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We report on the low-frequency 1/f (flicker) parameter noise displayed by the resonance

frequency of doubly clamped c-axis gallium nitride nanowire (NW) mechanical resonators. The

resonators are electrostatically driven and their mechanical response is electronically detected

via NW piezoresistance. With an applied dc voltage bias, a NW driven near its mechanical

resonance generates a dc and Lorentzian rf current that both display 1/f noise. The rf current

noise is proportional to the square of the derivative of the Lorentzian lineshape with a

magnitude highly dependent on NW dc bias voltage conditions, consistent with a model wherein

noise in the NW’s electrical impedance leads to temperature noise from local Joule heating,

which in turn generates resonance frequency noise via thermal expansion and the temperature-

dependent Young’s modulus. An example device with a 27.8 MHz resonance frequency

experiences an approximate resonance frequency shift of �1.4 Hz/nW. The resonance frequency

noise increases as the square of the bias voltage, indicating specific operating conditions that

optimize the signal-to-noise ratio in proposed NW sensors. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4769445]

Nanomechanical resonators offer exceptional perform-

ance for applications in mass,1 force,2 and displacement3

sensing. The resolution of such sensors for a given signal

averaging time depends on multiple factors, including the

transduction method, which determines the magnitude of

measured signal for a given resonator deflection; the device

geometry and material properties, including resonator mass

and quality factor, Q; and the noise performance of the sys-

tem.4 Noise contributions include thermal displacement

noise,5 measurement noise (e.g., from the readout amplifiers),

and noise in the resonator’s parameters (e.g., mechanical res-

onance frequency, f0, phase, or amplitude). Parameter noise

in, for example, f0 may be caused by adsorbing/desorbing of

surface species,6 temperature fluctuations,5 and defect

motion.7 In this paper, we report on the 1/f (flicker) parameter

noise seen in the mechanical resonance frequency of gallium

nitride (GaN) nanowire (NW) doubly clamped resonators

sensed using a piezoresistive transduction scheme.

Piezoresistive nanomechanical resonator sensors trans-

duce physical vibration into an electrical signal through

strain-induced changes in electrical resistance. These sensors

are attractive due to their scalability: resistance is relatively

size-invariant, i.e., a NW resonator may be reduced in both

length and diameter while maintaining the same resistance

and piezoresistance. Thus, reducing the dimensions of the res-

onator, which is advantageous for sensing applications due to

the lower mass and higher resonance frequency, does not

reduce the efficacy of the piezoresistive transduction scheme.

The resonance frequency fluctuations observed in these

piezoresistive resonators are consistent with a model wherein

fluctuations in the resistance of the semiconducting NW lead

to power and temperature fluctuations, correlated with fluctu-

ations in NW mechanical resonance frequency. This model

is generally applicable to all systems utilizing piezoresistive

transduction schemes and has important implications for the

optimized operation of any resistive-based resonator sensor.

The resonators considered here are fabricated from

c-axis oriented, single crystal GaN NWs. Briefly, the NWs are

grown, catalyst free, via gas-source molecular-beam epitaxy

on Si (111) substrates.8 The devices, as seen in Fig. 1(a), are

fabricated on sapphire substrates using a combination of lith-

ographic patterning and dielectrophoresis to freely suspend

single NWs across 8 lm–10 lm gaps, as described else-

where.9 An applied rf voltage, Vrf, on the neighboring elec-

trostatic gate induces NW vibration. A dc voltage difference,

Vdc, applied between the ends of the NW results in both a dc

current, Idc, due to the NW resistance, and an rf current, Irf,

arising from the vibrating NW’s time-dependent mechanical

strain causing piezoresistive changes in NW resistance.9 We

find that the piezoresistive gauge factor, a, defined by

a ¼ ðdR=RÞ=e, where dR=R is the NW’s relative resistance

change and e is its axial strain, for these GaN NWs is in the

range of �10 to �30, indicating that NW resistance

decreases under tensile strain. The observed amplitude of Irf

is consistent with a piezoresistive effect rather than a piezo-

electric field effect.10 Irf is then amplified by a transimpe-

dance amplifier and measured with an rf lock-in amplifier.

Figure 1(b) shows an example of Irf upon sweeping the

gate drive frequency through a NW’s mechanical resonance.

The Lorentzian mechanical response is tranduced into a Lor-

entzian current response, here separated into components

that are in phase (Irf,in) and 90� out of phase (Irf,out) with the

applied Vrf gate drive signal. The left axis shows the current

generated by vibration, while the right axis shows NW dis-

placement as calibrated from the measured thermomechani-

cal noise of the resonator.9 We have studied devices with

values of f0 ranging from 9 MHz to 36 MHz, set by NW di-

ameter (typically 150 nm–250 nm) and lithographically

selected length. Quality factors for these devices reach as

a)Author to whom correspondence should be addressed. E-mail:

jason.gray@colorado.edu. Telephone: 303-492-4659.

0003-6951/2012/101(23)/233115/5/$30.00 VC 2012 American Institute of Physics101, 233115-1

APPLIED PHYSICS LETTERS 101, 233115 (2012)

http://dx.doi.org/10.1063/1.4769445
http://dx.doi.org/10.1063/1.4769445
mailto:jason.gray@colorado.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4769445&domain=pdf&date_stamp=2012-12-07


high as 3000 under 10�4 Pa vacuum at room temperature,

increasing to above 25 000 at 8 K.

Such devices can be used, for example, in mass or strain

sensing applications by measuring a change df0 in f0.11 In the

case of a mass sensor, this change can be caused by, e.g.,

depositing additional mass on the resonator. To determine

the accreted mass from a given df0, we note that the reso-

nance frequency goes as 2pf0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kef f =Mef f

p
, where keff is

the effective resonator spring constant and Meff is the effec-

tive vibratory mass. Assuming a small added mass dM such

that dM « Meff, it can be shown that

dM � �2
Mef f

f0

df0: (1)

Thus, the minimum observable dM favors small resonator

mass, large resonance frequencies, and is limited by the

smallest measurable df0, which, for these piezoresistively

sensed resonators, is limited by the signal-to-noise perform-

ance of the Irf measurement.4

To investigate the signal and noise behavior of Irf, we

operate NW resonators at various NW dc bias voltages, Vdc,

electrostatic gate rf drive frequencies, fg, and gate voltage

amplitudes, Vrf. In the examples below, we limit Vrf to ensure

a Lorentzian resonance line shape, i.e., a linear resonator

response. The rf lock-in amplifier separates Irf into the two

phases of response, Irf,in and Irf,out, and further, provides the

time-dependence of these components within a 1 kHz band-

width of the gate frequency, as set by the lock-in amplifier’s

time constant. We then independently analyze the power

spectral density (PSD) of each phase under various sensor

operating conditions. We find that the electrical power dissi-

pated in the NW, given by PNW¼ IdcVdc, ignoring the small

rf contribution, plays an important role in determining the

noise performance of the sensor. For GaN NWs in the size

range investigated here and for bias power PNW<�5 lW,

the noise response at both phases is consistent with extrinsic

transimpedance amplifier white noise of roughly 15 pA/ffiffiffiffiffiffi
Hz
p

. However, for larger PNW, a 1/f noise contribution can

appear on either or both phases, with PSD amplitude depend-

ent on PNW and on gate drive frequency fg. Figure 2 shows

an example of the PSD of Irf,in, SI,rf,in(f, fg), where f refers to

frequencies relative to fg, from a 280 nm diameter, 8 lm long

NW with Vdc¼ 8 V and PNW¼ 240 lW. When the NW is

driven on resonance at 27.53 MHz we see a substantial 1/f
contribution, while with a drive frequency 100 kHz off reso-

nance at 27.43 MHz we see only amplifier white noise.

The magnitude of the 1/f rf current noise, defined as SI,r-

f,in/out(f¼ 1 Hz, fg) where the subscript in/out refers to either

the in-phase or out-of-phase (quadrature) component of Irf,

displays a characteristic rf drive frequency and phase de-

pendence as shown in Fig. 3, where again PNW¼ 240 lW.

FIG. 1. (a) A scanning electron micrograph at 65� from normal of a doubly

clamped, 160 nm diameter GaN NW resonator suspended over an 8 lm gap.

Actuation is accomplished through a driving rf voltage Vrf applied to the elec-

trostatic gate. Readout is accomplished through a dc voltage bias Vdc applied

across the NW, inducing a dc current Idc as well as an rf current Irf on reso-

nance due to the piezoresistive properties of GaN. (b) In-phase and out-of-

phase components of Irf due to sweeping the gate drive frequency through the

NW’s resonance, with Vdc¼ 1.5 V and Vrf¼ 2 V, taken at 10�4 Pa and 300 K.

The figure displays a fitted Lorentzian resonator response (solid line), with the

left axis showing Irf,in/out and the right axis showing the physical displacement

of the resonator as calibrated from the measured thermal noise. Fitted parame-

ters give f0¼ 12.94898 MHz 6 40 Hz and Q¼ 1320 6 10.

FIG. 2. Noise PSD of the component of Irf in phase with the gate drive sig-

nal with Vdc¼ 8 V and Vrf¼ 2 V. When driven on resonance the noise pre-

dominantly shows a 1/f component. The gray line is a corresponding fit to

amplifier white noise plus a 1/f contribution. Off resonance, only the white

noise of the measurement electronics is seen.

FIG. 3. Magnitude (at 1 Hz) of the 1/f noise PSD of the phase-sensitive NW

rf current response, Irf, as a function of gate drive frequency fg, taken at 10�4

Pa, 300 K, Vdc¼ 8 V, and Vrf¼ 2 V for a NW with f0¼ 27.491 MHz. Circles

are the noise magnitude for the in-phase signal, Irf,in, triangles are the noise

magnitude for the quadrature phase signal, Irf,out. Solid lines, given by Eq.

(2), are the predicted noise levels based on the observed 1/f noise in Idc and

the associated chain of power and resonance frequency derivatives. The

structure is that of the square of the derivative of the Lorentzian response as

determined by the fit to the resonance shape shown in Fig. 1(b).
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The 1/f noise appears predominantly in the out-of-phase

response when fg is to either side of resonance, and predomi-

nantly in the in-phase signal on resonance. Comparing this

result to Fig. 1(b), we note that these noise maxima corre-

spond with local maxima in the magnitudes of the deriva-

tives of the solid Lorentzian NW response curves. Thus, a

possible explanation for the line shape of SI,rf,in/out(1 Hz, fg)

is that noise in f0 is generating a corresponding rf current

noise dIrf in the NW response, proportional to @Irf ;in=out=@f0.

To test this hypothesis, we track f0 and damping time

(¼Q/pf0) by successively driving the NW into resonance,

then removing the drive and extracting f0 and damping time

from the resulting free decay of Irf. An example time record

of such a free decay is seen in Fig. 4. In all cases, we find that

the free decays are accurately fitted by a damped sinusoidal

response. Fitted values for f0 and damping time can be

extracted roughly every 100 ls. Figure 5 shows an example of

tracking f0 for a NW resonator biased (PNW¼ 190 lW) to dis-

play significant 1/f noise in SI,rf,in on resonance. Over the

course of several minutes f0 does indeed display a noisy varia-

tion, on the order of 62 kHz around 27.355 MHz. Further-

more, while tracking f0 we simultaneously measure PNW.

Figure 5 shows that PNW also displays a noisy variation,

which is strongly anti-correlated with the f0 variations. A

parametric plot of f0 versus PNW demonstrates a linear rela-

tionship with @f0=@PNW ¼�1.4 6 0.2 Hz/nW. For the device

examined in Fig. 3, direct measurement of @f0=@PNW by shift-

ing f0 with dc power over the range 0.5 lW�PNW� 250 lW

results in �1.38 6 0.02 Hz/nW, in excellent agreement with

the observed noise correlation.

PSD analysis shows that the spectra of f0 and PNW (Sf0

and SPNW, respectively) both display 1/f behavior. Further,

the observed SPNW is quantitatively the product of the bias

voltage, Vdc, and the noise PSD of Idc, SI,dc(f). The 1/f current

noise is an order of magnitude higher than the noise in the dc

voltage supply, and is therefore the controlling factor in

determining NW power fluctuations. Such low-frequency

power dissipation noise, caused, e.g., by noise in resistance,

is ubiquitous in semiconductor devices, including NWs10

and field effect transistors.12

Taken together, these observations suggest a model

wherein noisy NW power dissipation leads to a noisy f0. This

picture then explains the magnitude and structure of SI,rf,in/

out(f, fg) by relating them to SI,dc(f) through power-induced

changes in f0, given through the chain rule by

SI;rf ;in=outðf ; fgÞ ¼
@Irf ;in=out

@f0

� �2 @f0
@PNW

� �2 @PNW

@Idc

� �2

SI;dcðf Þ;

(2)

where the partial derivatives are squared because the PSD

measures mean-squared fluctuations per unit bandwidth. The

first factor in Eq. (2) is determined by differentiating the Lor-

entzian fit seen in Fig. 1(b); the second factor is given by

@f0=@PNW ¼�1.38 6 0.02 Hz/nW as described above; and

the third factor is the squared bias voltage, given that

PNW¼VdcIdc. Note that Eq. (2) gives separate equations for

the in-phase and out-of-phase components of Irf, but both are

related to the same SI,dc. When multiplying these three deriv-

atives with the measured SI,dc(1 Hz), we arrive at the pre-

dicted SI,rf,in/out(1 Hz, fg) seen in the solid lines in Fig. 3. The

agreement between the measured and predicted SI,rf,in/out

(1 Hz, fg) strongly supports the hypothesis that the flicker

noise in the mechanical resonance frequency is caused by

fluctuations in f0 resulting from fluctuations in NW power

dissipation, largely due to NW resistance fluctuations.

The picture above explains the observed 1/f noise with-

out requiring a detailed understanding of how fluctuations in

PNW lead to changes in resonance frequency. Here, we out-

line a simple picture based on NW heating to explain these

fluctuations, and show it is in good agreement with observa-

tions. Within this picture, small changes df0 in the resonance

frequency arise from small changes dPNW in the power via

the following chain rule:

df0 ¼
@f0

@ �T

� �
@ �T

@PNW

� �
dPNW ; (3)

where �T is the average NW temperature along its length.

The relative shift in GaN NW cantilever mechanical reso-

nance frequency with temperature is reported by Tanner

FIG. 4. A single-shot (no signal averaging) time record of NW current

response under vibrational drive of Vrf¼ 2 V at 27.444 MHz for t< 0 ls, fol-

lowed by free decay after setting Vrf¼ 0 V at t¼ 0 ls. The NW is dc biased

at 240 lW throughout the measurement. In the absence of drive, the NW is

no longer constrained to oscillate at the drive frequency and resonates at its

natural resonance frequency, f0, resulting in a temporary increase in vibra-

tional amplitude at t¼ 0 ls, and proceeds to decay exponentially. Inset: Si-

nusoidal oscillations within the exponentially decaying envelope. Fitting to

the exponentially decaying sinusoidal response for t> 0 ls gives

f0¼ 27.4542 6 0.0001 MHz with a decay time s of 12.8 6 0.1 ls, for a qual-

ity factor Q¼pf0s¼ 1100 6 10.

FIG. 5. Resonance frequency fluctuations showing a high degree of anti-

correlation with the NW’s power fluctuations, taken at 10�4 Pa, 300 K,

Vdc¼ 7 V, and Vrf¼ 2.8 V. The power fluctuates due to fluctuating Idc, likely

due to NW dc impedance noise. Fluctuating power modifies the NW’s tem-

perature and results in a corresponding shift in resonance frequency. The

correlation between f0 and PNW is @f0=@PNW ¼ �1.4 6 0.2 Hz/nW.
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et al. as a decrease in frequency with increasing temperature

of roughly ð1=f0Þð@f0=@ �TÞ � �35 parts per million (ppm)

per K.13 The power fluctuations dPNW are directly measured.

We then estimate the GaN NW @ �T=@PNW factor in Eq. (3)

by solving a simple steady-state 1-dimensional heat equation

with internal heat generation

@2TðxÞ
@x2

¼ � PNW

l2 � Kth;NW
; (4)

where Kth,NW is the thermal conductance in W/K (calculated

through Kth;NW ¼ jA=l, where j¼ 1.3 W/cm K is the thermal

conductivity of GaN14 and A is the cross-sectional area) and

l is the length of the GaN NW. The boundary conditions are

given by Tjx¼0 ¼ Tjx¼L ¼ T0 þ PNW=2Kth;0, where T0 is am-

bient temperature and Kth,0 is the thermal conductance of the

interface between the metallic electrodes and the ends of

the NW. Solving Eq. (4) gives the temperature profile along

the NW as a linear function of dissipated power, and a quad-

ratic function of position along the NW

TðxÞ ¼ � PNW

2Kth;NW

x2

l2
� x

l

� �
þ T0 þ

PNW

2Kth;0
: (5)

The average NW temperature is given by �T ¼ 1=l
Ð l

0
TðxÞdx

¼ PNW=12Kth;NW þ T0 þ PNW=2Kth;0. Differentiating leads

to @ �T=@PNW ¼ 1=12Kth;NW þ 1=2Kth;0. To determine a nu-

merical value for @ �T=@PNW , we then require estimates for

Kth,NW and Kth,0.

For the device examined in Figs. 2 and 3, with dimen-

sions of r¼ 140 nm and l¼ 8 lm, we calculate Kth;NW �
1 lW/K. To estimate the appropriate value for Kth,0, we use

f0 as a local thermometer, calibrated by measuring f0 at a low

enough bias power, PNW¼ 0.5 lW, that presumably NW

temperature is nearly ambient, 300 K. Increasing PNW to

240 lW decreases f0 by 314 kHz. With f0¼ 27.8 MHz and

ð1=f0Þð@f0=@ �TÞ � �35 ppm/K, this frequency shift implies a

temperature on the order of 320 K above ambient, i.e.,

620 K. Substituting these values into the equation for �T
above and solving for Kth;0 gives Kth;0 ¼ 0.4 lW/K, a thermal

conductance that is 40% of the estimated NW conductance

and consistent with the 0.25 lW/K NW-electrode thermal

conductance estimated by Soudi, Dawson, and Gu.15 With

the thermal conductances estimated, we calculate from

above that @ �T=@PNW � 1.3 K/lW.

The predicted change in f0 as a function of PNW is then

given by @f0=@PNW ¼ ð@f0=@ �TÞð@ �T=@PNWÞ ¼ ðf0Þð�35�
10�6=KÞð1:3K=lWÞ with f0¼ 27.8 MHz, predicting a fre-

quency shift of @f0=@PNW ¼�1.3 Hz/nW. As mentioned pre-

viously, the data in Fig. 5 indicate the true value is

�1.4 6 0.2 Hz/nW, displaying good agreement between the

proposed heating theory and measurement.

Finally, we explore how the observed 1/f parameter

noise affects the optimal operation of, e.g., a mass sensor.

Considering only amplifier noise and not f0 parameter noise,

optimal resolution would be achieved by maximizing the

amplitude of the signal—by operating at the largest possible

drive force, and, in the case of piezoresistive readout of an

ohmic NW, operating at the largest possible applied bias,

Vdc, before reaching some system limit, such as severe NW

heating or extreme nonlinear response—–to optimize the

signal-to-noise ratio (SNR). In the presence of the observed

f0 parameter noise, however, Eq. (3) predicts that the rms f0
noise in a given bandwidth will increase roughly as V2

dc,

causing an overall reduction in the resolution of f0 despite

the increased signal at higher Vdc. Thus, there is an opti-

mum operation point in NW bias voltage that balances am-

plifier noise with f0 parameter noise, minimizing the

resolvable df0.

For the device described in Figures 2 and 3, this opti-

mum point occurs at Vdc¼ 3 V, where total df0 (sum of

flicker and white noise contributions in quadrature per root

unit bandwidth) is 400 Hz/
ffiffiffiffiffiffi
Hz
p

. Below this Vdc, decreased

signal compared to amplifier white noise raises df0, e.g., to

�600 Hz/
ffiffiffiffiffiffi
Hz
p

at 2 V, while above 3 V the increased 1/f
noise in f0 eventually dominates, e.g., df0� 2 kHz/

ffiffiffiffiffiffi
Hz
p

at

8 V. Returning to the mass sensor example discussed previ-

ously, we can use Eq. (1) to estimate the mass sensitivity of

the device based on these uncertainties, where Meff� 1.9 pg

based on electron-micrograph-determined dimensions and f0
is measured to be 27.8 MHz. This results in an optimum min-

imum detectable mass of dM¼ 50 ag/
ffiffiffiffiffiffi
Hz
p

(1 ag¼ 10�18 g)

at 3 V bias, increasing to 80 ag/
ffiffiffiffiffiffi
Hz
p

and 270 ag/
ffiffiffiffiffiffi
Hz
p

for 2 V

and 8 V bias, respectively.

This 3 V optimum bias point is appropriate for the par-

ticular amplifier used here, whose 15 pA/
ffiffiffiffiffiffi
Hz
p

current noise

is equivalent to an effective displacement noise of 130 pm/ffiffiffiffiffiffi
Hz
p

for the �8.7 pm/pA piezoresistive transduction gain at

this bias. For comparison, the thermomechanical displace-

ment noise9 for this NW, on resonance, is approximately

0.05 pm/
ffiffiffiffiffiffi
Hz
p

. With a lower-noise amplifier—such as a near-

quantum limited Josephson parametric amplifier16—whose

noise is thermomechanically limited, the optimum bias point

under similar drive conditions would drop to approximately

0.08 V, with corresponding df0 and dM of 0.2 Hz/
ffiffiffiffiffiffi
Hz
p

and

30 zg/
ffiffiffiffiffiffi
Hz
p

(1 zg¼ 10�21 g), respectively.

In summary, we have investigated low-frequency noise

in doubly clamped GaN NW resonators. At low bias voltage

across the NW, the system noise consists of the white noise

of the readout electronics. At higher bias voltage, flicker

noise from power-induced frequency fluctuations becomes

the dominant noise term. A simple thermal model is in strong

agreement with observations, suggesting that fluctuations in

NW electrical transport lead to fluctuations in mechanical

resonance frequency. These results are generally applicable

to any piezoresistive resonator, and so for sensing applica-

tions it becomes critically important to operate at the opti-

mum bias power that balances maximizing the SNR with

minimizing thermal parameter noise.
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