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a  b  s  t  r  a  c  t

In  this  work,  we  present  an  approach  to use  graphene  oxide-silicon  bi-layer  flexible  structure  as  stress-
based humidity  sensors.  By  the spin-coating  method,  graphene  oxide  thin  films  were  deposited  onto
silicon  microbridge  as  a humidity  sensing  layer.  Upon  expose  to  humid  environment,  graphene  oxide
thin  films  swells  and  leads  to the  bending  of  silicon  membrane.  Then,  the full  piezoresistive  Wheatstone-
bridge  embedded  in silicon  microbridge  was  used  to  transform  the deformation  into  a  measurable  output
voltage.  The  humidity  sensing  properties  of the  bi-layer  flexible  structure,  such  as sensitivity,  repeatabil-
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ity, humidity  hysteresis,  response  and  recovery,  were  investigated  in  the  wide  relative  humidity  range
of 10–98%.  The  test  results  show  that  graphene  oxide-silicon  bi-layer  flexible  structure  exhibits  high
humidity  sensitivity,  good  repeatability,  small  humidity  hysteresis  and clear  and  fast  response–recovery.
Moreover,  the  dependence  of  the  thin  films  thickness  of  graphene  oxide  on  the  response  properties  was
also  examined.  At last,  the humidity  sensing  mechanism  of  the  proposed  bi-layer  structure  was  discussed
in detail.
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. Introduction

The ability to monitor and control humidity level plays an
mportant role in industry and environmental fields. In the past
ears, many efforts have been made to develop high performance
i.e. large sensitivity, fast response and recovery, small humid-
ty hysteresis) humidity sensors. Various transduction techniques,
uch as capacitive [1,2], resistive [3],  acoustic [4,5], optical [6] and
echanical [7,8], have been adopted for the design of humidity

ensor. Recently, integrated micro- and nano-electro-mechanical
ystem (MEMS/NEMS) devices have been used for a wide range of
ensing applications due to their high sensitivity, small size, low
ost and capability of compatibility with the integrated circuit (IC)
rocess. Up to now, two major types of silicon MEMS  structures,

ncluding microbridge [7] and microcantilever [8–10], have been
sed to develop stress-based humidity sensor by coating humidity
ensing material on silicon microstructure. The humidity response
ehavior of this bi-layer structure is basically analogous to a clas-
ical bimorph. The swelling of sensing thin films due to water
dsorption results in the deflection of silicon microstructure, inte-
rated piezoelectric or piezoresistive sensing elements was  used to
ransform this deformation into electrical signal. It is worthy of note

www.sp
hat these stress-based sensors exhibit the advantages of good reli-
bility and long-term stability under harsh condition as a result of
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the intrinsic separation between the mechanical and the electrical
elements [7].

For stress-based humidity sensors, the sensing materials actu-
ally serve as a humidity-induced mechanical actuator, which play
a dominant role in the performance of sensor. In the past, many
kinds of ‘polymer-like’ bulk materials, such as polyimide [7], tert-
butylcalix[6]arene (TBC6A) [8],  gelatin [9],  plasma-polymerized
methacrylonitrile (PP-MAN) [10], have been studied as strain-type
humidity sensing layer. Over the past two  decades, nanostructure
carbonaceous materials, such as one-dimensional carbon nano-
tubes (CNT) and zero-dimensional fullerenes (C60), have shown
a great candidate for gas/humidity sensor application. Compared
to polymer-like materials, the nano-carbonaceous materials offer
many advantages, such as higher mechanical stiffness, larger sur-
face to volume ratio, and better stability. As a two-dimensional
nano-carbon material, graphene (e.g. one thin carbon atom sheet)
have attracted increasing attentions in recent years due to its out-
standing electrical, thermal, and mechanical properties since the
first isolation by Geim and colleagues [11]. These desirable proper-
ties have motivated extensive studies on the practical applications
of graphene, such as nanoelectronics, chemical sensors and solar
cells. To date, graphene based materials have been employed as
gas sensing by making use of the change in electrical property
of graphene upon exposure to the relevant gas [12–14].  Besides
the excellent electrical property for electronics and sensor applica-

.

tion, the unique mechanical property of graphene based materials
makes it become a considerable candidate for strain actuator.

Graphene oxide (GO), one important derivative of graphene,
has also received intensive attentions in many fields ranging from

ghts reserved.
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lectronics [15,16] to sensors [17]. More recently, interesting works
ave reported that the large-scale structural and mechanical prop-
rties of GO are strongly affected by atmospheric water vapor
18–20]. It is suggested that water molecules can easily enter
nto carbon interlayer and form H-bonding networks between

ater molecules and GO sheet. Park shown that the bi-layer
tructure which consists of a layer of crisscrossed multi-walled car-
on nanotubes (MWCNTs) and a layer of GO platelets exhibited
umidity dependent actuation (swelling and shrinking) behaviors
21]. In additional, the deformation of the bi-layer structure is
eversible according to the uptake or release of water molecules.
he humidity-dependent deformation of GO layer is a very inter-
sting finding, which provide a potential candidate for developing
tress-based humidity sensor by combining with MEMS/NEMS
echnology.

The present work is motivated to investigate the humidity
ensing properties of GO-silicon bi-layer flexible structure. By the
pin-coating method, GO thin films were deposited onto silicon-
ased microbridge as a humidity sensing layer. Piezoresistive
ensing elements, arranged in full Wheatstone-bridge circuit con-
guration, were used to measure the swelling of GO induced
eflection of silicon microbridge. The test results show that GO-
ilicon bi-layer flexible structure exhibits high humidity sensitivity,
ood repeatability, small humidity hysteresis and clear and fast
esponse–recovery.

. Experimental

.1. Fabrication of GO-silicon bi-layer structure

Graphite oxide was synthesized by the oxidative treatment of
atural graphite using a modified Hummers method [22]. Subse-
uently, exfoliation of graphite oxide to single-layered GO sheets
as achieved by ultrasonication of graphite oxide dispersion

1 mg/ml) for 1 h. The obtained brown dispersion was  centrifugated
t 4000 r.p.m. for 2 h to remove any unexfoliated graphite oxide.
hen the aqueous suspensions of GO was obtained as a coating
olution.

Silicon-based microbridge was fabricated using a standard
EMS  process. Anisotropic KOH etching technology was used to

enerate the microbridge structure (e.g. a thinner silicon mem-
rane) from the back of N-type silicon substrate. The silicon
embrane thickness is approximately 20 �m.  A layer of silicon

itride which acts as passivation layer was deposited on silicon
rystal. Four piezoresistors, arranged in full Wheatstone-bridge
ircuit configuration, were embedded in the silicon microbridge.
ariation in surface stress would cause the bending of the silicon
icrobridge, and change the resistance values of four piezoresis-

ors. Hence, the full piezoresistive Wheatstone-bridge unbalance
nd produce a differential output voltage as follow:

out = Vin

4

(
�R1

R1
− �R2

R2
+ �R3

R3
− �R4

R4

)
(1)

here Vin is the operation voltage, Ri is the resistance value of the
ero-stress piezoresistor, �Ri is the change of piezoresistor.

GO dispersion was applied on the silicon microbridge by a spin-
oating method. In order to obtain uniform continuous GO thin
lms, N2 gas was used to blow to the chip for accelerating the
vaporation of water during the process of spin-coating.

.2. Apparatus

www.sp
A schematic diagram of the experimental setup is shown in
ig. 1. A temperature and humidity generator was used to gener-
te the required water vapor concentration at a fixed temperature.

 commercial humidity–temperature probe (Rotronic, HygroClip
rs B 161 (2012) 1053– 1058

HC2-IC302, Switzerland) was  used to calibrate the obtained humid-
ity level and temperature. A DC power supply (Agilent, E3631A,
USA) was used to provide the operate voltage (5 V) for sensor.
The output measurements of sensor were achieved by a digi-
tal multimeter (Agilent, 34410A, USA), which was connected to
PC through USB interface. Atomic force microscope (Benyuan,
CSPM5500, China) was  used to measure the thin films thicknesses
of GO. The surface morphology of GO thin films deposited on silicon
microstructure was  examined by a scanning electron microscope
(S-3400N, Hitachi Ltd., Japan).

3. Results and discussion

Fig. 2(a) shows the chemical structure of graphene oxide. It can
be seen that many oxygen functional groups, such as hydroxyl and
epoxy groups attached above and below the basal plane and car-
boxylic acid groups bound to the edges. The schematic illustration
of as-fabricated humidity sensor based on graphene oxide thin films
is shown in Fig. 2(b). Many GO sheets stacked together on the sil-
icon microbridge in the form of thin films. Fig. 2(c) plots the full
piezoresistive Wheatstone-bridge circuit embedded in the silicon
microbridge. The operate voltage of the sensor was  5 V. Fig. 2(d)
shows the typical SEM image of GO thin films deposited on silicon
membrane. It can be obviously seen that the resultant thin films has
an inherent layered structure. For humidity sensing measurement,
the response of the sensors as a function of relative humidity (RH)
was achieved by inserting the sensors to the chamber of tempera-
ture and humidity generator. The temperature of the chamber was
controlled at 25 ◦C without special representation.

3.1. Humidity sensing response

Fig. 3(a) shows the typical humidity sensing response of the sen-
sors to various humidity levels ranging from 10% to 98% RH. The
output voltage of the sensor without GO thin films did not demon-
strate any obvious change. In contrast, we can find that the output
voltage of GO-silicon bi-layer structure with 65-nm-thick GO thin
films proportionally increased with increasing the humidity level.
Here we  define the detection sensitivity as the ratio of the change
in output voltage to the change in RH (�V/�RH). The sensitivity
of the sensor was 28.02 �V/%RH, indicating that the high sensitiv-
ity was obtained [23]. Next, the sensor’s response curve ranging
from 10% RH to 98% RH was  fitted and the linear regression coef-
ficient was  0.986. To learn the humidity response repeatability of
the sensor, we  tested the response of sensor to the humidity vari-
ation ranging from 10% RH to 98% RH three times under the same
experimental conditions. The test results are shown in Fig. 3(b). We
can see that the mainly voltage output difference were occurred at
high RH range. Here, we define the repeatable error as the ratio
of maximum voltage output deviation to full scale voltage output
value, the maximum repeatable error was  ±1.2%.

In additional, the humidity hysteresis characteristic of GO thin
film coated sensor was also examined by increasing the RH from
10% to 98% for water molecules absorption and then decreasing
back to 10% for water molecules desorption. The test result was
shown in Fig. 4. It was  found that the RH-decreasing response curve
of the sensor slightly lagged behind its RH-increasing response
curve. The humidity hysteresis mainly occurred at high RH range.
The maximum hysteresis was ∼3% RH occurred at 90% RH.

3.2. Dynamic response and recovery
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Meanwhile, the response and recovery behavior of GO-silicon
bi-layer structure was  also tested by applying a humidity pulse
between laboratory atmosphere (∼45% RH) and 98% RH to the sen-
sor. Fig. 5 illustrates the time-dependent response and recovery
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Fig. 1. Schematic diagram of humidity sensing experimental setup.

Fig. 2. (a) Chemical structure of graphene oxide; (b) schematic figure of graphene oxide-silicon bi-layer structure; (c) piezoresistive Wheatstone-bridge circuit; (d) typical
SEM  image of graphene oxide thin films.

Fig. 3. (a) Typical response curves of sensor with 65-nm-thick GO layer and without GO layer for various RH levels. (b) Repeatability of the sensor with 65-nm-thick GO
layer.
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Fig. 4. Humidity hysteresis curves of the sensor with 65-nm-thick GO layer.
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Fig. 6. Humidity response curves of the sensors with different thin films thicknesses.
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ig. 5. Time-dependent response and recovery curve of the sensor with 65-nm-
hick GO layer to a relative humidity pulse between 45% and 98% RH.

urve of the sensor with 65-nm-thick GO layer. In this experiment,
he sensor was firstly exposed to laboratory atmosphere and its
table output in the initial stage was recorded as a baseline. Next,
he sensor was put into chamber with 98% RH for the uptake of
ater molecules until equilibrium is attained. Finally, the sensor
as exposed to laboratory atmosphere again for the release of
ater molecules. As indicated by Fig. 5, the measured response

ime and recovery time (defined as the time reached 90% of the final
teady voltage value) were 19 s and 10 s, respectively. It indicated
hat the sensor shows a clear and fast response–recovery behavior
or humidity sensing [3–5].

.3. The dependence of the thin films thickness of GO on response
roperty

In addition, in order to learn the dependence of the GO thin
lms thickness on response properties of the sensors, such as sen-
itivity and linearity, different thicknesses of GO thin films were

www.s
eposited on silicon microbridge for testing. By adjusting the num-
er of spin-coating cycles, we obtained the other two  samples with
24-nm- and 215-nm-thick GO thin films. Fig. 6 shows the typi-
al response versus RH for the sensors. Fig. 7 shows the values of
Fig. 7. The sensitivity values (black) and linear regression coefficients (gray) of the
sensors with different thin films thicknesses.

sensitivity and linear regression coefficient for the three sensors. As
we expected, the thin films thickness of GO has an obvious effect
on the response properties of sensor. It can be seen that the sen-
sitivity increased with increasing the thickness of GO thin films.
For example, the sensitivity of the sensor with 215-nm-thick GO
thin films was  79.3 �V/%RH, which was nearly three times greater
than that of the sensor with 65-nm-thick GO thin films. Hence, this
result suggested that the sensitivity could be tuned by adjusting the
thin films thickness of GO. However, we also noted that the linear
regression coefficient shown a slight decrease with the increase in
the thin films thickness. Therefore, the suitable balance between
sensitivity and linearity should be considered in the sensor design.

3.4. Discussion

The schematic illustration of humidity sensing response mech-
anism of GO-silicon bi-layer structure is shown in Fig. 8. Because
the electrical interaction between GO layer and piezoresistors was
inherently prevented by the passivation layer (silicon nitride), the
changes in electrical properties of GO thin films do not influence
the humidity response of GO-silicon structure. So, it is believed

that the humidity response of the GO-silicon bi-layer structure
is attributed to humidity-induced deformation of GO.  Since GO
contains many oxygen functional groups, such as hydroxyl and
epoxy groups attached above and below the basal plane and
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ig. 8. Schematic illustration of humidity sensing mechanism of graphene oxide
hin film coated piezoresistive silicon membrane.

arboxylic acid groups bound to the edges, these oxygen-rich
roups makes GO exhibit strongly hydrophilic [24], thus GO can
acilely capture water molecules from external environment. When
xposure the bi-layer structure to humid environment, water
olecules enter into GO interlayer and form clusters between H-

onding from water molecule and hydroxyl and epoxy groups from
O layer. This process leaded to an increase in interlayer distance
f GO sheets (i.e. swelling of GO thin films) [20]. Consequently, the
urface stresses induced by interlayer expansion can apply on the
ontact surface of silicon microbridge, resulting in the bending of
ilicon microbridge. Through the full piezoresistive Wheatstone-
ridge, this mechanical deformation can be transformed to output
oltage. In contrast, in dry environment, the water molecules des-
rption decreases the interlayer distance of GO sheets (i.e. shrinking
f GO thin films), the strain was gradually released and the bending
f silicon microbridge was simultaneously recovered.

Thanks to the large swelling property of GO [18], the obtained
O-silicon bi-layer structure exhibits a high humidity sensitiv-

ty. Additionally, the degree of GO swelling depends largely on
umidity level and the deformation of GO layer exhibits reversible
haracteristic. Thus, the obtained GO-silicon bi-layer structure
hows a small humidity hysteresis property during humidity
ycling measurement (see Fig. 4). In Fig. 5, the observed fast
esponse and recovery property of the sensor may  be attributed
o hydrophilic and thin layer structure properties of GO. On one
and, the hydrophilic property makes GO capture water molecules
asily, leading to a fast response. On the other hand, the thin
ayer structure facilitates the release of water molecules from GO
ayer for reaching dynamic equilibrium between external humid-
ty level and internal water content [25]. Hence, a clear and fast
ecovery of sensor can be obtained. Next, we attempt a possi-
le interpretation of the dependence of the thin films thickness
f GO on sensor response properties. The sensor with a thicker
O layer shown a larger sensitivity as shown in Fig. 5, this is

www.sp
ainly due to the water adsorption sites, such as hydroxyl and
poxy groups, increased with increasing the thin films thickness.
ore water molecules enter into GO interlayer, resulting in more
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hydrogen-bonded clusters formation. As a result, a larger surface
stress induced by swelling of GO layer leads to a larger response
sensitivity of sensor.

4. Conclusion

In summary, we have demonstrated that GO-silicon bi-layer
structure can be successfully utilized in humidity sensing detection.
The as-fabricated structures exhibited excellent humidity sensi-
tivity (the maximum sensitivity reaches 79.3 �V/%RH) in a wide
detection range of 10–98% RH. Also, it was  found that the humidity
sensitivity of the bi-layer structure can be enhanced by increasing
the thickness of GO thin films. For example, the sensitivity of the
sensor with 215-nm-thick GO thin films was  nearly three times
greater than that of the sensor with 65-nm-thick GO thin films.
Finally, the humidity sensing response mechanism of GO thin film
coated piezoresistive silicon membrane was discussed in detail. It
is suggested that the humidity response of the GO-silicon bi-layer
structure is attributed to humidity-induced deformation of GO. This
approach provides the advantages of simply structure, low cost and
easy integrate in the design of MEMS/NEMS multi-informations
sensing sensor.
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