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ABSTRACT: Black phosphorus (BP) has attracted rapidly growing
attention for high speed and low power nanoelectronics owing to its
compelling combination of tunable bandgap (0.3 to 2 eV) and high carrier
mobility (up to ∼1000 cm2/V·s) at room temperature. In this work, we
report the ﬁrst radio frequency (RF) ﬂexible top-gated (TG) BP thin-ﬁlm
transistors on highly bendable polyimide substrate for GHz nanoelectronic
applications. Enhanced p-type charge transport with low-ﬁeld mobility ∼233
cm2/V·s and current density of ∼100 μA/μm at VDS = −2 V were obtained
from ﬂexible BP transistor at a channel length L = 0.5 μm. Importantly, with
optimized dielectric coating for air-stability during microfabrication, ﬂexible
BP RF transistors aﬀorded intrinsic maximum oscillation frequency f MAX ∼ 14.5 GHz and unity current gain cutoﬀ frequency f T
∼ 17.5 GHz at a channel length of 0.5 μm. Notably, the experimental f T achieved here is at least 45% higher than prior results on
rigid substrate, which is attributed to the improved air-stability of fabricated BP devices. In addition, the high-frequency
performance was investigated through mechanical bending test up to ∼1.5% tensile strain, which is ultimately limited by the
inorganic dielectric ﬁlm rather than the 2D material. Comparison of BP RF devices to other 2D semiconductors clearly indicates
that BP oﬀers the highest saturation velocity, an important metric for high-speed and RF ﬂexible nanosystems.
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radio frequency
temperature carrier mobility ∼1000 cm2/(V·s)16 and highly
sensitive thickness-dependent direct bandgap from 0.3 eV
(bulk) to 2 eV (monolayer).17−20
In this work, we present the ﬁrst realization of ﬂexible topgated (TG) BP transistors with intrinsic current gain frequency,
f T ∼ 17.5 GHz and power gain frequency, f MAX = 14.5 GHz
achieved at a channel length L= 0.5 μm. Another device with
the same channel length that aﬀorded intrinsic f T ∼ 20 GHz
provides an indication of the reproducibility of our ﬂexible BP
transistors. Despite the many challenges experienced, such as
lack of precise control of size, thickness and orientation of BP
ﬁlms, and the diﬃculties of device integration on nonatomically
smooth low-thermal budget soft substrates, the compelling
performance obtained from the ﬁrst investigation of BP-based
ﬂexible RF transistors demonstrates the potential for this
emerging 2D layered semiconductor for ﬂexible smart nanosystems. Bending test was conducted to investigate the highfrequency performance of the ﬂexible TG BP transistors with
extrinsic f T measured under tensile strain up to 1.5%, invariably
limited by the relatively stiﬀ high-κ atomic layer deposited
(ALD) dielectrics.12

T

wo dimensional (2D) atomic layered semiconductors
have been widely studied as promising candidates for
ﬂexible nanosystems with functionalities ranging from sensing
to wireless communication owing to their compelling electrical,
optical, and mechanical properties, including ultimate thickness
scalability down to one atomic layer, ideal electrostatic control,
and superior mechanical ﬂexibility with strain limit >20%.1−10
As the most studied 2D layered nanomaterial, graphene with
high carrier mobilities (∼10 000 cm2/(V·s) at room temperature) is most promising for ultrahigh-frequency analog
nanosystems, such as terahertz detectors.10,11 The zero bandgap
semimetal nature of graphene, however, results in low ﬁeldeﬀect modulation and high OFF state current limiting its
applications for logic and low power nanoelectronics. On the
other hand, semiconducting transition metal dichalcoginides
(TMDs) oﬀer sizable band gaps with large ON/OFF current
ratio (∼107) that is favorable for low power electronics and
digital circuits. However, their relatively low room temperature
carrier mobilities (10−100 cm2/(V·s)) limit their prospects for
high-frequency applications.12−15 With the emerging needs for
both high speed and low energy consumption in ﬂexible
nanosystems, few-layer black phosphorus (BP), phosphorene as
its monolayer counterpart, has been rediscovered as a
promising candidate to combine the fast transport of graphene
and the high band gap of TMDs such as high room© 2016 American Chemical Society
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Results. In this work, mechanically exfoliated black
phosphorus ﬂakes with typical thickness of 10−25 nm were
selected as the semiconducting channels. Optical microscopy
image of a typical BP sample is shown in Figure 1a with

established method for determining the optical band gap. hν is
the photon energy, Eg is the optical bandgap, and α is the
absorption coeﬃcient. As shown in Figure 1d, highly bendable
Kapton polyimide (PI) sheets ∼125 μm thick were adopted as
the substrate for the ﬂexible BP transistors with double sided
solution-based PI thin ﬁlm coating and curing process applied
to smoothen the substrate to about 1 nm surface roughness.10,12,24 A 25 nm Al2O3 dielectric thin ﬁlm was then
deposited using atomic layer deposition (ALD) at 250 °C on
top of the PI substrate to provide (i) a high-k environment for
enhancing carrier mobility by suppressing charge impurity
scattering,12,25 and (ii) better adhesion between the BP channel
material and the substrate.
To fabricate the ﬂexible TG BP transistors as illustrated in
Figure 2a, the source and drain metal contacts were deﬁned by
electron beam lithography (EBL) followed by electron beam
evaporation of Ti/Au = 1.5 nm/50 nm with Au selected to
enhance the p-type transport due to its relatively large work
function.26 Subsequently, 25 nm of Al2O3 was deposited again
at 250 °C to serve as the high-κ top-gate dielectric. TG
electrodes were formed by EBL followed by e-beam
evaporation of Ti/Au = 1.5 nm/50 nm. Here, a dual-ﬁnger
TG structure with an underlap conﬁguration was adopted to
enhance the current transport as well as to reduce parasitic
capacitance between TG and S/D electrodes.10,12,27 In order to
preserve the pristine electrical properties of the ﬂexible TG BP
transistors, ambient exposure time of hygroscopic BP
channel28,29 was minimized during the aforementioned nanofabrication process by (i) immediate poly(methyl methacrylate)
(PMMA) coating after the exfoliation of the BP ﬂakes onto the
ﬂexible PI substrate, where PMMA layer functions as both an
eﬀective encapsulation layer for BP characterization and the ebeam resist for subsequent device fabrication, and (ii)
immediate ALD deposition of 25 nm Al2O3 after S/D metal
liftoﬀ process, where the Al2O3 layer functions as both TG
dielectric and the encapsulation layer.26,28,29
Enhanced p-type current transport was obtained from the
DC characteristics of the ﬂexible TG BP transistors as shown in
Figure 2b,c. The transport measurements were conducted using
a Cascade probe station and an Agilent 4156 semiconductor
parameter analyzer. Low-ﬁeld hole mobility μp ∼ 233 cm2/V·s
was extracted using the Y-function method30 from the transfer
characteristics, as shown in Figure 2b, which is comparable with
prior works of bottom-gated (BG) ﬂexible BP transistors26 and
TG BP transistors on rigid Si substrates.27 The contact

Figure 1. (a) Optical image of multilayer BP ﬂake with uniform
thickness of 13 nm as determined by AFM shown as the red line. (b)
Raman spectrum of a typical BP ﬂake with incident laser polarization
within a close aﬃnity to AC and ZZ directions, respectively. A 532 nm
green laser was used to obtain the Raman spectrum. (c) A
representative Tauc plot for estimating the optical bandgap, which
conﬁrms a gap of ∼0.3 eV in the bulk limit. Insert is the absorption
coeﬃcient of BP derived from Fourier transform infrared (FTIR)
spectrum. (d) Picture of fabricated ﬂexible TG BP devices on highly
bendable PI substrate.

uniform thickness ∼13 nm veriﬁed by atomic force microscopy
(AFM). The crystalline nature of BP was veriﬁed by Raman
spectroscopy with incident laser (λ = 532 nm) polarized along
both armchair (AC) and zigzag (ZZ) directions, as shown in
Figure 1b, where the ratio among characteristic peaks of Ag1,
B2g, and Ag2 clearly indicates the in-plane orientations.18,21 For
exfoliated BP ﬂakes with thickness more than 10 nm, the
theoretical bandgap is ∼0.3 eV,19 which is conﬁrmed in Figure
1c by Fourier transform infrared (FTIR) spectroscopy that is
represented as a Tauc plot ((αhν)2 = hν − Eg),22,23 an

Figure 2. Flexible top-gate BP transistor structure and DC performance at 300 K. (a) Illustration of ﬂexible TG BP transistor. Dual-ﬁnger TG
structure was adopted with Ti/Au = 1.5 nm/50 nm as both the source/drain and gate electrode stack. Twenty-ﬁve nanometer Al2O3 was employed
as the TG dielectric as well as the protection layer for air stability. (b) Transfer characteristics of fabricated device featuring high-mobility p-type
charge transport. VDS = −0.1 V. The extracted low-ﬁeld hole mobility ∼233 cm2/V·s. (c) Output characteristics of the same device showing soft
current saturation. The W/L = 10.8 μm/0.5 μm, and ﬂake thickness is 13 nm.
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resistance, Rc ∼ 4.5−6.7 kΩ·μm was also extracted simultaneously via Y-function method,30 which is ∼1/3 of the total
channel resistance Rtotal ∼ 16−17 kΩ·μm, and as such it is not
the dominant factor in charge transport. The current
modulation is within 102 and agrees well with our prior studies
of BP transistors fabricated from ﬂakes with thickness around
13 to 15 nm.26,28 The relatively low current modulation is
attributed to ﬁxed surface charge induced by the ALD top gate
dielectric deposition process31 and the small band gap (∼0.3
eV) of the relatively thick 13 nm BP ﬂake.32 The transconductance (gm) of the same device under drain bias of VDS =
−0.1 V is shown in the Supporting Information Figure S1 with
peak value gm ∼ 56.7 μS obtained at VGS = −0.72 V. The high
mobility value and transconductance obtained from this ﬁrst
realization of ﬂexible top-gate BP transistors indicate strong
potential for higher frequency applications beyond TMDs.
The output characteristics of the same ﬂexible TG BP
transistor are shown in Figure 2c. The highest current density
obtained from the output characteristics is ∼100 μA/μm under
bias conditions of VDS = −2 V and VGS = −2.3 V. The output
current saturation, however, was not as strong as our prior
study of ﬂexible BG BP transistors,26 which we attribute
primarily to contact resistance Rc resulting from the ungated
access region in this underlap TG conﬁguration.10,27,33 This has
been previously shown to have the eﬀect of obscuring current
saturation in 2D devices.34,35 Therefore, with optimized selfaligned TG structure the access region will be reduced and
enhanced current saturation can be expected.
The high-frequency performance of ﬂexible TG BP
transistors was characterized using standard S-parameter
technique with Cascade electrical probe station and an Agilent
Vector Network Analyzer (VNA-E8361C) up to 30 GHz. GSG
probing pads were adopted in the design of ﬂexible TG BP
transistors to ensure high-frequency signal ﬁdelity. Gate and
drain were selected as the pair of transmission electrodes,
whereas the source functioned as the ground electrode. To
calibrate-out the response of the GSG radio frequency probes
and cables the standard processes of short, open, load, and
through were followed strictly before moving to the ﬂexible BP
transistors.
Unity current gain (|h21|) cutoﬀ frequency, f T, is one of the
most important ﬁgure-of-merit to evaluate the high-frequency
prospects of transistor devices.10,27,36 In this work, ﬂexible TG
BP transistors with channel length of L = 1, 0.5, 0.25 μm were
investigated with the DC characteristics for typical devices of L
= 1 μm and L = 0.25 μm shown in the Supporting Information
Figures S2 and S3, respectively. Here in this work, the physical
gated length was taken to be the electrical channel length,
which is reasonably justiﬁed because Schottky barrier widths at
the contacts, typically on the order of nanometers, are much
smaller than our fabricated device dimensions.37 With much
shorter Schottky barrier width than the physical (gated)
channel length expected in our underlap ﬂexible BP RF device
structure, the transistor performance is governed by classical
drift-diﬀusive transport and is not a Schottky-barrier FET.38
Analysis of the Schottky barrier width of the ﬂexible BP
transistor is presented in the Supporting Information. Strong
current saturation is observed in the output characteristics of
the device with L = 1 μm. The statistics of extrinsic f T
measured for the ﬂexible TG BP transistors with all three
channel lengths are shown in Figure 3a. Here, we attribute the
observed extrinsic f T variations within devices of the same
channel length to be due to both extrinsic factors, such as

Figure 3. High-frequency performance of ﬂexible top-gate BP RF
transistors. (a) Statistics of extrinsic cutoﬀ frequency of ﬂexible BP RF
transistors with channel lengths of 0.25, 0.5, and 1 μm. The sources of
device-to-device variation include extrinsic contributions (e.g., contact
resistances and parasitic capacitances) and intrinsic contributions such
as the anisotropic orientation dependence that is unique to BP.
Further research is warranted to minimize device to device variations
in emerging 2D materials. (b) Analysis of mechanical robustness of
ﬂexible TG BP transistor with normalized extrinsic f T measured under
uniaxial tensile strain up to 1.5%. All RF measurement was done ex situ
at 300 K. Blue dash line is a visual guide.

contact resistance and parasitic capacitances, and intrinsic
factors such as thickness variations17,18,20 and the strong inplane anisotropic electrical transport of BP, where the
saturation velocity vsat is theoretically projected to vary by a
factor of 2 between the ZZ and AC crystallographic
orientations.39 The latter is a unique property of BP and
hence it is worthwhile to further elaborate on its impact on f T.
Because f T ∝ vsat for RF devices biased under high lateral
electrical ﬁeld condition, the orientation dependent intrinsic f T
can be expressed as f T = vsat,AC(1 + cos2 θ)/4πL, where vsat,AC is
the eﬀective saturation velocity along the AC direction, and θ is
the in-plane angle between the transport direction and the AC
direction. As such, the orientation dependence is expected to
result in a two-fold intrinsic f T device-to-device variation in
randomly oriented BP RF devices. Further research on device
statistics will be most beneﬁcial in elucidating the variation
imposed by this unique in-plane anisotropy present in BP and
minimizing both the extrinsic and intrinsic sources of device
variability. Additional high-frequency results of device with
channel length of L = 0.25 μm are available in the Supporting
Information Figure S4.
In addition to the high-frequency performance, the
mechanically robustness of the ﬂexible BP transistors was
investigated by ex situ f T measurements under tensile strain (ε)
up to 1.5%. The tensile strain is computed by ε = t/(2r), where
t is the overall thickness of PI substrate, and r is the bending
radius.10,26 For our ﬂexible BP devices, t = 150 μm and the
bending radius was reduced from 9 mm down to 5 mm, which
corresponds to tensile strain up to 1.5%. A typical ﬂexible BP
transistor with channel length L = 0.5 μm was chosen for this
study. As is demonstrated in Figure 3b, the extrinsic f T
normalized to the nonstrained value was investigated as tensile
strain increased up to 1.5%. Strong mechanical robustness was
veriﬁed with slight performance degradation less than 7% with
ε applied up to 1.2%, and the trend is consistent with our
previous study on the strain eﬀect on carrier mobility and ON
state current of ﬂexible bottom gated BP transistors.26 With
strain increased to 1.5%, much severe performance degradation
was observed mainly due to the fracture toughness limitation of
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∼7 GHz. After de-embedding the eﬀect of parasitic
capacitances and resistances from the device structure, the
intrinsic f T value was extracted ∼17.5 GHz. As shown in Table
1, this intrinsic f T obtained from the ﬂexible TG BP transistors
is 45% higher than the prior works by Wang et al.,27 although
the prior work was on rigid substrate. To exclude channel
length dependence for comparison and circuit design purposes,
a channel length normalized metric f TL was selected to evaluate
the high-frequency prospects as listed in Table 1. For RF
devices operating in high lateral ﬁeld region, f T is limited by
saturation velocity, which is directly proportional to f TL, f TL =
vsat/2π. In this work, vsat is deﬁned as the eﬀective saturation
velocity due to the nonuniform lateral ﬁeld distributed along
the channel.41,42 We consider the channel length as the physical
gated length for the estimation of the eﬀective saturation
velocity. For the best ﬂexible TG BP device reported in this
work, an intrinsic f TL= 8.75 GHz·μm was obtained, which is
more than two times higher than that reported for BP RF
transistor on a Si substrate.27 A similar improvement was
obtained for the vsat ∼ 6 × 106 cm/s. We attribute this
improvement to the optimized fabrication process including
minimized ambient exposure time as well as hydrophobic
encapsulation, which eﬀectively preserves the electrical
performance of ﬂexible BP thin ﬁlm transistors.
Another key metric for evaluating the high-frequency
performance of transistors is the maximum oscillation
frequency, f MAX, which is deﬁned as the frequency of unity
power gain. While f T is closely related to the intrinsic speed
performance of mixed-signal and analog transistor circuits, f MAX
is regarded as an upper limit for RF circuits where input and
output are often investigated in terms of signal power.36 For
this purpose, we investigated both the extrinsic and intrinsic
f MAX extracted from the unilateral power gain, U, as shown in
Figure 4b. From Figure 4b, the extrinsic and intrinsic f MAX were
extracted to be 10.3 and 14.5 GHz, respectively, which validates
the potential for BP-based ﬂexible RF nanosystems. The
reproducibility of our ﬂexible TG BP transistors is discussed in
the Supporting Information Figure S5 and S6 where another
device with channel length of L = 0.5 μm aﬀords intrinsic f T ∼
20 GHz and f MAX ∼ 11 GHz.
An insightful comparison of the high-frequency performance
metrics of f T, f MAX, f TL and vsat among widely studied thin ﬁlm
nanomaterials including BP, few-layer MoS2, indium gallium
zinc oxide (IGZO), and poly-Si are listed in Table 1. Flexible
top-gate BP transistor demonstrated the highest intrinsic f T
value of ∼17.5 GHz with channel length of L = 0.5 μm. The

high-κ dielectric.12 This result agrees well with our recent study
on BG ﬂexible BP transistors, where 25 nm Al2O3 was adopted
for both bottom gate dielectric and BP channel encapsulation
layer.26 Similarly in this work, ALD Al2O3 was adopted for TG
dielectric, with critical strain that is ∼2%.10,12,26 In order to
further enhance the mechanical robustness of our ﬂexible BP
transistors, optimization of device structure by substituting
high-κ dielectric with h-BN1 or nanoscale polymer dielectric40
are potential solutions.
To further evaluate the potential of high-frequency ﬂexible
TG BP transistors, the intrinsic high-frequency performances of
the BP active region were determined through standard open
and short de-embedding process.10,27 It is worth noting that the
channel semiconductor was absent in the open and short
structure. As a result, the metal−BP interface and ungated
access regions that comprise the contact resistance are not deembedded, hence, the extracted intrinsic high-frequency
metrics are a conservative or lower estimate of the BP
semiconductor performance on ﬂexible substrate.36 We present
the high-frequency performance obtained from a typical ﬂexible
TG BP transistor with channel length of L = 0.5 μm, the DC
performance of which is shown in Figure 2b,c. To achieve
maximum carrier transport, VDS = −1.8 V was applied to induce
high lateral electrical ﬁeld. The ﬂexible TG BP transistor was
biased near its peak transconductance (gm,max) point where VGS
= −3.7 V. As presented in Figure 4a, the extrinsic f T value was

Figure 4. Radio-frequency performance of the same ﬂexible BP RF
transistor shown in Figure 2 with GHz f T. (a) Short-circuit current
gain |h21| before (extrinsic) and after (intrinsic) standard deembedding. Extrinsic and intrinsic cutoﬀ frequency f T were extracted
as 7 and 17.5 GHz, respectively. (b) Unilateral power gain, U,
featuring extrinsic and intrinsic f MAX ∼ 10.3 and 14.5 GHz,
respectively. Channel length is 0.5 μm.

Table 1. High-Frequency Performance Comparison of Widely Studied 2D and Thin Film Transistors in Ambient Condition at
300 K
f T (GHz)
this work
ref 27
ref 43
ref 44
ref 45
ref 46
ref 47
ref 48
ref 49
a

f MAX (GHz)

material

sub

L (μm)

ext

int

ext

int

vsata (106 cm/s)

f T, Int·L (GHz·μm)

BP
BP
MoS2
MoS2
IGZO
Poly-Si
graphene
graphene
InAs

PI
Si
PI
PI
glass
Si
glass
PET
PI

0.5
0.3
0.068
0.5
1.5
0.2
0.14
0.2
0.075

7
8
4.7
2.7
0.384

17.5
12
13.5
5.6

10.3
12
5.4
2.1
1.06

14.5
20
10.5
3.3

5.5
2.3
0.58
0.85
0.38
0.2
8.36
8.05
4.95

8.75
3.6
0.92
1.35
0.58
0.32
13.3
12.8
7.87

6
32
9.38

1.1
95
64
105

1.6
20
10.5

34
22.9

Experimental vsat in this table is the eﬀective saturation velocity or highest achieved velocity.
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extracted saturation velocity is ∼6 × 106 cm/s, which is more
than 1 order of magnitude higher than the eﬀective velocities
achieved for MoS2, IGZO, and poly-Si.43−46 As for the
maximum oscillation frequency, the ﬂexible TG BP transistor
demonstrated f MAX ∼ 14.5 GHz, which is much higher than
those reported for TMDs (e.g., MoS2), IGZO, and poly-Si
which are among the most studied thin ﬁlm materials for
ﬂexible electronics. In addition, graphene and InAs-based
ﬂexible transistors are also included in Table 1 for
comprehensive benchmarking of the state-of-the-art ﬂexible
high-frequency transistors. However, graphene is rather limited
in terms of low power electronic applications due to its lack of a
bandgap, and InAs III−V thin-ﬁlm is intrinsically of limited
mechanical ﬂexibility owing to its low strain limit.1,47−49 From
this comparison, BP is an outstanding nanomaterial for ﬂexible
RF nanosystems and applications.
Conclusion. In this work, we present ﬂexible top-gated BP
transistors with high-frequency performance including record
intrinsic f T ∼ 17.5−20 GHz, intrinsic f MAX ∼ 14.5 GHz, and
high experimental saturation velocity ∼6 × 106 cm/s. The
eﬀects of the native in-plane anisotropy in BP was considered in
the understanding of the channel length dependence suggesting
an intrinsic 2-fold device-to-device variation in the eﬀective
saturation velocity and the intrinsic f T. The mechanical
robustness of our ﬂexible BP RF transistors was investigated
through ex situ f T measurements under tensile strain up to
1.5%. Our results indicate that BP oﬀers the highest charge
velocities and higher-frequency performance compared to other
2D layered semiconductors with a natural band gap making it
arguably the most promising layered material for ﬂexible RF
nanosystems.
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