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Multifunctional graphene sensor for detection of
environment signals using a decoupling technique

Junyeong Lee?, Chang-Ju Lee®, Jaewoon Kang®, Honghwi Park?, Jaeeuk Kim? Muhan Choi? and Hongsik Park® "

#School of Electronics Engineering, Kyungpook National University, Daegu, 41566, Korea

Abstract— Graphene is one of good candidates for multifuctional
sensors due to its unique material properties, extremely high
surface-to-volume ratio and capability of effective co-integration on
various substrates. However, the electrical properties of graphene are
sensitive to most of typical environment signals such as temperature,
light, humidity, and gas. Therefore, for developement of
graphene-based multifunctional sensors, it is essential to identify
multiple environment information values from the output
characteristic of a single graphene sensor. In this study, we developed
a temperature-illuminance multifunctional graphene sensor that can
identify both tempurature and illumincance values. We also suggest a
decoupling technique to precisely identify the temperature and
illuminance values from the output characteristic of the sensor that has
cross-sensitivity to the both inputs. This decoupling technique is
developed based on the different gate-voltage dependence of the
temperature- and illumination-induced modulations of the graphene
conductivity. The results show that graphene can be used for a material
for multifunctional sensors with a proper decoupling technique for
indentifying various types of environment signals.

Keywords: graphene; multifunctional sensor; decoupling technique;
cross-sensitivity; electrostatic doping;

1. INTRODUCTION

Nowadays, various types of sensors are used for environment
monitoring, energy management, health care, feedback control
of machines, and so on. To obtain more various environment
information, it is generally reguired to increass the number and
kinds of individual sensors in sensor systems like a multi
sensors module, and it involves the increase of the size,
complexity, and cost of sensor modules or systems. An
integrated multifunctional sensor can detect the multiple
environment signals with-relatively less increase of the size,
complexity, and cost. Recently, techniques for integration of
multiple sensors on a single chip are studied for cost-effective
smart sensor applications such as smart home monitoring, road
activity.monitoring, and weather monitoring [1-4]. For
example, - Roozeboom et al. demonstrated a compact
multifunctional sensor chip (2 x 2 mm? size) in which 9
individual sensors are integrated for measuring 7 types of
environment signals [2]. These multifunctional integrated
sensors have been fabricated on Si substrates by using
conventional ~ sensing  materials and Si  based
micro-electro-mechanical-system (MEMS) processes.

Graphene is an attractive material to develop various types of
sensors due to its outstanding properties such as extremely high
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surface-to-volume ratio with high mobility, superior flexibility,
and capability of effective co-integration on various substrates
with relatively simple fabrication process [5-7]. These
properties have enabled sensor applications of graphene in
artificial electronic skin [8-9], stretchable and flexible sensors
[10], human motion sensors [11-13], and so on. Graphene is
also widely studied for development of environment sensors
because it is sensivite to most of typical environment signals
like temperature, illuminance, humidity, pressure, gas, and so
on. [5-7, 14-20]. Furthermore, since the single material,
graphene, -has sensitivity to multiple environment signals
simultaenously; graphene has a great potential for being used as
a sensing material for multifunctional environment sensors.
However, the electrical properties of graphene that are
sensitive to multiple environment signals can cause a
‘cross-sensitivity’ problem that make it hard to identify
multiple environment information values from the output
characteristic of a single graphene sensor [4]. Therefore, for
realization of graphene-based multifunctional sensors, it is
essential to develop a decoupling technique for precisely
identifying multiple environment signals from a single
graphene sensor that has the cross-sensitivity problem.

In this study, we fabricated a multifunctional sensor based on
a graphene field-effect transistor (GFET) that could detect
temperature and illuminance simultaneously. We also
developed a decoupling technique to precisely identify
temperature and illuminance values from the output
characteristic of the graphene sensor that had severe
cross-sensitivity to the both input signals. We evaluated the
performance of the multifunctional graphene sensor by
comparing the temperature and illumination estimated from the
sensor with real environment values.

2. EXPERIMENTAL DETAILS

We fabricated GFETSs using polycrystalline graphene that
was grown by chemical vapor deposition (CVD) and
transferred on SiO,/Si substrate. The thickness of SiO, was 90
nm and the highly p-type doped Si substrate was used as a
back-gate of the GFET. After a standard photolithography
process with AZ 5214E, source and drain electrodes were
patterned by e-beam evaporation of Pd/Au (20/50 nm) film and
lift-off process. The graphene channel region was defined by a
second photolithography and oxygen plasma etching (30 W, 2
min) process. The photoresist masking layer used for the
channel define was removed in 80 °C acetone and rinsed with
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an isopropyl alcohol. The channel width and length of the

The electrical characteristics of the GFET were measured by a
semiconductor parameter analyzer (4155B, Agilent tech.,
USA) under a high-vacuum condition of 10 Torr. The GFET
was operated with a small drain voltage of 50 mV to minimize a
self-heating effect that could change the drain current of the
GFET. The sample temperature was precisely controlled in a

range from 25 °C to 45 °C by using by thermal heating system
in a vacuum probe station. For characterization of the
sensitivity of the GFET to illumination, we used a halogen lamp
(3330K, 100W, 6834FO, Philips, Nederland) as a light source
which is suitable for testing an illuminance sensor because the
radiation spectrum of the lamp is very similar to that of sun
light [21-22].

We developed a decoupling technique to identify two
different environment information simultaneously from the
output of the single graphene sensor. To design the decoupling
algorithm, we analyzed temperature- and
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illuminance-dependence of the current-voltage (I-V)
characteristics of the GFET. After the analysis, we selected two
specific gate voltages that are suitable for the most effective
decoupling of the temperature and illuminance values. Then we
measured the drain currents of the device at the selected gate
voltages under various conditions of both environment inputs.
The drain currents of the GFET were changed by both of
environment signals with different sensitivities. We generated
the 3-dimensinal (3-D) data maps of both environment signals
for drain currents under the two gate voltages by using a
scattered interpolation function. Finally, we identified
temperature and illuminance values from an arbitrary set of the
drain current and gate voltage using the 3-D data maps.

3. RESULTS AND DISCUSSIONS

For a development of the multifunctional graphene sensor,
we fabricated a conventional back-gated GFET device. A
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Fig. 1 (a) Schematic and (b) micro-photograph image of the fabricated graphene field-effect transistor (GFET). Scale bar: 50 um. (c) Transfer characteristics of the
GFET measured under two different temperature conditions at dark condition. Inset: transfer characteristics of the GFET near the Dirac voltage (Vpirac) Of the
device. (d) The conductance-change-ratio of the GFET calculated by the difference between two drain currents measured at 30 °C and 40 °C. (e) Transfer
characteristics of the GFET measured under two different illuminance conditions at 30 °C. Inset: transfer characteristics of the GFET near Vpjrac Of the device. (f)
The conductance-change-ratio of the GFET calculated by the difference between two drain currents measured under illuminance of 0 and 577 lux.



schematic device structure and a micro-photograph image are
shown in Fig. 1(a) and (b), respectively. Firstly, we measured
the electrical characteristics of the fabricated GFET under
different temperature conditions. The plots of drain currents
(Ip) as a function of the gate voltage (Vg) under the different
temperature conditions are shown in Fig. 1(c). Ip is increased at
higher temperature when the gate bias is close to Dirac voltage
(Vbirac). The reason of the negative temperature coefficient of
resistance (TCR) near Vpir is that the carrier concentration of
graphene is very low and thermally generated carriers can
dominantly affect the conductivity of graphene [23]. On the
other hand, when graphene is highly doped by a large gate bias,
the temperature dependence of the device conductance is
reversed because the metallic behavior is dominant and TCR is
positive in this condition [23]. The temperature sensitivity of
this device was dependent on the gate bias. Fig. 1(d) shows the
conductance-change-ratio by temperature (Riemp) under varying
gate bias, which is defined by

Rtemp — ID,4-01°C_1D,30°C % 100 @)
D30 C

where Ip 40 ¢ and Ip 3o © are the drain currents measured under

temperature of 40 °C and 30 °C, respectively. The illuminance

was maintained at 0 lux and the drain voltage was fixed at 50
mV. The maximum Riemp Was observed near 0 V gate bias. We
also measured the electrical characteristics of the GFET under
different illumination conditions to investigate difference in the
temperature- and illumination-dependence of the Ip — Vg
characteristics. The plots of Ip as a function of Vg under the
different illuminance conditions are shown in Fig. 1(e). Fig.
1(f) shows the conductance-change-ratio by illuminance (Rijjum)
under varying gate bias, which is defined by

1 -1
— D,577 lux D,0 lux % 100 (2)
ID,O lux

where Ip 5771 @nd Ip o ux are the drain-currents measured under
illuminance of 577 lux and 0 lux, respectively. The temperature
was maintained at 30 °C and the drain voltage was fixed at 50
mV. Unlike the case of the temperature-dependent Ip — Vg
characteristic, the shape of I — Vg curve under illumination
was not significantly changed except for the shift of Vpj,c as
shown in the inset of Fig. 1(e), as reported several literatures
related to graphene photodetectors [24-26]. Due to this
characteristic of illuminance-induced conductance modulation,
a gate voltage corresponding to Rj;um = 0 exist at the cross point
of the Ip — Vg curves under dark and illuminance conditions.
The maximum Rjyun is observed near Vpirac. As shown Fig. 1(c)
— (f), the drain current of the GFET is changed by both of
temperature and illuminance change. These Ip — Vg
characteristics indicate that the temperature or illuminance
cannot be defined independently by monitoring a single output
(drain current) of the device. Therefore, it is essential to use a
decoupling technique for identify two environment signals
from the single device. We designed a decoupling technique
based on the fact that the device showed the difference in the
temperature- and illuminance-dependent Ip — Vg characteristic.
The decoupling technique consists of four steps: (i) selecting
two specific gate voltages (Ve; and Vg,) that are suitable for
effectively decoupling temperature and illuminance values

Rillum

from corresponding drain currents (Ip; and Ipy), (ii) obtaining
training data sets (Ipy, Ipz) that is measured with known
temperature and illuminance conditions and grouping training
data obtained at the same temperature or illuminance condition
in the Ip; — Ip, plot, (iii) generating all fitting functions for all
grouped training-data-sets and defining decoupling reference
points that are the intersection points of temperature-fitting
functions and illuminance-fitting functions, and (iv) creating a
decoupling algorithm that can define the temperature and
illuminance values from an arbitrary measured-data set (Vgi,
Ib1, Va2, Ip2) by using the decoupling reference points.

Since the temperature and illuminance values cannot be
separately identified from a single drain current value, it is
required to get two different drain. current values at different
gate voltages for decoupling two environment information.
Therefore, it is important to select appropriate two gate
voltages for effective decoupling. To select the gate voltage
values, we considered three criteria. First, it is desirable to
select two gate biases: the first gate voltage (Vo)
corresponding to a maximized temperature-illuminance
relative sensitivity and the second gate voltage (Va2)
corresponding to a minimized relative sensitivity, where the
temperature-illuminance relative sensitivity is defined by Riemp
and Rijgm

_ Rtemp
RT/I — Rium ©)

This means that a GFET sensor has a high (low) sensitivity to
temperature (illuminance) at Vg; and a high (low) sensitivity to
illuminance (temperature) at Vg, Second, the gate voltage
should be selected in a proper range for the graphene channel of
the GFET to absorb all range of the visible light spectrum. If the
Fermi energy (energy gap between Fermi level (Er) and Dirac
point (Epirac)) OF graphene is larger than half of incident photon
energy (hv/2), photon-absorption efficiency of graphene
becomes very low [27]. We used a halogen lamp for
photoresponse measurement and this light source has a visible
spectrum that is usually defined in the range of 400 ~ 700 nm
wavelength [28]. Since the wavelength of visible light is
smaller than 700 nm, the Fermi energy should be smaller than
0.89 eV. The Fermi energy is determined by gate voltage, gate
capacitance, and Dirac voltage as given by following equation.
Fermi energy = hvpv/nn

— hUF ’T[Cox (VG_VeDirac) (4)

In this experiment, we used a 90-nm-thick SiO, for the gate
insulator and Vpirc Was -1.2 V; therefore, the gate voltage for
illuminance sensing had to be selected in arange of -5.5~3.1V.
Third, we could not select a gate bias that is too close to Vpjrac
because the Rj,m was too abruptly changed by illuminance
intensity near Vpjrac, Which was not desirable for a stable sensor
operation and signal decoupling.

Based on the criteria mentioned above, we selected Vg; of 0
V for temperature sensing and Vg, of -2 V for illuminance
sensing. The next step is to obtain training data sets for
generating the decoupling algorithm. We measured Ip; at Vg
and Ip, at Vg, under various temperature and illuminance
conditions (training data sets). In the measurement, the
temperature conditions were 25, 35, 45 °C and the illuminance
conditions were 0, 45, 93, 227, 450, 577 lux. The drain voltage
was fixed at a low voltage of 50 mV to prevent an additional
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Fig. 2 Output drain currents of the GFET at two selected gate voltages. (a) Drain current values versus temperature under various illuminance conditions at Vg = 0
V (Ve1) and (b) drain current values versus illuminance under different temperature conditions at Ve =0 V (Vas1). (€) Drain current values versus temperature under
various illuminance conditions at Vs = -2 V (Vg2) and (d) drain current values versus illuminance under different temperature conditions at Vg = -2 V (Vg2).

heating effect by a large drain current. Fig. 2(a) and (b) show
the drain currents (Ip;) measured at Vg =0 V (Vg,) plotted as a
function of different temperature and illuminance conditions,
respectively. Similarly, plots of the drain currents (lp,)
measured at Vg, are shown in Fig.2(c) and (d) as a function of
different temperature and illuminance conditions, respectively.
As indicated by Fig. 1(d) and (f), Fig. 2 also clearly shows that
temperature and illuminance cannot be defined simultaneously
from a single drain current value. However, as expected,
temperature and.illuminance could be defined by a set of drain
current (Ipy, Ip2) since the drain current had different values and
temperature-/illuminance-sensitivities at Vo =0V and -2 V. As
shown.in.Fig. 2(a) and (b), the drain current at Vg; was more
sensitive to temperature change than illuminance change. On
the other hand, the drain current at Vg, was more sensitively
changed by illuminance than temperature as shown in Fig. 2(c)
and (d).

The drain currents measured at Vg = 0 V and -2 V were
plotted in the Ip; — Ip, graph as shown in Fig. 3(a). Each (Ipy, Ip2)
point is a training data corresponding to a specific set of
temperature and illuminance value. The training data are
clearly separated and well-distributed in the 2-dimensional
(2-D) domain, which indicates that Vg, and Vg, are adequately
selected. The well-distributed training data could be grouped as
a training data set by all temperature or illuminance condition.

For example, the training data sets grouped by temperature are
marked by the dotted lines in Fig. 3(a). We generated fitting
functions corresponding to all training data sets grouped by the
environment values. A fitting function corresponding to a
training data set of a specific temperature (or illuminance) gives
the illuminance-dependence (or temperature-dependence) of
(Ip1, Ip2) set at the given temperature (or illuminance). The
fitting curves generated from the training data (blue squares)
are shown in Fig. 3(b). Green lines (Red lines) are the fitting
functions corresponding to the training data set under the same
temperature (illuminance). The illuminance-dependence (green
lines) of (Ips, Ip2) points was well fitted by an exponential
model and the temperature-dependence (red lines) was well
fitted by a second-order polynomial model with high fitting
accuracies (R?> > 0.997), where R® is the coefficient of
determination evaluating the accuracies of a fitting function
[29].

Using the fitting functions and a proper interpolation method,
we can define (Ip;, Ip2) values corresponding to arbitrary
environment information. For defining temperature and
illuminance values of (lp;, Ipy) points between all fitting
functions, we used decoupling reference points that are the
intersection points of the temperature-fitting functions and
illuminance-fitting functions. The decoupling reference points
are marked by the symbol ‘X’ in Fig. 3(b). To use the linear
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Fig. 3 (a) The plotting result of the training data (Io; — Ip2) in 2-D domain. (b) The fitting function generation results and defining of decoupling reference points for
creating a decoupling algorithm. 3-D data mapping results for estimation of (c) temperature value and (d) illuminance value from an arbitrary measured-data set

(Va1, Ip1, Vea, Ip2) by using the decoupling algorithm with the decoupling reference points.

interpolation method with a high estimation accuracy, we
generated additional 9 fitting functions between the adjacent
initial curved fitting functions and defined 117 additional
decoupling reference points between adjacent four initial
decoupling reference points.” Then, based on the linear
interpolation from the dense decoupling reference points, we
could generate (Ips, Ip2) values corresponding to all arbitrary
sets of temperature and illuminance conditions. Therefore, by
using the developed decoupling algorithm, the temperature and
illuminance values can be defined from the sets of two drain
currents as shown by the 3-D temperature and illuminance
maps in Fig. 3(c) and (d).

We verified the performance of the fabricated GFET sensor
and the capability of the developed decoupling technique by
evaluating the accuracy of the environment values estimated
from sensor output signals. For this evaluation, we measured
drain current data at Vg; and Vg, under known environment
conditions which are different from temperature and
illuminance set used for training data, and we compared the
environment signal values estimated from the measured
currents with the known values. In this study, a drain current
value used for performance evaluation is called a test data. For
evaluation, we measured the drain currents at Vg, = 0 V and Vg2

= -2 V under temperature conditions of 30, 40 °C with varying

illuminance (0, 45, 93, 227, 450, 577 lux). We extracted
temperature and illuminance values from the measured test data
based on the decoupling algorithm identifying an environment
information set for an arbitrary drain current set (as shown by
the 3-D maps in Fig. 3(c) and (d)). Fig. 4(a) shows the
temperature and illuminance values that are defined from
decoupling reference points (obtained from the training data)
and estimated from the test data. The error rates in the
illuminance (and temperature) estimation of the sensor is
shown in histogram of Fig. 4(b) (and Fig. 4(c)). The error rate
was calculated from the difference between the estimated
environment values and the known values. The average error
rate in the estimation of illuminance by this sensor and
decoupling technique was 3.5 %. As shown in Fig. 4(a), the
illuminance error rate was relatively large at high intensity of
illuminance. We think that this is attributed to the low device
sensitivity to illuminance at a high intensity region (larger
Ailluminance/Alp), which could cause a large estimation error
by measurement and decoupling calculation errors. The
average error rate in the estimation of temperature by this
sensor and decoupling technique was 3.9 %. The overall values
of the estimated temperature were slightly larger than the
known temperature values. We think that the decoupling
accuracy can be further improved by increasing the number of
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training data sets. These results show that the developed

decoupling technique can be used to identify two environment
information values simultaneously from the output current sets
of a single GFET.

4. CONCLUSION

We developed a multifunctional graphene sensor based on a
GFET structure for detection of two environment information,
temperature and illuminance, simultaneously. We also
designed a decoupling technique by using a different
gate-voltage dependence of the device sensitivity to
temperature and illuminance. By selection of two proper gate
biases, we could obtain the output drain currents that are
modulated by temperature and illuminance with different
relative sensitivities. By using the decoupling algorithm based
on the curve fitting and interpolation methods, we could
identify two environment information values from the drain
currents of the single GFET sensor with an average error rate
lower than 4 %. This result shows that graphene could be used
as a sensing material for multifunctional sensor with a proper
decoupling technique.
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Highlights

» A multifunctional sensor based on GFET is fabricated for detecting temperature and illuminance information,
simultaneously.

» A decoupling technique is developed to identify two environment signals from the output of the fabricated
GFET, regardless of cross-sensitivity.

P Results of experiment show that the developed decoupling technique can be used to identify two environment
information values from the output of the single GFET and that graphene could be used as a sensing material for a
multifunctional sensor when combined with an appropriate decoupling technique.



