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a b s t r a c t

Gallium nitride nanowires (GaN-NWs) are systems of interest for mechanical resonance-based sen-
sors due to their small mass and, in the case of c-axis NWs, high mechanical quality (Q) factors of
10,000–100,000. We report on singly-clamped NW mechanical cantilevers of roughly 100 nm diameter
and 15 �m length that resonate near 1 MHz and describe the behavior of GaN-NW resonant frequen-
cies and Q factors following coating with various materials deposited by atomic layer deposition (ALD),
including alumina (Al2O3), ruthenium (Ru), and platinum (Pt). Changes in the GaN-NW resonant frequen-
cies with ALD deposition clearly distinguish conformal film growth versus island film growth. Conformal
films lead to a stiffening of the NW and typically increase resonant frequency, whereas island films sim-
ply increase the NW mass and cause decreased resonant frequencies. We find that conformal growth of
ALD alumina leads to stiffening of ∼4 kHz per nm of alumina, in agreement with previously measured
material properties. Conformal growth of Ru and Pt, respectively, qualitatively confirm our analytical
predictions of positive and negative resonant frequency shifts. Island growth of ALD Ru has demon-
strated a decrease in resonant frequency consistent with mass loading of ∼0.2 fg for a 150 ALD-cycle
film, also consistent with analytical predictions. Resonant Q factors are found to decrease with ALD film
growth, offering the additional possibility of studying mechanical dissipation processes associated with
the ALD-NW composite structures.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Gallium nitride (GaN) nanowires (NWs) are being intensively
studied for possible applications in such areas as gas sensing [1],
signal processing [2,3], electronic circuitry [4], and light emitting
diode (LED) structures [5,6]. In this paper, we investigate the pos-
sible use of GaN-NWs in resonant mass sensor applications. NWs
are strong candidates for resonant mass sensors, due to the ben-
efits provided by small sensor mass, and high mechanical quality
factors [7–11], both of which are provided in the GaN-NW system.
Examples of as-grown nanowires are shown in Fig. 1. Briefly, the
GaN-NWs investigated here are grown, catalyst free, via gas source
molecular beam epitaxy on Si (1 1 1) substrates [12]. The NWs have
a defect-free, wurtzite crystal structure with their c-axis along the
long axis of the NW, have diameters approximately 200 nm, and

∗ Corresponding author. Tel.: +1 303 492 7940; fax: +1 303 492 3352.
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overall lengths from 15 �m to 20 �m. The average total NW mass
is roughly 2 pg and their lowest, singly-clamped, mechanical reso-
nance frequencies are near 1 MHz. The quality (Q) factor (defined
as the ratio of the resonant frequency to the resonance full width at
half maximum power, or FWHM) is in the range 104 to 105 and has
been measured as high as 106 [13]. In this paper, we describe the
use of GaN-NWs to study ALD film deposition through the shifts
in nanowire resonant frequency and Q factors. Our results show
that NW vibrational frequencies can readily distinguish conformal
film growth from island growth, and mode Q factors are sensitive
to mechanical dissipation losses in the ALD films. Thus, GaN-NW
mechanical resonators have great potential for monitoring ALD film
growth mechanisms.

2. Resonance theory and measurements

A simple picture of how NW mechanical resonators are sensitive
to thin film properties is provided by beam theory for the cantilever
flexural resonant modes of a singly-clamped beam [14]. Eq. (1) gives

0924-4247/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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Fig. 1. Electron micrographs of as-grown GaN-NWs [12]. (a) Typical hexagonal cross-section of c-axis, wurtzite crystal structure. (b) Side view of nanowire growth from GaN
matrix layer to 15–20 �m. (c) Angled plan view of as-grown nanowires.

the resonant frequency for the nth mode of such a beam:

fo = 1
2�
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˛2
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Here, � and � are, respectively an effective stiffness and effective
mass per unit length, ˛n is a dimensionless number determined by
the boundary conditions, and L is the beam length. For the lowest-
order, fundamental frequency of a singly-clamped beam, ˛o = 1.875.
For simple geometries, � = EI2, where E is the Young’s modulus, I2
is the second moment of the beam (e.g. �r4/4 for a circular cross-
section with radius r, 5

√
3a4/16 for a hexagonal cross-section with

side length a) and � = �A, where � is the density and A is the
beam’s cross-sectional area. Depositing a film on such a beam can
change the resonant frequency by two competing effects. First, the
added mass of the film increases the total mass per unit length, and
thereby can cause a decrease in resonant frequency. Second, the
combination of film Young’s modulus and degree of continuity can
increase the stiffness of the beam and lead to an associated increase
in resonant frequency. We find that both of these effects may occur
with different ALD coating materials.

As an illustrative example, useful for comparison to our data,
consider a cylindrical beam of material 1 (density �1, Young’s mod-
ulus E1) and initial radius, r, with an additional uniform thickness, t,
of material 2 (�2, E2). The lowest-order resonant frequency is found
within Euler–Bernoulli beam theory to be

fo = 1
4�

[
E1r4 + E2((r + t)4 − r4)

�1r2 + �2((r + t)2 − r2)

]1/2(
1.875

L

)2
. (2)

Fig. 2 shows the predicted resonant frequency versus ALD film
thickness starting with an initial resonant mode at 1 MHz, for the
three ALD materials studied in this work: Al2O3 (alumina), ruthe-
nium (Ru), and platinum (Pt). The calculated resonant frequencies
using a cylindrical cross-section overestimate those of the hexago-
nal cross-section by approximately 9%.

In the limit t � r appropriate for thin layers, we find a
first-order shift in the resonant frequency, ıf, from the t = 0

Fig. 2. Predicted resonant frequency shifts for the three ALD materials studied in
this work, assuming conformal growth. Squares, triangles, and circles correspond,
respectively, to alumina, Ru, and Pt. The initial, bare GaN-NW resonance is set to
1 MHz. The ALD material properties used are described in the text. With alumina
and Ru, stiffening of the nanowire dominates the mass loading, causing an overall
increase in resonant frequency. For high-density Pt, mass loading dominates ini-
tially, followed by stiffening for thicker films. Our experimental results qualitatively
confirm these trends.
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Fig. 3. Schematic of experimental setup for obtaining resonance measurements of
coated and uncoated nanowires within an electron microscope chamber.

value

ıf = fo · (2Ẽ − �̃) · t

r
, (3)

where fo is the original resonant frequency and Ẽ and �̃ are, respec-
tively, the ratios of the film’s (material 2) Young’s modulus to GaN’s
Young’s modulus, and film density to GaN density. We note that for
long, thin beams such as GaN-NWs, the ratio fo/r is independent of
radius, indicating that ıf should be similar even for nanowires of
rather different initial fo and r. This result is confirmed in Section
2.1.

Resonant properties of the GaN-NWs were measured in vacuum
(below 10−4 Pa) in a scanning electron microscope (SEM), as illus-
trated schematically in Fig. 3. Portions of the Si substrate containing
the nanowire matrix and as-grown nanowires were mounted atop
a lead zirconate titanate (PZT) shear mode, piezoelectric actua-
tor. The electron beam was placed in spot mode and positioned
on the edge of a nanowire. In one mode of detection a broad-
band white noise signal is applied to the piezoelectric stack by a
function generator (FG), and the output of the secondary electron
detector is fed to a real-time spectrum analyzer. Operation in the
electron microscope environment offers the crucial advantages of
allowing measurement of the resonant properties of ensembles of
many nanowires and the ability to locate and remeasure the entire
ensemble after additional processing steps.

A typical resonant power spectrum resulting from the applica-
tion of white noise is shown in Fig. 4a. The general relationship
between a driving signal and the frequency response or power

spectrum is given by

P(ω) = F(ω) ·
∣∣H(ω)

∣∣2
. (4)

Here, F(ω) is the Fourier transform of the driving force, and H(ω)
is the harmonic transfer function, given by

H(ω) = A

ω2 − ω2
o − iω�

, (5)

where � is the damping factor, ωo is the angular resonant fre-
quency, and A is an amplitude. If the driving function is assumed to
be white noise, then F(ω) is a constant and the power spectrum is
proportional to |H(ω)|2. As shown in Fig. 4, the resulting resonance
lines can be fitted with a standard Lorentzian curve – appropri-
ate for a damped harmonic oscillator – and sidebands resulting
from mixing products between NW motion and 60 Hz noise in
SEM circuitry. The Q factor is then determined by finding the ratio
of the resonant frequency to the FWHM of the Lorentzian curve,
ωo/�ωFWHM.

In a second mode of detection, the FG applies a sinusoidal signal
and the frequency of excitation is swept through the nanowire res-
onance. This mode of measurement provides visual confirmation
of nanowire resonance via standard secondary electron imaging,
as shown in Fig. 5. In this mode, the spectrum analyzer can also be
replaced with a radio frequency (RF) lock-in detector, allowing the
extraction of a complex Lorentzian lineshape.

Based on Eq. (1), a beam with a perfectly hexagonal cross-section
will have two orthogonal degenerate resonant frequencies with
the fundamental mode shape. As shown in Fig. 5, slight growth
irregularities leading to uneven nanowire side lengths (while still
maintaining internal angles of 120◦) produce two orthogonal,
non-degenerate resonant frequencies with the fundamental mode
shape. We have also used a three-dimensional finite element model
(FEM) of the NWs based on a quadratic 10 node brick element to
confirm this mode splitting.

The GaN-NWs studied in this work tended to all be approx-
imately the same length. Thus, differences in the resonant
frequencies of individual NWs result from differing cross-sectional
area. The GaN-NWs measured typically had radius in the range
50–200 nm.

2.1. Conformal ALD alumina films

ALD alumina films were deposited on NW samples at 120 ◦C,
with Al(CH3)3 and H2O as precursors. The growth rate was about
1.2 Å per cycle. Fig. 4(a) and (b), respectively, shows an example
of a typical resonance for a bare, as-grown GaN-NW, and the same
nanowire with a thin coating of ALD alumina. As we have reported

Fig. 4. Fundamental resonant peak for a single GaN-NW. (a) Spectrum of bare GaN-NW, before ALD coating. Solid curve indicates a Lorentzian fit showing resonant frequency
of fo = 688,596 ± 1 Hz, Q = 19,000 ± 2000, and sidebands resulting from mixing products between NW motion and 60 Hz noise in secondary electron detection circuitry. (b)
Spectrum of the same nanowire after 4.6 nm ALD alumina coating. Solid curve indicates a Lorentzian fit showing resonant frequency of fo = 701,495 ± 9 Hz, Q = 2000 ± 200.
Note enlarged frequency scale and the increase in linewidth that obscures 60 Hz sidebands.
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Fig. 5. Example of lowest-order, non-degenerate resonant modes of the single GaN-NW shown in (a), resulting from small geometric irregularity. In (b) and (c), respectively,
the NW is driven at its fundamental frequencies near 851 kHz and 691 kHz. Periodic motion results in apparent “fanning” of NW when viewed in an SEM. Accompanying
arrows illustrate the direction of NW motion. All scale bars are 100 nm.

previously [13], these c-axis GaN-NWs show Q factors > 104 near
1 MHz. The as-grown GaN-NW resonances are narrow enough to
show well isolated 60 Hz sidebands (and harmonics) that arise from
the electron microscope environment. When the nanowires have
been coated with a conformal layer of ALD alumina, we observe
both an increase in the resonant frequency and a broadening of
the resonance lineshape in the power spectra (note the expanded
frequency scale in Fig. 4b).

Fig. 6 shows the progression of resonant line shift for a single
mode of one GaN-NW with an initial resonance near 695 kHz. The
figure shows three sequential shifts upward in resonant frequen-
cies due to three ALD alumina growths of, respectively 4.6 nm,
4.5 nm and 3.9 nm, associated broadening of the resonance, and
a return to lower frequency and narrow line upon removal of
the ALD film by aqueous hydrofluoric acid (HF) etching and an
oxygen (O2) plasma reactive ion etch (RIE). The robust nature of
the GaN-NWs to repeated film growth and etching procedures
shows that they have promise as sensors for multi-step process-
ing.

In Fig. 7, the resonant frequencies of as-grown GaN-NWs are
presented for an ensemble of six nanowires following the same
consecutive 4.6 nm, 4.5 nm, and 3.9 nm ALD alumina depositions
shown in Fig. 6. Again, after HF and O2 plasma RIE, GaN-NW reso-
nant frequencies were restored very nearly to their original values.
Most nanowires show a nearly constant relation between increase
in resonant frequency and thickness of deposited ALD alumina, as
is expected from the simple beam theory of Section 2.

Occasionally, we find abrupt increases in nanowire resonant
frequencies. An example of this behavior is shown in Fig. 7. The
resonance, which began near 530 kHz, follows the resonance shift

Fig. 6. Change in resonant frequency for one mode of a single GaN-NW after ALD
alumina depositions and removal. The bare nanowire (circles) is sequentially coated
with ALD thickness of 4.6 nm (squares), 4.5 nm (triangles), and 3.9 nm (crosses). After
aqueous HF etching to remove the ALD alumina, followed by a brief O2 RIE exposure
to remove organics, the resonant frequency drops to near original value (stars). Note
also the increased linewidth in ALD spectra, as compared with bare/etched spectra.

Fig. 7. Increase in GaN-NW resonant frequency after ALD alumina coatings of
4.6 nm, 4.5 nm, and 3.9 nm. “HF etch” and “RIE” correspond, respectively, to a
hydrofluoric acid etch and O2 plasma RIE that remove the ALD film and return
the nanowires to their original resonance positions. In order of increasing origi-
nal resonant frequencies, the data correspond to nanowires with side lengths of
128 nm (circles), 115 nm (squares), 150 nm (up-pointing triangles), 154 nm (down-
pointing triangles), 137 nm (diamonds), and 128 nm (left-pointing triangles). The
abrupt increase in the resonant frequency near 13 nm of ALD of the nanowire start-
ing at ∼530 kHz is attributed to shortening of the nanowire by filling of the matrix
layer, as described in Section 2.1.

common to the other five nanowires until the third alumina depo-
sition. After this deposition, the resonance position is observed to
increase by ∼125 kHz. Such large increases are observed to occur
only once for any one nanowire and simultaneously affect both
orthogonal modes. We have attributed this behavior to the effec-
tive shortening of the nanowire due to ALD film filling the matrix
layer at the nanowire base, as illustrated schematically in Fig. 8. The
resulting clamping of the nanowire at a higher position reduces the

Fig. 8. Schematic of GaN matrix layer filling. When the conformal film on the NW
and surrounding GaN matrix material come into contact, the NW is effectively short-
ened by a length ıL, increasing its resonant frequency.



Author's personal copy

J.R. Montague et al. / Sensors and Actuators A 165 (2011) 59–65 63

Fig. 9. Distribution of resonant frequency shifts, ıf, per nm of deposited ALD for all
alumina-coated GaN-NWs studied in this work. Each pair of “Measurements” (i.e.
points at x = 1 and x = 2, {3, 4}, {5, 6}, etc.) corresponds to the two modes of a sin-
gle nanowire. Squares, circles, and triangles correspond, respectively, to frequency
shifts resulting from the addition of 4.6 nm, 4.5 nm, and 3.9 nm alumina. The average
shift of 3.6 kHz/nm ALD alumina is shown by the dotted line.

beam length and increases the resonant frequency, as shown in Eq.
(1).

Data from both modes of each GaN-NW are presented over the
course of consecutive ALD alumina depositions in Fig. 9. In good
agreement with the first-order calculation of Eq. (3), a consistent,
positive shift of ıf ≈ 3.6 kHz per nm ALD alumina is shown. If we use
the uncertainty in resonant position from the ALD-coated nanowire
given in Fig. 4b of 9 Hz, we find that the GaN-NW resonators should
be able to resolve sub-monolayer coverage, making them useful for
studying early stages of ALD growth.

The material properties of the ALD alumina have been measured
previously by Tripp et al. [15]. In that work, the Young’s modulus
of ALD alumina was calculated in the range E = 168–182 GPa, and
density � = 3.03 g/cm3. As is common with ALD materials, these val-
ues are less than their respective bulk values of E = 370 GPa and
� = 3.97 g/cm3. Using the material properties given in [15] and the
GaN-NW material properties (E = 300 GPa, � = 6.2 g/cm3), Eq. (3)
predicts a shift in resonant frequency of 4–5 kHz per nm of added
ALD alumina, in good agreement with our measured data.

As-grown GaN-NW FWHM linewidths are typically in the range
of 10–100 Hz. As shown in Fig. 10, the addition of an initial 4.6 nm
of ALD alumina results in a decrease in Q from an original range
of approximately 11,000–40,000 to a coated Q spanning approx-
imately 1000–4000. The deposition of an additional 4.5 nm and

Fig. 10. Decrease of GaN-NW resonator quality (Q) factor after ALD alumina coatings
of 4.6 nm, 4.5 nm, and 3.9 nm, followed by restoration via etching. Symbols corre-
spond to the same NWs as in Fig. 7. “HF etch” and “RIE” correspond, respectively, to
a hydrofluoric acid etch and O2 plasma RIE. Note after O2 plasma RIE, all Q factors
have been improved relative to initial values.

3.9 nm of ALD alumina produces similar additional increases in
resonant frequencies, but has very little additional effect on the
composite resonator’s Q factor. After wet etching in HF and putting
the sample in an O2 plasma RIE, GaN-NW Q factor is restored to or is
greater-than the initial, as-grown range, spanning 40,000–60,000.
Since GaN-NWs are known to have virtually no native oxide growth
[16], this increase in Q may indicate a modest accumulation of
organic contaminants on the nanowire after growth, but prior to
use for ALD sensing.

2.2. Conformal ALD metallic films

A study of ALD films of the transition metals Pt and Ru provided
a qualitative confirmation of the behavior predicted by Eq. (2), and
established by our alumina studies. Details of the results are listed
in Table 1. Single growth thickness of 40 nm (Pt) and 12.7 nm (Ru)
were selected to assure continuous films.

Pt films were deposited at 270 ◦C, with a (Me3PtCpMe) or
(CH3)3(CH3C5H4)Pt precursor and with O2 as a reactant. The growth
rate was 0.33 Å per cycle. For this Pt film, the average measured res-
onance shift was ıf ≈ −28 kHz. Most of the measured nanowires (10
of 16) had a reduced resonant frequency consistent with addition of
a high-density material, as predicted by both Eq. (3) and Fig. 2. The
remaining six showed the increase in resonance position described
in Section 2.1. Disregarding the nanowires that show matrix filling,
the average shift was ıf ≈ −110 kHz. The addition of a conformal Pt
film also typically led to a broadening of the resonant peak. Most
measured nanowires demonstrated a decrease in their Q factor. The
initial Q range of about 2000 to 2,000,000 (mostly in the range 104

to 105) was reduced to a post-ALD Pt range of about 2000–10,000.
Ru films were deposited at 270 ◦C, with a (C5H5)2Ru precur-

sor and O2 as a reactant. After nucleation, the growth rate was
0.45 Å per cycle. For this Ru film, the average measured reso-
nance shift was ıf ≈ 289 kHz. Again, this shift (11 of 16 nanowires)
toward higher resonant frequency is qualitatively consistent with
the behavior shown in Fig. 2. As was the case with both conformal
films of alumina and Pt, the conformal coating of Ru also led to res-
onance broadening. For all nanowires measured, Q decreased from
its initial value. Here, the original range of about 11,000–80,000
decreased to a post-ALD Ru range of about 1000–4000.

More rigorous comparison of the predictions of Eq. (2) and
our measured data will be useful after thorough investigation of
the ALD film properties. As described in Section 2.1, the ubiqui-
tous use of ALD alumina in the field of microelectromechanical
systems (MEMS) has led to thorough characterization of its prop-
erties. Similar investigation of the Pt and Ru films used in this
work can be compared to known bulk properties (Pt: E = 168 GPa,
� = 21,450 kg/m3; Ru: E = 447 GPa, � = 12,450 kg/m3).

After both Pt and Ru film depositions, a small number of mea-
sured GaN-NWs demonstrated an increase in resonant frequency
whose magnitude greatly exceeded the prediction of Eq. (2). This
behavior has also been attributed to the filling of the matrix layer,
as described in Section 2.1. Cross-sectional sample analysis via
focused ion beam (FIB) or tunneling electron microscope (TEM) may
provide insight into the matrix filling effect to which the discrep-
ancy has been attributed.

2.3. Discontinuous ALD Ru films

During the early growth stages of some ALD materials, nucle-
ation occurs in isolated “islands.” Before these islands coalesce, the
discontinuous film will increase the effective resonator mass (in
Eq. (1)) without necessarily contributing significantly to the res-
onator’s effective stiffness. By measuring a shift in the resonant
frequency, Eq. (1) also lets us calculate the amount of material that
was deposited on the resonator.



Author's personal copy

64 J.R. Montague et al. / Sensors and Actuators A 165 (2011) 59–65

Table 1
Results from ALD coatings of Pt and Ru on GaN-NWs.

ALD material ALD thickness (nm) Number of nanowires [modes] Average resonant frequency shift (kHz)

Pt 40 10 [20] −108 ± 44
Ru 12.7a 11 [19] +289 ± 142
Ru 2b 12 [24] −19 ± 5

a Greater precision results from XRR measurements of film.
b The 150-cycle growth of Ru was not a continuous film, as described in Section 2.3. AFM measurements of a similar film showed islands

of vertical height less than or equal to 2 nm.

The ALD Ru presented in Section 2.2 was also studied as a dis-
continuous film on GaN-NWs. We measured nanowire resonant
frequencies and Q factors after just 150 ALD cycles. This deposi-
tion period was chosen because it was believed to occur between
the nucleation of deposition species and island coalescence. Most
of the nanowires studied (13 of 16) demonstrated a decrease in
frequency, with the average decrease being ıf ≈ −7 kHz. Disregard-
ing the data points indicating an increase in resonant frequency
(possibly attributed to the matrix filling mechanism mentioned in
Section 2.1), the average resonance shift is ıf ≈ −19 kHz. This result
is included in Table 1. Using the Ru material data presented in Sec-
tion 2.1, Eq. (5) gives good agreement, also predicting a resonant
frequency shift of ıf ≈ −16 kHz.

By expanding Eq. (1), the measured shift in resonance position
ıf due to the addition of a mass ım � m can be used to calculate the
value of the added mass ım. After measuring the nanowire dimen-
sions in the SEM, using the measured ıf, and using XRR data on the
Ru film, we calculate an average of ım = 0.2 fg of material added to
the nanowires by the discontinuous ALD Ru.

An atomic force microscope (AFM) was also used to analyze sub-
strates with 150 cycles of the same Ru film (not shown). Using the
areal island density and height measured in that analysis, together
with the XRR material data, we calculated the mass that should
have been deposited to be on the order of 0.1 fg, in good agreement
with ım calculated from frequency shifts.

During the resonance measurements on discontinuous Ru, typ-
ical resonant frequency uncertainties were on the order of 10 Hz.
Considering the measured 16 kHz shift in resonance position for
0.2 fg, we calculate an approximate mass resolution on the order of
0.2 ag with a 1 s averaging time. This resolution is high enough to
detect single cycles of the ALD process.

Though the surface coverage of the 150-cycle ALD Ru mate-
rial should be far less than that of the continuous films, there was
still a significant decrease in the nanowire Q. The initial, bare GaN-
NW range of about 2000–3,000,000 is reduced to a range of about
400–50,000.

3. Conclusion

GaN-NWs with large intrinsic Q factor (104 to 106) have been
investigated for their potential use in high-resolution thin film
deposition applications. Deposition of discontinuous ALD thin films
cause NW mechanical resonance frequencies to decrease due to
simple mass loading. The NW resonant frequencies allowed us to
sense mass loading at the sub-femtogram level, with sub-attogram
resolution with 1 s averaging. In comparison, continuous ALD thin
films can cause mechanical resonant frequencies to increase, allow-
ing a clear indication of conformal ALD growth. Simple analytical
models of the resonant frequencies are in good qualitative agree-
ment with our observations. All conformal coatings resulted in
frequency shifts on the order of a few kilohertz per nanometer,
frequency shifts that are easily detectable due to the high intrinsic
Q factor of the GaN-NWs. Finally, the notable decrease in GaN-NW
resonance Q factors with even nanometer thicknesses of ALD mate-
rial indicate that Q may be used as a probe for early stages of ALD
growth.
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