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The surface energies of monocrystalline (mc) and nanotwinned (nt) cadmium telluride (CdTe or CT) crystals, calculated using molecular dynam-
ics simulations, are 435.08 and 381.8 mJ m 2, respectively. A crack of mc-CT is induced at the second loading cycle, whereas nt-CT with both twin
boundaries (TBs) shows a crack at the lower TB under the third unloading condition. However, nt-CT with three TBs is free from cracks after 10
cyclic loading-unloading indentations, due to the combined effect between the hardening and softening nanotwins.
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Nanocrystalline metals exhibit higher strength, up
to five times that of their coarse-grained counterparts, as
described by Hall-Petch equation [1-4], but suffer from sig-
nificantly diminished ductility [5]. Nanotwinned (nt) copper
(Cu) presents a combination of ultrahigh strength and good
ductility [6]. It can have strength 10 times that of its coarse-
grained counterparts, while still retaining good ductility.
Ductility is significantly different between nanocrystalline
and nt metals with decreasing grain sizes. For this reason,
nt materials are being increasingly studied for their poten-
tial applications [5,6]. However, the fundamental mecha-
nisms of ductility for nt materials under cyclic loading
conditions are not well understood.

Recently, we reported the nt structure of semiconduc-
tors, such as cadmium zinc telluride (CdZnTe or CZT)
and mercury cadmium telluride (HgCdTe or MCT). Both
CZT and MCT showed higher hardness up to 100 times
that for their monocrystalline counterparts, while remain-
ing their ductility, which was evidenced by performing
100 cyclic nanoindentations without crack formation
[7-9]. Therefore, it is necessary to explore the fundamental
mechanism of ductility for nt semiconductors, under cyclic
loading conditions.

In this study, the deformation and crack mechanisms
of nt cadmium telluride (CdTe or CT) under cyclic
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nanoindentations are investigated, using molecular dynam-
ics (MD) simulations.

Both nt-CT MD models are proposed to elucidate defor-
mation and crack mechanisms of the nt semiconductors
under cyclic nanoindentations, using individual nanotwins.
The thickness of a twin denotes the spacing between adja-
cent twin boundaries (TBs), hereinafter referred to as A
[6]. The maximum hardness of nt-CT is predicted by MD
simulations when A is ~16 nm [10], above which the hard-
ness is predicted by the Hall-Petch equation; otherwise it
obeys the reverse Hall-Petch relation. This means that
when A >16, the hardening effect of nt-CT dominates, but
when A <16, the softening effect prevails. According to
experimental results [7-9], nt-CZT and nt-MCT show a
repeating pattern, consisting of a twin showing the harden-
ing effect followed by one or several twin lamellae, which
exhibit ultrahigh hardness and high ductility. As a result,
both nt-CT include a hardening twin with A >16 nm. One
nt-CT has a softening twin with A <16 nm, but the other
does not. Both nt-CTs are designated in terms of thick-
nesses of lamellae sequencing from top to bottom. One is
nt 5.6-17.9-5.6, and the other is nt 5.6-17.9-7.8-5.6. The
nt 5.6-17.9-5.6 model is 31.6 nm in length, 13.4 nm in
width and 29.8 nm in height, consisting of 372,000 atoms.
Correspondingly, the nt 5.6-17.9-7.8-5.6 model is
31.6 nm long, 13.4 nm wide and 36.9 nm high, and includes
475,200 atoms. For comparison [I11], a monocrystalline
(mc) model of CT with both the same dimensions and
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atoms as those of the nt 5.6-17.9-7.8-5.6 model, herein
referred to as mc-36.9, has been established. Periodic
boundary conditions are applied to all three MD models
in both length and width directions. At the bottom, an
atomic layer 2 nm thick is fixed for each model. Prior to
nanoindentation, each model experiences an isothermal-
isobaric (NPT) relaxation for 100 ps at 300 K [11]. A time
step of 1 fs is used in all the MD simulations. A displace-
ment-rate-controlled mode is employed during the calcula-
tion of the three MD models. Both loading and unloading
speed are 20m s~ !, based on the wheel speed used for
grinding CZT wafers [12]. A cylindrical indenter of 10 nm
in tip diameter is used to perform the nanoindentations.
The Stillinger—Weber potential function is applied to
calculate the two-body and three-body potentials for
CT [13]:

Wi =ef,(ry/o) (1)
Wy =efs(rij/o,ri/o, /o) (2)
) = {s(f; - expl(r—a)'].r <a 3

I3y vigy via) = h(ry v, 0:) + h(rj, i, 0;)
+ h(ry, ryj, Ox) 4)

h(r,s,0) = { Jexp[o(r —a)™' + v(s — a)""](cos 0 -I—%)Z,r <aks<a
0, otherwise

(5)
where /, a, v, ¢, o are 25, 1.8, 1.2, 1.03 eV and 0.251 nm,
respectively. Additionally, 4 is 8.1415, 5.1726 and 7.0496
for the Te-Te, Cd—Cd and Te-Cd two-body potentials,
respectively. Correspondingly, B is 0.6671, 0.8807 and
0.6022 [14]. In snapshots of the CT MD models, the blue
color represents Te atoms, red indicates Cd atoms, and
light yellow marks the TBs.

Figure 1 shows the loading—unloading curves of the mc-
36.9, nt 5.6-17.9-5.6 and nt 5.6-17.9-7.8-5.6 MD models
induced by cyclic nanoindentations. When the indentation
depth varies from 2.8 to 5 nm, resistance to deformation

(@)s001 e (b) =0

gl - [——nt56-17.956 st
|——nt5617.956 3rd
|=——nt5.6-17.9-56 4th|

400 400

300 %00

Force (nN)

200

Force (nN)

100

& o 10 £ £ o £ 0
Indented depth (Angstrom)

Indented depth (Angstrom)

(€) ) ——nt5617.9-7.866 15
3rd

w0
z ™
£

100

Indented depth (Angstrom)

Fig. 1. Loading-unloading curves of the (a) mc-36.9, (b) nt 5.6-17.9—
5.6 and (c¢) nt 5.6-17.9-7.8-5.6 MD models induced by cyclic
nanoindentations.

of deformed mc-36.9 model is larger than that of the
pristine crystal, as depicted in Figure la. Both the nt
5.6-17.9-5.6 (Fig. 1b) and nt 5.6-17.9-7.8-5.6 (Fig. lc)
models exhibit primarily elastic characteristics, and
loading—unloading curves after the third cycle are similar
between each other, which is consistent with the experimen-
tal reports [7-9].

Figure 2a—d shows snapshots of the mc-36.9 at an inden-
tation depth of 46 A in the second loading, 44 A in the sixth
loading conditions, and two-dimensional (2-D) and three-
dimensional (3-D) deformed MD models after the eighth
unloading, respectively. Eleven pairs of edge dislocations
are formed in Figure 2a, and a crack 1.9 nm long is
observed at the bottom along the slip direction. A cell
structure emerges in Figure 2b. Twenty-nine edge disloca-
tions are produced and dislocation tangles appear. Cracks
form at the corners of the cell, and one crack is located
at the bottom. Forty-six pairs of dislocations are induced
by the stress generated under cyclic nanoindentations in
Figure 2c. A nanometer crystallite emerges, and the cell
structure still exists. Cracks distribute at both corners of
a cell and another two at the bottom of the MD model.

Figure 3a—d show snapshots of nt 5.6-17.9-5.6 at an
indentation depth of 50 A in the second loading, 22 A in
the third unloading conditions, and 2-D and 3-D deformed
MD models after the fourth unloading condition, respec-
tively. Ten pairs of edge dislocations are identified in Fig-
ure 3a, and a crack is shown at the junction point
between the slip {111} plane and the fixed layer. Eight
pairs of edge dislocations are formed in Figure 3b, and a
triangular crack 12.1 nm long appears at the lower TB ini-
tiated at the junction point between the slip {111} planes
and the lower TB. Eight pairs of dislocations are found
in Figure 3¢, and the crack in Figure 3b is further devel-
oped, as shown in Figure 3c.

Figure 4a—d show snapshots of nt 5.6-17.9-7.8-5.6 at an
indentation depth of 50 A in the second loading, 22 A in the
third unloading conditions, and 2-D and 3-D deformed
MD models after the tenth unloading condition, respec-
tively. Nine, seven and nine pairs of edge dislocations are
correspondingly displayed in Figure 4a—c. There is no crack
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Fig. 2. Snapshots of mc:36.9 at an indentation depth of (a) 46 A in the
second loading, (b) 44 A in the sixth loading conditions, and (c) 2-D
and (d) 3-D deformed MD models after the eighth unloading cycle.
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