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ABSTRACT: Quantitative mechanical testing of single-crystal GaAs nano-
wires was conducted using in situ deformation transmission electron
microscopy. Both zinc-blende and wurtzite structured GaAs nanowires showed
essentially elastic deformation until bending failure associated with buckling
occurred. These nanowires fail at compressive stresses of ~5.4 GPa and 6.2
GPa, respectively, which are close to those values calculated by molecular
dynamics simulations. Interestingly, wurtzite nanowires with a high density of
stacking faults fail at a very high compressive stress of ~9.0 GPa, demonstrating
that the nanowires can be strengthened through defect engineering. The
reasons for the observed phenomenon are discussed.
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he strength of a material refers to the largest stress that tion mechanisms are considerably overlooked due to the

the material can withstand without failure. Metallic difficulty of mechanical characterization of nanoscale objects. It
materials are generally ductile where the stress—strain curves has been reported that mechanical strain strongly affects the
contain an elastic deformation region and a subsequent plastic electrical, optical, and magnetic properties of nanomateri-
region before fracture in response to an applied load. The als.'*71¢ In addition, semiconductor NWs can possess different
strength of crystalline metallic materials can be tailored through crystal structures, such as the cubic zinc-blende (ZB, 3C) and
alloying, work-hardening, and any other mechanisms that the hexagonal wurtzite (WZ, 2H) structures, and the NWs may
hinder dislocation motion.'™® For brittle ceramics, there is contain various crystalline defects like stacking faults (SFs) and
usually no dislocation slip, and substantial research efforts have twins.'”'® Exploring the mechanical behavior of semiconductor
been focused on increasing the fracture toughness by delaying NWs and how it is affected by the microstructure are important
the formation and propagation of cracks. In comparison to because the reliability and even functionality of NW-based
metallic materials, much less attention has been paid to the devices depend on the mechanical properties of the NWs.
strengthening of brittle materials. Following the recent advances of in situ deformation

With the rapid development of novel devices at the micro- transmission electron microscopy (TEM),””™* it is now

and nanoscales, many investigations of nanostructures including possible to simultaneously conduct mechanical testing and
semiconductor nanowires (NWs) have emerged due to their structural characterization of nanostructured samples to explore
unique electrical, optical, and mechanical properties that can be their fundamental properties at the nanoscale. In this Letter, the
used in a wide variety of electronic, optoelectronic, and mechanical properties of GaAs NWs are investigated by using
electromechanical applications.”'® To realize the integration of an in situ deformation TEM technique. Surprisingly, it is found
NWs into NW-based devices, the mechanical behavior of NWs
needs to be addressed. Although the synthesis/growth and Received: June 16, 2013
optoelectronic properties of NWs have been extensively Revised:  August 20, 2013
studied, their mechanical properties and underlying deforma- Published: August 28, 2013
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that the presence of SFs in GaAs NWs can substantially
increase the loading capacity of the NWs before failure. This
phenomenon has not been reported in bulk GaAs samples
previously and is also unexpected since SFs are usually regarded
as weak sites in semiconductor materials.”® The reasons for
such strengthening in NWs will be discussed.

Single crystal GaAs NWs were epitaxially grown on GaAs
(111)g substrates using Au nanoparticles as catalyst by metal—
organic chemical vapor deposition. Trimethylgallium and AsH;
were used as precursors together with ultrahigh purity
hydrogen as the carrier gas. To explore the effects of crystal
structures and defects on the mechanical behavior, three kinds
of NWs were prepared, each having a different microstructure:
ZB, WZ, and WZ with a high density of SFs, fabricated by
controlling the growth temperature. A detailed description
regarding the growth of GaAs NWs has been reported
elsewhere.”””® The morphology of GaAs NWs was charac-
terized using a ZEISS Auriga scanning electron microscope
(SEM). SEM characterization showed that the cross sections of
the NWs are of hexagonal geometry. This was used to calculate
the cross-sectional area for stress evaluation. High-resolution
structural characterization of NWs was performed using a JEOL
JEM-3000F TEM.

For mechanical testing, the samples consisting of the NWs
grown on the substrate were mounted on a Hysitron
Picolndenter holder (PI 95) inside a JEOL JEM-2100 TEM.
In situ compression of the NWs was applied using the
Picolndenter with a flat diamond punch under the displace-
ment-controlled mode. The full deformation process was
recorded by TEM images and real-time video at a speed of
30 frames per second. For convenience of comparison,
engineering stress defined as applied load per unit cross-
sectional area on a NW was used. For each kind of structures,
about 10 NWs were tested to obtain meaningful statistical
values.

Additional insights were obtained by comparing the
experimental observations with molecular dynamics (MD)
simulations. In MD simulations, a modified Tersoft potential
was used to model atomic interactions.”” NWs with 3C, 2H,
and 4H structures were generated by stacking the tetrahedral
bonding of Ga—As with sequences of “ABC...”, “ABAB...”, and
“ABAC..", respectively. 2H NWs with SFs were prepared by
randomly inserting 3C and 4H units into the 2H matrix, with
distance between neighboring SFs being 1, 3, 5, 7, and 10 nm.
To simulate compressive loading, a strain was applied along the
axis of a NW in two steps. First, the NW was compressed by an
isobaric ensemble at a strain rate of —0.001 ps~* for 1 ps; then,
the axial strain was fixed while the NW was relaxed for 6 ps
through a canonical ensemble. The system temperature was
maintained at 300 K. Samples were relaxed for 20 ps before
compression was applied. Stress was calculated by the classical
virial formula. All calculations were performed using the
DL_POLY2.20 package.”® More details about MD simulations
can be found elsewhere."**

GaAs NWs with three kinds of structures—Z7ZB, WZ, and WZ
with a high density of SFs (hereafter named WZ—SF NWs)—
were grown and tested to explore their mechanical behaviors.
Only the NWs with the same diameter (~60 nm) were
illustrated in this work for the following reasons: (1) the NWs
with large diameters have relatively low strengths, which obeys
the general size effect that “smaller is stronger”;33_35 (2) it is
difficult to detect experimentally the small load applied to NWs
with very small diameters because of the poor signal-to-noise
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ratio; and (3) as will be shown later, the ultimate loading
capacities of NWs with a diameter of ~60 nm are very close to
their failure stresses calculated by MD simulations.

Figure 1 shows the structures of the three types of as-grown
GaAs NWs of diameter ~60 nm. Typical low magnification

Figure 1. (a) A typical low magnification TEM image of a GaAs NW
without any SF; (b) a typical TEM image of a GaAs NW with a high
density of SFs; (c—d) high-resolution TEM images of GaAs NWs with
ZB and WZ structures, respectively; (e) a high-resolution TEM image
of a WZ NW with a high density of SFs; and (f) an enlarged typical
high-resolution TEM image obtained from an area in part e.

TEM images of the NWs without and with SFs are presented in
Figure la and b, respectively. In all cases, an Au catalytic
nanoparticle is located at the tip of each NW. No obvious
tapering is seen in these NWs. High-resolution TEM
characterization reveals three kinds of microstructures in the
NWs. The NW in Figure 1lc has a stacking sequence of
“ABCABC..", corresponding to a pure 3C ZB structure. The
stacking sequence of the NW in Figure 1d is “ABAB..”,
indicating a 2H WZ structure. Finally, the NW in Figure le
shows a 2H WZ structure with a high density of SFs (WZ—SF)
which appear as stripes in the image. The distances between the
neighboring SFs are in the range of ~1—S nm. The SFs are
categorized as polytypic inclusions according to their local
stacking orders. The most common inclusions are designated as
3C and 4H located inside the 2H matrix, whose typical high-
resolution TEM image is shown in Figure 1f.

In situ compression tests were conducted to investigate the
effects of the crystalline structures and defects on the
mechanical behavior of NWs. Figure 2 shows the load—
displacement curves and a series of in situ deformation TEM
images extracted from Movies 1—3 in the Supporting
Information. The NWs have a diameter of ~60 nm with an
aspect ratio of length-to-diameter ~6.5:1. Figure 2a plots the
load—displacement curve for a ZB-structured NW whose initial
state before compression is shown in Figure 2b. When the
diamond punch moved toward the NW, the NW experienced a
force during the loading process. A maximum force of ~10 uN
occurs (see Figure 2a) just before the NW fails (Figure 2c).
The same experimental procedure was applied to WZ and
WZ—-SF NWs. The load—displacement curves and the
corresponding deformation images of a WZ NW (row 2) and
a WZ—SF NW (row 3) are presented in Figure 2d—f and g—i,
respectively. The TEM images in Figure 2eh and 2fji
correspond to the states of the NWs before applying
compression and immediately before failure, respectively. The
NW with the WZ structure fails at a force of ~15 uN.
Surprisingly, the WZ—SF NW fails at a force of ~22 uN, which
is much larger than those of the NWs with the ZB or WZ
structure.
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Figure 2. In situ mechanical testing of ZB, WZ, and WZ—SF GaAs
NWs with a diameter of ~60 nm and an aspect ratio of length-to-
diameter of ~6.5:1. (a) Load—displacement curve of a ZB NW; (b—c)
the corresponding TEM images extracted from Movie 1 in the
Supporting Information showing the NW in the initial state (b) and
buckling-induced bending before fracture (c); (d) load—displacement
curve of a WZ NW; (e—f) the corresponding TEM images extracted
from Movie 2 in the Supporting Information; (g) load—displacement
curve of a WZ NW with dense SFs; and (h—i) the corresponding
TEM images extracted from Movie 3 in the Supporting Information.
The images in the middle and right columns correspond to the states
of the NWs before compression and at buckling-induced bending just
prior to failure, respectively.

To assess if buckling occurred in a NW, an analysis was
conducted using the Euler formula. The critical load, that is, the
load P, at which the NW can buckle is given by,

_ n’H

(KL)®

cr

where E is Young’s modulus, I is the area moment of inertia (I
= [(5\/ 3)/16]r* for the NW hexagonal cross section with a
side length of ), L is the length of the NW, and K is a factor
accounting for the boundary conditions (K = 0.5 was used in
the calculation).

By using the NW dimensions and the load—displacement
curve in Figure 2a, the Young’s modulus was estimated to be E
= 76.5 GPa for the ZB NW. Based on the Euler equation, the
buckling load P_, = 10.3 + 0.5 uN, which is close to but slightly
higher than the maximum load (~10 xN) shown in Figure 2a.
Similarly, for the other two cases in Figure 2d and g, the
maximum loads (~15 N and 22 uN) for WZ and WZ-SF
NWs are also similar to their respective Euler buckling loads
(149 + 0.7 uN and 23.5 + 1.2 uN, respectively). From these
results, it can be inferred that all three types of NWs (with an
aspect ratio of ~6.5) undergo a transition from mainly
compression to buckling at the maximum load. Failure by
buckling-induced bending occurs as shown in Figure 2, f, and i.
The loading capacities of the ZB, WZ, and WZ-SF NWs may be
conveniently calculated as ultimate compressive stresses with
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the values of ~5.4, 6.2, and 9.0 GPa, respectively, just before
failure. Therefore, the NWs with a high density of SFs have the
highest loading capacity. The deformation and failure behaviors
of NWs with larger aspect ratios are dominated by bending,
which are discussed in the Supporting Information.

MD simulations were performed to obtain a better
understanding of the loading capacities of GaAs NWs. Figure
3a shows the atomic arrangements of ZB (3C) and WZ (2H)

eGaeAs

AARAAA

Figure 3. (a) Atomic configurations of GaAs with the ZB and WZ
structures; (b) a computational model used in MD simulations, where
the aspect ratio of length to diameter is ~6:1; (c) a model used in MD
simulations for investigating the SF effect; and (d) a detailed view of
the local SF structure that is marked with a rectangle in (c).

GaAs structures for a conceptual understanding. When the
vertical Ga—As bond is treated as a unit, the 3C structure has
the stacking sequence of “ABCABC...”, while the 2H has the
stacking sequence of “ABAB...”. A sample with a length of 56.8
nm and a diameter of 9.5 nm (thus having an aspect ratio of
~6:1, similar to that used in the experiments) was used in the
MD simulations (Figure 3b). To investigate the SF effect, a
number of SFs were inserted into the 2H matrix, such as the
structure with a neighboring SF distance of S nm shown in
Figure 3c. A marked rectangular region is enlarged in Figure 3d,
showing a 4H inclusion inside the 2H matrix. The available
potential function of GaAs common polyt%rges such as 2H, 3C,
and 4H was used in the MD simulations.

The simulation results are shown in Figure 4. In Figure 4a,
GaAs NWs with the ZB (3C) and WZ (2H) structures fail after
reaching the ultimate compressive stresses of ~5.6 and 6.4 GPa
(Figure 4a), respectively, in good agreement with the
corresponding experimental results of ~54 and 6.2 GPa.
These values are, however, very much higher than the
corresponding bulk strength (hundreds of MPa).** Such
behavior is similar to that observed in other materials, which
follows the general trend of “smaller is stronger”.** > In brittle
materials like GaAs, the failure process involves the initiation
and growth of cracks. Crack initiation usually occurs at small
flaws on the surface or inside the material. The probability of
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Figure 4. (a) MD simulation results showing the ultimate compressive
stresses of 3C, 2H, and 4H GaAs polytypes; (b) the ultimate
compressive stress of 2H WZ—SF NWs with the neighboring SF
distances ranging from 1 to 10 nm; and (c) strengthening in brittle
materials through defect engineering (via insertion of planar defects).

the existence of a flaw that is able to initiate a crack decreases
when the physical dimensions of a brittle material are reduced.
Hence, with the sample size reducing to the nanoscale range,
that is, several tens of nanometers, crack initiation in the NWs
is difficult thus allowing them to sustain stresses approaching
the theoretical values.

For WZ—SF samples, a very high density of SFs with
polytypes including 3C and 4H are inserted into the 2H matrix.
MD simulations show that the compressive failure stresses of
3C and 4H are both lower than that of 2H (Figure 4a) and that
mixing 3C and 4H into the 2H structure leads to strength
weakening (Figure 4b). Specifically, when the distance between
neighboring SFs is reduced from 10 to 1 nm, the failure stress
decreases from ~6.4 to 5.2 GPa. This is opposite to the
experimental results. The variation of bond arrangement at the
SF sites is considered an important factor for the high strength
of GaAs NWs with a high density of SFs. Bond stretch or
shrinkage in materials leads to the deformation of materials
during loading process. It has been shown from simulations
that the bond strength depends on the location of bonds.*”
This implies that the bond strength varies at the A, B, or C
stacking sites. The various possible arrangements of bonds
stacking at the dense SF sites may change the local interatomic
interaction and, consequently, alter the strength of bonds. Since
the NW contains a high density of almost evenly spaced SFs (at
about 1—5 nm), the collective behavior of a huge number of
bonds at the SF sites controls the strength of the NW.
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Unfortunately, the MD potential function® was established
based on several common GaAs polymorphs such as 2H, 3C,
and 4H. While it describes the bond strength of these common
polymorphs well, it fails to predict the bond strength at various
SF sites in a 2H NW because it is difficult to adopt an
appropriate potential function to describe all possible SF
structures and the corresponding interfacial states.

Since the length-to-diameter aspect ratios and the diameters
of the three types of NWs are similar, the highest loading
capacity of the WZ—SF NW is due to its highest Young’s
modulus. The extremely high density of SFs in the WZ—SF
NWs leads to the formation of various polytypic structures in
the NWs. Similar to the situation in which different polytypic
SiC structures have different Young’s moduli,*®**° the Young’s
moduli of different GaAs polytypic structures are also different.
This is confirmed from the different slopes of the linear elastic
load—displacement curves in Figure 2. Although all NWs were
initially adjusted normal to the punch, slight misalignment may
be unavoidable during the deformation process. However,
previous work by Zhu and Espinosa* showed that misalign-
ment of ~5° resulted in only <1% difference of the Young’s
modulus. Our experimental results demonstrate that the
loading capacity of WZ—SF samples is larger than those of all
other samples, which is interesting since material strengthening
can be realized in a brittle material through the inclusion of SF
defects.

As indicated, the final failure of the NWs is due to buckling-
induced bending. The effect of SFs in suppressing crack
initiation can also play an important role in increasing the
failure stress of GaAs NWs. Compared to NWs with perfect
structures, the NWs with a high density of SFs are stiffer (that
is, higher Young’s modulus) and hence are more resistant to
bending. As a result, crack initiation is better suppressed in the
NWs with a high density of SFs, which leads to a larger applied
stress before failure occurs. Our experimental results imply that
the widely accepted engineering concept of stress concentration
at SFs*! is no longer valid if the density of SFs is significantly
high (spacing between neighboring SFs is only several
nanometers) .

It is known from ductile metals such as Cu that nanopillars
with a large number of planar nanotwins have a higher strength
than the single crystalline form.>*** The twin spacing in those
nanotwinned nanopillars is comparable to the SF spacing in the
present study. Strengthening in nanotwinned Cu is attributed
to the impedance of the passage of gliding dislocations by twin
boundaries.*® For brittle WZ—SF NWs demonstrated in Figure
4c, the distance between neighboring SFs in the NWs is only
1—5 nm. The arrangement of such a huge number of SFs in the
NWs changes the bond strength at the interfacial sites and thus
the ultimate loading capacity of the NWs. It should be noted
that, however, the GaAs NWs with numerous SFs remain in a
single crystalline form, which is different from the polycrystal-
line Cu pillars with nanotwins. It is intriguing that a brittle
material, such as GaAs NWs, can be strengthened through the
introduction of a high density of planar defects with distances
of several nanometers into the matrix.

In summary, quantitative in situ TEM experiments show that
the deformation behaviors of ZB, WZ, and WZ—SF GaAs NWs
under compression are elastic till the maximum load, whence
buckling-induced bending failure occurs. These NWs fail at
ultimate compressive stresses of ~5.4, 6.2, and 9.0 GPa,
respectively. The values of ZB and WZ NWs are close to those
calculated by MD simulations. But an unusually high failure
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stress is achieved in NWs with a high density of SFs (WZ—SF)
attributed to their high Young’s modulus values and the SFs
which hinder crack initiation. These findings have pointed to
the potential of tuning the mechanical behavior of nanostruc-
tures with covalent/ionic bonding through planar defect
engineering.
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Movies 1—3 from which the snapshot images extracted in
Figure 2 and the deformation behavior of GaAs NWs with large
aspect ratios and Movies 4—S5. This material is available free of
charge via the Internet at http://pubs.acs.org.
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