimate the “true hardness” from the lin-
ear relationship between the energy U, consumed for

irreversible deformation and P;?,/ai value (c).
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Our further procedure of the collected indentation data
(Fig. 1a) led us to estimate the energy U, (see Eq. (2))
consumed for irreversible nanodeformation at different
Ppax values following Sakai and Nowak [13, 14]:

he
U, = /0 A, (h)h?dh, (2)

where A,, corresponds to the coefficient describing the re-
sistance of a solid to plastic deformation and h,, stays for
indentation depth limiting the integration interval. The
“rue hardness” (Hr) of our material was obtained from

Eq. (3) describing U, — P32 relationship [13, 14]:
1 1 _1 3
U. = 500 * cot(y)Hy * Paax, (3)

where ag = 3v/3, 1 = 70.7° stand for geometry of the
indenter (for further details refer to Ref. [15]). The ob-
tained Hy = 5.73 + 0.04 GPa has a physical sense, in
contrast to depth-dependent values of hardness that does
not constitute any material constant. Moreover, the se-
lected plot (Fig. 1c¢) confirms the linear U, — P,‘fl/ai rela-
tionship of our data with satisfactory fit (coefficient of
determination 0.99985) that proves the EPI applies to
our MBE-grown GaSb crystal.

Employing the plot of the P?/3—h relationship
(Fig. 2a) and equation:

2
3
P = (;lEegR%) h, (4)
valid for spherical indentation, we detected the exact lo-
cation of the point indicating the end of elastic defor-
mation that concerns the critical load P, = 1290 uN.
Furthermore, employing relationship between the contact
stress o, indenter load P, contact area A, indenter radius
R, and contact radius a:

g, A=nrRh, a=VRh, (5)

we were able to calculate the yield strength oy =
P./A. = 3.8 GPa (A, — critical contact area) at the
onset of elastic-plastic transition of GaSb crystal (see
Fig. 2b).

Our examination of the pop-in that based on spheri-
cal indentation data recorded for variety of the maximum
loads Ppax levels (specify 100-5000uN) makes us to claim
that we determined the moment when the elastic-plastic
transition occurs (see Fig. 2a). The detected singularity
on the loading part of P—h curves for GaSb may stem
from different structural effects such as phase transition
to another crystalline structure (similarly to zinc-blende
— rock-salt transition reported for GaAs [7]) or defects
activity. Indeed, similarly to GaAs the phase transition
was observed in GaSb at 4.05 GPa [18], and it may in-
volve as well the vacancy nucleation processes [19].

g =

4. Conclusions

In sum, we report the results of nanomechanical ex-
amination of the MBE-deposited GaSb-crystal thin film.
The elastic modulus and hardness of the material in ques-
tion were determined. The energy of irreversible surface
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Fig. 2. The results of the spherical indentation in

GaSb. The plastic response for the load higher than
critical value (pop-in effect) marking the limit of the
elastic region of nanodeformed GaSb (a), and provide
technologically applicable stress—strain relationship (b).

deformation has been estimated from P—h curves and
used to determine the “true hardness” of our material. We
found the yield strength of GaSb to be equal to 3.8 GPa.
Moreover, the spherical indentation revealed the singu-
larity on the load-depth curves (pop-in event) that marks
abrupt transition from elastic to plastic behavior. We
believe it is caused either by the phase-transitions or by
defect activity.

Our results provide a new insight into the mechanical
response of the GaSb-crystal, the issue being of interest
for fabrication and testing of contemporary semiconduct-
ing nanomaterials including GaSb.
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