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A nanomechanical beam resonator is used as a sensitive, specific hydrogen sensor. The beam is
fabricated from AuPd alloy and tested by magnetomotive transduction at room temperature. The
fundamental resonance frequency decreases significantly and reversibly at hydrogen pressures
above 10−5 Torr, whereas the frequency shifts observed for other gases are significantly smaller. The
large frequency shift is likely due to the formation of interstitial hydrogen in the metal alloy lattice,
which relieves the built-in tensile stress in the resonator beam. The uptake of hydrogen as measured
by frequency shift is consistent with previous studies. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1897445g

Nanoelectromechanical systemssNEMSd show great
promise as highly sensitive detectors of mass, charge, and
spin, due to their small size, high frequency, and high reso-
nant quality factors.1 For many applications, it would be ad-
vantageous to combine chemical specificity with the high
sensitivity attainable using NEMS. Such a combination has
been achieved in microscale devices,2 but has not yet been
reported for NEMS. Here we describe the specific sensing of
hydrogen using a nanomechanical resonant beam composed
of a gold–palladium alloy. Intercalation of hydrogen into the
metal lattice changes the tension in the device and strongly
shifts the resonant frequency.

Hydrogen sensors are important for a number of appli-
cations, and compact hydrogen sensors will become increas-
ingly prevalent if hydrogen begins to supplant hydrocarbons
as a common fuel. Nanoscale sensing elements have the ad-
vantage of rapid response and potentially high sensitivity,
and recent publications have demonstrated hydrogen sensing
using Pd nanowires,3 titania nanotubes,4 and carbon
nanotubes.5 NEMS sensors may be able to exceed the per-
formance of existing macro- and nanosensors in both speed
and sensitivity. NEMS devices may also be useful for the
study of the surface dissociation of H2 and subsequent for-
mation of interstitial hydrogen in a metal alloy lattice. This
process is of fundamental importance, both for basic research
and for industrial applications.6 It can play a key role in
corrosion, hydrogen storage in metals, and heterogeneous ca-
talysis. NEMS permit the study of this phenomenon at very
low hydrogen concentrations, using a simple bench top ap-
paratus.

Figure 1 shows scanning electron microscopesSEMd im-
ages of the beams used in the study. Two beams, with thick-
ness 30 nm, width 100 nm, and lengths of 7 and 8mm, re-
spectively, are patterned in a resistance-bridge configuration
on a Si substrate. The beams were defined using electron-
beam lithography and evaporation of Au0.6Pd0.4 alloy, fol-
lowed by liftoff. We note that the choice of alloy over pure
Pd is due to the smaller grain size of the alloy: pure Pd
beams showed much lower resonant quality factors. The
beams were then released by etching the underlying Si sub-
strate using an isotropic CF4/O2 RIE processsgas pressure
250 mTorr, 300 W, rf powerd. The etch rate for metal in this

RIE process is negligibly smalls,1 nm/mind, compared to
the isotropic etch rate of silicons,250 nm/mind. The slight
bending of the suspended edge of the support structure for
the resonator beams indicates that the beams are under ten-
sile stress.

The beam resonance is detected using a magetomotive
resistance bridge technique7,8 fFig. 2sadg. The beams are
placed in a vacuum chamber with a magnetic field of,0.9 T
in the out-of-plane direction. The field is generated by a Nd-
FeB permanent magnet, allowing the entire apparatus to run
on a bench top without the cryogenic equipment necessary
for higher-field magnets. The output of a network analyzer
sHP 3577Ad is passed through a 180° power splitter to drive
the beams out of phase, so that the potential of the center pad
is initially virtual ground. When the drive frequency is swept
to match the fundamental resonance frequency of one of the
beams, resonant motion is induced, and the resulting EMF
voltage is then detected. An impedance matching transformer
is used to optimize signal power transfer from the device
output to the input of the radio frequency amplifier. Typical
mechanical resonance traces of the device are shown in Fig.
2sbd, with a driving voltage of 450mV.
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FIG. 1. SEM micrographs of the device. The zoom-in view of clamping
region reveals that the metal components are under tensile stress.
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For the present study, the beams were first measured at
the base pressures,10−7 Torrd of the turbopumped vacuum
chamber. Small flows of gas were then introduced into the
chamber through a needle valve; the pressure was measured
with an ion gauge and allowed to stabilize for each data
point. The effects of three gasessdry nitrogen, helium, and
hydrogend were studied between 10−7 and 10−4 Torr. The
time required for pressure stabilization in the chamber is on
the order of minutes, which dominates the overall response
time of the system. This gives an upper limit for the time
constant of sensor response.

Figure 3 shows the measured resonance frequency as a
function of gas pressure for the three gases studied. For all
three gases, the resonant frequency decreases with increasing
pressure; the frequency shifts are reversible, and the system
returns to its original state upon pumping to the base pres-
sure. For nitrogen and helium, the frequency steadily de-
creases with increasing pressure over the entire range. Be-
cause the frequency of a damped resonator is lower than the
natural frequency, one possible explanation for the observed
decrease is an increase in damping with increasing pressure.
However, the quality factor of the resonator does not mea-
surably change with pressure until,10−2 Torr, so it is pos-
sible to rule out this effect. Therefore, we believe that surface
adsorption of gaseous species is the cause of the observed

frequency shift. The larger observed shift associated with
nitrogen adsorption is consistent with this mechanism.9

The data for hydrogen show dramatic effects that are not
present for helium and nitrogen. At low pressures, the fre-
quency decreases very little with increasing pressure, consis-
tent with the small mass of H2. Above,10−5 Torr, however,
the beam’s frequency decreases dramatically with increasing
pressure, reaching a shift of,6% at 10−4 Torr. A shift of this
magnitude cannot be explained by simple adsorption, and as
for the other gases, the quality factor does not change over
this pressure range.

We attribute the observed frequency shift to a combina-
tion of surface absorption mass loading and relief of built-in
stress in the metallic components. At low pressure end, the
frequency shift can be accounted for by mass loading onto
the beam surface.10 When the hydrogen pressure exceeds
about 10−5 Torr, the residence time of the hydrogen mol-
ecules on the surface is long enough to allow for dissociation
into atomic hydrogen. The atomic hydrogen then diffuses
into the lattice of the alloy, forming an interstitial phase. The
metal lattice then expands and relieves the built-in tensile
stressfFig. 1sbdg in the beams, causing a sharp decrease in
the resonant frequency.

The resonant frequencyf0 of a rectangular doubly
clamped beam under zero tension is given by

f0 = 1.03
w

L2ÎE

r
, s1d

wherew is the beam width in the plane of vibration,L is the
length,E is the Young’s modulus, andr is the density. Under
stress, the resonant frequency increases according to11

f = f0 ·Î1 +
sL2

3.4Ew2 , s2d

wheres is the tensile stress. For the beam under study, Eq.
s1d predicts a resonant frequency of,4 MHz sthe exact
Young’s modulus of the evaporated AuPd alloy is difficult to
determine, but should be near 100 GPad. The measured fre-
quency is a factor of 1.5 greaters,6 MHzd, indicating that
the term inside the square root in Eq.s2d is equal to,2.25,
so that the tension and the intrinsic bending stiffness of the
beam contribute roughly equally to the frequency.

In a doubly clamped beam, a fractional changeDa/a in
the zero-tension lattice constant due to hydrogen absorption
will change the tension according to

FIG. 2. Schematic detection circuit diagram and measured mechanical
resonance.

FIG. 3. Frequency shift vs gas pressure, for different gas species.
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For small changes in tension, Eqs.s1d–s3d can be combined
to yield

Df

f
< −

1
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Equation s4d shows the advantage of using a high aspect
ratio nanomechanical device for sensitive detection of small
changes in lattice constant: the fractional change in fre-
quency shift is greater than the fractional change in lattice
constant by a factor proportional to the square of the aspect
ratio. For the beam under studysaspect ratio,80d, the frac-
tional frequency shift is greater than the fractional lattice
constant shift by a factor of,1880. This allows us to mea-
sure the lattice constant shift very finely: the 6% frequency
shift observed at 10−4 Torr corresponds to a change in lattice
constant of,3310−5. The ultimately resolvable fractional
lattice constant changescorresponding to easily resolved fre-
quency shifts of,0.1%d is well below 10−6.

Using Eq. s4d, it is possible to compare our measured
results to published data for the hydrogen–palladium system.
The relationship between the lattice constant and the concen-
tration of interstitial hydrogen in gold–palladium alloy has
been studied by x-ray diffraction experiments,12 which nu-
merically give:

Da

a
. 0.038 ·

fHg
fMg

. s5d

Wolf et al. have done Monte Carlo simulations of the
pressure-composition isotherms for both bulk13 and nano-
crystalline cluster14 palladium. To make a qualitative com-
parison with existing theoretical results, we scale the mea-
sured frequency shift by a factor of 0.4 to account for the Pd
concentration in the alloy. This comparison plot is shown in
Fig. 4. The hydrogen absorption behavior of the NEMS reso-
nator swith an onset of 10−5 Torrd is intermediate between
the behavior of bulk Pd and Pd clusters. This is to be ex-
pected, because the size scale of the beam is intermediate
between these two extremes. It is also interesting to note that
the NEMS data capture much more of the detailed behavior
at low pressures than theory or XRD experiments: NEMS

may offer a unique method to study this phenomenon at ul-
tralow loading.

Finally, we comment briefly on issues related to applica-
tion of NEMS hydrogen sensors. These initial experiments
are done under vacuum conditions. For atmospheric pressure
operation, the NEMS device could be operated in a differen-
tially pumped system: our NEMS beams provide good reso-
nant signals up to pressures of,1 Torr. In that case, the
onset of absorption at a partial pressure of 10−5 Torr would
indicate an overall device sensitivity of,10 ppm. Further-
more, differential pumping may not be necessary: it has been
demonstrated that it is possible to operate nanomechanical
resonators at atmospheric pressure without significantly
compromising their apparent quality factor, with the help of
parametric amplification.15 The incorporation of a mechani-
cal parametric amplifier16 into our system would pose tech-
nical challenges, but can be considered a proven technology
nonetheless.

These initial experiments have shown that NEMS reso-
nators can be used for highly sensitive, specific gas phase
detection. It should be possible to extend this technique to
other gas phase systems by employing beams with different
composition. NEMS hydrogen sensing also provides a new
method for studying the formation of interstitial hydrogen in
metals at very low pressures. Better understanding of this
phenomenon may potentially lead to new practical applica-
tions in the area of hydrogen storage and catalysis.
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FIG. 4. Comparison with theoretical simulations for bulk Pdssee Ref. 13d
and Pd clustersssee Ref. 14d.
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