


electronic performance (e.g., carrier mobility). To investigate the
impact of our transferring method on graphene carrier mobility,
we have studied the electrical performance and carrier mobility
distribution of more than 20 graphene transistors (in the back-
gate configuration) before and after dielectric integration. Here,
the CVD-grown graphene is patterned by photolithography with
a channel length of approximately 8 μm and a channel width of
approximately 8 μm. The effective mobility values are extracted

from the drain source current (Ids) versus the back-gated voltage
(VBG) (Ids–VBG) curve. Importantly, a histogram of the mobility
value shows that the CVD-grown graphene exhibits a similar mo-
bility distribution in the range of 1;000–2;000 cm2∕V·s before
and after the transfer dielectric integration process (Fig. 3A).
These studies clearly demonstrate our transfer gate approach
does not lead to an obvious degradation of the electronic perfor-
mance of the graphene.

Fig. 3B–F depicts the room-temperature electrical transport
characteristics of the self-aligned graphene transistors. Before
characterizing the transistor properties of our self-aligned de-
vices, gate leakage current (Igs) from the gate stack to the under-
lying graphene is measured from −4-V to 4-V gate voltage, which
indicates the gate leakage current is negligible during the mea-
surement (Fig. S2). Fig. 3B shows the Ids–V ds output character-
istic of a 300-nm channel-length self-aligned graphene transistor
at various gate voltages. The maximum scaled on-current of
1.73 mA μm−1 can be achieved at V ds ¼ −1V with slight current
saturation. The current saturation is desirable for the power gain
performance in radio-frequency (rf) graphene transistors (10).

The Ids–VTG curve of the same device is measured at different
drain bias from 100 mV to 600 mV, with the top-gate voltage
sweeps from 0 V to 3 V (Fig. 3C). It shows a typical characteristic
of p-type doping with the Dirac points located at positive top-gate
voltage, and can be attributed to oxygen doping that occurred
during the growth or transfer processes (10). Overall, the hole-
transport branch can switch from saturation current to Dirac
point within 2 Vof top-gate voltage sweeping, indicating a strong
top-gate capacitance coupling. In general, these top-gated self-
aligned graphene transistors exhibit a very small Ids–VTG hyster-
esis of approximately 0.1 V or less, demonstrating the relatively
clean nature of the graphene–dielectric interface (Fig. S3). A sup-
pression of electron transport branch is observed in the Ids–VTG
transfer curves. This electron-hole asymmetry commonly origi-
nates from the misalignment between the work function of con-

Fig. 1. Schematic illustration of the fabrication of self-aligned graphene transistors with transferred gate stacks. (A) A 50-nm gold film is first deposited on a
Si∕SiO2 substrate by e-beam evaporation followed by a standard ALD of Al2O3 film. (B) RIE process is employed to pattern the dielectric strips after standard
lithography and metallization process. (C) The gate sidewall spacer is formed by depositing a thin-layer Al2O3 film using ALD approach. (D) An anisotropic RIE
process is used to etch away unwanted Al2O3 film on the top surface of the gate metal and the substrate. (E) A layer of polymer that has glass transition
temperature close to the thermal tape–releasing temperature is spin-cast before applying thermal releasing tape and peeling off the gate stacking. (F) The
patterned top-gate stacks are peeled from the Si wafer. After etching away the gold film, the gate stacks can be readily transferred onto desired graphene
substrate through a thermal releasing process. (G) Polymer is removed by an acetone rinse, leaving only the gate stacks on top of graphene strips. (H) The
external source, drain, and top-gate electrodes are fabricated using e-beam lithography, followed by deposition of 5-nm/10-nm Pd/Au metal film to form the
self-aligned source and drain electrodes. (I) The cross-sectional view of the self-aligned device.

Fig. 2. The self-aligned graphene transistor. (A) Photo image of large-scale
self-aligned devices with transferred gate stacks on glass substrate. (B) Op-
tical image of self-aligned graphene transistors on 300-nm SiO2∕Si substrate.
Scale bar, 100 μm. (C) SEM image of a graphene transistor with transferred
gate stack. Scale bar, 2 μm. (D) Cross-sectional TEM image of the overall
device layout. Scale bar, 30 nm.
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tact electrodes and the neutrality point of the graphene channel
(24). A trend of negative shift of Dirac point is observed with in-
creasing drain voltage. This can be explained by the fact that the
Dirac point will shift by 1∕2ΔV ds with a change of bias voltage
ΔV ds, caused by the relative potential between the gate and drain
(25, 26).

In order to characterize the gate capacitance, the conductance
of one graphene transistor with 300-nm channel length and
22-nm dielectric thickness is measured as a function of both top-
gate voltage (VTG) and back-gate voltage (VBG) (Fig. 3D). The
ratio between the top-gate and back-gate capacitance is extracted
from the slope of the linear shift trajectory of the Dirac point as a
function of both the top-gate and back-gate voltage, which gives a
value for CTG∕CBG of about 29. For 300-nm SiO2, the back-gate
capacitance is CBG ¼ 11.5 nF cm−2; therefore, the estimated
top-gate capacitance is CTG ¼ 334 nF cm−2 (27), which is consis-
tent with the result obtained from geometry-based finite-element
calculations (CTG ¼ 359 nF cm−2) (Fig. S4).

Fig. 3E shows the Ids–VTG transfer curves of several devices
with variable self-aligned gate length ranging from 3 μm to
100 nm. With decreasing channel length, a general trend of po-
sitive shift of Dirac point and decrease of on/off ratio is observed,
which can be explained by short-channel effect (25): In short-
channel device, the off-state energy barrier is strongly affected
by drain voltage, and thus increases the off-state current and
requires higher gate voltage to turn off the channel. Fig. 3F shows
the extracted transconductance, gm ¼ jdIds∕dVTGj, for devices
with different channel length. The peak transconductance at
bias of 600 mV increases from 0.11 mS∕μm (L ¼ 3 μm) to
0.53 mS∕μm (L ¼ 300 nm). However, a further shrinkage of
channel length to 100 nm leads to a reduction of transconduc-
tance to 0.45 mS∕μm, which may be explained by the short-chan-
nel effect with less effective gate modulation when the channel
length is becoming comparable with the gate dielectric thickness
(25). Moreover, the occurrence of Klein tunneling in ultra–short-
channel device makes the short-channel effect worse (28–31).

The above discussion clearly demonstrates that our self-
aligned graphene transistors with transferred gate stacks exhibit
excellent dc performance. To further determine the cutoff fre-
quency (f T) of our devices, we carried out the on-chip microwave
measurements with an Agilent 8361A network analyzer in the
range of 50 MHz–30 GHz. The graphene transistors for rf mea-
surement are fabricated on glass substrate in order to minimize
the parasitic pad capacitance. To assess accurately the intrinsic f T
value, careful de-embedding procedures are performed using the
exact pad layout as “open,” “short,” and “through” structures on
the same chip. The de-embedded S parameters constitute a com-
plete set of coefficients to describe intrinsic input and output be-
havior of graphene transistors.

Fig. 4A shows the small-signal current gain jh21j extracted
from the measured S parameters at VTG ¼ 1.5 V and V ds ¼
0.6 V in a 220-nm channel-length graphene transistor. The curve
shows a typical 1∕f frequency dependence expected for an ideal
field-effect transistor. The linear fit yields a f T value of 57 GHz

Fig. 3. Room-temperature dc electrical characteristics of the CVD graphene
transistors with transferred gate stacks. (A) The distribution of device mobi-
lity before and after the dielectric transfer process. (B) Ids–Vds output char-
acteristics at various gate voltages (VTG ¼ 0, 1, 1.5, 2.0, and 2.5 V) for a 300-
nm channel-length self-aligned device. (C) The transfer characteristics at dif-
ferent bias voltage for the 300-nm channel-length self-aligned device
(Vds ¼ −0.1, −0.2, −0.4, and −0.6 V). (D) Two-dimensional plot of the device
conductance for varying VBG and VTG biases for the self-aligned graphene
device. (E) Transfer characteristics of self-aligned graphene transistors at
Vds ¼ −0.6 V with channel lengths of 3 μm, 1 μm, 300 nm, and 100 nm.
The channel width is 5 μm for all devices. (F) The corresponding transconduc-
tance of the devices shown in Fig. 3E at Vds ¼ −0.6 V.

Fig. 4. Radio-frequency performance of self-aligned CVD graphene transis-
tors. (A–C) Small-signal current gain jh21j versus frequency for three devices
with a channel length of (A) 220 nm, (B) 100 nm, and (C) 46 nm at room tem-
perature. The cutoff frequencies are 57 GHz, 110 GHz, and 212 GHz, respec-
tively, at a dc bias of 0.6 V. (Inset) Linear fitting using Gummel’s method,
showing extraction of cutoff frequencies identical to the value obtained
in the main panel for each device. (D) Peak fT as a function of gate length
from over 40 devices with three different dielectric thicknesses.
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for this particular device (Fig. 4A), which is also verified by using
Gummel’s approach (Fig. 4A, Inset). To further probe the limit of
the frequency response, we have fabricated graphene transistors
with smaller channel lengths. Fig. 4B and C show the result
extracted from another two self-aligned graphene transistors with
100-nm and 46-nm channel length. The cutoff frequency is f T ¼
110 GHz and f T ¼ 212 GHz, respectively. After the rf measure-
ment, we have carefully analyzed the S parameters for all three
devices. The device component values (including gate-source
capacitance, gate-drain capacitance, transconductance, source
resistance, and drain resistance) derived from the rf measure-
ments are consistent with those obtained from the dc measure-
ments and finite element simulations (Table S1), demonstrating
the validity of the rf measurements and the de-embedding
procedures.

In addition to f T , maximum oscillation frequency (fMAX),
defined as the frequency at which the power gain is equal to one,
is another important parameter for rf characteristics. The power-
gain performance plot shows a device with 220-nm channel length
exhibits a high fMAX of 29 GHz, and a 46-nm device shows a value
of 8 GHz (Fig. S5). Because fMAX highly depends on f T , gate
resistance, and source drain conductance, it does not always scale
with channel length. The fMAX value of the devices can be further
improved by increasing graphene quality, reducing gate resis-
tance, and increasing source drain current saturation.

To investigate further the reproducibility of our approach and
examine the length-scaling relationship, we examined more than
40 graphene transistors of variable channel lengths (L) and di-
electrics thicknesses. In general, the peak cutoff frequencies fol-
low 1∕L dependence, which is consistent with previous studies
(16). Although 1∕L2 dependence was observed in longer-channel
devices (32), the dominance by contact resistance and degrada-
tion of transconductance in short-channel transistors leads to
1∕L dependence of the cutoff frequency (16). For devices with
dielectric thickness of 44 nm, the cutoff frequency falls beneath
the 1∕L trend when the channel length shrinks to 100 nm. This
phenomenon can be attributed to the short-channel effect (25), in
which the gate modulation is less effective when the channel
length is reduced to be nearly comparable with gate dielectric
thickness. This short-channel effect can be improved by using
thinner dielectric thickness (e.g., 22 nm and 13 nm) (Fig. 4D).

The cutoff frequency of our self-aligned devices shows a sig-
nificant improvement over previously reported CVD graphene
transistors of comparable channel length (e.g., f T of approxi-
mately 212 GHz for a 46-nm device in our approach vs. 155 GHz
for a 40-nm device reported previously). Nonetheless, the perfor-
mance of these devices is still far from those obtained from
peeled graphene (14, 16), which suggests that the ultimate per-
formance of our devices here is limited by the quality of CVD
graphene rather than the fabrication process. To demonstrate
that our approach is applicable for higher-performance devices,
we have studied the self-aligned transistors on peeled graphene.
The devices are fabricated on highly resistive Si substrate with
300-nm SiO2 because of the difficulty in visualizing the peeled
graphene on glass substrate. To assess accurately the intrinsic
f T value, careful de-embedding procedures are performed using
the identical pad layout as “open,” “short,” and “through,” struc-
tures on the same chip, following a previously established ap-
proach (14). Importantly, electrical characterization shows
graphene transistors with substantially higher cutoff frequency
can be obtained in this way. The Ids–VTG transfer of a 67-nm
device shows that a maximum scaled on-current of 3.56 mA∕μm
and a peak scaled transconductance of 1.33 mS∕μm is obtained

at V ds ¼ 1 V (Fig. 5A). Fig. 5B shows the small-signal current
gain jh21j of a 67-nm channel-length graphene transistor with
a typical 1∕f frequency dependence and an extracted f T value
of 427 GHz at V ds ¼ 1.1 V (Fig. 5B, Inset). Additionally, an
f T value of 169 GHz can be obtained at V ds ¼ 0.4 V, indicating
a linear trend of f T value with source drain voltage. The 427-GHz
f T value represents the highest f T value reported for any gra-
phene transistors to date. We believe the rf performance of
our device can be further improved by minimizing the contact
resistance or decreasing the gate dielectric thickness to improve
gate coupling.

Conclusions
In summary, we have developed a scalable method to fabricate
self-aligned graphene transistors on glass with transferred gate
stacks. With a damage-free transfer process and self-aligned de-
vice structure, the fabricated graphene transistors exhibit the
highest cutoff frequency to date (427 GHz). By processing con-
ventional lithography, deposition, and etching steps on a sacrifi-
cial substrate before integrating with large-area CVD-grown
graphene, this approach defines a pathway to scalable fabrication
of high-speed self-aligned graphene transistor arrays on arbitrary
substrate.

Methods
The detailed description of the device-fabrication process is described here
and in SI Text. Both the dc and rf transport studies are conducted with a
probe station at room temperature (25 °C) under ambient conditions. The
on-chip microwave measurements are carried out in the 50-MHz–30-GHz
range using an Agilent 8361A network analyzer. The scattering parameters
measurements are de-embedded using specific “short” and “open” struc-
tures with identical layouts to exclude the effects of the parasitic capacitance,
resistance, and inductance associated with the pads and connections. The
“through” calibration was done with the exact pad layout (with the gate
shorted to the drain), and the “load” calibration was done with the standard
calibration pad.

ACKNOWLEDGMENTS. We thank Yuwei Fan and Integrated Systems Nanofab-
rication Cleanroom at CNSI for the e-beam lithography pattern preparation;
Minji Zhu, Minqiang Bao, and Center for High-Frequency Electronics for
technique support of high-frequency measurement; and Nanoelectronics
Research Facility at University of California, Los Angeles, for technical support
of device fabrication. We acknowledge partial support of the work by
National Science Foundation, National Institutes of Health, and Office of
Naval Research.

1. Novoselov KS, et al. (2004) Electric field effect in atomically thin carbon films. Science

306:666–669.

2. Novoselov KS, et al. (2005) Two-dimensional gas of massless Dirac fermions in gra-

phene. Nature 438:197–200.

3. Zhang YB, Tan YW, Stormer HL, Kim P (2005) Experimental observation of the quan-

tum Hall effect and Berry’s phase in graphene. Nature 438:201–204.

4. Avouris P, Chen Z, Perebeinos V (2007) Carbon-based electronics. Nat Nanotechnol

2:605–615.

Fig. 5. Room-temperature dc and rf characteristics of the self-aligned
peeled graphene transistor with transferred gate stacks. (A) The transfer
characteristics and corresponding transconductance at a dc bias voltage of
1 V for the 67-nm channel-length self-aligned peeled graphene device.
(B) Small-signal current gain jh21j versus frequency for the 67-nm peeled gra-
phene device under two different dc bias voltages. The cutoff frequency is
427 GHz for 1.1-V bias (solid block) and 169 GHz for 0.4-V bias (open block).
(Inset) Extraction of fT by Gummel’s method.

4 of 5 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1205696109 Cheng et al.

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

A
pr

il 
20

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1205696109/-/DCSupplemental/pnas.1205696109_SI.pdf?targetid=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1205696109/-/DCSupplemental/pnas.1205696109_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1205696109/-/DCSupplemental/pnas.1205696109_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1205696109/-/DCSupplemental/pnas.1205696109_SI.pdf?targetid=STXT


5. Miao F, et al. (2007) Phase-coherent transport in graphene quantum billiards. Science
317:1530–1533.

6. Geim AK, Novoselov KS (2007) The rise of graphene. Nat Mater 6:183–191.
7. Castro Neto AH, Guinea F, Peres NMR, Novoselov KS, Geim AK (2009) The electronic

properties of graphene. Rev Mod Phys 81:109–162.
8. Bai J, et al. (2010) Very large magnetoresistance in graphene nanoribbons. Nat Nano-

technol 5:655–659.
9. Park JU, Nam SW, LeeMS, Lieber CM (2012) Synthesis of monolithic graphene-graphite

integrated electronics. Nat Mater 11:120–125.
10. Schwierz F (2010) Graphene transistors. Nat Nanotechnol 5:487–496.
11. Jeon D-Y, et al. (2009) Radio-frequency electrical characteristics of single layer gra-

phene. Jpn J Appl Phys 48:091601.
12. Lin YM, et al. (2009) Operation of graphene transistors at gigahertz frequencies.Nano

Lett 9:422–426.
13. Moon JS, et al. (2009) Epitaxial-graphene RF field-effect transistors on Si-Face 6H-SiC

substrates. IEEE Electron Device Lett 30:650–652.
14. Liao L, et al. (2010) High-speed graphene transistors with a self-aligned nanowire gate.

Nature 467:305–308.
15. Lin YM, et al. (2010) 100-GHz transistors from wafer-scale epitaxial graphene. Science

327:662–662.
16. Wu Y, et al. (2011) High-frequency, scaled graphene transistors on diamond-like

carbon. Nature 472:74–78.
17. Liao L, et al. (2012) Scalable fabrication of self-aligned graphene transistors and

circuits on glass. Nano Lett 12:2653–2657.
18. Lee B, et al. (2008) Conformal Al2O3 dielectric layer deposited by atomic layer deposi-

tion for graphene-based nanoelectronics. Appl Phys Lett 92:203102.
19. Wang X, Tabakman SM, Dai H (2008) Atomic layer deposition of metal oxides on pris-

tine and functionalized graphene. J Am Chem Soc 130:8152–8153.

20. Xuan Y, et al. (2008) Atomic-layer-deposited nanostructures for graphene-based
nanoelectronics. Appl Phys Lett 92:013101.

21. Meitl MA, et al. (2006) Transfer printing by kinetic control of adhesion to an elasto-
meric stamp. Nat Mater 5:33–38.

22. Li X, et al. (2009) Large-area synthesis of high-quality and uniform graphene films on
copper foils. Science 324:1312–1314.

23. Bhaviripudi S, Jia X, Dresselhaus MS, Kong J (2010) Role of kinetic factors in chemical
vapor deposition synthesis of uniform large area graphene using copper catalyst.
Nano Lett 10:4128–4133.

24. Farmer DB, et al. (2009) Chemical doping and electron-hole conduction asymmetry in
graphene devices. Nano Lett 9:388–392.

25. Bai J, et al. (2011) Top-gated chemical vapor deposition grown graphene transistors
with current saturation. Nano Lett 11:2555–2559.

26. Xu H, et al. (2011) Top-gated graphene field-effect transistors with high normalized
transconductance and designable Dirac point voltage. ACS Nano 5:5031–5037.

27. Liao L, et al. (2010) High-kappa oxide nanoribbons as gate dielectrics for high mobility
top-gated graphene transistors. Proc Natl Acad Sci USA 107:6711–6715.

28. Chauhan J, Guo J (2011) Assessment of high-frequency performance limits of
graphene field-effect transistors. Nano Res 4:571–579.

29. Katsnelson MI, Novoselov KS, Geim AK (2006) Chiral tunneling and the Klein paradox
in graphene. Nat Phys 2:620–625.

30. Huard B, et al. (2007) Transport measurements across a tunable potential barrier in
graphene. Phys Rev Lett 98:236803.

31. Young AF, Kim P (2009) Quantum interference and Klein tunneling in graphene
heterojunctions. Nat Phys 5:222–226.

32. Lin YM, et al. (2009) Development of graphene FETs for high frequency electro-
nics. Electron Devices Meeting (IEDM), 2009 IEEE International (IEEE Conference
Publications, Baltimore, MD), pp 1–4.

Cheng et al. PNAS Early Edition ∣ 5 of 5

A
PP

LI
ED

PH
YS

IC
A
L

SC
IE
N
CE

S

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

A
pr

il 
20

, 2
02

1 


