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ABSTRACT: The elastic properties of gallium nitride (GaN)
nanowires with different structures were investigated by in situ
electron microscopy in this work. The electric-field-induced
resonance method was utilized to reveal that the single
crystalline GaN nanowires, along [120] direction, had the
similar Young’s modulus as the bulk value at the diameter
ranging 92—110 nm. Meanwhile, the elastic behavior of the
obtuse-angle twin (OT) GaN nanowires was disclosed both by
the in situ SEM resonance technique and in situ transmission
electron microscopy tensile test for the first time. Our results
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showed that the average Young’s modulus of these OT nanowires was greatly decreased to about 66 GPa and indicated no size
dependence at the diameter ranging 98—171 nm. A quantitative explanation for this phenomenon is proposed based on the rules
of mixtures in classical mechanics. It is revealed that the elastic modulus of one-dimensional nanomaterials is dependent on the
relative orientations and the volume fractions of the planar defects.
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B ecause of the various remarkable properties, gallium
nitride (GaN), a technologically important semiconductor
has ignited the research attention in recent years." Bulk GaN
exhibits excellent chemical inertness,” thermal stabili‘cy,3 and a
high piezoelectric constant* so that it is used in high-
temperature and high-power electronics.”® GaN nanowires
(NWs) have also been investigated extensively and proved to
process enhanced physical properties and nanodevice applica-
tions.”** However, compared to the well-known optoelec-
tronic and photonic properties, relatively little has been
understood about the mechanical properties of GaN NWs.
The study on the mechanical properties of GaN NWs is
essential and imperative for the applications in GaN-NW-based
devices. For example, it is necessary to know the accurate
mechanical response of an individual GaN NW for its
piezoelectric applications.'*'> For the optoelectronic and
electric applications,”'® GaN NWs may be subjected to their
mechanical properties during the processing and working. For
these reasons, several in situ techniques have been developed to
investigate both elastic and plastic behaviors of GaN NWs. For
instance, the in situ electric-field-induced resonance method has
been utilized to explore the size dependence of Young’s
modulus in m-axis (the (120) direction) GaN NWs.'*'” Three-
point bending tests have also been conducted inside the atomic
force microscope (AFM) to measure the elastic modulus of the
a-axis (the (010) direction) GaN NWs.'® Using the MEMS-
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based nanoscale testing system, Espinosa et al. have operated
the in situ transmission electron microscopy (TEM) tensile
experiments to characterize and compare the elastic properties
of GaN NWs along different growth orientations.'”*° Huang et
al. have used the scanning probe to punch the a-axis GaN NWs
and observed the local plastic deformation.”! However, among
the results of these experiments, some disagreements still
remained, especially for the Young’s modulus of GaN
NWs 1619

In addition, planar defects such as twin boundaries (TBs)
and stacking faults (SFs) are common to be found in GaN
NWs. These defects are likely to enhance the physical
properties of GaN NWs and make them to be building blocks
of new functional devices.”*> But how about the planar
defects’ influence on the mechanical properties of GaN NWs?
Unfortunately, little efforts has been done to study this effect.
Only the molecular dynamics (MD) simulations have showed
that grain boundaries (GBs) could significantly lower the
Young’s modulus of GaN NWs.** The experimental evidence
on this topic is still in absence.
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Figure 1. Typical characterization results of SC and OT GaN NWs. (a,b) The observed isosceles triangle cross section and the corresponding model
of SC GaN NWs. (c) The structural model of the SC GaN NW. (d) The TEM image of an individual SC GaN NW. White arrows indicate the (001)
SFs in the NW. (e) The HRTEM image collected from the white area in (d), showing the change of stacking sequence in the SC NW. (fg) The
observed dumbbell-shape cross section and the corresponding model of OT NWs. (h) The structural model of the OT NW. (i) The TEM image of
an OT GaN NW. White arrows indicate the (001) SFs in the NW. (j) The HRTEM image collected from the white area in (i), showing the change

of stacking sequence in OT NW.

In this paper, we investigated the elastic behavior of GaN
NWs with different structures by in situ electron microscopy,
especially using two different loading methods to measure the
Young’s modulus of twinned GaN NWs for the first time. The
planar defects’ effect on the elastic modulus has been revealed
directly and one quantitative model based on the rules of
mixtures has been established to interpret the experimental
results.

Our GaN NWs were synthesized via the chemical vapor
deposition (CVD) method.>® Among the as-synthesized

products, high-resolution transmission electron microscopy
(HRTEM) was used to find two distinct structures of GaN
NWs, single crystalline (SC) NWs and obtuse-angle twin (OT)
NWs.

For SC GaN NWs, the HRTEM image along [010] zone axis
(Figure le) clearly demonstrates the single crystallinity. The
measured d-spacing of 5.19 A between the adjacent lattice
fringes corresponds to the (001) planes, perpendicular to the
[120] wire-axis in wurtzite structure. The triangular cross-
section shape of this structure is presented in Figure la. In fact,
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it is an isosceles triangle with a 63.2° apex while the base is
parallel to (001) planes.'®'”*> The developed facets at two
base angles can also be observed and were attributed to
fluctuations in reaction conditions that affected the stability of
the growth of a certain plane.'®*® As illustrated in the model of
this cross section shape (Figure 1b), h and b are the height and
base of the isosceles triangle, respectively.

For OT GaN NWs, the dumbbell-shape cross sections and
the new twin structure with {304} TB have already been
revealed in our previous results.”® The typical characterization
results are presented in Figure 1f—j. The HRTEM image
(Figure 1j) along [010] zone axis reflects the symmetrical
relationship in this bicrystalline structure. Either part on both
sides of the TB grows along the (423) direction and the atomic
profile of the {304} TB can be referred to our former work.”’
Here, the dumbbell-shape cross section could be treated
mathematically as the model in Figure 1g. It could be described
as two circles passing through the center of each other with the
radius R (see Supporting Information 1 for more details).

Meanwhile, HRTEM images also confirm the presence of
(001) SFs in these two GaN structures. This kind of planar
defects occurred frequently in GaN NWs and films because of
the low defect energy.26 In SC GaN NWs, the SFs extend
parallel to the wire axis through the entire nanowire. The
corresponding HRTEM image (Figure le) illustrates a change
in stacking sequence from ABAB to ACAC. While in OT GaN
NWs, the (001) SFs exist in each part of bicrystalline structure.
The angle between (001) SFs and the (304) TB is 54.6°. The
HRTEM image (Figure 1j) also demonstrates the profile of
(001) SFs near the TB in the OT NW. On the basis of these
characterization results, the models showing GaN NWs with
planar defects have been established in Figure 1ch. Red areas
indicate (001) SFs and blue ones are for the TB. Moreover, the
statistics of the stacking fault density have been conducted on
these two structures. The results show the stacking faults
density remains stable in the NWs with diameters ranging from
80 to 200 nm. The average volume percentage of (001) SFs in
SC structures (Vg gc) is about 2% while the percentage in OT
structures (Vg o) is about 4%.

The well-known electric-field-induced resonance meth-
0d'”'#%772% yas mainly employed in our experiments for
measuring the Young’s modulus of GaN NWs. The Young’s
modulus of an individual NW can be obtained according to the
Euler—Bernoulli analysis of a cantilevered beam>°~>

PA 4 2
E=-"—L"2xf)
B'I 7

(1)

where constant B, is 1.875 for the first harmonic mode; L, A,
and p are the length, cross-section area, and the mass density of
the beam. I and f; are the corresponding moment of inertia and
the natural resonance frequency of the beam. It is notable that
the accurate measurements of beam size and the natural
frequency are essential for reaching the exact Young’s modulus.

The main advantage of in situ scanning electron microscopy
(SEM) experiments is the convenience for manipulation, owing
to the larger space in the SEM chamber. However, the
resolution of SEM is limited and would not allow the precise
determination of the NWs’ radii and lengths, leading to errors
in the final Young’s modulus.'” But how about the in situ
resonance experiments inside the TEM?'®'7 It is able to
acquire the accurate measurements and the structure
information, but the high energy electron beam irradiation is
inevitable.>*">® The electrostatic force resulted from the high

10

6 .
energy electron beam>**” may also induce errors for the natural

frequency f). For these reasons, our developed method was
designed to excite the resonant vibration in SEM and achieve
the precise geometry measurements as well as the structure
characterization in TEM, making the best use of these two in
situ platforms.

As shown in Figure 2a, a half of the cooper grid was selected
as the substrate and GaN NWs were attached to the grid as

366KHz

Figure 2. Developed resonance method and the excited forced
resonance. (a) A schematic diagram showing a half of the cooper grid
as the substrate of NW cantilevers. (b) The SEM image showing the
GaN NW attached on the substrate. (c) The forced resonance took
place under the frequency 732 kHz. (d) The forced resonance
occurred in the same nanowire in (c) under half of the frequency 366
kHz.

cantilevers by the silver paint, where the sufficient clamping
area and the fixed boundary condition were ensured.*® Our
homemade manipulator®® was mounted in the SEM (JEOL-
6301F) and the sharp tungsten tip, as the counter electrode was
able to achieve the three-dimensional movements and apply the
alternating current (ac) and direct current (dc) signals through
a signal generator. Taking the results in Figure 2¢d, for
example, the off-axis force was applied by the W tip and the
forced resonance was excited under the driving frequency Q, =
732 kHz and Q, = 366 kHz, respectively. According to our
previous reports,” the forced resonance can only occur at the
natural frequency f; and half of the natural frequency f,/2.
Therefore, 732 kHz could be determined as the correct natural
frequency of this cantilever. Each GaN NW we chose should
have an oscillatory plane almost parallel to the grid substrate.
Then the maximum amplitude could be observed symmetrically
in the projection plane just like the scenario in Figure 2¢,d.

It is notable that the cross-section shapes of our samples,
either triangular or dumbbell-like shape, has a low symmetry.
Therefore, dual fundamental resonant modes in two orthogonal
planes exist in either SC or OT GaN NWs, as shown in Figure
3. This phenomenon increases the difficulties and the moment
of inertia (I) in eq 1 have four specific forms of expressions
(Supporting Information 1) accordingly. The accurate Young’s
modulus could be obtained only if the SEM-observed vibrating
mode was distinguished.
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Figure 3. Vibration modes of GaN NWs with different cross-section
shapes. (a,b) Vibration mode A and B of the triangle cross section
shape. (c,d) Vibration mode A and B of the dumbbell-like cross-

section shape.

To clarify, the half cooper grid, which fits the TEM ¢ 3 size,
was transferred into the TEM (JEOL 2010) for the structure
characterizations and accurate measurements after the in situ
SEM resonance. The structure information on GaN NWs can
be revealed directly through the selected area electron
diffraction (SAED) pattern, which is an effective method to
separate SC and OT structure. In the meantime, the diffraction
pattern could also tell us the crystallographic orientations of the
NW cantilever to the substrate. For instance, Figure 4b is the
diffraction pattern of the NW cantilever in Figure 4a. The
corresponding HRTEM image is also presented in Figure 4d.
TEM characterization results clearly show the OT structure of
this cantilever and the cross-section could be determined as the
dumbbell shape. In addition, the SAED pattern also shows the

zone axis is along [010] direction. It means the [010] direction
of this cantilever was perpendicular to the substrate plane. Then
the previous SEM-observed oscillatory motion, which paralleled
to the substrate plane, was determined as the vibration mode A
of OT structure (Figure 3c). The measured NW width of 98
nm in the projecting plane corresponds to triple radius 3R of
the dumbbell cross section. In this way, the size of the cross
section was able to be measured accurately with the aid of
TEM’s high resolution. Here, we provide the example of the
OT structure along [010] zone axis. The other three cases in
Figure 3 could also be distinguished following the similar
procedure.

According to the above experimental approaches, 14 GaN
NWs were measured for their sizes (d, L), natural frequencies
(f1), and structure information. The diameter d is defined as the
longest side of the cross-section shape. It corresponds to b in
the case of SC NW or 3R in the case of OT NW. Aspect ratios
in this work is large enough so that the transverse shear
deformation is negligible for anisotropic materials’® and the
Young’s modulus E calculated from eq 1 is along the growth
direction of the NW cantilever. All the data is listed in Table 1.
Four NWs are SC structure with the growth direction [120].
The measured Young’s modulus E varies from 271 to 388 GPa
with an average value of 338 + 16 GPa in the diameter range
92—110 nm. It is consistent with the reported theoretical and
experimental values of bulk GaN in the same direction.'®”#%*!

Notably, for the OT structures 10 GaN NWs with a wider
diameter range (98—171 nm) were tested. The Young’s
modulus was measured from 40 to 114 GPa. The average
value is only 66 + S GPa. The modulus of total 14 NWs is
plotted with the characteristic size d in Figure S. It is clear that
the modulus E of OT NWs shows a dramatic decrease
compared to the SC ones. Espinosa et al. have used the MD
simulations to reveal that the elasticity size dependence is
limited to GaN NWs with diameters smaller than 20 nm."
Therefore, the surface relaxation'®? would not be dominant in
our tested diameter range, which is much thicker than the
critical diameter of 20 nm.

To confirm the decreasing modulus of the OT NWs the
quantitative tensile tests were conducted utilizing the in situ
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Figure 4. TEM characterization process of the GaN NW cantilever. (a) The TEM image of the NW cantilever on the substrate. (b) The SAED
pattern (along [010] zone axis) of the cantilever demonstrating the OT structure. (c) The schematic diagram illustrating the crystallographic
orientations of the cantilever and determines the corresponding vibration mode. (d) The HRTEM image of this GaN NW showing the OT

structure.
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Table 1. Measured Sizes, Resonance Frequency, Vibration (a)
Mode, and Young’s Modulus of GaN Nanowires of SC and
OT Structures”

natural diameter d/ Young’s
frequency f;  vibration length I/um nm (+£2 modulus E/ (b)
no. / kHz mode (£0.05 pm) nm) GPa
1 1751 A(SC) 6.68 103 271 + 13 airozs
2 1092 A (SC) 9.56 110 388 + 16
3 1357 B (SC) 7.34 92 336 + 17 Lt 0L=4.8nm  &=2.5%
4 1797 B (SC) 6.68 99 355 + 18 (c) 35 [
5 722 A (OT) 8.70 142 4443
6 365 B (OT) 10.06 150 40 + 4 g 80
7 978 A (0T) 8.24 164 48 +3 e 25
8 1002 A (OT) 6.94 98 71+8 ; 5 1
9 360 B (OT) 9.94 141 92 +4 g
10 398 B (OT) 1098 163.5 4 £3 @ 15T
11 914 B (OT) 8.87 172.5 114 + 7 E o10f
12 732 A (OT) 9.01 105 95 + 8 2 osl
13 515 A (OT) 10.70 120 72+ 6 =
14 578 B (OT) 10.50 171 91+ 6 ol . \ . L e
“The vibration modes A and B of SC/OT structure refer to the 4 00 05 10 15 20 25 3.0
modes in Figure 3. Engineering Strain € (%)
- - Figure 6. Tensile result of the OT GaN NW. (a) The TEM image of
400 } : g;il:e_cz‘;ygslza::f“GngNvis the NW prior to loading showing the original length L. (b) The TEM
350 | } image of the NW just before fracture showing the longest length L.
£ } (c) The o—¢ curve of the OT NW. The measured Young’s modulus is
Q 300 124 GPa.
9 1
g 250 | d=b d=3R
E L subtracting the mechanical response of the PTP chip, the
§ 120 | stress—strain behavior of this OT GaN NW is presented in
< ; : Figure 6¢c. The o—e¢ curve shows a linear elastic behavior and no
S ol ¢ plastic deformation was observed. In Supporting Information
= { L Movie 1, the broken end of the NW seems flat with no
40 L s 5 ] noticeable diameter reduction or necking. Our ultimate concern
. . . . . . . . . ‘ was the Young’s modulus, which was measured to be 124 + 5
90 100 110 120 130 140 150 160 170 180 GPa, confirming a fall in the modulus.
Diameter d (nm) Young’s modulus is directly related to interatomic bonding of
solids. The misorientated bonds, weak bonds, and dangling
Figure S. Young’s Modulus E with Diameter d of GaN NWs from bonds induced by planar defects could lower the Young’s
resonance experiments. modulus to some extent.****> Shaefer et al. have compressed the
Au clusters with or without annealing and found the annealing
TEM nanoindentation system (PI 95 Picoindenter from process, eliminating TBs in the clusters could quadruple the
Hysitron) coupled with a push-to-pull (PTP) device.”** An elastic modulus.*® Liu et al. have found the Young’s modulus in
OT GaN NW was selected and transferred to the PTP chip WO; NWs lower than the bulk case and attributed it to the
using the Kleindiek Mechanical Manipulator in dual-beam FIB/ planar defects.*” Nam also considered the SFs as possible
SEM system (FEI Helios NanoLab). The NW with the origins to decrease the modulus of GaN NWs in their results.'®
diameter d = 3R = 294 nm was bridging the gap of the chip and These reports have shown that planar defects could lower the
two platinum (Pt) patches were deposited at both ends of the elastic modulus in nanomaterials; however, the quantitative
NW. During this process, only very small parts of the NW were relationship involved in this topic has not been obtained.
exposed to the ion beam in order to minimize the ion Several composite models based on the rules of mixtures
irradiation damage from FIB. have already been established to describe the grain boundaries’
While applying the tensile load inside TEM (JEOL 2100), effect on the modulus of nanocrystalline materials.**** Because
the projected width of the NW is 2R = 196 nm according to the of the random grain orientations, Voigt model and Reuss
crystallographic orientation from SAED pattern. Figure 6a is model* are always used in predicting the upper bound and the
the image prior to loading and the length between two markers lower bound of the nanocrystalline materials’ modulus.*** Our
was defined as the original length L. Figure 6b is the final state GaN NWs have the uniform orientated planar defects so that it
of the NW just before fracture. The longest length between the is reasonable to use the Voigt model or Reuss model to predict
two markers here was defined as L,,.. The elongation 6L = L, their Young’s modulus directly. The planar defects (SFs and
— L, was measured to be 4.8 nm and the strain & was 2.5%. TBs) can be regarded as a fiber phase embedded in the GaN
Movie 1 (Supporting Information 3) presents the whole crystal matrix phase. The effective modulus of the planar
process of the tensile experiment. The instant load and defects (E,q) is a key issue for the prediction. However, to our
displacement of the indenter could be lively registered. After present knowledge, no quantitative elastic modulus has been
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measured at the planar defects experimentally. Only the
theoretical simulations and calculations have revealed that E, 4
is considerably smaller than the corresponding bulk value (Eg)
and the ratio E,4/Ey is only about 0.8~2.49%.%>7152 Considering
the bulk modulus of wurtzite-type GaN is about 280 GPa,*' the
estimate for E4 is about 2.3—6.7 GPa. In our opinion, the
average 4.5 GPa of this range is reasonable to be used here for
the discussion.

Figure 7a is the Voigt model in the rules of mixtures,
describing the parallel fiber (F) and matrix (M) are stretched

(a) Voigt Model
«— ol —
o <« [ — ©
<« - —
(b) Reuss Model
<« —
C <+ M M — O
« —

Figure 7. Schematic diagrams showing the rules of mixtures. (a) The
Voigt model with the fiber parallel to the loading direction. (b) The
Reuss model with the fiber perpendicular to the loading direction.

by the same amount in the loading direction. The modulus of
the whole composite NW along the loading direction (EVOigt)
. S0

is

Evyeie = ExVin + ExVi

)
where Ey; is the modulus of the matrix phase and Eg is the
modulus of the fiber along the loading direction. V}; and V, are
the volume fraction of the matrix and the fiber, respectively.

Returning to Figure 1c, (001) SFs in SC NWs are parallel to
the wire axis [120]. In this scenario, the GaN crystal along
[120] direction (the white area in Figure 1c) can be regarded as
the matrix and the SFs can be considered as the fiber phase.
Then, the Young’s modulus along wire axis (Egc) should be
calculated as

Voigt

()

where E[j50)g,y is the modulus of GaN crystal along [120]
direction. Its value can be calculated as 283 GPa based on the
elastic constants of wurtzite-type GaN (see Supporting
Information 4). Because the average volume percentage of
(001) SFs in the tested SC structures (Vg gc) is very small,
only about 2% based on our characterization results, the
contribution of the item Eg;Vgp ¢ is very limited in eq 3.
Therefore, the modulus of the SC NW could be estimated as
close as the matrix value Egc ~ E[jy)gan = 283 GPa, and this is
in agreement with our experimental result (338 GPa) for the
SC GaN NWs.

Besides, the Reuss model in Figure 7b describes another
circumstance. While the loading direction is perpendicular to
ths% fibers, the elastic modulus of the composite model (Eg.,s;)
is

Esc = Ef016anV120)Gan + EseVsr sc

E Reuss E F

L _% W

Ey

4)

13

With regard to the OT NW model in Figure 1g, Part 1 or Part 2
is the area on either side of the TB. In either part, the GaN
crystal along [423] direction (the white area in Figure 1h) can
be considered as the matrix while (001) SFs can be deemed as
the perpendicular fiber phase equivalently. Then the modulus
of Part 1 along the wire axis (E;) should be calculated as

1 Vo1
E, Egp

WVa231Gan_1

©)

where E[43),v is the modulus of GaN crystal along [423]
direction, Egg is the effective modulus of (001) SF along the
wire axis, and Vgr ; and Viy316av 1 are the volume fraction of
the SFs phase and matrix phase in Part 1, respectively.

For the whole OT NW model (Figure 1h) consisting of the
TB, Part 1, and Part 2, the TB along the wire axis should be
considered as the parallel fiber, following the Voigt model.
Then the NW’s modulus Eqp obeys the parallel combination
rules of mixtures

Eor = ElVi + E,)V, + EqgVig

Es3)can

(6)

where E,; (or E,) is the modulus of Part 1 (or Part 2) according
to eq S, V; (or V,) is the volume percentage of Part 1 (or Part
2) to the whole OT NW, Ey is the TB modulus along the wire
axis and Vg is the volume percentage of the TB to the whole
NW.

Because Vg is very limited with the value only around 1%,
the contribution of the item ErgVrg is negligible in eq 6. In
addition, in view of the mirror symmetry of the twin structure
the modulus E; and E, can be regarded as the same value, as
well as the volume percentage V, and V,. Therefore, either the
value of V| or V, is very close to 0.5. Then the elastic modulus
of OT NW in eq 6 could be simplified to

EgpE[423)Gan

Eor =2EV X E, = )

In Part 1, the SFs volume fraction Vg | (as same as the SFs
volume fraction Vg o of the whole NW because of the twin
symmetry) is 4% according to our characterization results and
Vigsican 1 I8 96%. E[p3gay is calculated as 272 GPa (see
Supporting Information 4) and the modulus of SFs (Egg) could
be regarded as 4.5 GPa (the average of E,4). Then the modulus
of the OT nanowire could be calculated as Eqp = 76 GPa
according to eq 7. This result is in great accordance with our
experimental results of the OT NWs (66 + S GPa).

In fact, the planar defects’ influence on the modulus is always
an important issue in the mechanical properties of nanoma-
terials. In our point of view, the classical mechanics still works
for our tested GaN NWs. Both relative orientations and volume
fractions of planar defects affect the NWs’ elastic modulus.
Which rule of mixtures (Voigt model or Reuss model) should
be used is determined by the relative orientations of planar
defects in NWs. Also, what extent the effect is depends on the
volume percentage of the planar defects. This point of view can
also be supported by some other reports. For instance, Tao et
al. have performed the nanoindentation tests on the Mg,B,O;
NWs with (010) TBs.>® The axial elastic modulus just showed a
slight decrease in the NWs where the limited TBs are parallel to
the wire axis. On the basis of our analysis, the role of parallel
TBs is as similar as the parallel fiber in Voigt model and the
softening effect on the modulus is not obvious according to eq
2. Moreover, Wang et al. have investigated the elastic properties
of biaxial SiC-SiO, NWs and found the modulus of the biaxial

VSF_IE[423]GaN + V[423]GaN_1ESF
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structures was only around 60 GPa with no size dependence;>*

people may have the question why the modulus result (60
GPa) was either lower than that of single crystalline SiC NW
(>300 GPa) or SiO, NW (60—100 GPa) at the same diameter.
From their characterizations of the SiC part, it is clear that SFs
that are at the angle of 64° with the wire axis existed in large
quantity. Therefore, the influence of these planar defects would
cause a sharp drop of the wire modulus according to the Reuss
model. Hence, we think the rules of mixtures, describing the
influence of planar defects on elastic modulus, may be general
and valuable for other one-dimensional nanomaterials.

To summarize, the elastic properties of GaN nanowires with
different structures (SC and OT structures) have been
investigated utilizing the developed in situ resonance method.
Meanwhile, the modulus of new OT GaN NWs has been
confirmed via in situ tensile test. In SC GaN NWs (d > 92 nm),
the average Young’s modulus is 338 & 16 GPa, close to the bulk
value. (001) SFs parallel to the wire axis could be regarded as
the parallel fibers in the Voigt rule of mixtures and the limited
quantity of SFs do not have an obvious influence on the wire
modulus. While for OT GaN NWs, the Young’s modulus is
only about 66 + S GPa with the diameter ranging from 98 to
171 nm. The angle between (001) SF and OT wire axis is 54.6°
so that the influence on the modulus follows the Reuss model
and the wire modulus decreases dramatically. In our opinion,
the rules of mixtures still remain effective in our tested GaN
NWs and may be extended to some other one-dimensional
namomaterials. The quantitative analysis and the experimental
evidence in this work may help people better understand the
relationship between defects and elastic properties at nanoscale.
The SFs’ effect on the elastic properties also indicates that one
may construct new type of functional devices through planar
defects engineering.
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