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This work utilizes an AC phase sensing approach of chemical vapors to achieve minimal baseline drift
and fast recovery on graphene-based field effect transistors (FETs). Phase lag signals between channel
resistance and gate voltage are detected with ultrafast recovery speed (~10s) on defect-rich FETs made
of chemical vapor deposition (CVD) graphene as the channel materials without surface functionalization
at room temperature. The responses of the phase change upon exposure to water, methanol and ethanol
vapors show at least ten times faster recovery speed than those of the conventional DC resistance mea-
surements with minimal baseline drift, large dynamic range, and good stability. The effects of relative
humidity on methanol and ethanol gas response properties are also studied. As such, the AC phase sens-
ing scheme could open up a new class of research in gas sensors for improved sensing speed and baseline

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Over the last decade, 2D materials have been widely studied
for fundamental knowledge toward practical applications [1-3].
Materials such as graphene offer good characteristics as the base
sensing structures, such as large surface to volume ratio, low elec-
trical noise, low power consumption and process compatibility
with integrated circuits [4,5]. Previously, researchers have reported
the ability to realize molecule-level detections using a graphene
FET for high sensitivity [6,7] as the emerging platform for chem-
ical sensors [8-10]. The most common sensing mechanism is the
DC resistance measurement which correlates with charge varia-
tions on the graphene surface due to external gas vapors [11,12].
The intrinsic slow process of the charge transfer and the adverse
effect of defects on the graphene surface are two great challenges.
For example, FET gas sensors made of CVD graphene with a film
transfer process suffer from intrinsic slow dynamics in its inter-
face trap states and defect-compensated charge transfer process
[13-15]. As such, the recovery speed of CVD graphene sensors is
slow, especially at room temperature. For example, the recovery
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of DC electrical conductance could take more than 1000s [16] as
vapors and charges are released from interface trap states/defects
[17,18]. The resulting baseline drift has been a bottleneck for prac-
tical applications [19,20]. To address this issue, UV lights or heaters
were previously used to help boost the recovery process [19,21,22],
which inevitably increase the power consumption and system com-
plexity.

The baseline drift could be reduced by using different electrical
sensing schemes such as at high frequencies (100 kHz). Researchers
have previously shown that the channel resistance of a graphene
FET is sensitive to the change in the dielectric constant of the gas,
rather than the adsorption reaction associated with charge transfer
process [23].In this present study, we report on an AC phase sensing
approach in contrast to the conventional DC resistance sensing for
minimal baseline drift and fast responses, as illustrated in Fig. 1a. To
alleviate the problems stemming from the trap states and defects on
graphene, this new scheme takes the advantages of the reversible
and stable phase change signals instead of DC resistances. As shown
in Fig. 1b, the phase lag between the channel resistance (point
A and B between the source and drain of the FET) and the gate
voltage is detected when an AC gate voltage at a moderate fre-
quency is applied. Experimental results show that the phase lags
of different vapors under various concentrations have fast recovery
speeds in the ranges of 10 s, which are at least 10 times faster than
those of DC resistance results with similar setups. Furthermore, the
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Fig. 1. (a) Schematic diagram illustrating the gas sensing performances between the phase lag detection scheme with minimal baseline drift and fast recovery speed as
compared with the conventional DC resistance scheme on graphene-based gas sensors. (b) The setup of phase lag ¢agg between Vag and Vg on a CVD graphene FET sensor
after the exposure to a specific chemical vapor. (¢) The vapor adsorption and desorption on the graphene surface - the AC sensing scheme is targeting weakly adsorbed gases
with a short distance from the graphene surface while the DC sensing scheme is targeting molecules very close to the graphene surface. This results in fast recovery for the

AC sensing scheme.

dynamic response of the phase lag is reversible with large dynamic
range while the DC resistance tests suffer from baseline drift prob-
lems. Fig. 1c illustrates the key differences between the AC and DC
domain measurements, where the AC phase lag results are sensitive
to the weak adsorption of vapor molecules above a distance to the
graphene surface for fast gas adsorption and desorption processes,
while the DC resistance results are sensitive to the strong adsorp-
tion and desorption process close to the graphene surface. These
observations and analyses are explained by an analytical model
with good match to the measurements.

2. Device and experiments
2.1. Preparation of graphene FET

The sensing material of our device is the monolayer graphene
grown via the CVD method, which is available from Graphenea Inc.
on top of a silicon die (10 mm x 10 mm) with 300 nm-thick, ther-
mally grown SiO, on top. The following fabrication processes were
carried out in the Marvell Nanofabrication Laboratory at UC Berke-
ley and also reported in details in our previous work [24]. First,
four electrodes and contact pads (30 nm Pd/25 nm Au) were pat-
terned on graphene by the lithography and lift-off process. Second,
the graphene channel was patterned by the lithography and oxy-
gen plasma (50W, 7s) etching process. Finally, the electrodes of
graphene FET were connected to a custom designed test board by
wire bonding. The optical microscopic picture and the SEM photo
of the fabricated device are shown in Fig. 2a & b, respectively.

The fabricated device was purged with nitrogen overnight in
the test chamber. Then, a milli-ampere level current was applied
through the graphene channel for one minute as the thermal
annealing process to remove surface contaminants [25]. The charge
neutral point of the fabricated graphene FET was around 25V (p-
type doped) due to the unintentional doping of polymer residues
during the device fabrication process. Therefore, results in this work
were tested in the hole branch of graphene as the DC offset on the
gate electrode was kept at OV.

2.2. Experimental setup

Fig. 3a illustrates the electrical configuration of the test setup,
where the four-point probe method was used to avoid the influ-
ence of contact resistance in the measurement. An AC voltage was
applied on the gate electrode with a frequency, fg, ranging from
50 to 1000 Hz. A lock-in amplifier (SRS 860, Stanford Research Sys-
tems) was used to reduce the noise level at the source electrode
with a reference of 20 kHz AC current (2 wA) through the graphene
channel and a 1 M2 resistor. The voltage between electrode A and
B was measured by the lock-in amplifier. A data acquisition device
(PicoScope 5242B) was used to collect Vg and Vg simultaneously.
With this setup, the phase lag between Vg and Vg can be extracted
by fast Fourier transform (FFT).

Fig. 3b illustrates the gas connections as all gas sensing
measurements were carried out in a sealed nylon chamber
(2cm x 2cm x 2cm) with a waste gas treatment system. The con-
centration of a specific vapor was applied via the split-stream
system with dry nitrogen (or dry air) and gas-saturated nitrogen
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Fig. 2. (a) An optical photo and (b) SEM photo of a fabricated graphene FET sensor with scale bars of 50 um and 10 pm, respectively.
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Fig. 3. Schematic diagram of the experimental setup for the phase lag detection on graphene showing (a) the electrical circuity and the flowchart for the data acquisition

and processing, and (b) the gas routes of the test system.

(or air). The flow rates of both gas paths were regulated by mass
flow controllers (Omega Engineering) and the total flow rate to the
gas sensor was controlled at 200 sccm. To ensure no leakage around
the seals, the flow rate at the outlet of the chamber was monitored
by a mass flow meter (Omega Engineering). All experiments were
carried out in a laboratory with general ventilation. The environ-
mental temperature was 24°C with fluctuations within 1°C. The
chemicals (DI water, anhydrous methanol, and anhydrous ethanol)
were purchased from Sigma Aldrich, and inert gas (nitrogen) and
dry air were purchased from Praxair Inc.

3. Results

The responses of the AC phase lag change A@apg and the
changes of DC resistance AR/Rg are plotted under multiple sens-
ing cycles of water, methanol, and ethanol vapors, respectively.
Fig. 4a shows the inputs of vapor concentrations increasing from
10% to 90% stepwise and each cycle includes 40 s chemical vapor
feeding followed with 160 s nitrogen purging. Fig. 4b shows the
dynamic response of the phase lag at 1000 Hz, with minimal drift
and the average recovery time is around 10s. Fig. 4c shows the
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Fig. 4. Measurement results of three vapors (water, methanol, and ethanol) using the graphene FET sensor at room temperature. (a) Schematic of vapor concentrations. (b)
Dynamic responses of the phase lag A@apg upon exposures to three different gases at a representative frequency of 1000 Hz. (c) Dynamic responses of the relative change

of DC resistance AR/Ro upon exposures to different gases.

DC resistance changes which apparently have significant baseline
driftissues as compared with phase lag responses. Furthermore, the
average recovery time is larger than 100s. In principle, the chan-
nel resistance decreases after the exposure to the p-type dopant
molecules as the device is working in the hole branch of the
graphene for all three p-type chemical vapors (water, methanol,
and ethanol). After long-term exposures in high concentration
vapors, the drop of the charge mobility in the graphene channel
becomes significant to pull up the baseline resistance [26]. On the
other hand, the phase lag responses in Fig. 4b are reversible upon
the nitrogen purge process at room temperature as the phase lag
response is immune to the strong adsorption gas reactions. For
the three tested vapors, the amplitudes of DC resistance responses
become saturated when the vapor concentrations are larger than
60% while the phase lag detections can still operate with up to 90%
of water or methanol, and 80% of ethanol.

The dynamic responses of phase lag upon exposures to water,
methanol and ethanol vapors in Fig. 5a, b, & c, respectively, at
exemplary frequencies were studied at 50 Hz, 100 Hz, 500 Hz and
1000 Hz in nitrogen environment. It is observed that the amplitude
of the phase lag change decreases for water vapor as the frequency
increases, while the recovery responses at different frequencies
have no big differences around 20s. For methanol and ethanol,
the amplitude of the phase lag change decreases and the recov-
ery time reduces as the frequency increases in general. Specifically,
the recovery time for 90% ethanol decreases from 80 to 30s as the
frequency increases from 50 Hz to 1000 Hz. These results imply that
the recovery time can be reduced by using high frequency AC phase
lag tests. The same experiment in nitrogen environment were car-
ried out with the device stored in air atmosphere for three months
to evaluate the stability of the gas sensors. The sensing results
illustrate slight variations of 2%, 3% and 5% for water, methanol
and ethanol vapors, respectively with good reproducibility (Fig. S1,
Supplementary Information).

Further experiments were performed under different atmo-
sphere conditions and the sensor responses at exemplary
frequencies of 50 Hz, 100 Hz, 500 Hz and 1000 Hz upon exposures to
water, methanol and ethanol vapors are shown inFig. 5d, e, & fin the
air environment. The resulting sensing patterns are similar to those
responses in the nitrogen environment, which indicates our sensor
is partially inert to the presence of the oxygen contents at room
temperature. The performances are summarized and compared in

Fig. 6. In Fig. 6a, b, & ¢, it is found that the response amplitudes in
the air environment at 1000 Hz reduce ca. 5% when compared with
those in the nitrogen environment and the average relative ampli-
tude differences increase to ca. 10% as the frequency goes down to
50 Hz. The 90% gas sensing recovery time for water, methanol and
ethanol with 90% concentration are summarized in Fig. 6d, e, & f. In
general, the 90% gas sensing recovery time keeps at about 20 s for
water vapor while for methanol and ethanol vapors, it reduces as
the sensing frequency increases. Clearly, both the average response
amplitude and recovery time decrease at higher frequency and
there is a tradeoff between fast recovery speed and large sensing
responses. To keep the 90% sensing recovery time to be within 40 s,
the operating frequencies for water, methanol and ethanol vapors
should be higher than 50 Hz, 1000 Hz and 500 Hz, respectively.
Representative sensing results of AC phase lag spectra upon
exposures to three chemical vapors are recorded in the frequency
versus time plot, including data for 60% (Fig. 7a-c) and 90%
(Fig. 7d-f) gas concentrations of water, methanol, and ethanol,
respectively. In these tests, the chemical vapors are injected to
the system and nitrogen purge processes are conducted 50s, and
90ss, respectively, after the start of the recording process. These
phase lag spectra clearly highlight three important features. First,
the recovery speed of the AC sensing scheme at high frequency is
faster than those at low frequency as the dark blue color regions
(no phase change) reappear faster during the nitrogen purge pro-
cess. The nitrogen purge process helps the recovery and cleaning
of the graphene surface, while weakly adsorbed gases (a short dis-
tance away from the graphene surface) can be removed easier
than strongly adsorbed gases (close to the graphene surface). The
conventional DC sensing signals are dominated by the desorption
reaction for gases close to the graphene surface that is slow at room
temperature. Second, the signal strength of the AC sensing scheme
is smaller at high input frequency as the responsive gases are a short
distance away from graphene surface. This can be considered as a
tradeoff for the fast recovery speed by using the AC sensing scheme
as it is more sensitive to the weakly adsorbed gases. Third, nega-
tive phase changes may occur under high concentrations of gases as
observed in the case of 90% methanol under low frequency sensing
in Fig. 5b. The negative values are not plotted in Fig. 7e and repre-
sented as zero phase change but the trend is also clearly observed.
This is believed to be the accumulation of gas molecules at a short
distance above graphene surface near saturated conditions that
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Fig. 5. Dynamic responses of phase lag changes at exemplary frequencies of 50 Hz, 100 Hz, 500 Hz, and 1000 Hz for (a) (d) water, (b) (e) methanol and (c) (f) ethanol vapors
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Fig. 7. The representative features of the frequency versus time phase lag spectra upon exposures to three chemical vapors (a-c) at their medium concentration (60%) and
(d-f) at their high concentration (90%), respectively, as the vapor starts to enter the sensing system at 50 s and being purged with nitrogen at 90 s.

are difficult to be cleaned. This phenomenon can greatly damage
the recovery speed as shown at the low frequency range while the
recovery speed at high frequency (such as 1000 Hz) still maintains
within 40 s in our testing results. Furthermore, it is potentially rea-
sonable that different gas can induce different adsorption processes
on the graphene surface such that the phase change results can be
used as a feature to selectively sense the gas types. The slope of the
phase change data could also correlate to the dynamic details of the
adsorption process. The characteristics of phase change at different
frequencies can be differentiated visually while specific machine
learning or big data analyses tools could be applied in the future
works for better and comprehensive identifications. The dynamic
responses at higher frequency (over 1kHz) are shown in Fig. S2
(Supplementary Information). The response amplitude decreases
as the frequency increases from 1kHz to 5 kHz which is in accor-
dance with the trend observed in the previous lower frequency
testing results. However, results from 5 kHz to 10 kHz are similar
(or even show amplitude increases in the case of 80% methanol)
implying possible deviations from the proposed simplified model
at ultra-high frequency which needs further studies in the future.
AC sensing measurements under different humidity conditions
from 20% to 60% RH were also performed by continuously feeding
the water vapor into the chamber for 200s before the inputs of
target chemical vapors. All the experiments were carried at room
temperature (24 °C). Dynamic responses of the phase lag changes
are shown in Fig. 8 at exemplary frequencies of 50 Hz and 1000 Hz
for ethanol under the 60% RH condition in air at room temperature.
(other detail results in Fig. S3 for ethanol and Fig. S4 for methanol
vapors). In general, the response amplitudes are enhanced as the
RH level increases as shown in Fig. 9a for methanol vapors and
Fig. 9b for ethanol vapors, as the result of the nonlinear response
for each chemical vapor as illustrated in Fig. 6a, b, & c. The non-
linearity increases sharply when the concentration of humidity
is greater than 40%. With accumulated water molecules as back-
ground, the incremental chemical vapor molecules will result in
a larger response amplitude than those in the dry air condition.
Interestingly, the phase change responses upon exposure to the RH

background will mostly saturate within the first 50 s as shown in
Fig. 8 and Fig. S3, such that one can clearly indicate the humidity
level by comparing the sensing results with the initial reference
sensing results in the dry air condition. In other words, the con-
centration of the target chemical vapor can be identified as the
enhanced responses as the background RH level is first determined
and extracted by the initial phase change results. Meanwhile, the
90% gas sensing recovery time increases as the RH level increases
as shown in Fig. 9c for methanol and Fig. 9d for ethanol vapor with
saturated concentrations, respectively, as the gas desorption pro-
cess is suppressed by the background humidity when compared
with the dry air condition.

4. Simulation and discussion

To explain the sensing results, we have developed a first-
principle analytical model to describe the adsorption process of
the gas molecule onto the graphene surface along with the charge
transfer process [27]. The relationship between phase lag and the
RC time constant of the model is derived. Specifically, this model
uses an effective distance between the adsorbed gas molecule
and graphene surface to determine the values of R and C and the
phase lag associated with the distance between gas molecules and
graphene surface reflects the adsorption strength.

In this model, each molecule-surface interaction pair is modeled
as a DC voltage source (molecule) and an AC voltage source (sens-
ing surface) connected by a series of charge transfer capacitor and
charge transfer resistor (Fig. S5, Supplementary Information). The
approaching process of the gas molecule onto the graphene surface
is illustrated in Fig. 10a with the RC model shown in Fig. 10b. The
carriers in the channel will flow back and forth under the modula-
tion by the applied AC gate voltage [28]. The capacitor C has a phase
lag between the channel resistance Rpg and the gate voltage Vg and
it is defined as: @agg ~ ¢(wt). Analytically, an adsorption process
with a large time constant would induce a smaller amplitude of
phase lag in the RC model. The strength of adsorption process is
distinguished by the parameter d which represents the distance
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between the gas molecule and graphene surface. The resistance is
modeled as a tunneling resistance R ~ exp(Ay/%->d) [29], where A is
a constant with the value of 1.025 A~1eV~0>, and {s is the difference
in electron affinity between the gas and graphene. The capacitance
can be expressed as C~ log(1+rme/d) [30] using the infinite con-
ducting plate model, where 1, is the diameter of an individual gas
molecule. Thus, the time constant of the charge transfer process
between graphene and adsorbed gas molecules can be analyzed. For
weakly adsorbed gases which have small time constants during the
gas adsorption process, a large phase lag induced in Rpp is expected.
This explains the fast recovery time of the phase responses for
weakly adsorbed molecules. Specifically, the phase responses at
high frequency are used to target/sense gas molecules in a short
distance (as compared to those very close) to the graphene surface.

To simulate the transient response of phase response, we first
calculate the induced phase change from molecules weighted by
the sticking probability, then evaluate the integral responses of
all adsorbed molecules by accumulating over the relevant range
of d<30 rpye. The profile of sticking probability of gas molecules
on graphene surface agrees with the molecular number density
distribution along the direction perpendicular to graphene given
by molecular dynamics (MD) method analysis [31]. For simplicity,
error functions were used to express the probability in the adsorp-
tion and desorption periods as pa(t)=0.5 — 0.5 erfc(aqdt =051, 1)
and py,(t)=0.5 erfc(agdt—9-3rm,~1), respectively, where t is time
and «g ¢ are the fitting constants. Two representative profiles of

the sticking probability and their phase lag responses are plot-
ted in Fig. 10c and Fig. 10d, respectively. Here, d/rmo =2 is used to
represent the strongly adsorbed gases very close to the graphene
surface which are expected to have strong adsorption and weak
desorption properties, while d/rmo=4 (or larger) is used to rep-
resent the weakly adsorbed gases in a short distance away from
the graphene surface which are expected to have slow adsorption
and fast desorption properties. The representative responses of the
sticking probability p in Fig. 10c show strong and fast responses
during the adsorption process for gases close to the graphene sur-
face (d/rmo =2) while during the desorption process, the gases at a
short distance away to the graphene surface (d/rmo =4) have faster
responses during the desorption process. Furthermore, the small
dip in the phase lag testing results (such as those in Fig. 5b for
high concentration methanol) in the adsorption process can be pre-
dicted by the model. Analytically, the initial protuberance of the
phase lag results during the adsorption process for a short dis-
tance away from the graphene surface can be attributed to the
large accumulations of gas molecules to result in the slow desorp-
tion process. This behavior is simulated numerically as shown in
Fig. 10d for the case of d/rmo =4 curve. Nevertheless, the recov-
ery speed for the d/rmo =4 curve is much faster than that for the
case of the d/rmo =2 curve. These characteristics agree well with
the experimental results in Fig. 7. However, it is noted that the pro-
posed model only provides qualitative insights to explain the phase
lag responses and advanced transport models should be developed
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with accurate properties for different gases to quantitatively fit the
test results.

5. Conclusion

In summary, an AC phase sensing approach based on CVD-
processed monolayer graphene FETs is utilized to sense chemical
vapors. The recovery speed of the phase-based sensing approach
is much faster than those of conventional DC resistance sens-
ing schemes at room temperature. The superior performances
of reversibility (low baseline drift) and fast recovery have been
observed in different gas types (water, methanol, and ethanol)
of different concentrations at room temperature. It is found that
the recovery time can be shortened by using high input frequency
sensing. The effects of relative humidity on methanol and ethanol
gases has also been studied. Finally, an analytical model is devel-
oped to qualitatively explain the measurement results with good
agreements.
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