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well-known TMDs because of the ease in 
fi nding natural molybdenite crystals. [ 2,6 ]  
Although there are a few reports about 
p-channel MoS 2  (FETs), [ 7–10 ]  MoS 2  gener-
ally is n-doped, which makes it diffi cult to 
integrate both devices with p- and n-type 
conduction on the same fl ake. [ 11–15 ]  On the 
other hand, WSe 2 , another member of the 
TMD family has ambipolar conducting 
properties, which has resulted in a lot of 
attention recently. [ 16–20 ]  This important 
property of WSe 2  promises the possibility 
for designing and fabricating integrated 
circuits on a single WSe 2  fl ake assuming 
both n-and p-type WSe 2  devices can be 
achieved by gate patterning with good 
performances and ambient stability. [ 21,22 ]  
So far, high electron and hole mobilities 
have been reported respectively from n- and 
p-type WSe 2  bottom-gate FETs, which 

were fabricated with proper metal contact and chemical doping 
methods. [ 1   ,   23–29 ]  Yet, the two practical issues with their ambient 
stability and gate patterning remain unresolved, although some 
groups have demonstrated air-stable, p-doping up to the degen-
erate limit. [ 26,27 ]  In particular, studies on gate-patterned p-type 
WSe 2  FETs are still rare for both top- or bottom-gated devices, 
although gate-patterned FETs are a stepping-stone to realize 
integrated devices (see Table S1 in the Supporting Information 
for details). 

 In the present study, we have attempted a novel approach to 
achieve ambient, stable, high-performance, top-gate, patterned 
WSe 2  FETs both on SiO 2 /p + -Si and glass substrates. For this, 
we used a bilayer gate dielectric composed of high- k  Al 2 O 3  and 
a low-k organic fl uoropolymer (Cytop) layer, which are respec-
tively used for channel charging and as protection buffer. Using 
only a high- k  Al 2 O 3  as the top-gate dielectric has been known 
to degrade the electrical properties of p-channel WSe 2  FETS 
because of two major problems: The fi rst relates to the fact that 
some of the hydrogen atoms (H) diffuse from the high- k  Al 2 O 3  
into the WSe 2  channel during the atomic layer deposition (ALD) 
process, and the second is the occurrence of surface optical 
phonon scattering, which is enhanced by the high- k  dielectric 
but the scattering can be attenuated by a low-k buffer. [ 30 ]  There-
fore, considering those two particular problems motivated us to 
investigate a thin low- k  Cytop polymer as a proper buffer layer 
between the high-k Al 2 O 3  and the WSe 2  channel. As a result, 
we realized a top-gate-patterned 2D WSe 2  FET on glass, which 
demonstrated a maximum hole mobility of 100 cm 2     V −1  s −1  and 
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  1.     Introduction 

 As the scaling down of silicon-based metal-oxide-semiconductor 
fi eld-effect transistors (MOSFETs) has almost reached its limit 
(<5 nm), [ 1 ]  researchers have recently explored alternative atomi-
cally thin materials with large bandgaps and high mobility. 
In this context, semiconducting transition metal dichalcoge-
nides (TMDs) have attracted much attention. TMDs not only 
have “graphene-like” properties, such as relatively high carrier 
mobility, mechanical fl exibility, and chemical/thermal stability, 
but also exhibit “graphene-unlike” properties because of their 
discrete bandgap, [ 2,3 ]  which may induce clear on/off switching 
behavior in devices. Because of their extreme scalability down 
to the monolayer and their van der Waals epitaxial structure 
without surface dangling bonds, TMD-based fi eld-effect transis-
tors (FETs) are immune for the short-channel effect and also 
show hardly any carrier-mobility degradation by surface oxida-
tion-induced scattering. [ 4,5 ]  MoS 2  is probably one of the most 
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an  I  ON / I  OFF  ratio of >10 7  at a low gate voltage ( V  GS  ca. −4 V) and 
a drain voltage of  V  DS  = −1 V. Our device maintained its initial 
properties without signifi cant changes under ambient air with 
a relative humidity of 45% for 7 days after device fabrication.  

  2.     Results and Discussion 

 A 3D schematic of our top-gate FET is shown in  Figure    1  a, 
where the mechanically exfoliated WSe 2  fl ake and the Pt source/
drain (S/D) electrodes are displayed. We used a 20 nm-thin 
Cytop low-k organic layer to cover the whole area of the WSe 2  
fl ake, which works as a buffer; a 30 nm-thick Al 2 O 3  was ulti-
mately deposited on the Cytop/WSe 2  by atomic layer deposition 
(ALD) for passivation and to achieve the high- k  gate dielec-
tric. As Cytop is known to have internal dipoles formed by 
the C–F bonds typically for fl uoropolymers, as shown in the 
inset of Figure  1 a, such dipoles in Cytop will infl uence any 
thin p-channel WSe 2  beneath in an electrostatic way. Here, we 
selected two WSe 2  nanofl akes with different thicknesses (4- and 
9-layer (L), measured by atomic force microscopy (AFM)) as 
shown in Figure  1 b,c. The insets of Figure  1 b and c show the 
optical images of 4L (3 nm) and 9L (6 nm) fl akes, which were 
taken before Cytop passivation.  Figure    2  a shows the drain cur-
rent–gate voltage ( I  D – V  GS ) transfer curves of a bottom-gate FET 
with a 4L-thin WSe 2  channel on 285 nm-thick SiO 2 /p + -Si. In 
the pristine FET after rapid thermal annealing (RTA), the on-
current of the 4L WSe 2  FET was around 7 µA. The on-current 
increased to more than 15 µA if a Cytop layer was deposited on 

top of the same bottom-gate FET with thin WSe 2  channel, and a 
large threshold voltage ( V  th ) shift of (+) 11 V was also observed. 
This can be ascribed to the fact that our Cytop fl uoropolymer 
intrinsically has electric dipole-containing C–F bonds that can 
cause hole accumulation near the Cytop/WSe 2  interface. [ 31 ]  
As a result, the on-current of the p-channel 4L-thin WSe 2  FET 
increased, as was also supported by the  I  D – V  DS  output curves 
in Figure  2 b, and it eventually causes the fi eld-effect linear 
mobility to increase (from 60 to 80 cm 2  V −1  s −1  as seen in 
Figure  2 c). As a linear and symmetric output curve in  V  DS  = ±1 V 
usually indicates an ohmic contact between the source/drain 
and the channel, [ 1 ]  the linear mobility (µ) could be extracted 
from the transfer curve using the well-known equation 
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 where  g  m  is the transconductance,  C  ox  is the dielectric capaci-
tance (12.1 nF cm −2 ), and  W  and  L  are the channel width and 
length, respectively. However, such dipole-induced effects 
become minimal as a thick layer of WSe 2  is used. According 
to the transfer and output curves of the 9L-thick WSe 2  FET 
in Figure  2 d,e, the Cytop deposition induces only a little 
increase in  I  D  and the fi eld-effect mobility remains the same 
(150 cm 2  V −1  s −1 ) for both the FET with and without the Cytop 
layer (Figure  2 f). Compared to the 4L-thin WSe 2  FET, the 
9L-thick WSe 2  FET initially showed a much higher on-current 
of around 30 µA because the thick WSe 2  already has enough 
hole carriers, whose total number does not increase much by 
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 Figure 1.    p-type WSe 2  top-gate FET: a) Schematic 3D view to show the inside of the top-gate FET with the bilayer Cytop/Al 2 O 3  gate dielectric. b,c) AFM 
line profi les showing the thicknesses (3 and 6 nm, respectively) of the WSe 2  fl akes as FET channels along with their optical images (insets).
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Cytop capping. By the way, this thickness-dependence behavior 
of the mobility is in agreement with a previous report on a 
bottom-gate FET with a 2D layered channel. [ 32–35 ]  It should be 
noted that the drain current in the transfer and output curves 
in all fi gures are normalized to the  W / L  ratio of the WSe 2  fl akes 
for better comparison.   

 In the next step, we deposited a 30 nm-thick Al 2 O 3  layer as a 
high- k  dielectric on top of the Cytop layer prior to the fi nal top-
gate electrode processing, and also examined the bottom-gate 
FET behavior using the oxide/Cytop bilayer. According to the 
transfer, output, and mobility behavior of the bottom-gate FETs 
with bilayer passivation as shown in  Figure    3  a–f, almost the 
same curves were obtained as those of Figure  2 a–f for the FETs 
with only a single Cytop capping layer, regardless of the WSe 2  
channel thickness. The mobility value slightly changed under 
the bilayer capping, but those changes were quite minimal. The 
more important fi nding was that Cytop functioned as a buffer 
layer to protect the WSe 2  channel from ALD processes and 
enable a high- k  Al 2 O 3 , as clearly noted in Figure  3 a; Al 2 O 3  pas-
sivation alone could not stop the degradation of the electrical 
properties of the p-type WSe 2  FET. The output curves of our 
p-channel FET without a Cytop buffer showed only 40 nA as the 
 I  D  current in the inset of Figure  3 b, thus giving rise to only 
a minimal mobility value, which was less than 1 cm 2  V −1  s −1  
(inset of Figure  3 c). We now suspect that the ALD-induced 
H atoms diffuse into the WSe 2  layer and react with the Se 
atoms to degrade the WSe 2  quality. However, in bottom-gate, 
n-channel WSe 2  FETs prepared with a Ti/Au contact instead of 
Pt, after passivation the diffusion of such H atoms during ALD 

processes improve the  I  D  current, as shown in Figure S1 in the 
Supporting Information. It thus seems that the diffused H may 
introduce additional charge traps, [ 2,36,37 ]  such as Se vacancies, 
due to a chemical reaction of H 2 Se, [ 38 ]  whereas a thin layer of 
Cytop protects the channel from H diffusion to a degree. But 
more detailed studies are needed in the future to investigate 
this.  

 The bottom-gate FETs with 4L and 9L WSe 2  in Figure  3 a–f 
were then converted into top-gate, p-channel FETs by pat-
terning a Au gate electrode on top of the Al 2 O 3 /Cytop bilayer, 
as is shown in the inset of  Figure    4  c, and the electrical behavior 
of such top-gate FETs are displayed in Figure  4 a–f. Due to the 
bilayer high dielectric-related capacitance (ca. 59 nF cm −2  ,  as 
calculated from the dual-gate structure; [ 39 ]  see Figure S2, Sup-
porting Information for details), a low gate voltage operation 
at around 4 V should be possible for these top-gate FETs as 
opposed to the high operation voltage of around 40 V needed 
for bottom-gate FETs (low dielectric capacitance of 12 nF cm −2 ). 
The top-gate FET with a 4L WSe 2  channel showed a lower cur-
rent of around 1 µA than the 2.5 µA obtained for the 9L WSe 2  
FET, whereas both FETs displayed a similar  V  th  near 0 V and 
high on/off  I  D  ratios of over 10 6  ( I  ON / I  OFF  > 10 6  for 4L FET 
and  I  ON / I  OFF  > 10 7  for 9L FET at  V  DS  = −1 V). The maximum 
linear fi eld-effect mobility of the FET with a 4L WSe 2  channel 
was around 6 cm 2  V −1  s −1 , whereas that of FET with a 9L WSe 2  
channel was around 25 cm 2  V −1  s −1 . A slight mobility degrada-
tion at high-gate electric fi elds ( V  GS  = −4 V) was observed for 
the 4L FET whereas the 9L FET did not show such degrada-
tion. This is probably because the charge scattering near the 
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 Figure 2.    a–c) Transfer, output, and mobility curves of a bottom-gate FET based on a 4L WSe 2  fl ake. d–f) Transfer, output, and mobility curves of 
bottom-gate FET based on a 9L WSe 2 . The red lines show the device properties before Cytop passivation whereas the black dashed line indicates the 
properties after Cytop passivation. The drain current in the transfer and output curves was normalized to the  W / L  ratio of the WSe 2  fl akes for com-
parison purposes.
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 Figure 4.    a–c) Transfer, output, and mobility curves of a top-gate FET with a 4L WSe 2  channel. The inset in (c) shows the optical image of our top-gate 
FET with the bilayer dielectric, which was fabricated on SiO 2 /p + -Si. d–f) Transfer, output, and mobility plots of the top-gate FET based on a 9L WSe 2 .

 Figure 3.    a) Transfer curve of a 4L WSe 2  bottom-gate FET after Al 2 O 3  passivation with and without a Cytop buffer layer. b) Output curves of a 4L WSe 2  
bottom-gate FET with Cytop buffer and Al 2 O 3  passivation. Inset: output curves of a 4L WSe 2  bottom-gate FET with Al 2 O 3  passivation only. c) Mobility 
of a 4L WSe 2  bottom-gate FET with Cytop buffer and Al 2 O 3  passivation. Inset: mobility of the 4L WSe 2  bottom-gate FET without Cytop buffer layer but 
Al 2 O 3  passivation only. d–f) Transfer, output, and mobility plots of a bottom-gate FET based on a 9L WSe 2  with Cytop buffer and Al 2 O 3  passivation.
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channel/top dielectric interface was more of a problem in the 
thinner fl ake 2D channel than in the thicker one under high-
gate fi elds; as a thicker channel is more conductive and induces 
less charge-scattering below the charge-accumulation layer near 
the interface under a high-gate induced electric fi eld. [ 33 ]   

 As the mobility and the  I  ON / I  OFF  properties were higher in 
the FETs with thicker WSe 2  channels for both the bottom-gate 
and top-gate FETs, we then used the 9L WSe 2  FET to repeat 
the top-gate FET fabrication on a glass substrate (see the image 
in  Figure    5  d), and simultaneously to examine the ambient air 
stability of our top-gate FETs. According to Figure  5 a–c, the 
transfer, output, and mobility behavior of the top-gate 9L WSe 2  
FET on a glass substrate is quite similar to the behavior of 
the FET on a SiO 2 /p + -Si substrate (see Figure  4 d–f), showing 
a mobility of around 23 cm 2  V −1  s −1 . We measured the aging 
properties of this device for a duration of 10 days in ambient air 
with a relative humidity of 45%. For the fi rst 7 days, the  V  th  of 
the FET barely changed, as seen in the transfer curves, although 
a slight increase in  I  D  was observed in the output curves along 
with a small increase in the mobility (up to ca. 30 cm 2  V −1  s −1 ). 
However, a clear 1 V shift of  V  th  toward the more positive side 
was seen after 10 days of aging in ambient air, which brought 
about an obvious increase in  I  D  of about three times and a 
mobility increase to 36 cm 2  V −1  s −1 . The reason for the increase 
in the  I  D  current during aging, may be the W oxidation-induced 

p-doping by oxygen atoms, [ 40 ]  which can diffuse through the 
layer in spite of our bilayer passivation; such hole-density 
increase due to oxygen diffusion has been reported before for 
p-type, organic, top-gate FETs with the same bilayer gate die-
lectric. [ 41–44 ]  However, we believe that further studies such as 
Raman spectroscopy characterizations are required to verify 
this issue for 2D-layer TMDs based on WSe 2  and we may con-
clude that our Al 2 O 3 /Cytop bilayer was very helpful indeed but 
not absolutely perfect for passivating the WSe 2  surface.  

 As a fi nal experiment to maximize the mobility of our 2D top-
gate WSe 2  FETs on glass (see image in the inset of  Figure    6  c), 
we made FETs with even thicker WSe 2  fl akes. According to the 
transfer, output, mobility, and AFM data in Figure  6 a–d, the 
thickness of the 2D channel was around 8 nm (12 L), and the 
on-current and mobility of this FET were respectively 20 µA and 
100 cm 2  V −  1  s −1  at  V  DS  = −1 V. Such a high mobility has rarely 
been reported for top-gate WSe 2  FETs at low  V  GS , and we rec-
ognize that the 12L-thick WSe 2  channel induced an  I  D  that was 
an order of magnitude higher than that of the 9L-thin WSe 2  
FETs. This increase in  I  D  can be attributed to the thicker hole-
conducting channel although such thick channels also cause 
more positive  V  th  (3 V) values and larger subthreshold swing 
values (400 mV dec −1 ) as were seen in the 12L-thick WSe 2  
FET as opposed to those of the 9L-thin WSe 2  device (−0.5 V, 
200 mV dec −1 ). According to recent results in the literature, 12L 
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 Figure 5.    a–c) Transfer, output, and mobility behavior of the top-gate 9L WSe 2  FET on a glass substrate. The green lines indicate the electrical property 
of the pristine device whereas the black and red lines show the properties of the same device 7 and 10 days after fabrication, respectively. d) Photog-
raphy image of the top-gate FET fabricated on a glass substrate.
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might be an optimal thickness for the WSe 2  channel in a bottom-
gate FET, [ 35 ]  which may work in top-gate WSe 2  FETs as well. To 
show more practical applications of this FET, we set up a logic 
inverter using a 10 MΩ external resistor, and measured the voltage-
transfer curves (VTC), plotting the voltage gain (max. gain around 
2.5), as shown in Figure  6 e. A dynamic input voltage switching 
was observed with the inverter circuitry shown in the inset of 
Figure  6 e. According to the time-domain plot in Figure  6 f, the 
dynamic switching at 100 Hz showed the full −2 V output signal 
in 2 ms, measured at a supply voltage  V  DD  of −2 V with a square 
wave input voltage  V  IN  between +4 V (max) and −4 V (min). 

    3.     Conclusion 

 We have fabricated a p-type, WSe 2  top-gate FET using a bilayer 
gate dielectric composed of a high- and low- k  dielectric both 
on SiO 2 /p + -Si and glass substrates. Using only a high- k  Al 2 O 3  
layer as the top-gate dielectric generally degrades the electrical 
property of p-channel WSe 2  FETs. Therefore, we depos-
ited a thin fl uoropolymer as a buffer layer to protect the 2D 
channel from the high- k  oxide forming process. As a result, we 
successfully realized a top-gate-patterned 2D WSe 2  FET. Our top-
gate, p-channel WSe 2  FET demonstrated a high hole mobility 
of 100 cm 2     V −1  s −1  and an  I  ON / I  OFF  ratio of >10 7  at a low gate 
voltage  V  GS  of −4 V and a drain voltage  V  DS  of −1 V on a glass 

substrate. Furthermore, the top-gate FET showed a very good 
stability in ambient air with a relative humidity of 45% for 
7 days after device fabrication. We conclude that our approach 
of using a high- k  oxide/low- k  organic bilayer dielectric for top-
gate, p-channel, WSe 2  FETs may show the way for future elec-
tronic nanodevices and their integration.  

  4.     Experimental Section 
  Device Fabrication : To fabricate the p-type WSe 2  top-gate FET, we 

used a bilayer gate dielectric composed of a high- and low- k  dielectric. 
A p + -Si/SiO 2  wafer was ultrasonically cleaned in acetone, methyl alcohol, 
and de-ionized water, to be used as a substrate. Bulk WSe 2  crystals were 
exfoliated by adhesive tape (known as micromechanical exfoliation) on 
either a 285 nm-thick SiO 2 /p + -Si or glass substrate. Tape residue was 
removed by soaking in acetone, followed by a methyl alcohol rinse, and 
drying under a N 2  fl ow. Then we searched for appropriate few-layer WSe 2  
fl akes using an optical microscope. In fact, each fl ake shows a distinctive 
optical contrast depending on the layer thickness, as shown in the 
optical microscopy (OM) images that are inserted in Figure  1 b,c. The 
S/D electrodes were patterned using a conventional photolithography 
process. Then, to form the universal back-gate FETs a 25 nm-thin Pt and a 
25 nm-thin Ti layer (Ti/Pt) were deposited on the WSe 2  (Pt–WSe 2  contacts) 
as the ohmic source–drain (S/D) contacts using DC magnetron 
sputtering. For the lift-off process, acetone and lift of layer (LOL) remover 
were used, followed by rapid thermal annealing (RTA) at 250 °C for 
10 minutes to make the ohmic connection for p-type FETs. After source/
drain fabrication, a 20-nm thick conventional fl uoropolymer Cytop (Asahi 

 Figure 6.    a) Transfer curve of a top-gate 12L WSe 2  FET on a glass substrate at  V  DS  of −0.1, −0.5, and −1 V. b) Output and c) mobility plots of a top-gate 
12L WSe 2  FET on a glass substrate. The inset in (c) is an optical image. d) AFM line profi le showing the thickness (8 nm) of the WSe 2  fl ake, shown in the inset. 
e) Voltage–transfer curves (VTC) of a logic inverter using a 10 MΩ external resistor (inset circuitry) with overlaid voltage gain plots (max. gain ca. 2.5) 
at  V  DD  of −1 and −2 V. f) Output voltage dynamics with square-wave input between +4 V (max) and −4 V (min) at 100 Hz, acquired at a  V  DD  of −2 V.



FU
LL

 P
A
P
ER

7214 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2015, 25, 7208–7214

www.afm-journal.de
www.MaterialsViews.com

glass, CTX-809M) was spin-coated (followed by curing at 100 °C for 
30 min in an oven). A 30 nm-thick Al 2 O 3  layer was deposited as a high-k 
gate dielectric after Cytop passivation by atomic layer deposition (ALD) 
at 100 ° C. Finally, the gate electrode was patterned and realized using a 
photolithography process followed by deposition of a 50-nm Au layer by 
thermal evaporation. The same processes were carried out to fabricate 
p-type WSe 2  top-gate FETs on the glass substrate. 

  Electrical Measurements : All device characterizations were performed 
in the dark at room temperature using a semiconductor parameter 
analyzer (HP4155C, Agilent Technologies), and a function generator 
(AFG 310, Tektronix) was used for dynamic measurements on the WSe 2  
fl ake FETs.  
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