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Abstract
Graphene field effect transistors (GFETs) were fabricated on mechanically flexible substrate using
chemical vapor deposition graphene. High current density (nearly 200 pA/um) with saturation,
almost perfect ambipolar electron-hole behavior, high transconductance (120 puS/um) and good
stability in 381 days were obtained. The average carrier mobility for hole (electron) is 13 540
em?/V-s (12 300 cm?/V-s) with the highest value over 24 000 cm*/V-s (20 000 cm’/V-s) was
obtained of flexible GFETs. Ambipolar radio-frequency circuits, frequency doubler, were
constructed based on the high performed flexible GFET, which show record high output power
spectra purity (~97%) and high conversion gain of -13.6 dB. Bending measurements shows the
flexible GFETs were able to work under modest strain. These results make flexible GFET a very

promising option for future flexible radio-frequency electronics.
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Introduction

The demand for flexible electronics grows fast in recent years as it enables special applications
with significant commercial potential, such as wearable, bendable and stretchable electronic
products, which are difficult to realize with conventional wafer based silicon technology due to its
poor mechanical endurance and high-temperature processing. Organic polymer and small
molecules are the most conventional building blocks for the flexible electronics due to their
intrinsic flexibility or stretchability.' However, these materials often have a lower mobility and
conductivity.” More importantly, the poor chemical stability in ambient conditions of these

conventional materials limits the device lifetime, and thus, their use in practical applications.3

Carbon nanotube (CNT) and graphene are attractive new emerging materials for high performance
flexible electronic devices, owing to their superb electrical properties, inert chemical properties
and excellent mechanical flexibility. Though the normalized performance of field effect transistors
(FETs) built on individual semiconducting CNT has surpassed their silicon counterpart,4 the
performance of flexible CNT thin film transistor (TFT) is still far behind. High on/off current ratio
is easily obtained in CNT-TFTs, which is required for flexible logic circuits. However, the
reported mobility of CNT-TFTs are mostly below 100 cm>/V-s.”” This is due to they are built on a
randomly oriented CNT network with a lot of tube-tube junctions, which limits its electrical
properties. The performance of CNT TFTs can be improved by aligning the tubes in the film,'*"
however, to get large area high density aligned CNT film is still a big challenge. Compared with

CNT, graphene is much easier to handle. Large area, up to size of 100 m long,"” can be grown by

CVD method and transferred onto any target substrate in principle. Though the on/off ratio is low
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for graphene FETs, high carrier mobility around 10 000 cm?/V's are frequently measured of
graphene on common SiO,/Si substrate at room temperature,'* and values approaching 100 000
cm’/V-s has been observed on specially designed rigid substrate (e.g. suspended'’ or using BN as
gate dielectricslé). Such high mobility is desirable for high performance radio-frequency (RF)
devices. However, the reported carrier mobility of graphene on flexible substrate is scattered in the
range of hundreds to thousands of cm?*/V-s,'>* which is far inferior to its counterparts on rigid

substrates. The relatively low carrier mobility on flexible substrates limits the performance of

graphene based devices, and hence the application of graphene based flexible electronics.

In this letter, we report high performance flexible graphene field-effect transistors (GFET),
showing carrier mobility higher than 10 000 cm?/V-s on average for both electron and hole, with
maximum value over 20 000 cm’/V-s, on flexible polyethylene naphthalate (PEN) substrate.
Based on such high performance GFET, high conversion gain (-13.6 dB) frequency doubler with
output power spectral purity higher than 97% was realized on flexible substrate. These results
obtained on flexible substrates are even better than those on normal SiO,/Si substrates,”’ 36

confirming the fast carrier transport is also accessible on polymeric substrate, which is important

for pushing the limits of high-speed flexible nanoelectronics.

Experimental results and discussion
Monolayer graphene was synthesized by two-step low pressure chemical vapor deposition
(LPCVD) method on a 25 um thick copper foil substrate.”” The copper foil placed in the

quartz-glass tube was first annealed at 1040 °C in an atmosphere of pure hydrogen with flow of 7
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sccm for 20 min., and then 15 scem mixture gas of CHy and Ar (0.5% volume ratio of CHy )
flowed into the quartz-glass tube for 5 min. at the same temperature, designed for the low density
nucleation of graphene domains. Then 15 sccm pure CH, flowed into chamber at the same
temperature for 30 min., replacing the previous mixture gas, for the graphene crystal growing up.
After the growth process, it was cooled down quickly. The quality of graphene was characterized
by Raman spectroscopy, which was shown in Figure 1. A sharp and symmetric G’ peak centered at
~2700 cm™ with a full width at half maximum (FWHM) ~29 cm is observed, which is roughly 3
times more intense than the G peak at ~ 1580 cm™, and no obvious D peak is observed. All these

characteristics indicate the graphene is monolayer with high crystalline quality.38

The graphene transfer and devices fabrication processes were shown in Figure 2. The
electrochemically delamination method®® was used to transfer the graphene from copper foil onto
a flexible substrate. A layer of polymethyl methacrylate (PMMA) was firstly spin coated on the
top of graphene for supporting and protection. During the electrochemically delamination, an
aqueous solution of NaOH was used as electrolyte solution, and DC voltage about -8 V was
applied to the PMMA/graphene/Cu electrode, and the PMMA/graphene film separated from the
Cu foil slowly and then floated on the liquid surface of the solution. Subsequently, the
PMMA/graphene stack was rinsed with deionized water and then transferred onto 125 pm thick
commercial PEN substrate (Dupont Teijin Films Teonex” Q65), which was adhered to a rigid glass
substrate by polydimethylsiloxane (PDMS)34 (see supporting information). Then, the PMMA was
removed by acetone and the graphene was ready for devices fabrication. Standard

photolithography was employed for the GFETs fabrication. Since the flexible PEN substrate was
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adhered to rigid substrate, it makes the photolithography process much easier. To avoid the
deformation problem of the polymeric substrate, the temperature was controlled below 115 °C
during the whole fabrication processes. Firstly, the graphene channel was patterned by oxygen
plasma. Then source and drain electrodes were defined by photolithography and the contact area
was treated by ultraviolet ozone (UVO), which has been proved to be able to reduce the contact
resistance between graphene and the metal electrodes while do not degrade the quality of the

underneath graphene.*”*'

Ti/Au (20 nm/80 nm) was deposited as the source and drain electrodes
by electron beam evaporation and followed by lift-off. Yttrium oxide was employed as the gate
oxide in this work, because it has been proved to be ideal gate dielectrics for carbon based

. . 4n44
electronic devices.

To minimize the substrate deformation, an yttrium film of 2.7 nm thickness
was evaporated and oxidized by UVO treatment for 20 min. instead of the usually used thermal
oxidation. The thickness of the oxidized yttrium film is about 4.88 nm measured by atomic force
microscope (AFM). By repeating such process for 3 times, yttrium oxide gate dielectrics with total
thickness of 14.6 nm and dielectric constant values ~8 was obtained.” Then, the gate electrode
was patterned by photolithography and Ti/Au (20 nm/80 nm) was evaporated and followed by

lift-off. Finally, the PEN substrate with devices on it was peeled off the rigid glass substrate. A

typical optical image of GFET devices arrays on PEN substrate was also shown in Figure 2.

Figure 3 shows the typical electrical properties of the flexible GFETs by DC measurement at room
temperature under ambient conditions. Obvious current saturation region was observed before the
second linear region in the output curve shown in Figure 3a. Saturation of the drain current leads

to large output resistance and hence higher gain with load in RF devices. However, current
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saturation of GFET on flexible substrate was reported only by few groups.*****°

As previously
reported, thermal constraints of the flexible polymeric substrate restrict the range of applied bias
voltage, leading to prevention of strong current saturation.”® But in our work, due to the high gate

42,43 . . . . . . .
, current saturation is easily achieved at relative low bias in the

efficiency using yttrium oxide
safe operating range, and the flexible GFETs work well with channel current density up to nearly
200 pA/um. Figure 3b shows the transfer curves of the GFET measured at 0.1 V bias. The Dirac
point is very close to zero gate voltage, and only minor (~20 mV) hysteresis is observed during the
gate voltage sweeping back and forth. These indicate a low level charge doping of the graphene
during the device fabrication processes and few charge traps existing in the gate dielectric or on
the graphene/substrate interface. The peak transconductances for hole and electron conduction are
-32.2 puS/um and 23.5 uS/um, respectively. The maximum transconductance increases with the
source-drain bias (shown in the inset of Figure 3b), which reaches to 120 uS/um at 0.5 V bias and
the transfer curve is still very symmetric for electron and hole conduction at this bias. The output
current density and the normalized transconductance are among the best reported results of GFET

17.19.29 especially when taking the relative large channel area of our devices

on flexible substrate,
(4 pm wide and 6 ~ 10 um long) into account. The carrier mobility was firstly estimated using
peak transconductance method with the formula of p = (Lg /Cq- Vds) *9m > where Lygis the gate
length, C; is the capacitance per unit length, Vg5 is the bias and g, is the peak
transconductance. Though it is known that the mobility is greatly underestimated by using the
peak transconductance method due to the contact resistance effect, it gives quick evaluation of the

performance of the fabricated devices. The obtained mobility values are 4173 cm?*/ Vs for hole

and 3046 cm’/V-s for electron of the device in Figure 3 (a, b), respectively. These values are
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among the best reported results for the GFET on flexible substrate (as shown in Table 1), which
indicate the intrinsic performance of our devices should be much better. To obtain the intrinsic
carrier mobility, the measured transfer property was fitted using a widely accepted diffusive
transport model.* The access resistance R, of the nonaligned graphene between the top gate and
the contact (as shown in Figure 4a), as well as the S/D contact resistance R, were included into
the series resistance R, in this fitting model®. The extracted values for hole and electron are 18
056 cm*/V-s and 13 346 cm’/V-s respectively, as shown in Figure3c. The normalized series
resistance is 5.68 kQwum and 5.89 kQum for hole and electron respectively, and the residual
carrier concentration ng = 1.31 x 101 /cm?2. The low residual carrier concentration reflects
that the graphene suffers few contaminants after the multiple fabrication process. Statistics of the
carrier mobility of 32 devices was shown in Figure 3d, and the values of most devices are
distributed in the range of 8 000~ 20 000 cm’/V-s. The highest mobility for hole (electron) is over
24 000 cm*/V-s (20 000 cm*/V -s) with average of 13 540 cm”/Vs (12 300 cm?/V"s). These values
are significantly higher than the previously reported works on flexible substrates which were listed
in Table 1, and are even better than the highest mobility for GFETs on SiO,/Si substrates.'* 7 *8
The high-mobility suggests that the good electrical quality of graphene is neither substantially
impacted by the device fabrication process, nor significantly impacted by the gate oxide or
substrate scattering. The scattered distribution of the mobility values in Fig. 3d was attributed to
the growth inhomogeneity of the CVD grown graphene. It is known that the CVD grown graphene
are polycrystalline,” and grain boundaries and defects distribute randomly. This will cause

crystalline quality fluctuation of the graphene channel in the GFETs and hence the fluctuation of

the measured carrier mobility.
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The electric transport properties of graphene are affected by many factors, such as the growth and
transfer quality of the graphene, the substrate roughness, and interfacial charge traps or phonons.
Raman measurement in Figure 1 proved the high growth quality of the graphene used in our work.
We have studied the transfer technique of CVD graphene extensively and clean and almost

39,49 .
> To obtain a clean

crackless transfer of CVD graphene can be routinely achieved in our group.
graphene surface, PMMA used for transfer and photo resist used in the device fabrication process
were carefully removed in each fabrication step. Besides, we believe that the flexible substrate
used in this work contributes importantly to the obtained high carrier mobility. The Teonex®Q65
substrate possesses excellent thermal stability that a level of shrinkage down to 25 ppm can be
achieved at 150 °C.”° Since the temperature is controlled below 115 °C in our device fabrication
process, the substrate deformation and thermal stress in the graphene are negligible. The inherent
surface roughness of the substrate is less than 1 nm,”® which is comparable to the normal SiO,
substrate. Figure 4 shows the typical AFM image of our GFET on PEN substrate as well as the
surface roughness of each part of the device. The graphene channel area, including the S/D/G
metal electrodes covered parts, is very smooth. However, outside the channel area, the surface
roughness of the substrate and the S/D/G metal on substrate directly, are pretty high, ~20 nm. This
is understandable because oxygen plasma causes damage to the polymeric substrate surface during
graphene channel patterning that will lead to a rough electrodes surface. Meanwhile, the roughness
of the whole graphene channel area, as measured from both the metal electrodes covered part and

the un-gated channel part, is less than 3 nm. It should be mentioned that the un-gated channel area

was covered with yttrium oxide in fact. Considering the original surface roughness of PEN is less
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than 1 nm, the yttrium oxide thickness is around 15 nm and the growth method of the yttrium
oxide, one can deduce that clean and smooth interfaces of the PEN/graphene/Yttrium oxide
sandwich structure was achieved. Such clean and smooth interfaces, as well as the low level
charge traps in the gate dielectric and interfaces mentioned above, are all favor for reducing
scattering and hence leading to the high carrier mobility. Otherwise, it is known that graphene
devices fabricated on SiO, substrate suffer from additional scattering associated with low-energy

surface phonon and trapped charge in Si0,>" >

A polymeric substrate, e.g. PEN, has been
considered be able to mitigate the degradation caused by the trapped charge and cause lower
surface phonon scattering to the carrier in graphene as compared with rigid substrate (e.g. SiOz).2 !

We believe these also contribute to the high mobility observed in this work. However, more

detailed work is needed to elucidate this effect.

GFETs were also fabricated on the PET substrate as a comparison, using the same graphene
transfer and device fabrication processes. However, the obtained mobility values by diffusive
transport model of most devices are in the range of several hundred to two thousand cm?/V-s with
the highest value of 3110 cm?/V-s for hole and 2708 cm®/V's for electron (Figure S in the
supporting information). The relatively lower mobility of graphene on PET substrate was ascribed
to two reasons. Firstly, the surface of PET substrate we used is rougher than PEN. Secondly, as
mentioned before, the PEN substrate has much better thermal stability than PET which results in
lower substrate deformation and thermal stress in graphene. It can be seen from Table 1 that the
relatively high performance GFETs are more likely achieved on the PEN substrate. These results

indicate the choice of flexible substrate also impact the performance of GFETs.
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The top-gate GFETs on PEN substrate show pretty good reliability during a period of 381 days,
which is important for practical application. As shown in Figure 5, the device works well 381 days
after device fabrication, though the Dirac point in the transfer curve shifts slightly towards positive
value. This is understandable that water or oxygen molecules in air may permeate through the
yttrium oxide or the PEN substrate during such a long time, and hence lead to a more pronounced
p-type behavior. Though the obtained carrier mobility decreases about 20-30 % relatively, the
absolute values are still higher than 7500 cm’/V-s for both hole and electron, which are still better

than most of the results in Table 1.

All the excellent electrical properties discussed above, current saturation with high density, high
transconductance, symmetric electron-hole behavior and extremely high carrier mobility, suggest
that our GFETs on PEN are very promising for flexible RF application. Here we demonstrate this
concept by constructing a frequency doubler (shown in Figure 6), which is an important device for
communication system. For a 10 KHz input sinusoidal signal with an amplitude of 300 mV, the
output signal with amplitude ~62.5 mV was shown in Figure 6b. The conversion gain is -13.6 dB
and the output power -14.08 dBm. When the frequency of the input signal increased to 11 MHz,
the GFET based frequency doubler still functioned well as shown in Figure 6¢c. The conversion
gain is -17.7 dB, with an output power of -18.17 dBm. The output power spectrum, obtained by
analyzing the Fourier transform of the output signal, is shown in Figure 6d. For the 10 KHz input
signal, more than 96.6% of the output power is concentrated at the doubled fundamental frequency
of 20 kHz, and more than 97.7% of the output power is concentrated at the desired 22 MHz for the
11 MHz input signal. The spectra purity and conversion gain are the most important parameters of

10
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a frequency doubler. These two values of our devices are the best reported results for
graphene-based flexible frequency doubler to our knowledge.” However; the performance of the
GFET based frequency doubler in this work is still far from optimization. We believe the
conversion gain and the output power can be much improved and the working frequency can be up
to gigahertz once the GFET structure and fabrication process were optimized.

Bending measurement of the electrical properties of the flexible GFETs was carried out by
attaching the flexible substrate onto lateral surface of cylindrical supporting brackets with different
radius, and the dependence of device performance on the bending radius is shown in Figure 7. The
infinity symbol oo in the abscissa indicates flat conditions (no bending of the substrate). It needs to
be noticed that the substrate bending was parallel to the source/channel/drain direction (the
transport direction), as it is the critical direction most impacted by the mechanical strain.”® The
graphene transistors maintained functionality with the bending radius down to ~7.8 mm. This
radius corresponds to a mechanical strain of 8%., which is sufficient for most application
environment of flexible devices. An average increase of the total source/drain resistance, ~25%, at
zero gate voltage was detected as seen in Figure 7b. The resistance increase is owing to the
mechanical deformation and the elongation of both the metal electrode and channel material, as
well as the reconstruction of interfaces in the device.** Figure 7c shows that the Dirac voltage
shifted ~0.2 V towards the negative voltage as compared with the flat condition. This is consistent
with the reported effect of strain on the work function of gmphene.54 Shown in Figure 7d is the
mobility change with the bending radius. The hole mobility (1) increases slightly with bending at
first and then tends to saturate. However, the electron mobility (w,) shows an opposite trend,
which decreases with bending at first and then tends to saturate. Similar'® and even opposite'®

11
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results were also reported , however the underlying mechanism is still an open issue. This is due to
that strain may affect the band structure and work function of graphene® and hence the p-n
Jjunction in the graphene channel near the electrodes.” Gate capacitance also changes’® with stain,
which affects the coupling of gate to electron and hole. Therefore, more detailed work is needed to
elucidate all these effects, which is beyond the scope of this paper. Further bending of the substrate
below the radius of 7.8 mm leaded to failure of the devices. Once the bending was released and
the devices were measured again at flat conditions, they recovered. Such failure is caused by the
broken of the relatively thick metal or the relatively brittle gate dielectrics instead of the graphene
channel area’’, which has also been reported previously.zz’ # Approach for mitigating this type of

device failure has been proposed,58 and currently we are working on this.

Summary

In summary, GFETs were fabricated on flexible substrate using chemical vapor deposition
graphene. By combining appropriate substrate (PEN in this work) and device fabrication process
(low temperature yttrium oxide growth), high current density with saturation, high
transconductance and extremely high carrier mobility was obtained, which also show pretty good
stability. A frequency doubler was constructed using the flexible GFET, which shows record high
spectra purity and high conversion gain. The flexible GFETs were confirmed to be able to working
under modest strain by bending test. Considering the device in this work is still far from
optimization, we believe that the performance of the flexible GFET can be further enhanced,

which indicates a bright future of graphene based flexible RF electronics.

12
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Table 1 Comparison of carrier mobility of reported flexible GFET. Unit: cm?’/V's.

Reference Gr?}}?;l:ne Substrate Gate dielectric (holiggigcigon) MObﬂrirtl}é g;tgaction
7 CVD PI ALO, (ALD) 4930/1130 Diffusive transport model
18 CVD PET Graphene oxide 150/116 Peak transconductance method
19 CVD PET Ion gel 203+£57/91+ 50 Peak transconductance method
20 CVD PET Al O, (natural) ~3000, max<5000 Diffusive transport model
” CVD  PET  ALO,(nanral) “300230 Peak tramsoonductane method
= CVD PI AlLO, (ALD) 2800/3900 Diffusive transport model
B CVD PI h-BN 2324/2307 Diffusive transport model
24 CVD PI AlLO, (ALD) 1400 Diffusive transport model
25 CVD PET Ion gel 892+196/628+146 Diffusive transport model
2 CVD PEN HfO, (ALD) ~1500 Peak transconductance method
27 CVD PDMS Ion gel 1188+136/422+52 Diffusive transport model
28 CVD PEN ALO, (ALD) 3342+26/2813+11 Diffusive transport model
2 Solution PI YOx 102+19 Peak transconductance method
30« Exfoliated PET PMMA 10000/4000 Peak transconductance method
3 CVD PET PMMA 630/370 Peak transconductance method
%2 CVD PEN  AlLO,/HfO/ALO, 67(+10%) Peak transconductance method
% CVD Pl ALO, (ALD) 1100/2200 Diffusive transport model
o CVD PEN ALO, (ALD) 9214/12980 Diffusive transport model(pulse I-V)
13540/12300(average) Diffusive transport model
This work CVD PEN YO« 24000/21000(max) Diffusive transport model
4173/3046 Peak transconductance method

14

Page 14 of 22



Page 15 of 22 Nanoscale

Note: * Though high mobility is obtained by peak transconductance method measured in Ref. 30, it is exfoliated graphene.
#The mobilities extracted from DC I-V curve are 4154/7016 cm’/V-s for hole/electron in Ref. 34, which are much lower than those extracted from the pulse I-V

measurement.
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Figure 1 Typical Raman spectrum of the graphene grown on Cu foil, using a laser source with the
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Figure 2 Schematic of the graphene transfer and GFET fabrication processes.
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Figure 4 (a) AFM image of typical GFET on PEN substrate. (b) The average roughness (Ra) and
the root mean square roughness (Rq) of each part of the GFET. Roughness of channel were
measured from both the metal electrodes covered part and the un-gated channel part, and those for

the S/D/G electrodes were measured in the area of metal directly on substrate.
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and 11 MHz (¢). (d) Corresponding output power spectrum.
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Supporting Information

Fomation of the PEN/PDMS/rigid substratre structure:

The PDMS base and curing agent were mixed thoroughly with the mass ratio of 10:1, and the
mixture was put into a bell-jar dessicator and pumped to remove the air bubble. The clear and
bubble free PDMS mixture was spin coated on the rigid substrate with speed of 4000 rpm. Then
the PEN film was adhered onto the PDMS surface, and the PEN/PDMS/rigid substrate stack was
baked on the hotplate at 115 °C for 10 minutes to cure the PDMS film.

(ko)

n =2708

N
o
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16

Figure S1 Mobility extraction using the diffusive transport model for device fabricated on PET
substrate.



