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This paper reports direct tensile tests on n-type (Si-doped) gallium nitride single crystal nanowires!
that were grown by nitrogen plasma-assisted molecular beam epitaxy and which are essentially free
of defects and residual strain. Nanowires were integrated with actuated, active microelectromechanical
(MEMS) devices using dielectrophoresis-driven self-assembly and platinum-carbon clamps created using
a gallium focused ion beam. For one nanowire, failure strain of 0.042 4 0.011 was found. Most nanowire
specimens appeared to demonstrate tensile strength in the range of 4.0 + 1.7 GPa to 7.5 & 3.4 GPa. Failure
modes included clamp failure, transverse (nanowire c-plane) fractures, and insufficient force from the

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Gallium nitride is a direct wide-bandgap semiconductor with
good thermal conductivity and notable optical, mechanical, piezo-
electric, and transport properties. [1-4]. GaN nanowire cantilever
resonators have been shown to have a high mechanical quality fac-
tor, which makes them appealing in nanomechanical devices. [1]
Recent developments in the synthesis of gallium nitride nanowires
have illustrated that these structures can be free of defects and
residual strain. [5] These findings suggest that the nanowire mor-
phology will offer numerous applications that would otherwise be
unattainable in conventional epitaxial growth of this material. Inte-
gration of this material with active MEMS structures may allow
development of new classes of tunable mechanical resonators,
LEDs, lasers, and switches, among other possible new sensor and
transducer technologies. Development of comprehensive mechan-
ical data on gallium nitride nanowires (GaN NWs) will enable the
realization of such new devices and applications. For instance, the
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ability to withstand 0.042 + 0.011 tensile strain or 7.5 4 3.4 GPa ten-
sile stress, as reported here for one specimen, reflects exceptional
strength and resilience for what might at first be considered a brit-
tle material. This paper significantly expands upon the preliminary
GaN tensile study given earlier [6].

The use of microfabricated structures enables mechanical test-
ing of materials in small quantities or for which bulk sample
preparation is difficult. Additionally, the integration of nanoma-
terial specimens on a MEMS mechanical tester serves as a test case
for chip and wafer-scale integration of microtechnologies with a
nanoscale material that has specific synthesis requirements. The
data produced from these experiments are a step towards the
thorough characterization of defect-free, single crystal GaN. There
remain large sources of uncertainty associated with this mechanical
system.

2. Experiment
2.1. MEMS test device

The MEMS mechanical test structure (Fig. 1) is a simplification of
the one reported in references [7,8], consisting of a fixed stage elec-
trically isolated from a moving stage that is laterally stabilized and
actuated using a buckling beam thermal actuator. This test device



178 J.J. Brown et al. / Sensors and Actuators A 166 (2011) 177-186
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Fig. 1. (Top) Microfabricated tensile test structure consisting of electrically isolated
moving and fixed stages. During a tensile test the moving stage moves away from
the fixed stage. Thermal actuator beams are angled 89° from the direction of motion
(reproduced from Ref. [6]). (Bottom) Simplified schematic of the device seen above
(reproduced from Refs. [6,8]). The thermal actuator consists of an array of angled
beams, which expand as current flows through them. The actuator pulls the moving
stage, which is laterally stabilized by pairs of opposing beams.

was fabricated using the PolyMUMPS? surface micromachining ser-
vice [9].

Stage motion is measured directly from scanning electron
microscope (SEM) micrographs. The force applied by the stage can
be computed using the approach described in Refs. [6-8], which is
repeated here. The actual stage displacement d is compared to an
expected displacement dg. The force applied Fis calculated accord-
ing to Eq. (1) using the discrepancy between these displacements
multiplied by the spring constant k of the system, which is calcu-
lated as discussed below.

F = k(dy — d) (1)

During tensile tests, the MEMS test device was wirebonded to a
20-pin ceramic dual in-line package (DIP) chip carrier, and operated

2 Mention of a specific product, service, or company does not constitute an
endorsement by NIST. Other entities may provide similar or superior products or
services.

Fig. 2. The mounted GaN NW specimen #1, 200+ 17 nm in diameter, was bonded
to an unreleased tensile stage using Pt-C deposits formed using IBID (reproduced
from Ref. [6]).

within a JEOL JSM-6480LV SEM. The test devices were connected
to power electronics using an electrical feedthrough. Nanowire
lengths were measured directly from SEM images. The equations
used to map the nanowire length, stage displacement, and actua-
tor power measurements into tensile curves of stress and strain are
listed in Table 1.

In order to map experimental data onto force measurements
using Eq. (1), a linear fit between free-moving displacement dg and
input power P was used, dy = BP. The fit parameter B was calculated
from a linear regression of dy and P data measured as output and
input, respectively, of a freely moving test structure. Similar to prior
work on other v-shaped thermal actuators, the dy vs. P curve as
observed here for freely moving test systems is usually linear or
slightly curved [10-12].

For a freely moving stage, displacement depends on ther-
mal strain, which derives from temperature change and thermal
expansion coefficients in the actuator beams. Due to the ther-
mal resistance of the beams, the temperature profile of the
beams depends upon the power dissipated within them, which
can be measured by multiplying the current and voltage sup-
plied to the actuator. Fitting to measured experimental curves
allows the fit parameters to incorporate the nonuniform actu-
ator temperature profile, the nonlinear thermal expansion and
temperature-dependent changes in the electrical and thermal con-
ductivities.

Table 1

Equations and variables used to derive tensile test measurements from data col-
lected. The variables in boldface in the right hand column indicate values that were
measured from experiments.

Equations Variables

o=F/A A=nanowire cross-section area

A=mD?/4 B=fitting parameter found with linear regression
F=k(dy —d) D =nanowire diameter

do =BP d=actual displacement of tensile stage

P=IV do =“expected” displacement of tensile stage
e=L—-Ly e=nanowire elongation
e=elly &=engineering strain
F=force on nanowire
I=current flow through actuator
k=microsystem spring constant
L=nanowire gauge length
Lo =initial gauge length of the nanowire
P=actuator input power
o =engineering stress
V=voltage applied to actuator
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Fig. 3. Specimen 1, GaN nanowire under tensile load before (left) and after (right) failure of the bottom clamp (inset) at the interface between the clamp and the fixed stage.
The area of the failed platinum/carbon clamp is approximately 3 um?. The additional nanowires and membrane-like material seen in these images are located underneath
the suspended nanowire and MEMS test stage structures, and they were not in contact with the moving parts in this mechanical test (reproduced from Ref. [6]).

Many papers have reported investigations of v-type thermal
actuators similar to the ones we have used here. [10-17] These
investigations have shown relatively linear force vs. displacement
behavior within several microns of the free-moving displacement.

Most attempts to calibrate the forces produced by a thermal
actuator or other structures within a polycrystalline silicon device
layer rely on the bending of a suspended beam formed from the
same material and subjected to the same processing as the actu-
ator. This approach relies on assumptions of Young’s modulus E
and dimensions of a beam in order to predict a spring constant k
for that beam. [18] Some work has been done to verify k derived
in this method with an alternate measurement derived from the
resonance frequency of a suspended structure. [16] Better force
measurement procedures are needed to verify the forces expe-
rienced by MEMS structures and this remains an active area of
research.

The simulated behavior of systems that include v-type thermal
actuators indicates that, as the power into the actuator increases,
the force and displacement produced by the actuator also increase,
but at rates that depend on the initial constraints of the actuator.
[11,15] In Ref. [15] this manifests as the “load line” trajectory of a
given microactuated system. In Refs. [11,15], it is seen in measure-
ments that the simulation holds mostly true when (dg-d) is near 0,
but at higher deviations from dj the force produced is significantly
less than what is specified by simulation, due to a mode of beam
buckling in the xy plane.

When temperature dependence of material properties used for
simulation is neglected [8], simulation shows a clear linear rela-
tionship between F and d at a given input power, with k=Fy/d.
This relation is easily related to predictions from beam mechan-
ics as discussed below. For the force estimation discussed here, k is
taken to be a constant value. This is the spring constant value valid
for small perturbations of the spring and actuator system at P=0,
do =0, and Fy =0. At higher input power levels, ‘ %%‘ Fye0 increases,
indicating that Eq. (1) may systematically underestimate F. [11]
Because high tensile strength and high elastic modulus are gen-
erally desirable, important properties, caution guides the observer
to choose methods with systematic error such that, if it cannot be
eliminated, it underestimates properties reported as the result of
an experimental procedure. Due to the temperature dependencies
in constitutive parameters, the assumption of beam bending with
a constant k underestimates the actual force outputs, subject to
the variation and accuracy of d, dg, and k. In the absence of more
traceable characterization of thermal actuators under varying input
powers, displacements, and forces, the method used here provides
a lower bound to forces and stresses derived from measurements
taken with this MEMS system. Because the degree of the systematic

underestimate is not known, this uncertainty is not included in the
reported force, stress, and modulus values below.

2.2. Uncertainty

The uncertainties u(xi) associated with the data presented here
can be determined using similar mathematical analysis as that
developed in Ref. [18], and following the guidelines described in
Ref. [19]. Under this approach, uncertainties in measured data are
evaluated statistically as the standard deviation of the mean of a
data set (Type A evaluation) or according to a factor determined
by an estimated probability distribution function for a given mea-
surement (Type B evaluation). [19] For instance, where a bound of
+a is given on a measurement, the uncertainty u is evaluated from
u2=a2/3.[19] A combined standard uncertainty u. for a measure-
ment with multiple sources of uncertainty is found from the square
root of the sum of the squares of the component uncertainties. In
measurements that are derived from other data, as y = f(x;), the uc(y)
can be found from the square root of the sum of the squares of the
partial derivative of each x; times each u(x;) [18,19].

For uncertainty values reported throughout this paper as £nn,
this value nn represents the 95% confidence interval, which can be
found by multiplication of the standard uncertainty u(x;) by a cover-
age factor of approximately 2. In Figs. 4-6, error bars show values of
standard uncertainty u(x;) for each variable with no coverage factor
included.

80, Tensile

After Tensile Test
Test 1
i

Actuator Input Power (mW)

-0.5 0 0.5 1 1.5 2 2.5
Stage Displacement (pm)

Fig. 4. Raw data from specimen 1 tensile test. Device input power and output dis-
placement during the initial tensile test and then after the failure seen in Fig. 3.
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Table 2
Measurements obtained to estimate u. for beam widths.

Beam width (pm) Combined standard uncertainty u. (jum) Number of measurements averaged Image resolution (pixels/pwm) Comment
3.001 0.084 6 8 Unreleased
3.030 0.064 9 10 Released
2.93 0.13 8 4.75 Released

2.3. Test device spring constant

The maximum test system displacements d recorded here were
about 3 wm and the minimum beam length was Lg=98.5 pm. So,
d/Lg=0.0304. This is within the regime of small displacement
approximation, so conventional solid mechanics beam deflection
calculations for clamped beams can be used to approximate the
spring constant k. In turn, k can be used to relate external force and
displacement of a system of bending beams as represented by the
test system in Fig. 1.

Significant sources of uncertainty in k include processing varia-
tions in beam dimensions and Young’s modulus, and dependence
of the spring constant on the given state of the actuator. This lat-
ter uncertainty is understood from the discussion above to be at a
minimum for P=0, dy =0, and F, =0, and will not be included in the
following uncertainty estimate.

Beam etch and width variation from batch to batch was mea-
sured from SEM images of one device seen before HF release and
two devices after HF release (Table 2). For each device, the average
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Fig. 5. Tensile test data for specimen 1. The regression line corresponds with a
Young's modulus of 210 GPa. See the end of Section 4 for a discussion of the uncer-
tainty of this value.
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Fig. 6. Tensile test data for specimen 6, using o computed according to Eq. (14).
The regression line corresponds with a Young’s modulus of 250 GPa. See the end of
Section 4 for a discussion of the uncertainty of this value.

and standard error were determined. The error due to pixel resolu-
tion in the source image proved to be more significant as a source
of error than the uncertainty between measurement values, and
therefore the uncertainty due to image resolution and was included
with the standard error to give a combined standard uncertainty
value.

The maximum uncertainty in Table 2 was used as the value
for in-plane dimensional uncertainty in the spring constant cal-
culation. For the uncertainty due to thickness, a calculation based
on manufacturing tolerance was used. The MEMS foundry speci-
fies thickness of 3.50 wm with a tolerance of 0.25 pm. [20] Again
using a Type B [19] evaluation, u2 = (0.25)2/3. so uc=0.14 pm.
From 6 sets of measurements across 3 different chips and devices
on a tilted SEM stage, a device thickness value of 3.36 wum with
u=0.08 wm was found. This measurement is within the foundry
specification, but it does not include uncertainties due to tilt, so
the foundry specification of 3.50 wm with u=0.14 wm was used
for the thickness in calculation of k. The in-plane Young’s modulus
of MUMPS polycrystalline silicon has been well characterized, and
E=162 + 14 GPa, determined from beams of similar dimension [21],
was used as an input to the calculation of k. Assuming this value
reported uncertainty according to standard practice of 95% confi-
dence, the standard uncertainty is found by dividing by a coverage
factor of 2, giving u(E)=7 GPa [18].

By adding the individual spring constants computed accord-
ing to the bending of each of the rectangular cross-section beams
suspending the tensile test structure, it is readily verified that
k=175 wN/pm. The combined standard uncertainty for the spring
constant of each component beam is then determined according to
the root sum of squares of the individual uncertainties [18,19], and
the total uncertainty in k was found by the arithmetic addition of
each of these beam uncertainty values in order to give a maximum
estimate of the uncertainty in k. This was found to be u(k)=29 N/m.

Finite element simulations in CoventorWare software [22] cor-
roborated the derived value of k. Additionally, we have used an
atomic force microscope to do a preliminary measurement of k
on a suspended structure with an identical array of beams and
found an order of magnitude in the range specified here for k. (From
the AFM measurement, k=150 N/m with unknown u(k).) Traceable
measurement of k remains an ongoing aspect of work with MEMS
test structures, but for the calculations below the calculated k and
its corresponding u(k) were used for derivation of force measure-
ments.

2.4. Nanowire placement

Dielectrophoresis has been previously demonstrated [3,23]
as a means of integrating nanowires to microfabricated struc-
tures in a wafer-level assembly technique. This method is less
time-consuming than using micromanipulators to place individ-
ual nanowires. As seen in Figs. 2, 7 and 8, we have demonstrated
that this self-assembly approach can be used to place nanowires on
active MEMS devices.

The dielectrophoretic nanowire placement is performed using
a modified probe station. Two electrical probes are placed in con-
tact with electrical pads that allow an alternating (AC) electrical
field to be applied across the fixed and moving stages. The stages



J.J. Brown et al. / Sensors and Actuators A 166 (2011) 177-186 181

Fig. 7. (Upper left) Specimen 2. (Upper right) Specimen 3 as originally tested, after clamping and before an attempt to reduce the nanowire cross-section. (Lower left)

Specimen 4. (Lower right) Specimen 5 just after failure.

taper to opposing points, where the nanowire placement is desired.
Consequentially, there is a gradient in the amplitude of the electric
field between these stages, with the maximum field at the location
where the stages are closest. The nanowires polarize in the pres-
ence of an electric field, causing them to align parallel to the field
lines. In the presence of the electric field gradient, nanowires are
swept towards the field maximum, causing the nanowires to bridge
the fixed and moving stages.

The c-axis oriented, Si-doped (n-type) GaN nanowires were
synthesized by nitrogen plasma-assisted molecular beam epitaxy
as described in Ref. [5]. A nanowire-liquid-suspension (roughly
2 mL in isopropanol) was formed by brief (2-5 min) sonication of a
substrate supporting grown nanowires. The suspension was dis-
persed by a syringe that was positioned over the MEMS tester
using a probe station micromanipulator. For the dielectrophoretic
nanowire placement, a voltage of 10 V peak-to-peak amplitude was
applied at 60-75kHz to the opposing sides of the stage. While
the electric field was applied, about 0.1 L of the nanowire sus-
pension was dispensed onto the stage. As the solvent evaporated,
the surface tension of isopropanol and dielectrophoretic electrical
forces caused the positioning of one or more nanowires across the

gap between the moving and fixed stages. The dielectrophoresis
parameters were derived through experimentation with voltage
amplitude and frequency, and the values above were found to
be most effective for the given stage and nanowires. This dielec-
trophoretic self-assembly process functions successfully for both
unreleased and released MEMS structures. Solvent evaporation did
not cause released MEMS structures to adhere to the fabrication
substrate above which they were suspended.

2.5. Nanowire clamping

The nanowire specimens were clamped (Fig. 2) to the MEMS
test structures using Pt—-C deposits formed in a FEINOVA 600i scan-
ning electron beam and focused ion beam microscope (SEM-FIB) by
ion beam induced deposition (IBID). This is similar to the approach
taken in prior work. [24-26] For specimens 1-3, after deposition
of the contacts, the test structure was released in aqueous HF and
dried using supercritical CO,. For specimens 4-6, the test structure
was released and dried first, and then the nanowires and clamps
were deposited onto the devices. GaN survives HF etching without
significant damage. Occasionally the IBID Pt deposition process can

»

Fig. 8. (Left) Specimen 6 just before failure. Note the significant taper in this nanowire specimen. (Right) Specimen 6 just after failure. (Inset) Close-up view of the nanowire

fracture, indicating a fracture mostly perpendicular to the long, c-axis of the nanowire.
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leave extra platinum deposited on the nanowire specimen, as seen
for specimen 2 in Fig. 7.

2.6. Measurements

Measurements of nanowire length and of stage motion were
recorded from SEM images of the nanowire using Image] software.
[27] Nanowire elongation e was computed directly from measure-
ments of a specimen gauge length L defined between the clamps as
observed in electron micrographs. Definition of the gauge length in
this manner removes the effect of clamp deformation and specimen
rotation from the recorded measurements of nanowire elongation
and strain.

For specimens 1-3, current and voltage supplied to the MEMS
actuator were measured using Hewlett-Packard 34401A multime-
ters or a Hewlett-Packard 3425A Universal Source. For specimens
4-6, the MEMS actuator was controlled by a National Instruments
USB-6259 Data Acquisition System (DAQ) D/A converter feeding
a signal to an op-amp current source circuit. The current passed
through the actuator and a known resistor, and voltage follower
circuits were used to read the voltage from nodes on each side of
these loads. The voltage followers provided outputs to the A/D con-
verter of the DAQ, which acquired and averaged 100 samples for
each data point that was recorded. Current was measured from the
voltage drop across the known resistor.

3. Analysis

Stress was calculated by dividing the force applied by the cross-
sectional area of the nanowire. The cross-section area is found by
measuring the nanowire diameter D from high-resolution images
captured with the SEM capabilities of the FEI NOVA 600i dual
beam microscope. For the calculations used in this paper, a circular
cross-section of a diameter D has been assumed for all nanowire
specimens. In reality, these are single crystals with imperfect
hexagonal cross-sections. In the estimate of axial stress o, a per-
fect hexagon of edge length D/2 can be inscribed into a circle of
diameter D. The area of the hexagon is 17.3% less than the area of
the circle. Alternately, a circle of diameter D can inscribe a hexagon
with edge length Dv/3/3, underestimating the hexagon area by
about 10%. The larger systematic uncertainty, 17.3% of a measured
area, was treated as boundary, so u2(geometry)=(0.173A)2/3. This
was included in the combined uncertainty for area measurements
derived from nanowire diameter measurements.

3.1. Misalignment

In order to consider the motion and forces present within the
nanowire specimen when it is not perfectly aligned with the axis
of stage motion, it is helpful to set up multiple coordinate systems.
Motion coincident with the motion of the tensile stage can be set in
the Cartesian (x, y) system, with the nanowire end on the moving
stage undergoing displacement dx. For misalignment analysis, an
additional coordinate system may be specified coincident with the
axis of the undeformed nanowire. For two-dimensional misalign-
ment, this is a rotated Cartesian system (x’, y’) with the X’ direction
coincident with the nanowire and the y’ direction perpendicular
to the nanowire. In three dimensions a cylindrical coordinate sys-
tem (x”, ¢, r") is chosen, with the x” direction coincident with
the nanowire and the ¥ direction perpendicular to the nanowire.
The misalignment angle between the nanowire axis and the stage
motion direction X is defined as 6.

In two dimensions, the end of the nanowire specimen on the
moving stage experiences motion §x in the % direction. This may be
transformed to motion in the (x’, ') coordinate system according
to 6x' = éxcosf and 8y’ = dxsinf.

In the case of three-dimensional misalignment, the out-of-plane
misalignment distance AZ must also be considered with a small
modification to 6. For a specimen with actual gauge length Ljcqq
and misalignment angle y in the xy plane, there is an out-of-plane
angle B such that B=sin"1(AZ/Lycryar) =tan~1(AZ[Ly), if Ly is mea-
sured as only a distance in the xy plane. The transformation of a
vectorin (x,y)into the three-dimensional nanowire coordinate sys-
tem can by found by two successive Cartesian rotations (first about
2, then about y') followed by conversion from Cartesian to cylin-
drical coordinates (x”, 6”, r”). This gives misalignment angle 6 as
specified by Eq. (2). The extensional displacement §x” and the per-
pendicular displacement §r” of the nanowire end are specified by
Egs.(3) and (4), respectively. For typical values such as AZ=500 nm
(approximately the case when one end of the nanowire rests on the
silicon stage, and the other end rests on a metal pad on the silicon
stage) and Ly =10 um, B =2.86°. The value cos 8=0.9988, which is
less than 0.2% modification to most calculations, so the effect of
three-dimensional misalignment is not included in the uncertainty
analysis below.

0 = cos~!(cosy cos B)

—
N
—

8x" = §xcosf = xcosycos 8

S8r” = éxsin6

—~ o~
BDow
= =

3.2. Clamp deformation

If there is no deformation within the clamp, the motion §x is
identical to the stage displacement: §x = d. Because all forces oppos-
ing the motion of the MEMS test system are transmitted through
the tensile specimen, they can be determined without the need to
examine the complex stress state within the clamp in great detail.
Strain is measured from nanowire gauge lengths specified between
the end clamps on each nanowire specimen, therefore strain within
the clamps does not contribute to the uncertainty of the strains
recorded for the nanowire specimens.

3.3. Tensile forces in misaligned specimens

Stress values in the nanowires are estimated in Table 3 assum-
ing fully uniaxial loading of the nanowires. The misalignment of the
nanowires in several of the tensile tests creates the likelihood that
that the actual stresses in the nanowires are somewhat larger than
those estimated in Table 3. If the ends are treated as pinned rather
than clamped, allowing the stress nonuniformities created by the
bending moments at the clamps to be ignored, a free body diagram
can be used to estimate the tensile force Fr in each nanowire. The
tensile stage force Fx is calculated as discussed above, using Eq.
(1). The sum of forces in the % direction equals zero: Fx—Fr cos 6 =0,
rewritten as Eq. (5). The difference between Fr and Fy was computed
and included in the uncertainty for the stress values in Table 3,
but not in the reported stress values. Even for a 20° misalignment,
only a 6% discrepancy is found, which is much less than the uncer-
tainties that propagate from u(k), u(A), and u(L) due to distance
measurement uncertainty.

Fy
Fr=—"— 5
T= Coso (%)
3.4. Rotation

When bending is ignored, there is some rotation of the nanowire
specimen due to displacement of the nanowire end. If the nanowire
initial length is Ly and the nanowire is displaced a distance §x in the
direction of tensile stage motion %, the nanowire stretches to final
gauge length L and rotates an angle « (Eq. (6)). If rotation of the
specimen is included in the analysis, Eq. (5) becomes Eq. (7). Eq.
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Table 3

Tensile test data for six GaN nanowire specimens. A discussion of Young’s modulus uncertainty values is located at the end of Section 4.

Specimen Maximum engineering strain Maximum engineering stress Young’s modulus E Failure mode

1 0.042 + 0.011 7.5 £ 3.4 GPa 210GPa Clamp Failure

2 0.031 + 0.018 2.1 + 0.6 GPa c-plane fracture
3 0.022 + 0.012 Insufficient force
4 0.0123 + 0.0076 4.0 + 1.7 GPa Insufficient force
5 0.01 + 0.01 47 £ 2.2 GPa c-plane fracture
6 0.0103 + 0.0036 7.1 £ 4.0 GPa 250 GPa c-plane fracture

(7) is maximized when € =0 and 0 is maximized. In this case, Eq. (7)
reduces back to Eq. (5) and rotation does not contribute to the force
uncertainty. For specimens 1 and 6, £ >0 and 6 >0, so Eq. (7) can be
used to compute a value different from Eq. (5). For both specimens
1 and 6, the difference between Fr from Eq. (7) and Fr from Eq. (5)
is only about 0.1%, so rotation due to elongation was not included
in the uncertainty analysis for the data presented in Tables 3 and 4.

_ .1 [ Losin@\ . _1 ( sin®
o =0 —sin < I =60 —sin T+e (6)
R 7)
cos (9 - oz) ~ sin%6
(1+&)?
3.5. Bending

The nanowire ends are clamped and if it is assumed there is
no deformation within the clamps, the nanowire is not subject to
rotation. In this case, bending must be assumed to account for all
motion that is not elongation of the nanowire. For a first analysis,
motion in the y’ direction is taken as pure bending, and motion
in the x’ direction is taken as pure elongation. The nanowire is
assumed to be isotropic and have a constant circular cross-section
along its length. The bending motion results from a force Fz in the
y’ direction that has a component in the original & direction, oppos-
ing the stage motion. Because the sum of forces in the X direction
equals zero, Fx=Frcos@+Fgsinf. Motion 8x’ results from Fr (Eq.
(8)) and bending can be described (Eq. (9)) by the beam equa-
tion for a slender beam with one end clamped and one end guided
(free to displace but not to rotate), with applied force Fg, displace-
ment §y’, and bending moment of inertia for a circular cross-section
Io =7 D*/64.

&' = —Flgléo (8)
by FplL3 _ 16FpL3 ©)
12Ely  3mED4
21002
AFr _ 3D4 tan“ 6 (10)

Fr 412

The systematic error in the tensile force due to the presence of
the bending force can be examined using Eq. (10). For Ly =10 pm
NW, D=200nm, and §=10°, Eq. (10) yields AFy/Fr=10-3. Force

Table 4

error due to bending is a very minor effect and is therefore not
included in uncertainty calculations.

If maximum stress within the nanowire is considered, this
occurs where the maximum bending stress is added to tensile
stress. The bending moment M within the nanowire is given by
Eq. (11). The maximum bending stress oy p is at (x/, y')=(0, —D/2)
or (Lg, D/2). Axial bending stress is given by Eq. (12).

M = JFglg — Fpx’ (11)
P -Ey'  —-y'M
XBZEoM ~ o

Using Eqgs. (11) and (12), and relating the bending stress at the
locations of maximum stress to the tensile stress due to elongation,
oy, 1, the maximum bending stress can be found:

(12)

3Doy,rtan®
Lo

For the example values above, this means that oy /oy 1 =
~0.01. In other words, bending stress nonuniformity can add about
1% error to the estimated tensile stress. This was not a significant
contribution in comparison to the uncertainties due to force and
area, so it was omitted from the calculation of combined stress
uncertainty.

Max.ox g = (13)

3.6. Strain uncertainty due to misalignment

Measurement of fiber length is repeated for each data point,
with gauge length defined between the clamped regions. Therefore,
uncertainty from in-plane rotation is not present in the elongation
measurement used to derive the strain. Out-of-plane rotation of
the nanowire specimen may lead to an overestimate of the actual
strain. This can be evaluated following an approach similar to Eq. (7)
or methods published for AFM tensile test misalignments [28,29].
For the typical 8 =2.86° found earlier, and with a very large in-plane
strain of £ =0.1, this strain can be found to overestimate the actual
strain by 0.3%, which is negligible in comparison to the other uncer-
tainties in the strain. Uncertainty due to out-of-plane misalignment
is therefore is not included in u(e) and u(e).

Bending of the nanowire due to the clamped ends may have
distorted the elongation measurement, which was performed using
straight lines drawn on SEM images. The u(¢) related to the bending
is estimated as follows. A displacement éx of one end of a nanowire
misaligned 6° will lead to a measured elongation e, =L-Ly. The
actual elongation e, and hypotenuse 8x, with angle 6 and between

Additional data for the six nanowire specimens. Angle of misalignment from stage motion direction, nanowire diameter D, linear fit parameter B, nanowire tensile test gauge
length Ly, maximum power P reached during tensile test before observable damage to the MEMS actuator.

Specimen Misalignment angle 6 D (nm) B (nm/mW) Lo (wm) Max. P (mW)

1 92 +04 200+17 0.0280 + 0.0011 10.13 + 0.08 72+ 4

2 116 £ 14 450+ 20 0.0267 + 0.0013 4.58 + 0.06 96 + 6

3 14+1.0 +34 0.0267 + 0.0013 9.29 £ 0.08 81+4

4 14.1 £ 0.8 380+20 0.02066 + 0.00034 10.85 + 0.06 134+ 14

5 192+14 344430 0.02066 + 0.00034 5.85 + 0.04 155 + 16

6 13.56 £ 0.19 Min. 151 +£30 0.0264 + 0.0011 13.97 £ 0.08 62.746 + 0.038

Max. 380+ 30
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sides eq and éx define aright triangle that is inscribed within a circu-
lar sector of radius Ly +ep,. Using this geometry, e, can be related
to the actual elongation e, in the presence of bending according
to Eq. (14). When divided by L2, a relationship (Eq. (15)) between
measured and actual strains, &, and &g, is derived.

ez tan® 0 = (em + Lo)* — (ea + Lo)* (14)
g2 tan?0 = (1+em)? — (1 +£4)° (15)

For 6=10° and &,=0.1, the value £, =0.10014 is found. There-
fore, ey overestimates &, by 0.14%, and bending error in strain
measurements can be omitted from the uncertainty calculation.
Out-of-plane bending does not significantly modify this calculation.

There is additional localized strain variation from bending due
to internal stress oy variations: +¢&x =0y/E, and this tends to add
a similar percentage of uncertainty as the bending stress calcu-
lated in Eq. (13) contributes to the stress uncertainty. For example,
for specimen 1, bending variations contribute u(e)=~1.1%. Because
measurement resolution uncertainties are about an order of mag-
nitude larger or more, this localized bending uncertainty was not
included in u(e).

4. Results

Tensile tests were performed on several nanowire specimens.
These results are summarized in Tables 3 and 4, including the
results of three tensile tests, specimens 4-6, performed after the
initial results reported elsewhere [6]. From Table 3 it should be
noted that the nanowire specimens are capable of withstanding
significant strain.

Specimen 1 stands out in both the measured result and the
accuracy of its strain measurement because its relatively long
10.13 +0.08 wm length and narrow 200 + 17 nm diameter enabled
it to stretch significantly under the load provided by the microfabri-
cated test system. The tensile stress applied to the nanowire when
the clamp failed was 7.5 + 3.4 GPa.

The expected displacement dy used in force calibration for the
specimen 1 test device was derived from motion of the stage after
the specimen clamp failed (Fig. 4). This is a new development in
tester calibration beyond the approach reported in Refs. [7,8], in
that the fitting parameter between dp and P is derived from the
same device which was used to perform a mechanical test. After
specimen 4 and specimen 6 fractured, they were used to provide
fitting parameters (in Table 4) for the test devices on which those
specimens were mounted.

Specimen 2 did not appear to fracture during the tensile test,
but subsequent high-resolution SEM examination and FIB cross-
sectioning showed that the nanowire developed two fractures, one
near each clamp.

FIB cross-sectioning also revealed that specimen 3 (Fig. 7)
appeared to be two nanowires that had joined together dur-
ing synthesis. This specimen had a large cross-sectional area
of about 510nm x 893 nm (0.46 pm? 4 0.04 wm?2) and the force
available from the actuator (about 340+ 120 wN according to
experimental data, giving a maximum tensile stress in this spec-
imen of about 0.7+ 0.3 GPa) was insufficient to cause failure of
this structure in the tensile test reported in Tables 3 and 4. The
FIB was used to reduce the cross-section of this specimen to
about 250 nm x 290 nm. With a reduced cross-section, the spec-
imen spontaneously buckled, likely due to damage or heating
induced by FIB milling. When tensile stress was applied, failure
occurred with more than 2.4 GPa stress applied to the resulting
nanowire. This stress was estimated from the nanowire cross-
section and the assumption of uniform loading. In reality, the
specimen remained curved as it failed, indicating the presence of
residual stress nonuniformity in the nanowire cross-section and

a higher internal stress than is estimated with simple uniaxial
tension.

The tensile tester MEMS device used to test specimen 4 was
unable to provide sufficient force to induce failure of nanowire
specimen 4 (Fig. 7). The MEMS actuator in the device used to test
specimen 4 failed due to too much applied power. The nanowire
specimen 4 did not fail during this tensile test. The maximum stress
value reported in Table 1 reflects the highest value of force that was
applied to this nanowire before the thermal actuator underwent
observable plastic deformation.

Specimen 5 demonstrated very little elongation before it failed.
It can be seen in Fig. 7 that the failure mode was another frac-
ture perpendicular to the c-axis, although the edge of this fracture
surface appeared to have been made irregular by some excess
deposited platinum.

Elongation and failure were observed in specimen 6, Fig. 8.
However, the presence of the taper of specimen 6 meant that the
stress and strain were not uniform over the length of the nanowire.
Although there was the same force transmitted over the length
of the nanowire, the stress at the thick end was significantly less
than the stress at the thin end. Assuming the elastic modulus was
uniform throughout this specimen, the thin end experienced more
stress and strain than the thick end. The nanowire failed at the thin
end, indicating that an estimate of the maximum stress at failure
(specimen 6, Table 3) should be found by dividing the force applied
by the area at the thin end. The specimen 6 nanowire is obviously a
tapered shape, which can be approximated as a conical prism with
circular cross-section. Because elongation is measured for a gauge
length that includes this significant taper, and this elongation value
is used for computation of strain for this specimen, the calculation
of stress used to compute Young’s modulus E must also incorporate
the effects of the taper. The elongation e relates to the tensile force
Fr according to Eq. (16).

_ 4Frlg
~ 7EDD,

Here, D and D, are the nanowire diameters at either end of Ly and
a circular cross-section is assumed. This elongation is equivalent to
that of a uniform diameter cylinder with diameter Dy = /D1D>.
For computation of E, the strain based on e/Ly must be compared
to a stress calculated using Dg, so a moderated stress o (Fig. 8) is
calculated from o = Fr /A = Fr /(nD3/4) = Fr /(D1 D, /4).

As seen in Table 3, E=210GPa was found for specimen 1 and
E=250GPa was found for specimen 6. These are the slopes of the
unweighted linear regression lines seen in Figs. 5 and 6, with the y-
intercepts set to 0. The standard error of the regression for each
of these values was u=10GPa, giving 95% confidence values of
+20 GPa. However, this value does not include the uncertainties
of the stress and strain data points used to compute the regression
line. When these values are added, the combined uncertainty of the
derived modulus E could be as large as u(E)=60 GPa for specimen
1 and uc(E) =120 GPa for specimen 6.

(16)

5. Discussion

The robust nature of specimen 1 in withstanding a 0.0404+0.017
engineering strain is perhaps the most notable result of this work.
Image superposition confirms the strain measurement for this
specimen. Observation of the specimen after the clamp failure
indicates that it did not exhibit failure, nor did it experience plas-
tic deformation. The estimated maximum stress applied to this
nanowire, 7.5 &+ 3.4 GPa appears to be a reasonable value in that the
ultimate failure of specimens 3, 4, and 6 occurred for stress values
of a similar order of magnitude.

The ability to withstand a large strain, as reported here for spec-
imen 1, reflects an exceptional strain tolerance and resilience for
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what might at first be considered a brittle material, but it is not
entirely surprising given that this measurement was performed
on a single crystal of a covalent material with a hexagonal lattice.
These material characteristics are all known to increase mechani-
cal strength. The lack of apparent extended and point defects in the
nanowires also contributes to their strength.

Tensile strength and strain at tensile failure have not been
widely reported for GaN, although there has been at least one
report of compressive yield strength of 15GPa in a GaN film. [30]
Resonant frequency measurements on GaN NWs similar to those
used here measured c-axis Young’s modulus E3 =250-350 GPa. [1]
Resonance experiments on other a-axis [120] oriented GaN NWs
found E; =227-305 GPa. [13] AFM 3-point bending on other c-axis
GaN NWs found E3 =218-400 GPa, with a possible observation of
diameter dependence of Young’s modulus. [31] Elastic properties
of GaN thin films and bulk crystals have been widely reported.
Nanoindentation of epitaxially-grown GaN films with unspeci-
fied orientation found Young’s modulus values in the range of
210-295 GPa. [30,32,33] Other types of experiments on bulk GaN
crystals (ultrasonic, Brillouin scattering) have provided elastic con-
stants Cy1, C12, C13, C33 that can be used to find Es, giving E3 of
161 GPa (ultrasonic measurement) to 362 GPa (optical measure-
ment) [34-37].

The modulus results mentioned above are in the correct range
to fit with previously-reported values of the GaN E3 but the
uncertainties from this test system may be too large to make a
definitive statement about values of E measured here. However,
the maximum stress and strain values reported in Table 3 have 95%
confidence intervals that are defined well enough to point to GaN
NWs as resilient, high-strength materials.

Measurements from the JEOL SEM used to observe the ten-
sile experiments are limited to the resolution of images obtained
from this instrument. For the magnifications used for the data col-
lected here, each pixel corresponds to about 20-30 nm. However, as
noted in the 95% confidence values reported for the nanowire gauge
lengths Ly in Table 4, about +40 nm is the best accuracy obtained
from this instrument. Typical values were more on the order of
+80 nm in the measurements reported here due to the focal resolu-
tion of this SEM. Therefore, large displacements and large specimen
gauge lengths will be more accurately recorded with SEM observa-
tion of MEMS testers than measurements of smaller distances. The
nanowire gauge lengths are recorded in Table 4 to allow compari-
son of these measurements.

The failure shear stress of the specimen 1 clamp-microdevice
interface was about 80+30MPa, which was much lower than
might be expected for an interface with good bonding. After this
failure occurred at the clamp-tester interface, potential sources
of material that would interfere with good bonding between the
clamp and the MEMS tester were noted.

It was observed that HF release after clamping nanowires to
the microfabricated test stages using IBID can leave a membrane-
like residue visible on the substrate of the test device (visible in
Fig. 3). This residue can also form in instances where devices are
subjected to SEM imaging followed by HF release, but it is not
seen in cases where HF release is performed before imaging. This
residue may originate from chemical decomposition of residual sol-
vent adsorbed to the working surfaces, or of miscellaneous organic
contamination from other molecules that were suspended in the
solvent or present on other surfaces in the electron microscope. It
appears to generate a resilient layer as a result of the SEM process.
Alternatively, this may be errant Pt-C deposited as a byproduct of
the IBID clamping procedure.

In applications where a good surface bond is desirable, such as
the clamping of a nanomaterial specimen, FIB removal of potential
bonding surface contamination is a quick and straightforward step,
although some of the ablated material will nevertheless be rede-

posited. So, after the test on specimen 1 resulted in clamp failure
rather than nanowire failure, the clamping procedure was modi-
fied. The gallium beam was used to remove an estimated 10 nm
of material from the surface of the nanowire and the surrounding
areas before clamp deposition. Furthermore, larger clamping areas
of platinum were generated. Clamp failure was not observed in any
subsequent tests.

The power at which the MEMS test structures begin to exhibit
failure appeared to vary from chip to chip, likely dependent upon
variations in processing of the chips holding these structures. For
instance, devices used for earlier experiments reported in Ref.
[6] displayed the onset of creep for input power the range of
60-90 mW. However, the device used to test specimen 4 withstood
up to 1344+ 14 mW before it began to fail. This suggests that the fit
parameter that correlates free displacement with input power is
not a universal parameter but rather one that depends upon chip
processing, most likely related to the HF release etch time. There-
fore, at least one measurement of B must be made on each chip
that is used for nanowire tensile testing. The four devices on each
chip have identical structural configurations and identical process-
ing histories, so the B value found with one device can be used for
others on the chip.

The eventual thermal failure of the MEMS test structures mani-
fests in several ways: the actuator resistance varies over time, SEM
imagery shows discoloration in the vicinity of the hottest part of
the actuator, and upon cessation of input power, the moving stage
returns to a point closer to the fixed stage than when it began. These
observations appear to indicate that the highest input powers also
lead to plastic deformation of the thermal actuator.

6. Conclusion

This work has demonstrated that dielectrophoretic self-
assembly of GaN nanowires can place nanowires on active MEMS
devices without the need to separately manipulate individual
nanowires. With careful design of suspended structures, this self-
assembly process can operate on released structures without
pulling these suspended structures into contact with the substrate.
IBID platinum-carbon clamps can secure individual nanowires to
a polysilicon surface for mechanical loading of the nanowires, but
the interface between these clamps and the surface can fail with
a shear stress on the order of 80430 MPa, therefore clamps must
be deposited over a sufficient area to withstand the force applied
to the nanowire specimen. Clamping is a key failure point and lim-
iting fabrication step. Length measurements from SEM images are
another significant limitation.

The MEMS test structures presented here have a moving stage
that can be displaced by up to about 3 wm, but clamping of a
tensile specimen across the moving and fixed stage creates a con-
straint which prevents motion of the moving stage, instead loading
the tensile specimen. Measurement of specimen strain from SEM
images removes the effect of clamp deformation from the tensile
curve, but the clarity of tensile data was limited by image reso-
lution. Measurements of electrical power are readily automated.
Repeated tensile tests indicate that single crystal GaN appears capa-
ble of withstanding uniaxial strain at least 0.01 and as much as
0.040 £0.017. Furthermore, GaN NW tensile stress may reach the
range of ~4-7 GPa without material failure.
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