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Graphene is a very promising candidate for applications in flexible electronics due to its high carrier

mobility and mechanical flexibility. In this paper, we present results on graphene RF devices

fabricated on polyimide substrates with cutoff frequencies as high as 10 GHz. Excellent channel

mobility and current saturation are observed in graphene long channel devices on polyimide.

Graphene devices on polyimide also show very good temperature stability from 4.4 K to 400 K and

excellent mechanical flexibility up to a bending radius of 1 mm. These demonstrated properties make

graphene an excellent candidate for flexible wireless applications. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4810008]

Flexible electronics is a rapidly growing field due to its

wide range of potential applications, including display tech-

nology,1 wearable electronics,2 flexible solar cells,3 e-paper,4

and bio-medical skin-like devices.5 In the past, the primary

materials for flexible electronics were organic polymers,

amorphous silicon,6 or oxide-based semiconductors.7 The

carrier mobilities in these materials are typically very low,

and as such, these materials are only suitable for low-speed

applications such as flexible displays, electronic tags, and

low-cost integrated circuits.5,8 High frequency applications

such as wireless communications require materials with

higher carrier mobility. Recently, thin silicon membranes

and III-V membranes transferred to flexible substrates were

reported.9–11 However, due to the brittle nature of the silicon

and III-V crystal, the bending radius is limited.

Graphene is an ideal material for flexible applications

due to its high carrier mobility, optical transparency, and me-

chanical flexibility. High-frequency graphene RF devices on

rigid substrates have been demonstrated with cut-off fre-

quencies exceeding 300 GHz12 and subsequently graphene-

based circuits have been successfully made.13,14 By contrast,

the device performances of graphene on flexible substrate

are lagging behind.11,15–23 Here, we demonstrate graphene

RF devices on flexible polyimide that operate with relatively

high cut-off frequencies of 10 GHz, and exhibit both good

temperature stability and excellent mechanical flexibility.

A representative schematic of the graphene RF device

on polyimide and an optical image of the device array are

shown in Figures 1(a) and 1(b), respectively. The growth and

transfer of large area graphene was performed using the

approaches reported by Li.24 After graphene formation,

PMMA was spin-coated on top of the graphene layer formed

on one side of the Cu foil. This Cu foil was then dissolved in

copper etchant. The resulting graphene/PMMA layer was

transferred to polyimide substrates, and the PMMA was

later dissolved in acetone. The polyimide film substrate is

0.127 mm thick. To reduce the surface roughness, liquid pol-

yimide PI-5878G and adhesion promoter VM651 are also

used. Metal electrode deposition was done by electron-beam

evaporation at 10�7 Torr. 20 nm Pd/30 nm Au stacks were

used for the source/drain contacts. The gate oxide is AlOx

formed by an oxidized Al layer that was deposited by

electron-beam evaporation followed by the deposition of

30 nm HfO2 by atomic layer deposition.

Figures 2(a) and 2(b) show the DC characteristics of a

typical long channel device (gate length¼ 4 lm) with gate

width of 1 lm. The Dirac voltage is close to zero (�0.47 V)

and the electron and hole branches are nearly symmetric.

This indicates the initial doping of the graphene is very

small. The channel mobility is extracted to be about 1830

cm2/V-s using the drift model.25 Good drain current satura-

tion, which is typically difficult to obtain in graphene devi-

ces, is observed for these devices, as shown in Figure 2(b).

The RF performance can be estimated from this DC data.

The cutoff frequency, fT, is estimated from the transconduc-

tance, gm, using the equation fT ¼ gm=2pCg, where Cg is the

gate capacitance. In turn, the maximum oscillation fre-

quency, fmax, can be estimated using the equation:26

fmax � fT=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4gdðRs þ RGÞ þ 8pCgRGfT

p
, where Rs is the se-

ries resistance, RG is the gate resistance, and gd ¼ dId=dVd is

the output conductance. From the DC results in Figure 2, we

estimate fT to be 1.4 GHz and fmaxto be 10.1 GHz at a gate

voltage of Vg¼ 0 V and a drain bias of Vd¼�2 V. Here we

use the resistivity of Ti, Pd, and Au of 4.31 � 10�5 X cm,

1.05� 10�5 X cm, 2.2� 10�6 X cm,27 the dielectric constant

for AlOx and HfO2 are 6 and 13, respectively,25,28 the con-

tact resistivity and access resistivity are 314 X lm and 0.04

X/nm.26 Good drain current saturation, i.e., low output

conductance, gd, is essential for a high fmax. For a shorter

channel device, the cut-off frequency fT will increase as the

device length Lg reduces (fT / 1=Lg) (Ref. 29). However,

current saturation is harder to attain due to the influence of

contact resistance and short channel effects.12 As a result,

the fmax is actually lower for shorter channel devices.

The frequency response of the devices was determined

directly through measurements of the scattering (S) parame-

ters of the transistors with a network analyzer. The short-

circuit current gain jh21j (the ratio of small-signal drain and

gate currents) is obtained from the measured S-parameters,
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and displays the 1/f frequency dependence expected for an

ideal FET (Figure 3). In this analysis, a de-embedding proce-

dure is used that takes account of parasitic effects (pad and

gate capacitance and resistance). This is done by measuring

on-chip inactive “open” and “short” test devices. In the for-

mer, there is no graphene in the channel. In the latter, the

gate, source, and drain electrodes are all shorted by metal. In

Figure 3(a), we show the current gain jh21j as a function of

frequency with and without de-embedding (“raw” measure-

ments) for graphene RF device on polyimide with channel

length of 400 nm. The cutoff frequency, i.e., the frequency

where the current gain becomes unity, is 3 GHz without de-

embedding and 10 GHz after de-embedding. To date, this is

the highest reported cutoff frequency for graphene transistors

on polyimide. This performance is comparable to the gra-

phene on polyethylene naphthalate (PEN) substrates.17 As

compared to PEN substrate, polyimide has the advantage of

higher glass transition temperature and higher melting tem-

perature,30 which opens up more applications in high tem-

perature regime. Organic RF devices on flexible substrates

typically operate in the MHz range.31,32 It is clear from these

results that graphene RF devices on polyimide have the

advantage of higher operating frequency as compare to or-

ganic RF devices. This performance of graphene on polyi-

mide is comparable to those of silicon membranes on

flexible substrates,9 while the graphene on polyimide offers

more mechanical flexibility as compared to silicon mem-

brane, which will be discussed next.

The flexibility of the graphene devices on polyimide

was investigated. Figure 4(a) shows the drain current ID as a

function of drain voltage VD for ungated graphene FET

before bending and after bending at radius of 5.9 mm and

1 mm. After each bending, the graphene device was flattened

to measure the Id vs VD. The resistances of the device are

extracted from the ID vs VD plots. This resistance includes

both the channel resistance and contact resistance. Figure

4(b) shows the extracted resistance of the graphene devices

after bending the polyimide substrate to various bending

radii ranging from flat to 1 mm. The resistance of the gra-

phene devices is stable up to a bending radius as small as

1 mm, indicating excellent mechanical flexibility. This me-

chanical flexibility is better than that of silicon membranes

and III-V membranes on flexible substrates.9,11

FIG. 1. (a) Schematic of the graphene

RF device on polyimide. (b) Optical

image of a graphene device array on the

polyimide substrate.

FIG. 2. (a) Drain current as a function of

top gate voltage for graphene FET on

polyimide with 4lm gate length. (b)

Drain current as a function of drain volt-

age at various top gate voltage from

�1 V to 1 V for graphene FET on polyi-

mide with 4lm gate length.

FIG. 3. Small-signal current gain jh21j versus frequency for a 400 nm gate

length graphene RF device on polyimide with and without de-embedding.

The symbols are measured results and lines are fits. The cut-off frequency

after de-embedding is 10 GHz.
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The temperature stability of the devices was also eval-

uated. Figure 5(a) shows measured drain current as a func-

tion of drain voltage of ungated graphene devices at various

temperatures from 4.4 K to 400 K. From the slope of ID vs

VD plots, the resistance of ungated graphene devices is

extracted and plotted as a function of temperature, shown in

Figure 5(b). At low temperatures, the dominant scattering

mechanism of the carriers is Coulomb scattering by impur-

ities and short-range scattering by defects in exfoliated single

layer graphene samples.33,34 For graphene made by CVD

methods, the short-range scattering may be more dominant

due to the grain boundaries and other lattice defects formed

during the growth and transfer process. The mobility limited

by short-range scattering is temperature independent.33,34

Therefore, the device performances are typically observed as

temperature independent for CVD grown graphene.13,35 At

high temperatures, the mobility of graphene on SiO2/Si sub-

strate usually decrease rapidly, due to the surface optical

phonon scattering from SiO2 substrate.34,36,37 It has been

reported that polyimide buffer layer can effectively reduce

phonon scattering.38 This might be the reason that the chan-

nel resistance is unchanged even up to 400 K. This tempera-

ture stability implies that the devices may have utility in

many harsh environments.

In summary, graphene RF devices have been success-

fully fabricated on flexible polyimide substrates, and a cutoff

frequency as high as 10 GHz has been attained. Excellent

channel mobility and current saturation are observed in gra-

phene long channel devices on polyimide. Graphene devices

on polyimide exhibit excellent temperature stability and me-

chanical flexibility.
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