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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
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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
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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.
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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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