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 A Flexible Reduced Graphene Oxide Field-Effect Transistor 
for Ultrasensitive Strain Sensing  

    Tran Quang     Trung    ,     Nguyen Thanh     Tien    ,     Doil     Kim    ,     Mi     Jang    ,     Ok Ja     Yoon    , 
and     Nae-Eung     Lee    *  
     A new kind of fl exible strain sensor based on a reduced graphene oxide fi eld-
effect transistor (rGO FET) with ultrasensitivity, stability, and repeatability for 
the detection of tensile and compressive strains is demonstrated. The novelty 
of the rGO FET strain sensor is the incorporation of a rGO channel as a sens-
ing layer in which the electrical resistance can be greatly modifi ed upon appli-
cation of an extremely low level of strain resulting in an intrinsically amplifi ed 
sensing signal. The rGO FET device is ultrasensitive to extremely low strain 
levels, as low as 0.02%. Due to weak coupling between adjacent nanosheets, 
therefore, upon applying small levels of strain into the rGO thin fi lm, a modu-
lation of the internanosheet resistance (R inter ) is expected, inducing a large 
change in the transconductance of the rGO FET. Using a simple printing and 
self-assembly process, the facile fabrication of an rGO FET array over a large 
area is also demonstrated. In addition, the device can detect small and rapid 
physical movements of the human body.      
  1   .  Introduction 

 Recently, various fl exible pressure, strain, thermal, and optical 
sensors have been extensively studied for personal health 
monitoring, electronic skins, robot sensors, and other human-
machine interface requiring mechanical conformality. [  1–13  ]  For 
high responsivity to external stimuli, many sensors have been 
fabricated by using a number of nano-scale sensing materials 
including nanowire, [  5–9  ]  carbon nanotubes, [  14,15  ]  graphene [  10,16–20  ]  
and hybrid nanocomposite [  11–13,21,22  ]  on various stretchable or 
fl exible substrates. Among those, many strain sensors using a 
resistor structure where changes in conductance or resistance 
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of piezoresistive sensing layer under 
strain are monitored have been devel-
oped. [  6,7,10,13–15,17–19,21,22  ]  While most of 
them have been still used for detection of 
a large strain range of about a few to tens 
of percentages, [  14,15,19,21,22  ]  ultrasensitive 
strain sensor having the detection limit 
less than 0.1% has been rarely reported. 
Furthermore, transport properties in the 
piezoresistive sensing layer upon strain 
for understanding of sensing mechanism 
are not easily extractable. Development 
of ultrasensitive strain sensors having 
the capability of detecting extremely low 
strain levels in electronic skins, robot sen-
sors or other human-machine interfaces 
is of great interest. 

 Among various strain sensing mate-
rials, graphene is a fascinating carbon 
nanostructure and has received strong 
interest due to its exceptional electrical, mechanical and optical 
properties. [  23–25  ]  There have been some recent reports demon-
strating that the strain can dramatically modify the electronic 
and optical properties of graphene. [  20,26–29  ]  Moreover, under 
strain, the band gap of graphene can be opened because of the 
breaking of the sublattice symmetry of the two carbon sublat-
tices of graphene. [  29,30  ]  Based on these features, graphene is a 
promising candidate as a strain sensing material. There have 
been only a few approaches to assemble a strain sensor from 
a single sheet of graphene utilizing chemical vapor deposition 
(CVD), [  17–19  ]  epitaxial growth, [  10,19  ]  or mechanical exfoliation. [  20  ]  
However, graphene-based devices used in ultrasensitive strain 
sensors still have some limitations. For example, modifi cation 
of the electrical resistance is required under an applied ten-
sile strain but the device cannot detect small levels of strain 
(the minimum strain that can detected in the graphene-based 
resistor device was less 2.47%  [  17  ]  and the sensing mechanism 
was not elucidated in detail. In addition, ultrasensitive strain 
sensing can be possible by observing shifts of the Raman spec-
trum [  20  ]  but this approach requires costly equipment, making it 
uneconomical for real-life applications. 

 Another interesting form of strain sensing layer is a net-
worked fi lm of graphene nanosheets. Graphene nanosheets, 
which are manufactured by the chemical exfoliation of graphite, 
are often called reduced graphene oxide (rGO) nanosheets. [  31–33  ]  
Studies of electronic conduction in the rGO network have 
shown that the conduction is attributed to two main com-
ponents: (i) intra-nanosheet resistance (R intra ) controlled by 
117wileyonlinelibrary.com

http://doi.wiley.com/10.1002/adfm.201301845


FU
LL

 P
A
P
ER

118

www.afm-journal.de
www.MaterialsViews.com
disorders arising from residual oxygen functional groups, 
intrinsic structural defects, and defects generated during the 
fabrication process of single rGO nanosheets, and (ii) inter-
nanosheet resistance (R inter ) affected by coupling between adja-
cent nanosheets. [  31,32,34–36  ]  Under the strain mode, the resist-
ance (R inter  and R intra ) or conductance of network rGO fi lms is 
expected to be strongly modulated because the strain modes 
can possibly affect disorders and defects inside the nanosheets 
as well as coupling between adjacent nanosheets. Based on 
these aspects, networked rGO thin fi lms can be used to fabri-
cate ultrasensitive strain sensors. 

 Herein, we report a new kind of fl exible ultrasensitive strain 
sensor based on a reduced graphene oxide fi eld-effect transistor 
(rGO FET) using a simple solution processable fabrication pro-
cess. The novelty of the rGO FET strain sensor is the incor-
poration of an rGO channel as the sensing layer in which the 
electrical resistance can be greatly modifi ed upon application 
of an extremely low level of strain resulting. Since signal from 
strain sensors based on fi led-effect transistor (FET) platform 
can be also amplifi ed and various electrical parameters can be 
readily extracted, [  2,3,36,37  ]  integration of strain sensing layer as 
a channel into the fi eld-effect transistor (FET) structure is a 
practical approach for better understanding of sensing mecha-
nism in sensing layer as well as for development of ultrasensi-
tive strain sensing devices with fl exibility, stability, and repeat-
ability and expected to provide signifi cant contributions to not 
only strain sensing research fi elds but also real-life applica-
tions. The rGO FET device was ultrasensitive to extremely low 
strain levels as low as 0.02%. Furthermore, the devices show 
high stability and repeatability in addition to fast response and 
relaxation. Due to weak coupling between adjacent nanosheets, 
therefore, upon applying small levels of strain into a rGO thin 
fi lm, a strong modulation of R inter  can be expected, inducing 
a large change of the transconductance of the rGO FET. The 
device also demonstrated good performance in terms of its 
sensing characteristics including sensitivity, stability, repro-
ducibility, and the response and relaxation times after 10 000 
bending cycles at tensile strains of 0.2 and 0.35%. In addition, 
the capability of measuring the distribution of the normalized 
current (I DS /I DS0 ) from each device in the rGO FET array under 
strain was demonstrated. It was also demonstrated that the 
device could detect small and rapid physical movements of the 
human body.  

  2   .  Results and Discussion 

 The rGO FET array was fabricated on a fl exible and transparent 
polyethersulfone (PES) substrate. The details of fabrication 
process are explained in the Experimental Section. Using this 
simple fabrication process, facile fabrication of sixteen rGO 
FETs on the total area of 193 mm 2  was demonstrated. The 
schematic of the device array is shown in  Figure    1  a. Using the 
simple fabrication process described in the Experimental Sec-
tion, an average yield of 87.5% was obtained. As an example, 
the transfer characteristics of the sixteen devices in a fabricated 
rGO FET array are shown in Supporting Figure S1. Figure  1 b 
shows the photographs of the device array under tensile and 
compressive strain loads. And electric responses of a fl exible 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
rGO FET in the array to mechanical strains were obtained by 
recording the normalized current change (Figure  1 c).  

 To study the electrical behaviors of the rGO FET in response 
to mechanical strain, the source-drain current (I DS ) and transfer 
characteristics of the devices by a sweeping gate bias (V G ) were 
measured upon application of various strains at room tempera-
ture. The dependence of the rGO FET performance on different 
applied strain modes (tensile and compressive) was evaluated 
for two different strain levels, extremely small (0.02 to 0.08%) 
and small strains (0.1 to 0.35%). The method of strain calcu-
lation is explained in Supporting Figure S2.  Figures    2  a and b 
show the transfer characteristics of the rGO FETs under ten-
sile and compressive strains of 0.1 to 0.35%, respectively. The 
I DS –V G  characteristics are ambipolar. That is, both electron and 
hole currents can be induced by the V G . The typical response of 
I DS  to tensile and compressive strains in the device results in 
opposite trends in which an increase of the I DS  upon applica-
tion of compressive strain and a decrease of the I DS  upon appli-
cation of tensile strain occurred. The minimum source-drain 
current (I DS, min ) values at the charge neutrality point (CNP) in 
the transfer curves shown in Figures  2 a and b are presented 
as a function of the measured tensile and compressive strains 
in Figure  2 c. And the differences of rGO FET when used as a 
strain sensor instead of an element in fl exible electronic device 
were discussed in detail in Supporting Information.  

 To explain the strain sensing mechanism of the rGO FET, 
the strain-induced modulation of the resistance in the rGO 
channel may be the key to understanding the effects of tensile 
and compressive strains on the I DS  modulation of the devices. 
It is known that the inter-nanosheet resistance (R inter ) of a net-
work rGO fi lm is controlled by modulation of charge-hopping 
transport and carrier mobility by coupling at nanosheet junc-
tions, [  34–36  ]  which may be expected to change greatly upon an 
applied strain. Tensile strain may reduce coupling at nanosheet 
junctions, leading to an increase of the resistance of the net-
work rGO fi lm and thus, a decrease of the I DS  (Figure  2 a and 
c). The I DS  increased as the compressive strain increased 
(Figure  2 b and c), which results from the decrease of resistance 
in the rGO channel, presumably due to reinforcement of cou-
pling at the nanosheet junctions under compressive strain. To 
further demonstrate that the I DS  modulation of rGO FET by ten-
sile and compressive strains is primarily controlled by resistance 
change of the rGO channel induced by change in the coupling 
between adjacent nanosheets, resistance modulation of the 
rGO fi lm under tensile and compressive strains was addition-
ally obtained in a resistor confi guration with no gate dielectric 
layer. The resistance modulation of the rGO resistor presented 
in Supporting Figure S3a shows a tendency similar to that of the 
FET, which indicates that the I DS  modulation in Figure  2  was 
primarily caused by the resistance change in the rGO channel. 
And, a comparison of the responsivity from resistor and FET 
structures presented in Supporting Figure S3b indicates that the 
responsivity of FET sensor to strain can be reinforced by con-
trolling V G  due to signal amplifi cation in FET structure. 

 However, recent reports have demonstrated that the change 
of the performances of organic fi eld-effect transistors (OFET) 
upon applied strain is not only due to the modulation of the 
channel resistance and capacitance of the dielectric layer, but 
also from the contribution of changing surface energy and 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2014, 24, 117–124



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com

      Figure 1.  a) The rGO FET was fabricated on a fl exible polyethersulfone (PES) substrate. By self-assembly of GO nanosheets and reduction, the device 
array can be fabricated by the formation of a GO channel pattern on the locally-coated SAM pattern. b) The photographs of the device array under 
tensile and compressive strain loads. c) Electrical responses of a fl exible rGO FET in the array to the tensile and compressive strains obtained by 
recording the normalized current change. 
surface dipole of polymer dielectric which results from rear-
rangement of the polymer chains. [  38  ]  In our device structure, 
for the adsorption of GO nanosheets on a hybrid organic/
inorganic (poly-4-vinylphenol (PVP)/Al 2 O 3 ) dielectric, a 
poly(diallyldimethylammonium chloride) (PDDA) self-assem-
bled monolayer (SAM) was formed on Al 2 O 3 . With straining at 
the interface between the SAM and R-GO channel, however, it 
is diffi cult to rearrange polymer chains of PDDA due to a few 
single-layers of PDDA, resulting in no change of the surface 
energy and surface dipoles. To demonstrate that the PDDA 
SAMs do not affect the strain sensing behavior of the rGO FET, 
we examined two additional types of rGO FETs: (i) a rGO FET 
with a (3-aminopropyl)triethoxysilane (APTES) SAM and (ii) 
a rGO FET without a SAM. In case of the device without the 
SAM, the Al 2 O 3  surface was treated in nitrogen plasma before 
attachment of GO nanosheets. The transfer characteristics 
of the devices were measured under tensile and compressive 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2014, 24, 117–124
strains ranging from 0.1 to 0.35%. The strain sensing behav-
iors of the devices showed the same tendencies as those of the 
rGO FET with PDDA SAMS (see Supporting Figures S4 and 
S5). The results indicate that the strain sensing mechanism of 
rGO FETs is mainly attributed to the contribution of resistance 
variations in strained rGO channels. 

 As aforementioned, the resistance change in strained rGO 
channel is primarily induced by the change in R inter  rather 
than the change in R intra . To prove that the resistance change 
is mainly attributed to the change in R inter , we also examined 
strain sensing behaviors of the FET structure with a single gra-
phene active layer (graphene FET) that was synthesized by CVD. 
In this case, the size of graphene is larger than the channel 
length with no R inter . For comparison of the strain sensing 
characteristics of graphene FET with that of rGO FET, the 
transfer characteristics of graphene FET was measured under 
tensile strain and the resistance change of graphene was also 
119wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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      Figure 3.  a) The hole fi eld-effect mobility,  μ  FE , as a function of the tensile 
and compressive strains. b) The variation of the charge neutrality point 
(CNP) under applied tensile and compressive strains. 

      Figure 2.  The transfer characteristics of the rGO FET at different a) tensile 
and b) compressive strains. During the measurements, the source-drain 
voltage (V DS ) was fi xed at 3 V. c) The modulation of the minimum source-
drain current (I DS,min ) under applied tensile and compressive strains. 
measured under compressive strain (Supporting Figure S6). 
The resistance changes of rGO and graphene under compres-
sive strain were calculated from I DS  and V DS . In this case, V G  
was not applied on the rGO and graphene FET to make sure 
that modulation of the I DS  or channel resistance upon compres-
sive strain is mainly contributed by active layers without inter-
ference from capacitance of gate dielectric layer. The data in 
Supporting Figure S6 show that the I DS  and channel resistance 
of graphene FET were nearly unchanged under tensile and 
compressive strains, respectively. These results confi rm that the 
0 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
I DS  in strained rGO FET is mainly modulated by the variation 
in R inter  of rGO channel. 

 To elucidate the effects of the tensile and compressive strains 
on the channel resistance variations in the rGO FET as well 
as the strain sensing mechanism of the device, the fi eld-effect 
mobility,  μ  FE , and CNP were extracted from the transfer charac-
teristics of the rGO FET under various tensile and compressive 
strains.  Figure    3  a presents the variation of  μ  FE  under applied 
tensile and compressive strains. In the rGO FET, the electron 
mobility,  μ  e , is smaller than the hole mobility,  μ  h . [  34  ]  Thus, the  μ  FE  
of a rGO FET can be presented as the hole fi eld-effect mobility 
(the detailed calculation method of fi eld-effect hole mobility is 
presented in Supporting Figure S7). To understand the modula-
tion of  μ  FE  under strain, Mattthiessen’s rule is normally used for 
the overall FET mobility. Therefore, 1/:FE  can be written as the 
sum of 1/: int  and 1/: ext , as shown in Equation ( 1 ). [  39  ] 
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 Here, : int   represents the carrier mobility limited by intrinsic 
scattering such as the longitudinal acoustic phonon scattering, 
carrier-carrier scattering, and rGO defects and : ext  is the 
mobility limited by extrinsic scattering. [  31,39  ]  In Equation ( 2 ), 
:PB  is the mobility limited by scattering at the potential bar-
rier (PB) between adjacent nanosheets [  31  ]  and :C I  , :SR , and 
:SPP  are the mobilities limited by scattering from the Coulomb 
impurities (CI), the surface roughness (SR), and the dielectric 
surface polar phonon (SPP) in the nanosheets, respectively. [  39  ]  
Upon straining of rGO FETs, the variation of the :ext  of the 
device is expected to mainly cause a change of the  μ  FE  due to 
negligible changes of the intrinsic scatterings. Therefore, the 
contribution from changes of the :ext  of the rGO channel 
should be investigated in order to understand the modulation 
of  μ  FE  under applied strain.  

 In order to understand the observed modulation direction 
of the  μ  FE  variation in the rGO FET under applied tensile and 
compressive strains, the effects of the PB change on the : ext  
of the rGO channel were explored. As is well known, the mag-
nitude of the PB between individual components of the nano-
particulates and nanowires which affects hopping transport or 
the mobility of carriers is dependent on coupling between indi-
vidual components. [  40–42  ]  Similarly, the condition of coupling 
between adjacent two-dimensional rGO nanosheets inside 
the channel affects the degree of overlapping and the gap 
between rGO nanosheets at nanosheet junctions and, in turn, 
determines the junction area and the magnitude of the PB, 
respectively. The junction area and the magnitude of PB are 
expected to affect carrier hopping transport and the :PB  of the 
rGO FET, respectively, resulting in the modulation of :ext  and 
R inter . Under tensile strain, decreased junction area and larger 
gap in the network rGO thin fi lm may limit carrier trans-
port and decrease :ext  due to enhanced scattering, respec-
tively, (Figure  3 a) and, in turn, increase R inter  (Supporting 
Figure S3) in the rGO channel. In contrast, the increase of the 
:ext  (Figure  3 a) and the decrease of the R inter  upon the applica-
tion of compressive strain are caused by decreased height of 
PB leading to reduced carrier scattering and enhanced hop-
ping transport due to increased junction area, respectively, at 
nanosheet junctions. 

 Figure  3 b shows the CNP shifts of the rGO FET as a func-
tion of tensile and compressive strains in opposite directions. 
There are many different factors that govern the position of 
the CNP in rGO or graphene FETs including (i) doping inside 
the rGO or graphene, [  43,44  ]  (ii) rGO or graphene defects, [  45  ]  (iii) 
a dielectric layer (residual dipoles inside dielectric, gate capaci-
tance, and morphology of the surface), [  39,46  ]  (iv) dipolar adsorb-
ates (water and oxygen molecules) on the top surface of rGO or 
graphene and the rGO/dielectric or graphene/dielectric inter-
face, [  47,48  ]  and (v) charge injection from rGO or graphene to the 
dielectric interface. [  39  ]  Under applied strain, the capacitance 
of the gate dielectric layer based on factor (iii) is affected. [  49  ]  
The gate capacitance decreases under compressive strain and 
increases under tensile strain (see Supporting Figure S8). [  49  ]  
The change of the capacitance is attributed to the change of the 
thickness of dielectric layers induced by the Poisson effect. [  49  ]  
Therefore, modulation of the CNP under applied tensile and 
compressive strains can be expected by the variation of the 
capacitance in the gate dielectric layer. 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2014, 24, 117–124
 To further investigate the strain sensing performance of the 
rGO FET, the sensing characteristics during repetitive straining 
conditions were studied by measuring the time-dependent 
I DS  under various applied tensile and compressive strains. 
 Figures    4  a and b show the time-dependence of the normal-
ized current, I DS /I DS0  (I DS : current under applied strain, I DS0 : 
current without applied strain), under extremely small levels 
of applied tensile and compressive strains ranging from 0.02 
to 0.08%, respectively. The results in Figure  4 a and b indicate 
that the devices possess ultrahigh strain sensitivity with the 
capability of detecting even the smallest tensile and compres-
sive strains of 0.02%. In addition, the time-dependence of the 
I DS /I DS0  of the rGO FET upon small applied tensile and com-
pressive strains ranging from 0.1 to 0.3% was also measured 
(Figures  4 c and d). In this case, the time of applying and 
releasing the strain was 1 s, and the response and relaxation 
times of the device also corresponded to 1 s, which demon-
strate the capability of the rGO FET device to respond and relax 
very quickly to dynamic tensile and compressive straining.  

 For reliable evaluation of the strain responsiveness in the 
rGO FET, the stability and repeatability of the sensing character-
istics under dynamic straining were evaluated under ambient 
conditions. In response to 50 applied tensile and compressive 
strain cycles, the time-dependent I DS  was monitored where the 
results shown in Figures  4 e and f correspond to tensile and 
compressive cyclic straining, respectively. In this case, the ten-
sile and compressive strains were kept constant at 0.3%, the 
interval time for the applied and released strain was 2 s for each 
cycle, and the time to reach tensile and compressive strains of 
0.3% was 1 s. Besides the slight variation of the sensitivity and 
base current, the rGO FETs demonstrated good repeatability of 
the current response and relaxation time during the tensile and 
compressive straining cycles. Based on these results, the rGO 
FETs after repetitive mechanical deformation were judged to be 
highly stable with repeatable responses to dynamic tensile and 
compressive strains. Additionally, the effects of oxygen, mois-
ture, or other molecules at ambient condition on the response 
of our device are negligible under different tensile and com-
pressive strains. 

 For further evaluation of the reliability of rGO FETs after 
repetitive mechanical deformations, the sensing capability, 
repeatability, response time, and relaxation time of the device 
were evaluated after cyclic bending of the devices (see Sup-
porting Figure S9 for details of the electrical performance of 
cyclically bent devices). The time-dependence of the normal-
ized current (I DS /I DS0 ) of the rGO FET upon applied tensile and 
compressive strains of 0.3% was monitored after the device was 
subjected to10, 100, 1000, and 10 000 bending cycles at strains 
of 0.2% (see Supporting Figures S9a and S9b) and 0.35% (see 
Supporting Figures S9c and S9d). The stable responses of I DS /
I DS0  to tensile and compressive strains after cyclic bending after 
cyclic bending indicate good repeatability of the sensing per-
formances including the current response, response time, and 
relaxation time. 

 To demonstrate the potential application of the rGO FET 
strain sensor in personal health monitoring, “smart” sur-
gical gloves, or human-machine interfaces, we examined the 
sensing capability of the device to movements of the human 
body. For this purpose, a PES substrate with a rGO FET was 
121wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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      Figure 4.  The time-dependence of the normalized current, I DS /I DS0  (I DS : current under 
applied strain, I DS0 : current without applied strain) upon extremely small applied 
a) tensile and b) compressive strains ranging from 0.02 to 0.08% was monitored. The 
time-dependence of I DS /I DS0  upon small levels of applied (c) tensile and (d) compressive 
strains ranging from 0.1 to 0.3% was also monitored. The time-dependence of I DS  under 
applied cyclic e) tensile and f ) compressive strains was monitored. Fifty cycles of ten-
sile and compressive strain were applied to the R-GO FETs and the dynamic electrical 
responses were recorded. During monitoring of the I DS , the V g  and V DS  were fi xed at 5 and 
3 V, respectively. 
attached onto a thumb. The I DS  response 
was recorded at a V DS  of 3 V and a V G  of 5 V 
for bending motions of the fi nger (see the 
inserts in  Figures    5  a and b). The I DS  rapidly 
decreased and increased, which is consistent 
with the responsiveness of the device to ten-
sile and compressive strains upon bending-
up (Figure  5 a) and bending-down (Figure  5 b) 
thumb motions, respectively. In addition, the 
I DS  recovered to the original current after 
each bending and release motion cycle.  

 To demonstrate the sensing capability of 
the rGO FET in a device array under strain, 
we measured the normalized current (I DS /
I DS0 ) of the sixteen rGO FETs in the device 
array under a compressive strain of 0.35% 
at the centre of the device array (Figure  5 c). 
Figure  5 d shows an example of the distri-
bution of the normalized current (I DS /I DS0 ) 
obtained from each device in the array. The 
normalized current values (I DS /I DS0 ) of the 
devices at the edge positions (columns 1 and 
4) are smaller than the devices at the centre 
positions (columns 2 and 3) because the 
strains at columns 2 and 3 are expected to be 
higher than those at columns 1 and 4. When 
strain is applied to the rGO FET array, the 
strain magnitude at the centre is higher than 
at the edge. Therefore, there is a strain dis-
tribution profi le from the centre to the edge 
of the rGO FET array. Based on these fea-
tures, the rGO FET array offers a great deal 
of promise for electronic skin applications.  

  3   .  Conclusions 

 We demonstrated ultrasensitive strain 
sensing of a fl exible rGO FET device and a 
rGO FET array prepared by a simple fabri-
cation process. The rGO FET strain sensor 
showed ultrasensitivity at extremely low 
straining modes, high reliability, and fast 
response and relaxation characteristics. The 
ultrasensitivity of the rGO FETs to strain vari-
ation is primarily attributed to channel resist-
ance variations in the rGO channel due to 
weak coupling between adjacent nanosheets. 
Upon introduction of a small strain into 
a rGO thin channel, modulation of the 
inter-nanosheet resistance (R inter ) leads to a 
change of the output current of the rGO FET. 
Besides the ultrasensitivity, excellent repro-
ducibility, and fast response and relaxation 
times were also demonstrated in the rGO 
FETs under repetitive strain sensing. Also, 
the rGO FETs showed excellent reliability 
under repetitive mechanical deformation up 
to 10 000 bending cycles at tensile strains of 
nheim Adv. Funct. Mater. 2014, 24, 117–124



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com

      Figure 5.  Responses of the rGO FET to motions of a fi nger were measured: a) the time-dependence of I DS  under motion of the fi nger corresponding to 
applied tensile strain and b) the time-dependence of I DS  under motion of the fi nger corresponding to applied compressive strain. During monitoring of 
the I DS , the V g  and V DS  were fi xed at 5 and 3 V, respectively. c) The positions of each device in the rGO FET array under a compressive strain of 0.35% 
are indicated as a channel. d) The distribution of the normalized current (I DS /I DS0 ) from each device corresponding to the position of each device in 
the array is shown. 
0.2% and 0.35% without signifi cant degradation of their elec-
trical characteristics. The features of the rGO FET array offer a 
great deal of promise for fl exible applications in personal health 
monitoring, electronic skin, “smart” surgical gloves, or human-
machine interfaces.  

  4   .  Experimental Section 
 The rGO FET array devices were fabricated on transparent and fl exible 
polyethersulfone (PES) substrates. The gate electrode (Ni) was deposited 
onto a PES substrate through a shadow mask by e-beam evaporation. 
The gate dielectric layer was formed by spin-coating a cross-linkable PVP 
(poly-4-vinyl phenol) solution and subsequent annealing in a nitrogen 
environment at 200 °C for 1 h. A graphene oxide (GO) networked fi lm 
was fi rst fabricated from chemically exfoliated graphene oxide nanosheets 
from graphite fl akes using a modifi ed Hummer's method. [  31,32  ]  To form 
a thin continuous networked GO fi lm, a 20 nm thick Al 2 O 3  buffer layer 
was deposited by atomic layer deposition (ALD) on the gate dielectric 
layer (PVP) and was modifi ed by poly(diallyldimethylammonium chloride) 
(PDDA) self-assembled monolayers (SAMs) to enhance the adsorption of 
GO nanosheets. The fabrication process of the rGO FET array is described 
as follows. First, the surface of Al 2 O 3  corresponding to a rGO channel of 
each device was selectively modifi ed by printing a PDDA pattern using 
a syringe pump (see Supporting Figure S11). The GO solution in water 
(0.2 mg/mL) was selectively absorbed on the PDDA-modifi ed substrates 
of the Al 2 O 3  layer. The networked GO fi lm was reduced to rGO by exposure 
to hydrazine hydrate vapor at 40 °C for 18 h. Then, the Au (50 nm)/Cr 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2014, 24, 117–124
(5 nm) source (S) and drain (D) electrodes were thermally evaporated on 
rGO thin fi lms through a shadow mask. To improve the performance of 
rGO FETs and eliminate interactions of the rGO channel with oxygen and 
water adsorption, which can cause electrical instability, the FET devices 
were encapsulated by a tetratetracontane (TTC, CH 3 (CH 2 ) 42 CH 3 ) layer 
after annealing the whole device at 150 °C for 3 h under a high vacuum 
of 10 −5  Torr. The highly hydrophobic TTC layer minimizes adsorption 
of polar solvents such as water vapor and is therefore, a good capping 
material for the encapsulation of the rGO FET array.  
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