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We report the local top-gated graphene resonator in-
ertial mass sensing of mixed H,/Ar gas. The graphene
resonator is fabricated with monolayer graphene. The
fabricated resonator dimensions are 900 nm in length
and 500 nm in width. Measurements of the fabricated
resonator are performed using a co-planar structure
probe and radio-frequency (RF) connectors. At the
vacuum condition of the chamber, the resonant fre-
quency of the doubly clamped graphene resonator is
measured as 94.3 MHz with the quality factor of 42.2,
based on transmission S-parameter characterization.
The measured resonant frequency is consistent with
the theoretical calculation based on the continuum
model for the graphene resonator. When the cham-
ber pressure is increased to 1.1 x 10~ Pa by injecting
mixed H/Ar gas, the resonant frequency of the de-
vice is downshifted by 4.32 MHz to 89.98 MHz and
the quality factor is reduced to 22.5. As the mass of
the graphene resonator is increased by the adsorption
of mixed gas molecules adsorption, the resonant fre-
quency is downshifted further. The detected mass of
the adsorbed gas molecules is calculated as ~15 at-
tograms.
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1. Introduction

Graphene is a promising two-dimensional (2D) ma-
terial candidate for gas sensing because of its ultralow
thickness and excellent electronic properties [1,2]. More-
over, graphene has the largest sensing area per unit vol-
ume of any solid material. Furthermore, because of its
high-quality crystal lattice, graphene has an ultra-high
Young’s modulus of 1 TPa. This unique property indi-
cates the potential of graphene as a candidate for future
nanoelectromechanical systems (NEMS) applications [3—
5]. With these unique advantages, graphene-based NEMS
are highly sensitive to environmental changes in terms
of their electrical and mechanical characteristics [6,7].
Graphene-based NEMS devices have been proposed for
highly sensitive mass detection of neutral species; signif-
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icant progress has been made in sensing heavy molecules
such as protein bovine serum albumin, pentacene, and f3-
amylase [8,9]. Carbon nanotube resonators have been
used to measure the yoctogram-level mass of naphtha-
lene molecules [10] and SiC resonators are used to mea-
sure the zeptogram-level mass of Xe atoms [11]. All
NEMS resonator mass-sensing studies have focused on
sensing relatively heavy molecules. However, mass sens-
ing of lightweight gas molecules with mass sensors has
not been well explored. Other device architectures are
used for low-molecular-weight molecules such as Hj,
CHy, etc. [12].

Sensing of very lightweight molecules like H, will
permit individual molecular mass spectroscopy in a sin-
gle graphene-based NEMS resonator device. All re-
ported graphene-based resonator works have been based
on global back gate operation. The local top gate geome-
try may permit more localized operation of the RF signal,
rather than exciting the entire device. However, the local
top gate geometry may also block the path of molecules
to a very small area of resonator.

In this research, we report on a local top-gated
graphene resonator used in the mass sensing of
lightweight mixed H/Ar gas molecules. Here, we
demonstrate that double-clamped graphene nanoribbon
resonators are capable of attogram-level mass sensing of
lightweight gas molecules.

2. Device Fabrication and RF Measurement
Setup

2.1. Fabrication of Suspended Graphene Resonator
Device

We used chemical vapor deposition (CVD) graphene
from Graphene Platform Corp. for the resonator fabrica-
tion. The substrate size is 10 mm x 10 mm, and the thick-
ness of SiO, is 285 nm. Fig. 1 shows the Raman spec-
tra of the transferred CVD graphene on to SiOj/silicon
substrate at three different locations. The G peak at ~
1580 cm~! and the 2D peak at ~ 2700 cm ™! are observed
in all three positions. The significantly weak D peak
(~ 1350 cm™ ) and the shape of the 2D peak indicate the
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Fig. 1. Raman spectra of CVD graphene on SiO,/Si sub-
strate at three different positions.
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Fig. 2. Schematics of Device fabrication processes: (a)
CVD graphene on Si substrate with 285 nm SiO; layer (b)
GNR patterning and contact electrode fabrication processes
(c) Fabrication of sacrificial layer (HSQ resist) on graphene
nanoribbon (d) Top gate electrode fabrication step (e) Fabri-
cation of suspended structure using BHF etching and super-
critical point drying.

monolayer nature of the CVD graphene [13]. Fig. 2 shows
the device fabrication processing steps. First, we pattern
graphene nanoribbons (GNR) using electron-beam lithog-
raphy (EBL) and reactive-ion etching (RIE). 10-W O
plasma was used in RIE etching at a pressure of 4 Pa
for 10 s. The size of GNR is 900 nm in length and
500 nm in width. After that, the GNR is connected to
Cr/Au (5/80 nm) electrodes on a substrate by EBL, elec-
tron beam evaporation, and lift-off processes (Fig. 2(b)).
Next, we prepare a sacrificial layer (80 nm) on GNR by
EBL using H-silsesquioxane (HSQ), which is a negative-
type resist (Fig. 2(c)). The HSQ resist is converted to
an SiO, layer after electron-beam exposure in the EBL
step [14,15]. Thereafter, a top-gate electrode (Cr/Au =
5/140 nm, 2000 nm in width, 180 nm in length) is fabri-
cated on the sacrificial layer (Fig. 2(d)). In order to re-
duce the defects in the GNR, annealing was performed
in Hy gas [16, 17]. Finally, the sacrificial layer of SiO;
and the SiO, beneath the GNR are selectively removed by
buffered HF etching (BHF: HF:NH4F: 1:6), and supercrit-
ical drying is used to realize suspended GNR (Fig. 2(e)).
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Fig. 3. Radio frequency (RF) measurement setup schematic
depicting co-planar waveguide probes and other RF compo-
nents for resonant characteristics measurements.

The optical microscope image of the fabricated device is
shown in Fig. 5(a).

2.2. Device Measurement Conditions

The fabricated device is characterized by the follow-
ing two different sets of measurements: a) resonant fre-
quency measurement of doubly clamped GNR in vacuum
(pressure: 1.1 x 10~* Pa), and b) Measurement of reso-
nant frequency in mixed Hy/Ar (9:1) gas at pressure of
1.1x 107! Pa.

2.2.1. Resonant Frequency Measurement of Doubly
Clamped GNR

The resonant frequency of the device is measured us-
ing a high-frequency measurement setup. The measure-
ment circuit diagram is shown in Fig. 3. Measurement
was performed using a vector network analyzer (VNA),
bias tee, ground-signal-ground (GSG) co-planar structure
probe for high-frequency measurement, and an RF am-
plifier. The RF signal from the VNA is combined with a
DC voltage in the bias tee and then sent to the gate termi-
nal of the graphene resonator (Fig. 2(e), top gate). This
signal is used to excite the resonator at different RF fre-
quencies. The drain terminal of resonator is biased with
another DC source and a bias tee as shown in the right
side of Fig. 3. The transmitted signal from the resonator
is measured at the VNA. The amplitude and phase of the
S»1 parameter are also measured at VNA. All RF signal
paths are connected using high-frequency cables and Sub-
Miniature version A (SMA) connectors. Co-planar struc-
tured probes, connectors, and the device itself are held
in a vacuum chamber. The source terminal is grounded
in all measurements. The co-planar transmission line is
used for the RF terminals of the resonator, i.e., the gate
and drain electrodes.

2.2.2. Measurement of Resonant Frequency in 9:1
Ar/H, Gas Environment

The mixed 9:1 Ar/H, gas was introduced into the vac-
uum chamber through a mass flow controller. The pres-
sure of the chamber was monitored to determine changes
in the chamber gas environment.
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Fig. 4. Measured transmission S-parameter characteristics
of doubly clamped graphene resonator in vacuum condition
(1.1 x 10~* Pa).

3. Results & Discussion

Characterization of the doubly clamped graphene res-
onator is an important step for the resonator design and
the interpretation of the experimental results. To estimate
the resonant frequency, the continuum model is used,
which considers the graphene resonators as membranes
with zero bending stiffness [8]. Based on this model, the
resonant frequency at zero gate voltage is given by

1
fo=sp\low - @

where L and W are the length and width of the dou-
bly clamped graphene beam, respectively. p = 7.4 x
1071 kg/um~2 is the two-dimensional mass density of
graphene. The built-in tension of the graphene resonator
Tp is 13 nN [18]. For our resonator dimensions, the reso-
nant frequency is calculated as 104.13 MHz.

Figure 4 shows the high-frequency measurement re-
sults of the transmission S-parameter Sy; in vacuum. The
black line represents the magnitude of the resonance, and
the blue line represents the phase response around the res-
onant characteristics. By this measurement, the resonance
peak (fo) is observed at 94.3 MHz. The quality factor (Q)
is estimated as 42.2 from the 3-dB bandwidth of the reso-
nant characteristics. Moreover, the resonant peak is 5 dB
above the background signal. The phase characteristics
change around the resonant peak, indicating inductive and
capacitive reactance cancellation at the resonant peak.

This resonant frequency is almost consistent with the
continuum model calculation given by Eq. (1). The slight
deviation from the theoretical prediction of the resonant
frequency is attributed to the over-etching of SiO; layer
under GNR. Diffusion of HF along the graphene—oxide
interface occurs quickly, a feature unique to graphene
NEMS fabrication. This causes nearly uniform and over-
etching of the SiO; underneath the graphene [19], as de-
picted in Fig. 5. This over-etching weakens the GNR an-
chor fixing, which may effectively increase the resonator
length, as the clamping electrodes are also suspended.
These factors affect the measured resonant frequency and
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Q factor of the resonator. Moreover, our graphene res-
onator is fabricated using CVD graphene, which can con-
tain point defects, grain boundaries, and edge irregulari-
ties [20, 21]. These defects may also affect the mechanical
and electrical characteristics of the resonator.

As a next step to realize the inertial mass sensing of
gas molecules, we measured the transmission characteris-
tics of the resonator in the presence of Ar + H, mixture
(9:1) gas at 1.1 x 10~! Pa. Fig. 6 shows the measure-
ment results of the resonance magnitude and the changes
in the phase characteristics when the mixed Ar + Hj gas
is introduced. The black and red lines represent the res-
onance characteristic at the pressures of 1.1 x 10~ and
1.1 x 10! Pa in the chamber, respectively. The resonant
frequency of the device is downshifted by 4.32 MHz from
the adsorption of the mixed gas molecules. Consequently,
the Q factor is also reduced from 42.2 to 22.5 based on 3-
dB bandwidth calculation. The resonance peak shifts and
broadens as the gas molecules are adsorbed on the GNR
surface. Furthermore, the resonant peak amplitude de-
creases. The presence of gas molecules may degrade the
Q-factor via an increase in the material damping caused
by surface molecular adsorption [22] and air damping
from resonator—gas interactions [23]. Based on the har-
monic oscillator picture [24], the vibrating GNR resonator
should follow the relation of

[ R (7))
NR

where f is the resonant frequency, Afy is the shifted value
of the resonance peak, Am is the change in mass of GNR
after molecular adsorption, and mgyp is the effective mass
of the GNR. From the measured values of the resonant
frequency and frequency shift, the total mass detected is
~ 15 attograms. First-principles simulations with the van
der Waals exchange correlation functionals showed the
binding energy of Ar [25] atoms and Hj [26] molecules
on graphene of 100 and 48 meV, respectively. Compared
with the room-temperature thermal energy of ~ 26 meV,
these binding energies are clearly higher. As the bind-
ing energy and molecular concentration are higher for
Ar, more Ar molecules might be adsorbed on the GNR.
Our resonator’s room-temperature Q-factor matches with
the reported work of ref. [8], where the mass sensitiv-
ity of ~ 2 zg is estimated for a graphene resonator. At
1.1 x 107! Pa, ~ 2 x 10'® molecules is introduced into
the chamber. If we consider the number of Ar atoms con-
tained in a 15-attogram mass, the number ~ 2.2 x 109 is
obtained. This number is reasonable, compared to the re-
ported accretions of ~ 2.3 x 10% Xe atoms on an SiC res-
onator surface area of 2.3 um x 150 nm [11].

4. Conclusion

In this research work, we present a CVD graphene
resonator with a local top gate for the mass sensing of
mixed Hp/Ar gas. RF measurements of the resonator
were performed using a co-planar structure probe and
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Fig. 5. (a) Optical microscope image of the fabricated graphene resonator. BHF over-etching is clearly visible as a trench. (b)
Schematic depicting BHF over-etching in cross-sectional view and hanging of GNR resonator edges.
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Fig. 6. Measurement results of transmission S-parameter characteristics of doubly clamped graphene resonator in Ar + Hj (9:1)
mixture gas at the different pressures of 1.1 x 107* Pa and 1.1 x 107! Pa. (a) Amplitude and (b) Phase characteristics of the

measured S| parameters.

RF connectors. The intrinsic characterization of the dou-
bly clamped graphene resonator showed the resonant fre-
quency of 94.3 MHz and Q-factor of 42.2 based on the
3-dB bandwidth calculation. The theoretically calculated
resonant frequency based on the continuum model is con-
sistent with the measured resonant frequency. In order to
sense the Hy/Ar gas mixture, the chamber pressured was
increased to 1.1 x 10~! Pa by injecting the gas mixture,
which downshifted the resonant frequency to 89.98 MHz
and reduced the Q factor to 22.5. These measured results
indicated the adsorption of the mixed gas molecules by
the local top-gated graphene resonator; the mass of these
adsorbed molecules was found to be ~ 15 attograms.
These results clearly indicate that the inertial mass of
lightweight molecules can be sensed by a graphene na-
noelectromechanical resonator.
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