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ABSTRACT Despite heightened interest in 2D transition-metal
dichalcogenide (TMD) doping methods for future layered semicon-

ductor devices, most doping research is currently limited to
molybdenum disulfide (MoS,), which is generally used for n-channel
2D transistors. In addition, previously reported TMD doping tech-
niques result in only high-level doping concentrations (degenerate)
in which TMD materials behave as near-metallic layers. Here, we

demonstrate a controllable nondegenerate p-type doping (p-doping)
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technique on tungsten diselenide (WSe,) for p-channel 2D transis-

tors by adjusting the concentration of octadecyltrichlorosilane (0TS).

This p-doping phenomenon originates from the methyl (—CHs) functional groups in OTS, which exhibit a positive pole and consequently reduce the electron
carrier density in WSe,. The controlled p-doping levels are between 2.1 x 10" and 5.2 x 10" cm™2 in the nondegenerate regime, where the performance
parameters of WSe,-based electronic and optoelectronic devices can be properly designed or optimized (threshold voltage!, on-/off-currents?, field-effect
mobilityt, photoresponsivity!, and detectivity! as the doping level increases). The p-doping effect provided by OTS is sustained in ambient air for a long time
showing small changes in the device performance (18—34% loss of AVyy initially achieved by OTS doping for 60 h). Furthermore, performance degradation
is almost completely recovered by additional thermal annealing at 120 °C. Through Raman spectroscopy and electrical/optical measurements, we have also
confirmed that the OTS doping phenomenon is independent of the thickness of the WSe, films. We expect that our controllable p-doping method will make

it possible to successfully integrate future layered semiconductor devices.
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wo-dimensional (2D) transition-metal
Tdichalcogenides (TMDs) with layered

structures are considered promising
materials for next-generation wearable,
flexible, stretchable, and transparent elec-
tronics because of their superior electrical,
optical, and mechanical properties."'* Be-
cause their thickness is scalable down to a
monolayer and they exhibit a van der Waals
epitaxial structure without surface dangling
bonds, TMD-based thin film transistors
(TFTs) are free of the short channel effect
(SCE) and carrier mobility degradation
caused by surface oxidation/scattering.'”
TMDs are also expected to be popular
in optoelectronic applications for wide-
spectral photodetectors and light emitting
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diodes (LEDs) because their energy band-
gap varies with layer thickness.”>'? How-
ever, the lack of a reliable and controllable
doping method, which is essential for induc-
ing a Fermi level shift that subsequently
enables modulations of electrical and op-
tical properties, currently prevents such
TMD-based electronic and optoelectronic
devices from being successfully integrated.

Although much work is currently being
done in the field of doping in TMDs, most
of it is limited to molybdenum disulfide
(M0S,),"~2° which forms a low electron
barrier contact with metals and is generally
used for n-channel transistors. As a result,
more research is needed on the doping of
tungsten diselenide (WSe,), which shows a
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Figure 1. (a) FT-IR spectra of WSe; films doped by OTS at different concentrations (0.024%, 0.12%, 0.24%, and 1.2%) and (b)
C—H peak intensity data as a function of OTS concentration extracted from the peaks at 2852 and 2925 cm . Inset: schematic
diagram of OTS with —CH3 and —(CH,),; groups. (c) Raman spectra of the OTS-doped WSe; films and (d) Raman peak shift data
as a function of OTS concentration extracted from the peaks at 250 cm .

relatively low hole barrier contact with metals and can
therefore be used to integrate p-channel transistors to
realize 2D TMD-based applications. Fang et al. reported
an NO, molecule-based p-doping’* and potassium-
based n-doping process'® on WSe, using the surface
charge-transfer mechanism. They used it to form
highly p-/n-doped source/drain (S/D) regions in p-/n-
channel TMD-based TFTs. They also controlled the
n-doping level by adjusting the exposure time to po-
tassium, but both the p-/n-doping techniques resulted
in high-level doping concentrations (degenerate) in
which WSe, behaved as a near-metallic layer. There-
fore, doping controllability in a light doping regime
(nondegenerate), in which WSe, serves as a semicon-
ducting material, is a critical point in the design and
fabrication of WSe,-based electronic and optoelectronic
devices. However, it is difficult to achieve nondegen-
erate doping on 2D semiconductors (including TMDs) in
a controllable fashion because the precisely controllable
ion implantation technique cannot be applied to the
doping because of crystal damage that occurs while
implanting. Here, we demonstrate a controllable non-
degenerate p-doping technique on trilayer, few layer,
and bulk WSe; films by octadecyltrichlorosilane (OTS).
Methyl (—CHjz) functional groups in OTS have a positive
pole and consequently reduce the electron carrier
density in WSe,, showing a p-doping phenomenon.
We have systematically investigated the proposed
p-doping method in terms of controllability and
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air-stability through Fourier transform infrared spectros-
copy (FT-IR), Raman spectroscopy, capacitance—voltage
(C—V) measurement, and electrical/optical measure-
ments (Ilp—Vg and Ip—Vp with/without exposure to a
785 nm wavelength laser). By adjusting the concentra-
tion of OTS in hexane, we control the p-doping level of
WSe,, which can affect the performance (threshold
voltage, on-/off-currents, mobility, photoresponsivity,
and detectivity) of WSe,-based electronic and optoelec-
tronic devices. The p-doping effect by OTS is sustained
in ambient air for a long time with only small changes in
the device performance. Furthermore, performance can
also be almost completely recovered by a thermal
annealing process.

RESULTS AND DISCUSSION

Formation and Doping Control of OTS on WSe, Films. First,
we performed FT-IR and Raman spectroscopy analyses
on OTS/WSe,/SiO, samples to investigate, respectively,
(1) the controllability of OTS concentration in hexanes
and (2) the doping effect of OTS on WSe,. Figure 1
shows (a) the FT-IR spectra (between 2800 and
3000 cm ") measured on the OTS/WSe,/SiO, samples
with different OTS concentrations (0.024%, 0.12%,
0.24%, and 1.2%) and (b) the extracted C—H peak
intensity as a function of OTS concentration. We found
that the peaks for the —CH, groups in a long alkyl
group chain (—(CH,),;) of OTS are at 2852 and
2925 cm™'?' and their peak intensity increased as
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Figure 2. (a) Schematic diagrams of back-gated transistor fabricated on OTS-doped WSe, and the energy band diagrams of
Pt—WSe,—Pt junctions. (b) Ipr—Vg characteristics of the transistors fabricated on (black) undoped and (red) 1.2% OTS-doped
WSe, films (L = 5 um and Vps = —5 V). (c) Threshold voltage shift (AVyy = Vrp.ors — VrHcontrol) @and carrier concentration
increase (An = Nors — Ncontrol) @S a function of OTS concentration (0.024%, 0.12%, 0.24%, and 1.2%). (d) On-current ratio
(Ion ratio = lon_ors/lon-control) @t Vas — Vo = —15 V and Vps = —5 V as a function of OTS concentration. (e) Charge density vs
Ves — Vry, measured on Pt-OTS-doped WSe,—SiO,—Si back gate structure. (f) Field-effect mobility ratio (upe ratio =
Ure-oTs/UFE-Control) @t Vgs = Vo and Vps = —5 V as a function of OTS concentration.

the OTS concentration rose from 0.024% to 0.24%.
Although the OTS concentration was successfully con-
trolled below 0.24%, the peak intensity was saturated
above 0.24%, indicating that a high OTS concentration
was already achieved in the 0.24% sample. Parts c and
d, respectively, of Figure 1 present the Raman spectra
measured on the OTS/WSe, samples and their peak
shift values extracted after performing a 120 °C anneal
for the formation of OTS layers. Because both the E',4
and A'y modes for WSe, are close to 250 cm™', we
found only a single peak at ~250 cm~".” The blue-shift
of the single peak after OTS formation seems to be
related to the p-doping phenomenon, based on the
Raman peak changes previously reported on doped
MoS,."??? However, Javey et al. and Chen et al. recently
reported inconsistent Raman peak shift results, observ-
ing no change after p-doping of WSe, by NO,> and a
red-shift after Au nanoparticle-based p-doping,®* re-
spectively. Further research related to Raman analysis
of p-doped WSe, films will be needed to resolve this
issue. As shown in Figure 1d, this blue-shift value
continuously increased from 0.372 to 2.028 cm ™' as
the OTS concentration increased from 0.024% to 1.2%,
probably indicating that a higher p-doping level on
WSe;, is achieved by a more highly concentrated OTS
layer. Although the Raman peak shift was observed in
the WSe, samples treated by various solvents used in
this work (A = 0.08 cm™"' for DI water, 0.08 cm™' for
acetone, 0.12 cm™" for IPA, 0.17 cm™ " for hexane, and
0.01 cm™ for toluene), it was negligibly small compared
with that of OTS-doped samples (0.372—2.028 cm ™).

KANG ET AL.

Electrical Characterization of OTS-Doped WSe, Electronic
Devices. Figure 2a shows a schematic diagram of a
WSe, transistor doped by an OTS layer along with
the energy band diagram of Pt-undoped/doped
WSe,—Pt junctions with a negative Vps. To reconfirm
the p-doping phenomenon on WSe, shown in the
previous Raman spectroscopy analysis, Ip—Vg and
C—V characteristics of the doped WSe, transistors were
investigated with OTS concentrations between 0.024%
and 1.2%. The lateral electric field (E, steral) betWeen the
source and drain electrodes was fixed at —1 V/um
(Vps/L = —5 V/5 um). Compared to the control sample
(undoped WSe,), electron carriers further accumulated
at the interface between OTS and WSe, because the
CH; group in OTS has positive pole,?® subsequently
making the WSe, region p-doped. This p-doping phe-
nomenon on WSe, by the formation of a molecular
dipole eventually influenced the tunneling of hole
carriers from the source to the WSe,. As shown in
Figure 2a, the WSe, energy band is shifted up by the
p-doping, and it increases the electric field at the
source—WSe, junction, thereby causing the Schottky
barrier lowering effect, enhancing the tunneling of
holes and reducing the contact resistance. This effect
becomes severe when a higher electric field is applied
to a metal—semiconductor junction, according to
Do = Py — ADy, where ADy = [(gF)/(4me)]'2
However, this effect is not expected to occur in the
other drain—WSe; junction because the bend shift by
p-doping decreases the electric field there. As a result,
a positive shift in threshold voltage (V4) from —9.1 Vto
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—0.45 V (AVqy = +8.65 V) was observed after WSe,
p-doping using a 1.2% OTS layer. In addition, the on-
current was increased by about 10 times from 1.64 x
107% A/um to 1.42 x 107> A/um, also improving the
field-effect mobility (urg). This mobility improvement is
thought to originate from an inaccurate mobility
extraction method that does not exclude the effect
of contact resistance.! We then confirmed the possibil-
ity of controlling AV by adjusting OTS concentration,
as shown in Figure 2c. A further positive shiftin Vyy was
observed as the OTS concentration increased from
0.024% to 1.2% because a more concentrated OTS
layer with more positive charges attracted more elec-
trons to the OTS—WSe, interface, subsequently in-
creasing the p-doping level in WSe,. The 2D sheet
doping concentration (n) extracted from the relation
n = IpL/qWuVps is also consistent with the rising trend
in V4 as a function of OTS concentration, showing a
significant increase in An (= nots — Ncontrol) from 1.6 x
10'°t0 3.0 x 10"" cm ™2 Based on previously reported
concentration data (~2.5 x 10'? cm ™2 for potassium-
doped WSe, and ~2.2 x 10" cm~2 for NO,-doped
WSe,)," " our p-doping concentration level (between
2.1 x 10" and 5.2 x 10"" cm~?) seems to be in the
nondegenerate regime. In Figure 2d, which shows the
on-current ratio (= Ionots/loncontrol) @s a function of OTS
concentration, we also observed that an increase
degree in on-current after OTS doping becomes stron-
ger as the OTS concentration increases. Thus, more
hole carriers might accumulate at the WSe,—SiO,
interface at the same Vgs (= Vqy — 15 V) bias because
of reduced effective hole barrier height for carrier
injection (from source to WSe;) through OTS doping.
To support that claim, we measured the C—V charac-
teristics on the OTS-doped WSe, samples and plotted
the extracted charge density (Q) from the C—V curves
as a function of Vs — V4 in Figure 2e. A more detailed
explanation of the charge density extraction from C—V
characteristics is in Supporting Information (Figure S2).
As the Vgs negatively increases beyond Vi, the hole
charge density increases because hole carriers begin
coming to the WSe,—SiO, interface through WSe,
from the metal contact. In particular, the amount
of accumulated hole carriers increases from 71.7 to
132 uC/cm2 at Vgs — Vg = —15 V as the OTS concen-
tration increases to 1.2%. Here, the contact resistance
(Rcontact) in the Pt—WSe, junction seems to cause a
voltage drop (Vcontact) that reduces the effective voltage
(= Vapplied — Vcontact) applied to the SiO, region. When
OTS doping concentration increases, we expect the
contact resistance to be reduced because of the de-
crease in the effective hole barrier height. Because of
this contact resistance reduction effect in highly
OTS-doped devices, at a negative Vgs lower than Vqy,
a higher effective voltage seems to be applied on the
SiO,, consequently increasing its charge density. How-
ever, the hole carrier density was saturated beyond 0.24%
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OTS, which coincides with the saturation phenomenon
in the on-current ratio. As shown in Figure 2f and
the Supporting Information (Figure S1b), we also ex-
tracted field-effect mobility data at Vps = —5 V and
Vs = Vry and observed that the initial values (30 +
4 cm? V' s7") of the control devices increased up to
~192 cm? V! 571 in the 0.024% OTS-doped sample
(~105 cm® V™' s in the 1.2% OTS-doped sample).
Field-effect mobility of 110—250 cm?/(V s) was
previously reported in WSe,-based TFTs.>'*'> The
mobility values (105—192 cm?/(V s) in 0.024—1.2%)
extracted at Vs = Vqy in this work, which we used for
the calculation of carrier concentration, are compar-
able to the reported values. In particular, the maximum
value obtained at different Vgs (= Voy — 1 V) is
~250 cm?/(V s) in the case of a 0.024% OTS-doped
device, which is the same as the highest mobility value
previously reported. We reconfirmed the p-type dop-
ing controllability of WSe, by adjusting the OTS con-
centration based on the observation that the degree of
increase in the field-effect hole mobility decreased as a
function of OTS concentration. The reduction in field-
effect hole mobility can be attributed to the increased
scattering probability at the channel region caused by
a higher accumulated hole concentration.

Air-Stability Analysis of 0TS-Doped Electronic WSe, Devices.
We then monitored the extracted Vyy values on the
OTS-doped WSe, transistors according to air-exposure
time to evaluate the air-stability of the doping.
Figure 3a shows the Vqy shift values as a function of
air-exposure time in WSe, transistors with different
p-doping levels. The Vry values positively shifted by
OTS doping move in the negative direction for the first
60 h of air-exposure time, indicating that the degree of
p-doping is relieved during air-exposure. However, we
found a small Vy shift phenomenon beyond 60 h of
air-exposure compared to what we observed for the
first 60 h. In the case of highly doped WSe, transistors
coated with 0.24% and 1.2% OTS layers, we observed
relatively high AVqy values (1.42 V for 0.24% device and
1.92 V for 1.2% device) because many OTS molecules
are affected by moisture in air. Although the p-doping
effect is partially relieved during the first 60 h of air-
exposure (18—34% loss of AVqy initially achieved by
OTS doping), it becomes stable in air after 60 h, and
also the AVqy loss is recovered again by an additional
thermal anneal at 120 °C. In addition, we observed a
very small reduction in the on-currents extracted at
Vas — Vry = —15 V after air exposure for 120 h. In the
device doped by 1.2% OTS, the on-current was re-
duced by only ~31% (from ~68 uA to ~47 uh) after
36 h of air-exposure and by ~60% (from ~68 uA to
~27 uA) after 120 h. In the highly p-doped WSe, TFT by
NO, reported by Peida et al., the on-current decreased
from ~22 to ~6 uA (~72% reduction) after 36 h of air
exposure.”® The on-current monitoring data for the
other OTS-doped samples (0.024%, 0.12%, and 0.24%)

VOL.9 = NO.2 = 1099-1107 = 2015 F@L@Mi{\)

WWwWW.acsnano.org

1102



(a) 10 ;> 1stannealing :==:> 2"d annealing

S )
£ 8 T
<= :
] H
S 64
s H
S H
T 4 e
o
S :
g 21—
= i 0 0.024% A 0.24%
= o 042% @ 12%
ol L ; . .
0 60 120 180 240

Air-exposure time (hours)

(3
© Si-OH + Si-OH < Si-0-Si + H,0

Annealmg
+ %9*
Alr-exposure
O CH 4(CH,) 7 H,0

0.008

-
c

Raman peak shift (cm-')
&
2
%
A
Xf

L L L
Condition A Condition B Condition C
Sample condition

A|r-exposu|-e Annealmg
Condmon A Condmon B
A|r-exposure

Si-0-Si bonds Si-OH bonds SI-?-SI SI-%H

Wavenumbers (cm-1)

s i Sl-OH (ii) si-o-si Si-0-Si
& \i 0.006 (linear) (cyclic)
201 si-oH ’ PN, m
2 2
s bonds | : 0.004 S W |poles<] |poles»
2 7] WSe +44 WSe WSe
2 [[Somaionc] \\, [oz|? Biteoens Sieeestoint vaesess
4 ---Condition B|: N - -
0 : oL os >
600 800 1000 1000 1050 1100

| Dipole moment : Condition A > Condition C > Condition B |

Figure 3. (a) Threshold voltage shift (AVry = Vrhots — VrH-control) Of OTS-doped WSe, transistors as a function of air-exposure
time. Here, after exposure to air for 120 h, the devices were annealed again at 120 °C. Condition A: right after OTS doping and
annealing. Condition B: after air exposure for 120 h. Condition C: after additional 120 °C anneal. (b) Raman peak shift values of
the three conditions, which were extracted from the peaks at 250 cm~". (c) Schematic diagram showing the possible chemical
reaction between conditions B and C, and FT-IR spectra of OTS under conditions B and C ((i) Si—OH peak at ~880 em ™" and (ii)
Si—O—Si peak at ~1030 cm ™). (d) Schematic diagrams predicting how chemical changes in OTS after long periods of air-
exposure (condition B) and 120 °C recovery annealing (condition C) affect the dipole moments at the WSe,—OTS interface.

can be found in Figure S4 (Supporting Information).
Raman analysis performed on the WSe, samples under
the three conditions also coincides with the Vg and
on-current monitoring data (condition A, right after
OTS doping and annealing; condition B, after air
exposure for 120 h; condition C, after air exposure
for 120 h + additional 120 °C anneal). As shown in
Figure 3b, Raman peak shift values extracted from the
peaks at 250 cm~' were reduced from 2.01 to
1.25 cm™ " after 120 h of air exposure, indicating a
weakened p-doping phenomenon. However, the peak
shift value was almost recovered (up to 1.86 cm™' from
1.25 cm™ ") after an additional 120 °C anneal, as already
confirmed in the previous Vr; and on-current monitor-
ing experiment. Because the methyl (—CHj;) and polar
head (—SiClz) functional groups in OTS have positive
and negative poles, respectively, due to the asym-
metric structure of OTS, the electron carrier density in
WSe; in contact with the —CHj3 group is reduced, and
consequently, the p-doping effect is apparent. The
SiCl; almost immediately reacts with moisture and
forms Si(OH); when OTS is exposed in air. The —OH
group attached to the Si atom is expected to react
with another —OH group right after the 120 °C anneal.
Consequently, it seems to form Si—O—Si bonds be-
tween OTS molecules (during this reaction, H,O is also
produced). After exposure of the devices to air for a
long time, some of the Si—O—Si bonds are expected to
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break through reaction with H,O, subsequently in-
creasing Si—OH bonds. As shown in Figure 3¢, we
observed the FT-IR peak related with Si—OH bonds
(~880 cm™") in the WSe, sample exposed to air for
120 h. However, this Si—OH bond disappeared after
the 120 °C anneal and the peak for Si—O—Si bonds
(~1030 cm™") increased, indicating that Si—O—Si
bonds were formed again through the reaction be-
tween —OH groups. Therefore, as shown in Figure 3d,
compared to the case of Si—O—Si bonding, the Si—OH
formation in OTS seems to weaken the strength of
positive charges (—CHs groups) and thereby the dipoles
between OTS and WSe, (also, p-doping phenomenon).
However, after a 120 °C anneal, it is thought that the
additional Si—O—Si bonds formed through the reaction
between —OH groups strengthen the dipoles and
eventually the p-doping phenomenon on WSe,. For
reference, the Vry value shifted only slightly (around
—0.2 V) after annealing at 120 °C in the control device
(undoped), which was much smaller than the shifts
(0.65—1.1 V) in doped devices. However, an encapsula-
tion layer that can effectively block moisture may ensure
the air-stability of the p-doping phenomenon.
Characterization of 0TS-Doped WSe, Optoelectronic Devices.
To investigate the effect of the OTS-based controllable
p-doping method on optoelectronic device perfor-
mance, we performed a photocurrent measurement
on the doped WSe, devices using a laser source with a
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Figure 4. (a) Schematic diagrams showing the operation of an OTS-doped WSe, photodetector with a light source (1 =785 nm
and P = 1 mW) and the energy band diagrams of Pt—WSe,—Pt junctions under the illuminated conditions. (b) Photo-
responsivity and (c) detectivity as a function of Vgs — Vi (between 0 and 4 V in off-state) obtained on OTS-doped WSe,

photodetectors (Vps = —5 V).

wavelength of 785 nm. Figure 4a shows a schematic
diagram of an OTS-doped WSe, photodetector device
and the energy band diagram of Pt-undoped/doped
WSe,—Pt junctions with positive Vs (Vgs > Vi, off-
state) and negative Vps biases. As seen in the Support-
ing Information (Figure S3b), a photocurrent was not
observed in the negative Vs region (on-state) because
of a high dark current level above 1.0 x 107> A/um. In
contrast, in the off-state (Vgs is positive and larger than
V1h), we clearly observed a photocurrent because the
absence of hole paths in WSe, (low hole current)
and the high electron barrier height (low electron
current) reduced the dark current down to the order
of 107" A/um. When the level of p-doping was
decreased by using a lower concentration OTS layer,
a higher photocurrent was measured in the off-state.
The increased depletion width seen on the left-side
Pt—WSe, junction in Figure 4a might help collect more
photogenerated electrons and eventually increase the
photocurrent level in lightly doped WSe, devices
(Wiow-o1s > Whigh-ots = Iphoto-low-0Ts > Iphoto-high-oTs)-
The long diffusion length in lightly doped WSe;, is also
predicted to be another important reason for the
increase in the photocurrent. We also note that the
depletion width change in the right-side Pt—WSe,
junction, which is relevant to hole carrier transport,
can be neglected because the off-state WSe, region
has no hole current path. Overall, the photocurrent
increases as the p-doping level decreases because of
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broader depletion width and increased diffusion length.
This rising trend in photocurrent (as the p-doping level
decreases) can also be confirmed in the photorespon-
sivity and detectivity analyses shown in parts b and ¢,
respectively, of Figure 4. Because photoresponsivity
(R = Iphoto/PLight) is proportional to photocurrent, the
highest R value (~4.5 mA/W) is observed in the 0.024%
OTS-doped WSe, device. Photoresponsivity values de-
crease in all doped WSe, devices as Vs — Vry increases
up to 4V because it becomes harder to collect electron
carriers in the left-side Pt—WSe; junction when a
higher Vgs — Vqy bias is applied. The highest detectivity
(D* = ~7.55 x 10° Jones) is observed in the WSe,
device with the lowest doping concentration because
the detectivity can be expressed as the ratio of Ippeo tO
Ipark- Here, D¥ is defined as (RA'?)/(2elpan) /%, where Ris
photoresponsivity, A is the effective area of the device,
e is the absolute value of the electron charge (1.6 x
1079 ©), and Ipar is dark current. The decreased dark
current at higher Vgs — Vy bias (Supporting Informa-
tion, Figure S3) consequently increases the detectivity
values in all of the doped WSe, devices. However, the
detectivity starts decreasing beyond 3 V of Vgs — Viy
because of an increase in dark current. The higher Vg
bias induces a higher electric field in the right-side
Pt—WSe, junction, subsequently reducing the effective
electron barrier height. In this photodetecting device
experiment, we confirmed that it is possible to control
the performance (photoresponsivity and detectivity) of
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Figure 5. (a) Raman spectra of the 1.2% OTS-doped WSe, films and (b) extracted Raman peak shifts at E1zg and A4 obtained in
trilayer, few layer, and bulk WSe, samples. (c) Ipr—V characteristics of the transistors fabricated on (black) undoped and (red)
1.2% OTS-doped trilayer WSe, films (L = 1 um and E\ 4tera = 1 V/um). Here, the Ip was normalized by channel width (W).
(d) Threshold voltage shift (AVry = Vri.ots — ViH-control) @nd carrier concentration increase (An = ngrs — Ncontror) Of trilayer, few
layer, and bulk WSe, device samples. (e) Field-effect mobility ratio («re_ors/tre-control @t Vs = Vap) of trilayer, few layer, and
bulk WSe, device samples. (f) Normalized photoresponsivity and detectivity of the 1.2% OTS-doped photodetectors
fabricated on trilayer, few layer, and bulk WSe; films (1 = 785 nm, Piighe = 1 MW, E| 5teral = 1 V/um, and Vs = V).

an optoelectronic device (here, a photodetector) by
adjusting the doping level of the TMD layer because
the change in doping concentration affects the photo-
current via the depletion width (W) and the carrier
diffusion length (L).

0TS Doping Characterization on WSe, Films of Various
Thicknesses. To investigate the effect of WSe, thickness
on OTS doping, we performed once again the Raman
analysis and electrical/optical measurements on tri-
layer, few layer, and bulk WSe, device samples. As
shown in Figure 5a, OTS doping was confirmed on the
WSe, films of various thicknesses through Raman
spectroscopy. Although a single peak was previously
found at ~250 cm ™" on bulk WSe,, one more peak was
observed at 260 cm ™" on tri- and few layer WSe, films,
which is thought to be the A,y peak. For reference,
Zeng et al. previously reported that two different WSe,
Raman peaks appeared near 250 cm ™' (the E',q peak)
and 260 cm ™' (the A4 peak).”® After fitting the E',4 and
A4 Raman peaks (Supporting Information, Figure S6),
we plotted AE12g and AA,4 values extracted from the
Raman peaks before/after 1.2% OTS doping, as shown
in Figure 5b. Regardless of the number of WSe, layers,
almost the same degree of peak shift was confirmed
(1.8-2.0 cm ™' for AE',g and 1.2—1.3 cm™' for AA,y),
indicating that the OTS doping phenomenon is
independent of the thickness of WSe,. We then
fabricated transistors on the three kinds of WSe, films
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and performed electrical/optical measurements. As
shown in Figure 5¢, even in the trilayer WSe, device,
a positive shift in threshold voltage and an increase in
field-effect mobility were observed after p-doping
using a 1.2% OTS layer. The AV, values showed a
decreasing tendency as the number of layers reduced
(Figure 5d). It is thought that the lower intrinsic carrier
concentration (n;) of trilayer WSe, with larger energy
bandgap makes the Fermi-level (E) farther away from
the intrinsic energy level (E)) than it is in the other WSe,
samples. Subsequently, a stronger electric field that
enables an increase in tunneling probability from
metal to WSe, is expected on the metal-WSe, junction
at the equilibrium state. Therefore, the additional
electric field induced by OTS doping seems to exert
less influence on the trilayer device sample, eventually
producing the lowest AV value (~3.81 V). However,
in the case of 2D sheet doping concentration, similar
values between 2.62 x 10" and 3.0 x 10" cm™2in An
(= Nots — Ncontrol) Were observed. Those values agree
with the Raman-analyzed results because the number
of carriers supplied by OTS doping is independent of
the thickness of the WSe, films. The field-effect mobil-
ity values of the doped devices normalized by those of
control devices are between 3.2 and 7.5, as shown in
Figure 5e, and it consequently indicates that mobility
was enhanced through OTS doping in all WSe, devices.
Compared to a WSe, top-surface exposed to air
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(control device), top-surface passivation by an OTS
coat seems to suppress top-surface scattering and
thereby enhance mobility. In particular, this mobility
improvement is expected to be more effective
in thinner devices in which mobility degradation
through top-surface scattering is more severe: the
UFE-0Ts/UrE-Control Value increases from 3.2 to 7.5 as
the WSe; layer becomes thinner. Figure 5f shows the
photoresponsivity and detectivity of the three kinds of
WSe, devices (at Vs = V) normalized by the values of
the control devices (before OTS doping). As already
analyzed in the bulk WSe; device (Figure 4), enhance-
ment in photoresponsivity and detectivity was also
observed in the tri- and few layer devices, although
those showed a decreasing tendency as the number of
WSe;, layers declined (normalized R from 15.2 to 3.5
and normalized D* from 8.9 to 1.5). This enhancement
occurs because a photocurrent increases with a broad-
er depletion width and an increased diffusion length in
the metal-WSe, junction region, which are achieved by
OTS doping. However, in the thinner WSe, devices, the
reduction in the amount of absorbed light seems to
decrease the photoresponsivity and detectivity.

CONCLUSIONS

In conclusion, we demonstrated a controllable
nondegenerate p-doping technique for 2D TMD

EXPERIMENTAL METHODS

Formation and Doping Control of OTS on WSe, Film. Various
thicknesses of WSe, nanoflakes (trilayer, few layer, and bulk)
were transferred onto a 90 nm thick dry-oxidized SiO,
layer grown on a heavily doped p-type Si substrate (resistivity
<0.005 ©2-m) by adhesive tape, and the samples were washed
with acetone for 1 h to remove the tape residue. The number of
layers for trilayer, few layer, and bulk WSe, flakes was identified
by AFM (Supporting Information, Figure S5). For the formation
of the OTS layer on WSe, samples, different amounts of OTS
(12, 60, 120, and 600 uL) were added to 50 mL of hexane
(@ mixture of isomers), and the WSe, samples were soaked in
each solution for 1 h. After that, the samples were rinsed with
toluene, acetone, and deionized water several times and baked
at 120 °C for 20 min.

Characterization of OTS-Doped WSe, Films. OTS/WSe,/SiO,/Si
samples were investigated and compared with a control sample
(WSe,/Si02/Si) by FT-IR (Bruker IFS-66/S) and PL/Raman spectros-
copy (Alpha300 M+, WITec) measurements. The FT-IR spectral
range was between 4000 and 20 cm~', the scan rate was
110 scans/s, and the resolution was above 0.1 cm™". A Raman
spectroscope with an excitation wavelength of 532 nm was used,
the laser beam size was 0.7—0.9 um, and the instrumental spectral
resolution was below 0.9 cm™". An integration time of 5 s and a
spectrometer with 1800 grooves/mm were used for the test.

Fabrication and Electrical Characterization of an OTS-Doped WSe,
Electronic Device. For the fabrication of back-gated WSe, transis-
tors, we patterned source/drain electrodes (channel length and
width of 5 um) on WSe,/SiO,/Si samples by optical lithography,
followed by Pt (10 nm) and Au (50 nm) deposition in an e-beam
evaporator. To fabricate the transistor devices on thin (trilayer or
few layer) WSe, films, e-beam lithography instead of optical
lithography. Transistors were doped (or coated) by different
concentrations of OTS (0.024%, 0.12%, 0.24%, and 1.2%) and
were electrically analyzed using an HP 4415B semiconductor
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materials (here, WSe,) by adjusting the concentra-
tion of OTS in hexanes. This p-doping phenomenon
is thought to originate from the fact that the methyl
(—CHs) functional groups in OTS have a positive
pole and consequently reduce the electron carrier

density in WSe,. The controlled p-doping levels

were between 2.1 x 10" and 5.2 x 10" cm™2 in

the nondegenerate regime in which WSe,-based
electronic and optoelectronic devices can be prop-
erly designed. We also investigated the correlation
between the controlled p-doping level and the
performance parameters of WSe,-based electronic
and optoelectronic devices (Vru!, on-/off-currentst,
field-effect mobility?, photoresponsivity), and de-
tectivity! as the doping level increases). In addition,
the p-doping effect by OTS was sustained in air
for a long time with only small changes in the
device performance (18—34% loss of AV initially
achieved by OTS doping for 60 h), and the degrada-
tion was almost completely recovered by additional
thermal annealing at 120 °C. We also used Raman
spectroscopy and electrical/optical measurements
to confirm that OTS doping was independent of
the thickness of the WSe, films. We expect our
controllable p-doping method to make possible
successful integration of future layered semicon-
ductor devices.

parameter analyzer (Ilp—Vg and Ip—Vp) and an HP 4284A preci-
sion LCR meter (C-V). The threshold voltage (Vry), carrier con-
centration (n), and field-effect mobility (ure) were calculated
from the Ipb—V; data. Parameter extraction is explained in the
Supporting Information (Figure S1). We used the equations
n = IpLl/gWuVps and ure = L/(WVpsCox) X (0lp/dVgs) at Vs =
Vrn, where g is the electron charge, L and W are the length and
width of the channel, respectively, and Cox is eox X €o/tox, Which
is the gate oxide capacitance per unit area.

Characterization of an OTS-Doped WSe, Optoelectronic Device. To
investigate the optoelectronic properties of the fabricated OTS-
doped WSe, devices, a current—voltage (Ip—Vg) measurement
was performed under dark and illuminated conditions. The light
sources were set up using a dot laser with a wavelength of
785 nm and an optical power of T mW. For the characterization
and comparison of the WSe, optoelectronic devices doped with
OTS at different concentrations (0.024%, 0.12%, 0.24%, and 1.2%),
photoresponsivity (R) and detectivity (D*) were calculated from
the Ip-V curves: R = lppoto/PLight and D* = (RAY?)/(2elpan) ' at the
off-state (Vgs > V), where lpporo is the generated photocurrent,
PLight is the total incident optical power, A is the effective area of
detector, e is the absolute value of the electron charge (1.6 x
107" ), and Ipar is the dark current.
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Supporting Information Available: Extraction of electrical

parameters (Vry, eg, N, and on-current). C—V characterization
of undoped and OTS-doped WSe, TFTs. Extraction of photo-
responsivity (R) and detectivity (D*). On-current monitoring of
the OTS-doped WSe, TFTs. AFM analysis of the WSe, flakes used
in this experiment. Fitting lines for the E‘zg and A4 peaks of
control and OTS 1.2%-doped WSe, samples. This material is
available free of charge via the Internet at http://pubs.acs.org.
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