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ABSTRACT Flexible graphene field-effect transistors (GFETs) are fabricated with
graphene channels fully encapsulated in hexagonal boron nitride (hBN) implementing a
self-aligned fabrication scheme. Flexible GFETs fabricated with channel lengths of 2 um
demonstrate exceptional room-temperature carrier mobility (z¢¢e = 10000 cm* V"' s ™),
strong current saturation characteristics (peak output resistance, ro = 2000 €2), and high

mechanical flexibility (strain limits of 1%). These values of stz and r,, are unprecedented in

o

flexible GFETs. Flexible radio frequency FETs (RF-FETs) with channel lengths of 375 nm

demonstrate s = 2200 am? V™' s~
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and ry = 132.5 Q. Unity—current gain frequencies, f;, and unity—power gain frequencies, f,,,, reach 12.0 and

10.6 GHz, respectively. The corresponding ratio of cutoff frequencies approaches unity (f,.,/f; = 0.9), a record value for flexible GFETs. Intrinsic f; and £,

are 29.7 and 15.7 GHz, respectively. The outstanding electronic characteristics are attributed to the improved dielectric environment provided by full hBN

encapsulation of the graphene channel in conjunction with an optimized, self-aligned device structure. These results establish hBN as a mechanically robust

dielectric that can yield enhanced electronic characteristics to a diverse array of graphene-based flexible electronics.
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curvilinear and malleable surfaces are
required for applications such as con-
formal electronics, surface-mountable sen-
sors, and bioelectronics.? Integration of
wireless communication technology neces-
sitates flexible field-effect transistors (FETs)
with both unity—current gain frequencies,
fr, and unity—power gain frequencies, f,ax,
in the gigahertz frequency range 2 Graphene
is an ideal candidate for use in flexible
radio frequency FETs (RF-FETs), as it offers
both exceptional electronic and mechanical
properties. Graphene demonstrates high
room-temperature mobility (greater than
10000 cm? V™' s7") and carrier saturation
velocity (1—-5 x 107 cm s7'),*"® as well as
remarkable strain limits (25—35%).”® In-
deed, flexible graphene FETs (GFETs) have
demonstrated f; and f,., in the gigahertz
frequency range.” "3
However, the cutoff frequencies realized
in flexible GFETs have remained signifi-
cantly below those of the best devices
fabricated at equivalent channel lengths
on rigid substrates." Flexible GFETs have
typically employed a bottom-gated device

F lexible electronics that can adapt to
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structure,'®'! circumventing the need to

integrate high-« dielectric layers directly
on the surface of graphene—a process that
has remained challenging to date.”® How-
ever, bottom-gated fabrication approaches
present the lower surface of the graphene
channel to dielectrics with high mechanical
roughness and trapped charges while simul-
taneously leaving the top surface directly
exposed to the surrounding environment.
Substrate roughness,'”'® trapped charges
typically present in oxide-based dielec-
trics,">"® and atmospheric adsorbates all
contribute to increased scattering of charge
carriers in the graphene channel, which
degrades the electronic performance of
GFETs. While encapsulation of flexible GFETs
in organic or inorganic compounds has re-
duced environmental sensitivity, trapped
charges introduced by the encapsulation
process degrade the electronic properties
of the underlying graphene and ultimately
limit any benefit imparted to the GFET.""*' 23
Indeed, poor electronic performance in con-
junction with nonideal device structure has
limited the achievable ratio of cutoff fre-
quencies, fya/fr, to less than 0.6 in flexible

ACNTANE
VOL.9 = NO.9 = 8953-8959 = 2015 K@LNMLJ\)\

* Address correspondence to
jh2228@columbia.edu.

Received for review May 9, 2015
and accepted August 11, 2015.

Published online August 11, 2015
10.1021/acsnano.5b02816

©2015 American Chemical Society

8953

WWwWW.acsnano.org



GFETSs to date,®'2 significantly below those achieved
in GFETs fabricated on rigid substrates.* Simulta-
neously achieving both high fr and f,.,, represented
by fmax/fr approaching unity, is essential for practical
analog and RF electronic applications,>?* with this
ratio strongly influenced by dielectric materials in
GFETs.*?*% Integration of improved dielectric materi-
als, both as gate dielectrics and surface passivation
layers, which not only are flexible in form but also
conserve the outstanding electronic properties of gra-
phene, is essential to achieve improved performance
in flexible GFETs.

Hexagonal boron nitride (hBN) is an ideal candidate
as both a gate dielectric and encapsulation material
for flexible GFETs. The dielectric properties of hBN
(dielectric constant ~3—4, dielectric breakdown
strength ~7.9 MV/cm?) compare favorably with those
of Si0,.2%?7 Furthermore, hBN is a particularly suit-
able dielectric for use in graphene-based electronics;
surface passivation of graphene by full encapsula-
tion in hBN results in not only improved environ-
mental stability of electronic properties®®*° but also
increased room-temperature mobility (in excess of
100000 cm? V' s~ 1.3 In conjunction with a high
mechanical strain limit,®’ the demonstrated enhance-
ment to environmental stability and electronic perfor-
mance of GFETs fabricated on rigid substrates suggests
that hBN dielectrics hold the potential to transform the
performance of flexible GFETs, as well.

RESULTS AND DISCUSSION

In this work, we fabricated GFETs with graphene
channels fully encapsulated in hBN on flexible poly-
ethylene naphthalate substrates. We achieve GFETs
with channel lengths down to 375 nm by implement-
ing a self-aligned fabrication scheme novel for flexible
electronics. The electronic performance of flexible GFETs
is characterized under both unstrained and strained
conditions. Flexible GFETs fabricated with channel
lengths of 2 um demonstrate exceptional room-
temperature carrier mobility (up to 10000 cm? V' s77),
strong current saturation characteristics (peak output
resistance of 2000 €2), and excellent mechanical flex-
ibility (strain limits of 1%). Mobility and output resistance
represent record values for flexible GFETs fabricated at
any channel length. The high-frequency performance
of flexible RF-FETs fabricated from hBN-encapsulated
graphene at channel lengths of 375 nm is also pre-
sented. These devices demonstrate extrinsic cutoff fre-
quencies fr and f,,,, of 12.0 and 10.6 GHz, respectively,
values only exceeded by flexible GFETs fabricated at
shorter channel lengths.”~ "> The ratio of cutoff frequen-
cies approaches unity (fyax/fr = 0.9), an unprecedented
value in flexible GFET technologies. Intrinsic fr and fr,ax
are revealed to be 29.7 and 15.7 GHz, respectively. This
work demonstrates that hBN encapsulation of graphene
not only improves DC and RF performance of flexible
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Figure 1. (a) Cross-sectional schematic of flexible GFETs
fabricated using a self-aligned process. The graphene chan-
nel is fully encapsulated in hBN. (b,c) Scanning electron
microscopy images of completed GFETs fabricated on flex-
ible substrates. (b) Multiple, long-channel GFETs fabricated
from a single hBN-encapsulated graphene (HGH) stack.
GFETs have channel lengths of either 1 or 2 yum and channel
widths of 5 um. (c) Flexible, short-channel RF-FET fabricated
with a dual-fingered gate structure. RF-FET has a channel
length of 375 nm and an effective channel width of 20 um.

GFETSs but also enables a novel, self-aligned fabrication
scheme.

Top-gated GFETs were fabricated on flexible substrates
employing a novel, self-aligned fabrication scheme.
Figure 1a shows a cross-sectional schematic of the self-
aligned, flexible GFETs developed in this work (see
Methods section for details on device fabrication).

GFETs characterized in this work were fabricated with
two distinct device geometries. Long-channel GFETs
were fabricated for purposes of DC characterization,
with multiple two-terminal devices fabricated from
a single hBN-encapsulated graphene (HGH) stack
(bottom hBN thickness of 15.1 nm and top hBN thick-
ness of 7.0 nm). Long-channel GFETs were fabricated
with channel lengths of either 1 or 2 um, channel widths
of 5 um, and source/drain gate overlap of ~500 nm. For
purposes of RF characterization, short-channel RF-FETs
were fabricated with a dual-fingered gate and electro-
des configured in a ground—signal—ground (GSG)
coplanar waveguide structure. Flexible RF-FETs have
a channel length of 375 nm, an effective channel width
of 20 um (two 10 um gates in parallel), and source/drain
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Figure 2. DC characteristics of flexible GFETs. (a,c) Device
resistance, R, plotted as a function of gate-to-source voltage,
Vgs. (¢,d) Current—voltage (/-V) characteristics plotting drain
current, Iy, as a function of source-to-drain voltage, V4.
I-V curves are taken at fixed values of V; decreasing from
—1.2to —2 Vin increments of —100 mV. Data are presented
for a representative GFET fabricated with a channel length,
Lcn, of 1 umin (a,b), while data for a device with L, =2 um are
plotted in (c,d). All devices are fabricated with channel
widths of 5 um.

gate overlap of ~110 nm using the aforementioned
self-aligned fabrication scheme. The flexible RF-FET was
fabricated with a bottom hBN thickness of 23.7 nm and
atop hBN thickness of 11.5 nm. The self-aligned fabrica-
tion scheme results in a device structure for which the
gate length, channel length, and source—drain spacing
are equivalent within detectable limits. Standard open
and short de-embedding structures were simulta-
neously fabricated on-chip. Figure 1b,c shows scanning
electron microscopy (SEM) images of completed long-
channel GFETs (Figure 1b) and a short-channel RF-FET
(Figure 1c) fabricated on flexible PEN substrates.
Electronic characteristics of long-channel GFETs were
determined by two-terminal measurements conducted
in ambient conditions. Figure 2a,c shows device resis-
tance, R, plotted as a function of gate-to-source voltage,
Vge measured at a fixed source-to-drain bias, Vsq =
10 mV, for representative flexible GFETs fabricated
with channel lengths of 1T um (Figure 2a) and 2 um
(Figure 2c). Side-contacted graphene devices previously
fabricated on Si substrates with equivalent source and
drain contacts (see Methods section for additional details)
demonstrate lower electron contact resistance, in agree-
ment with models predicting oxygen-terminated gra-
phene edges.3® Long-channel GFETs fabricated in this
work demonstrate higher electron contact resistance,
potentially indicative of process-related contamination
at the electrode/graphene interface. Low-field, field-
effect mobility was extracted from resistance data as
tre = (Lengm)/(WehCeotVsa), Where Ly, is the channel
length, W, is the channel width, g, is the small-signal
transconductance, and G, is the total effective gate
capacitance per unit area. Cyo; = 386 nF cm 2, calculated
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as the series combination of the electrostatic capaci-
tance (C, ~ 443 nF cm~2) and the quantum capacitance
(C4~ 3010 nF cm™?) over the pertinent carrier density
range.3? The dielectric constant, «, for hBN is 3.5, as
determined by prior work;*? uge = 4800 cm? V' s for
the GFET presented with a channel length of 1 um.
For the GFET with a channel length of 2 um, ure =
10000 cm? V' s, which represents the highest
mobility demonstrated in a flexible GFET to date
(regardless of channel length)'®~"%34737 and compar-
able to values measured in the best GFETs fabricated on
rigid substrates.*

Figure 2b,d presents high-bias current—voltage
(I-V) characteristics for the same two flexible GFETSs,
for which the measured drain current, Iy, is plotted as
a function of V.4 for fixed values of V; decreasing from
—1.2 to —2 V. Peak g,,, and r, extracted from the -V
characteristics of GFETs with channel lengths of both
1 and 2 um are equivalent at 3.2 mS (0.64 mS/um)
and 2000 €, respectively (open-circuit voltage gain,
gm X o = 6.4). Peak g, normalized by channel width
exceeds the highest values achieved even in GFETs
fabricated on rigid substrates with hBN dielectrics.*
Flexible, hBN-encapsulated GFETs also demonstrated
excellent /—V saturation characteristics, evident by the
high value of ry achieved. The GFETs presented in this
work demonstrate significantly improved mobility,
transconductance, and output resistance in comparison
with that of the best flexible GFETs previously reported
using traditional oxide dielectrics (independent of chan-
nel length).’®~'>3**737 The improvements to electronic
properties are attributed to the enhanced dielectric
environment provided by hBN encapsulation.>3°

Next, mechanical limits of flexible GFETs fabricated
with hBN dielectrics were determined. Electronic
characteristics were measured while simultaneously
applying uniaxial tensile strain, ¢, along the axis per-
pendicular to the device channel under two-point
bending. Figure 3 plots /—V characteristics at increas-
ing levels of strain ranging from 0 to 1%. Strain-induced
fluctuations in uge result in less than 3% degradation
(from the zero-strain value) at € = 0.5% and less than
13% degradation at € = 1%. Peak g,,, exhibits less than
20% degradation from its unstrained value over the
entire measured strain range (¢ = 0—1%). Mechanical
failure of flexible GFETs occurs at strains greater than
¢ = 1%, as observed by the measurement of open-
circuit characteristics and indicative of mechanical
failure occurring at the metal electrodes rather than
the gate dielectric. Indeed, the source-to-gate current,
lsg, was measured to remain below 50 pA over the
entire measured strain range, indicating negligible
leakage current through the gate dielectric even
under elevated levels of strain—in good agreement
with both flexible MoS, FETs implementing hBN
dielectrics®® and experimental measurements of
the strain limits of hBN films (greater than 3.0%).3
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Figure 3. Current—voltage (/—V) characteristics plotting
drain current, /g4, as a function of source-to-drain voltage,
Vsq, taken at fixed values of gate-to-source voltage, V;,
decreasing from —1.2 to —2 V in increments of —100 mV.
Data are presented for increasing values of strain, ¢, of (a)
£=0%, (b) ¢ =0.5%, and (c) ¢ = 1%. The inset of (c) shows an
image of the measurement scheme in which a two-point
bending setup is devised directly on the surface of a probe
station. Data are presented for a flexible GFET with a
channel length and width of 1 and 5 um, respectively.

These results indicate that hBN functions as a robust
gate dielectric for flexible GFETs with mechanical
strain limits of at least 1%. Future dedicated studies
are important to determine the upper strain limit of
hBN dielectrics for use in flexible electronics.

In order to determine high-frequency performance
of flexible, hBN-encapsulated GFETs, a short-channel
RF-FET (shown in Figure 1c) was characterized under
ambient conditions. DC characteristics of the flexible
RF-FET were first measured, as presented in Figure 4.
Figure 4a plots device resistance, R, as a function of Vs,
measured at a fixed drain-to-source bias, V45 = 10 mV.
The total effective gate capacitance per unit area, Cioy,
for the device is 247 nF cm ™2 (Ce ~ 269 nF cm ™2, Cy ~
3010 nF cm™?). Field-effect mobility is extracted from
the resistance data as ure = 2200 cm? V™' s™'. The device
demonstrates lower electron contact resistance, char-
acteristic for side-contacted GFETs with ideal electrode/
graphene interfaces.>® Figure 4b plots /—V characteris-
tics of the flexible RF-FET. High-field values of g, and r,
are extracted from the /—V characteristics and plotted as
a function of Vs and Vg in Figure 4c,d. Maximum g, =
451 mS (023 mS/um) and peak r, = 1325 Q are
achieved at an equivalent bias point (V4s = 0.5 V and
Vgs = 1.5 V). The reduced values observed for tirg, gm, and
Iy in comparison with that in long-channel GFETs pre-
sented earlier in this work follow channel length scaling
trends observed in GFETs fabricated on rigid substrates.'®
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Figure 4. DC characteristics of a flexible, graphene RF-FET
fabricated with a channel length of 375 nm and effective
width of 20 um. (a) Device resistance, R, plotted as a function
of gate-to-source voltage, V,,, measured at a fixed drain-to-
source bias, V4, of 10 mV. (b) Current—voltage (/-V)
characteristics plotting drain current, /4, as a function of
Vgs. -V curves are taken at fixed values of V, increasing
from 1to 2 Vinincrements of 250 mV. (c) Transconductance,
Jdms and (d) output resistance, ro, plotted as a function of Vg
and V.

Radio frequency characterization was subsequently
conducted by measuring S-parameters from 100 MHz
to 20 GHz on a two-port network analyzer. Figure 5a
plots current gain (hy;) and unilateral power gain (U)
as a function of frequency for the flexible RF-FET. Both
hy; and U are measured at the bias point maximizing
intrinsic gain (Vg4s = 0.5V, Vg = 1.5 V; see Figure 4¢,d).
At this bias point, the device is operated as a unipolar
n-type channel.

The device demonstrates extrinsic cutoff frequen-
cies frand f,,a 0f 12.0 and 10.6 GHz, respectively. These
values represent the highest recorded extrinsic fr and
fmax for a flexible GFET fabricated at this channel
length, with higher performance achieved only at
channel lengths below 300 nm.°~ "33 In comparison
with the best flexible RF-FETs fabricated to date from
MoS, (at channel lengths down to 68 nm),*° the GFETs
fabricated in this work demonstrate ~2x improve-
ment in extrinsic f; and f,,4. Furthermore, the ratio of
extrinsic cutoff frequencies is close to unity (fya./fr =
0.9), significantly higher than previously achieved in
any GFET fabricated on a flexible substrate (fax/fr <
0.6)°"'2 and equivalent to the best values achieved
on Si substrates (fna/fr = 0.86).* The improved RF
performance is attributed to the enhanced electronic
performance afforded by full hBN encapsulation of
the graphene channel and an optimized, self-aligned
device structure.

Standard open and short de-embedding methods
were implemented to enable direct comparison of the
RF performance of the device presented in this work
with previously reported GFETs analyzed using equivalent
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Figure 5. Radio frequency characteristics of a flexible gra-
phene RF-FET. Current gain, hy,, and unilateral power gain,
U, are plotted as a function of operation frequency both (a)
prior to and (b) after de-embedding; extrinsic and intrinsic
values of cutoff frequencies are presented, respectively.
Dashed line indicates a —20 dB/dec slope, included to
demonstrate that this frequency dependence is followed
both prior to and after de-embedding. Inset of (b) plots
Im(1/h,;) as a function of frequency. The measured data
(blue) are well fit by a linear regression (red). All RF data are
presented for a device fabricated with a channel length of
375 nm and an effective channel width of 20 um.

de-embedding procedures. Figure 5b plots hy; and U
as a function of frequency after performing open and
short de-embedding, revealing intrinsic fr and f,,ax Of
29.7 and 15.7 GHz, respectively. In order to verify the

METHODS

GFETs were fabricated on 127 um thick polyethylene
naphthalate (PEN) substrates. To facilitate device processing,
PEN substrates were first adhered onto Si handle substrates
using a film of polydimethylsiloxane as an adhesive layer
(6 um thickness), implementing a process described in prior
literature.>® The hBN-encapsulated graphene (HGH) stacks were
prepared from exfoliated graphene and hBN crystals followed
by subsequent transfer onto PEN substrates using procedures
described previously in detail.>® HGH stacks utilized in this work

PETRONE ET AL.

accuracy of the de-embedding methods implemented,
fr was indepenently calculated using Gummel's
method."**" The inset of Figure 5b plots Im(1/h,;) as
a function of frequency. The data are well fit by a linear
regression from which f; is extracted as 30.2 GHz, in
excellent agreement with the value derived from a
linear extrapolation of measured h,; (29.7 GHz; see
Figure 5b). The difference between intrinsic and ex-
trensic values of f; are in line with GFETs characterized
previoulsy in literature,***? indicative of a similar mag-
nitude of parasitic capacitances associated with the
fabrication scheme implemented in this work. Further
improvements to RF performance can be expected
from additional channel length scaling and by mini-
mization of the overlap between source/drain and gate
electrodes, following similar trends for GFETs fabricated
on rigid substrates.'

CONCLUSIONS

In conclusion, flexible GFETs are fabricated from
graphene encapsulated in hBN using a self-aligned
fabrication scheme novel for flexible electronics.
Devices with channel lengths of 2 um demonstrate
exceptional carrier mobility (up to 10000 cm?V~"s™),
high peak transconductance (0.64 mS/um), and satu-
rating /—V characteristics (r, = 2000 Q), representing
record values for any flexible GFET to date. Flexible
GFETs fabricated with channel lengths of 375 nm
demonstrate zge = 2200 cm? V™' s~ and rp = 1325 Q.
Extrinsic cutoff frequencies are f; = 12.0 GHz and f,,,.x =
10.6 GHz, with the ratio of cutoff frequencies approach-
ing unity (fna/fr = 0.9). RF performance is unprece-
dented for a flexible GFET fabricated at this channel
length and only exceeded in devices fabricated at
shorter channel lengths.">*® The outstanding DC and
RF performance is attributed to the enhanced dielectric
environment provided by full hBN encapsulation of
the graphene channel in conjunction with an optimized,
self-aligned device structure. Furthermore, hBN-
encapsulated GFETs demonstrate high mechanical
flexibility with strain limits of at least 1%. These results
demonstrate that hBN is a mechanically robust di-
electric that can afford enhanced electronic charac-
teristics to a wide array of graphene-based, flexible
electronics.

were assembled with a bottom hBN thicknesses of ~20 nm,
top hBN thicknesses of ~10 nm, and graphene of monolayer
thickness.

Following HGH stack preparation, GFETs were fabricated with
top-gate electrodes (1 nm Ti/20 nm Pd/80 nm Au) defined
by electron beam lithography and lift-off. The gate contact pad
was subsequently thickened with a second metal evaporation
(1 nm Ti/50 nm Au). Next, a conformal HfO, dielectric (10 nm
thickness) was grown over the gate electrode by atomic layer
deposition (ALD) at 150 °C. The higher surface activation energy
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of hBN in comparison with that of the metal gate electrode
resulted in a selective ALD deposition;**~*¢ a continuous layer
of HfO, was deposited only on the metal gate electrode but
not on the hBN dielectric surface. These findings are corollary to
previous work demonstrating that chemical functionalization
is prerequisite for successful ALD deposition of dielectrics on
graphene, a molecule which presents an equivalent covalently
bonded and chemically inert surface.'®*

The HGH stack was etched ~10 nm below the graphene layer
in an inductively coupled plasma (ICP) of CHF3 and O, gases.
The top-gate was used as an etch mask, resulting in a channel
geometry both defined by and self-aligned to the gate electrode.
Because HfO, is not etched by the ICP process, the selective
ALD-deposited passivation layer remained covering the gate
electrode. Source and drain electrodes (1.5 nm Cr/20 nm
Pd/80 nm Au) were evaporated to form side contacts with the
graphene channel3® Self-alignment of the source and drain
electrodes was achieved by allowing their overlap with the
gate electrode; selective HfO, passivation of the gate prevents
electrical contact between the overlapping source/drain and
gate electrodes and is thus critical to enabling this self-
aligned fabrication scheme. The contact pad regions of the
source and drain electrodes were thickened by an additional
metal evaporation (1 nm Ti/50 nm Au) to complete device
fabrication.

All dimensions of GFETs and de-embedding structures were
verified by SEM to ensure fidelity of the fabrication process. The
hBN layer thicknesses were determined by atomic force micros-
copy (AFM) measurements. Exfoliated graphene samples were
verified to be a monolayer thick by Raman spectroscopy. After
transfer onto PEN substrates, HGH stacks were confirmed to be
free of structural defects by AFM prior to device fabrication.
Upon completion of GFET fabrication, flexible PEN substrates
were mechanically released from Si handles prior to electronic
characterization.
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