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SPECIAL TOPIC — Photodetector: Materials, physics, and applications

Efficient doping modulation of monolayer WS, for
optoelectronic applications™
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School of Precision Instruments and Opto-electronics Engineering, Tianjin University, Tianjin 300072, China,
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Transition metal dichalcogenides (TMDCs) belong to a subgroup of two-dimensional (2D) materials which usually
possess thickness-dependent band structures and semiconducting properties. Therefore, for TMDCs to be widely used in
electronic and optoelectronic applications, two critical issues need to be addressed, which are thickness-controllable fabri-
cation and doping modulation of TMDC:s. In this work, we successfully obtained monolayer WS, and achieved its efficient
doping by chemical vapor deposition and chemical doping, respectively. The n- and p-type dopings of the monolayer
WS, were achieved by drop coating electron donor and acceptor solutions of triphenylphosphine (PPhs) and gold chlo-
ride (AuCl3), respectively, on the surface, which donates and captures electrons to/from the WS, surface through charge
transfer, respectively. Both doping effects were investigated in terms of the electrical properties of the fabricated field effect
transistors. After chemical doping, the calculated mobility and density of electrons/holes are around 74.6/39.5 cm?.V 1.5~
and 1.0 x 10'2/4.2 x 10" cm~2, respectively. Moreover, we fabricated a lateral WS, p—n homojunction consisting of non-
doped n-type and p-doped p-type regions, which showed great potential for photodetection with a response time of 1.5 s

and responsivity of 5.8 A/W at Vg =0V and Vp = 1 V under 532 nm light illumination.

Keywords: two-dimensional materials, tungsten disulfide, chemical doping, homojunction, photodetector

PACS: 78.20.Jq, 42.79.Hp, 42.70.Gi

1. Introduction

Recently, two-dimensional (2D) transition metal
dichalcogenides (TMDCs) have attracted increasing inter-
est due to their unique physical, chemical, and mechanical
properties.!!® In addition, most TMDCs possess thickness-
dependent band structures,!”®! which transition from in-
direct to direct bandgap as the thickness is thinned from
multi- to mono-layer, such as monolayer molybdenum disul-
fide (MoS,), tungsten disulfide (WS,), selenide molybdenum
(MoSe,), etc.!'% The direct bandgaps of monolayer TMDCs
are ideal for electronic and optoelectronic applications.!!!!2]
Current means of fabricating monolayer TMDCs mainly in-
volve two methods: mechanical exfoliation of monolayer
TMDCs from the bulk counterpart and chemical vapor de-
position (CVD) of monolayer TMDCs. As compared to me-
chanical exfoliation, CVD is a promising way to produce
large-area monolayer TMDCs with high quality, which can
potentially implement wafer-scale device fabrication.[!3-13]
Further doping the CVD grown monolayer TMDCs is another
important aspect to fabricating functional devices, which is
usually achieved by applying gate voltage, laser excitation,
chemical doping, etc. Among these methods, chemical dop-
ing is considered an effective method to modulate the carrier

type and concentration of the material.[16-18]

DOI: 10.1088/1674-1056/28/3/037803

In this work, we successfully grew monolayer WS, by
the CVD method and efficiently modulated both n- and p-
type dopings of WS, by drop chemical doping. The WS,
is one type of TMDC known for its high photoluminescence
(PL) quantum yield and high electron mobility predicted by
theoretical calculation. The capability of growing large-area
monolayer WS, makes it a promising candidate for semi-
conducting optoelectronics and micro/nanoelectronics.!!°-2!]
The chemical doping-enabled n- and p-type modulations are
through drop coating triphenylphosphine (PPh3) and gold
chloride (AuCl3) on the surface of WS,, which are a typ-
ical electron dopant and acceptor, respectively, to cause
electron transfer between the coating layer and the WS,
surface.[”>?3] The method of surface coating has effectively
enhanced both the electron/hole mobility and density of WS,
to 74.6/39.5 cm?.-V~!.s7! and 1.0 x 10'2/4.2 x 10" cm~2,
respectively. This result suggests the feasibility of making a
p—n homojunction on a single WS, flake, which is favorable
for photodetection, since the built-in potential can significantly
lower the dark current and power consumption.?*! Herein, we
fabricated a WS, p—n homojunction on a single WS, flake
which consisted of a non-doped n-type region and an AuCls
coated p-type region. This fabricated device showed an effec-
tive photoresponse to visible light. The method is expected to
promote the application and development of monolayer WS,
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toward tunnel diodes, light-emitting diodes (LEDs), photode-
tectors, and solar cells.

2. Experimental details
2.1. CVD growth process of WS,

Monolayer WS, crystals were grown on the (100) oxi-
dized silicon substrates (SiO, (285 nm)/Si (500 pwm)) under
atmospheric pressure condition. The set-up of the furnace is
shown in Fig. 1(a). The growth process was conducted in a
quartz tube furnace with two heating zones. WO3 (10 mg,
99.9% purity, Aladdin) and S (500 mg, 99.9% purity, Aladdin)
powders were chosen as the precursor materials.>>-%1 Before
growth, 2 cm X 2 cm SiO; substrate was cleaned by ultrason-
icating in acetone, isopropanol, and deionized water sequen-
tially for 10 min, respectively. After the substrate was dried in
nitrogen flow, it was placed face-down above the ceramic boat
containing WOj3 in the second heating zone. The ceramic boat
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containing S was placed around 20 cm away from WOs3 in the
first heating zone.

First of all, a flow of high-purity (99.999%) Ar at
500 sccm was introduced to remove the residual oxygen in
the tube for about 1 h. After that, the Ar flow was decreased to
200 sccm during the growth as the carrier gas. The tempera-
ture variation curves of the growth are shown in Fig. 1(b). The
temperature of WO3 was first quickly raised from room tem-
perature to 800 °C with a heating rate of 10 °C /min and then
slowly raised to 900 °C with a heating rate of 5 °C/min. At
the same time, the temperature of the sulfur powder reached
180 °C with a heating rate of 10 °C /min. Then, the tempera-
tures of sulfur powder and WO3 powder were kept at 900 °C
and 180 °C, respectively. The holding time was around 10
min to make sure that the monolayer WS, was formed and
deposited on the substrate. Finally, the growth process ended
after cooling the system from elevated to room temperature
naturally.
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Fig. 1. Growth of monolayer WS,. (a) Experimental set-up of the CVD furnace. (b) Temperature variation curves of WO3 and S during CVD
growth. (c), (d) Optical images of the as-grown WS,. (e) Molecular structure of the monolayer WS,.

2.2. Characterization of monolayer WS,

The thickness and surface morphology of monolayer
WS, transferred on SiO,/Si substrate were characterized by
atomic force microscope (AFM, Bruker, Germany). Raman
spectroscopy and photoluminescence (PL) analysis were per-
formed using a Renishaw InVia Raman microscope with an
excitation laser wavelength of 532 nm, laser power of 10 mW,
and laser spot size of ~ 1 pm. The scan ranges were from
300 cm ™! to 550 cm~! for Raman analysis and from 580 cm ™!
to 700 nm for PL measurement. All the tests were conducted
at room temperature in ambient atmosphere.

2.3. Transfer and fabrication of WS, FET devices

In order to fabricate the WS, field effect transistor (FET),
the CVD-grown WS, flake was transferred from the growth
substrate to the patterned SiO,/Si substrate. The transfer
process is shown in Fig. 2. Firstly, the SiO,/Si substrate

with CVD-grown WS, flakes was spin-coated by polymethyl
methacrylate (PMMA) 950 at 2000 r.p.m. for 60 s. Secondly,
the PMMA-coated sample was baked at 150 °C for 10 min, af-
ter which the edges of the sample were cut. Thirdly, the sam-
ple was soaked in 10% KOH at 80 °C for about 2 h, during
which the PMMA/WS, film was exfoliated from the SiO,/Si
substrate and floated on the surface of the liquid. Then, the pat-
terned Si0,/Si substrate was used to refloat the PMMA/WS,
films followed by deionized water rinsing several times. After
that, the sample was baked at 150 °C for 10 min again to re-
inforce the adhesion between the film and substrate. Finally,
the PMMA was washed with acetone and isopropanol, leav-
ing monolayer WS, transferred on the patterned SiO,/Si sub-
strate. After electron beam lithography, the metal electrodes of
Ti (10 nm)/Au (30 nm) were deposited on the transferred WS,
flake by electron beam evaporating and sequential lifting-off
processes. 7!
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Fig. 2. Wetting transfer process of the WS, grown SiO,/Si substrate.

2.4. Doping and characterization of the devices

The chemical doping solution was prepared by dissolving
5 mmol PPh3/AuCl3 in 1 mL methylbenzene/nitromethane to
serve as the n/p-dopant. For doping, a drop of solution was
coated on the WS, flake and dried at 50 °C. The p—n homo-
junction was fabricated by drop coating p-dopant solutions on
half of the WS, flake using hexagonal boron nitride (h-BN) as
the cover mask. %]

The electrical properties (transfer and output characteris-
tics) of the FET devices were measured using a B1500 semi-
conductor analyzer (Agilent, USA). Photoelectrical responses
of the device were measured by AOTF-Pro laser and B1500
semiconductor analyzer.

The carrier mobility was calculated by the equation!1%->]

u=[dlp/dVg] x [L/(W -Vp-C)],

where dIp/dVg is the transconductance, and L, W, and C; rep-
resent the channel length, the channel width, and the capaci-
tance between the channel and the back gate, respectively. The
carrier density was calculated by the equation!?!

n=(p-L)/(qg-W-Vp-u),

where ¢ is the electron charge, Ip is the source—drain current
at zero gate voltage, Vp is the source—drain voltage, and U is
the field-effect carrier mobility.

3. Results and discussion
3.1. Characterization of monolayer WS,

The optical images of the WS, flakes grown on the
Si0,/Si substrate are shown in Fig. 1(c), which present typical
triangle shapes. It is consistent with the sandwiched molec-
ular structure and triangular symmetry of monolayer WS, as
shown in Fig. 1(e). The lateral dimension of the crystal is
larger than 40 pm. Besides, the single WS, flake presented in
Fig. 1(d) is approximately an equilateral triangle, suggesting
that the flake is a single crystal without extended defects or
grain boundaries.[!'>3% Figure 3(a) shows the AFM image of

a WS, flake on SiO,/Si substrate, which exhibits a smooth
surface and homogeneous thickness except for the central
part. Generally, the CVD-grown WS, exhibits a pyramidal-
type structure, in which the central part usually consists of
several atomic layers while the boundary area only has one

r.131:32] Therefore, the thickness profile measured

atomic laye
by AFM, Raman and photoluminescence (PL) spectra were
all obtained from the boundary area. In the AFM measure-
ment, the cross-sectional height of the WS, flake in Fig. 3(b)
is ~ 0.74 nm, which corresponds to a monolayer WS, as pre-
viously reported.[?%33! Figures 3(c) and 3(d) show the Raman
and PL spectra of the WS, flake, respectively. In Fig. 3(c),
two obvious peaks of WS, are observed in the Raman spec-
! One peak

! represents the in-plane phonon modes

trum within the range from 300 cm~! to 550 cm™
located near 355 cm™
of Ezg,
of-plane phonon modes of Aj,.

while the other peak at 415 cm™! represents the out-
Such a Raman spectrum is

consistent with previously reported ones. The separation be-

tween the two characteristic peaks is around 59 cm~!, which is
1.5
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Fig. 3. Characterization of CVD-grown WS,. (a) AFM image, (b)
thickness profile, (¢) Raman and (d) photoluminescence spectra of the
CVD-grown monolayer WS,.
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equal to the reported values of monolayer WS,.!3#! Besides,
the PL spectrum in Fig. 3(d) shows a single sharp peak located
near 1.95 eV (corresponds to 635 nm), which is in accordance

with the bandgap of monolayer WS,.!?!

3.2. Electrical properties of the monolayer WS, FET

To evaluate the electrical characteristics, we transferred
monolayer WS, onto SiO,/Si substrate and fabricated it into
an FET, the optical topography of which is shown in Fig. 4(a).
Figures 4(b)—4(d) present the transfer curves in linear and log-
arithmic scale and the output characteristics of the device, re-
spectively. According to Figs. 4(b) and 4(c), the non-doped
material is a typical n-type semiconductor with calculated
field-effect carrier mobility of 14.1 cm?-V~!.s~!. The on-state
current is 2.2 pA with an achieved on/off current ratio of up to
10° within £60 V gate bias. In the output curves, the drain cur-
rent increases with the source—drain and gate bias. The non-
linear characteristic of the drain current versus source—drain
bias indicates a Schottky barrier existing at the Ti/Au metal
contact.
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Fig. 4. Electrical properties of the monolayer WS, FET. (a) Optical
topography of the device. (b), (c) Transfer characteristic curves of the
device in (b) linear and (c) logarithmic scale. (d) Output characteristics
of the device.

3.3. Electrical properties of the n- and p-doped WS, FETs

Figure 5 shows the modulation of the chemical doping
on the electrical properties of WS, FET. Figure 5(a) illustrates
the chemical doping mechanism by PPh; and AuCl;. When
coated with the PPhj layer, the electrons transferred from PPh;
to WS,, resulting in n-type doping in WS,.[??! Figures 5(b)
and 5(c) are the representative transport characteristics of a
WS, FET before and after drop coating 5 mmol/ml PPhs, re-
spectively, in which the threshold voltage of the WS, FET
shifts to a more negative value, indicating the n-doping ef-
fect. In addition, the on-state current increases from 2.2 pHA
to 12.3 pA and the on/off current ratio decreases to 10 within

+60 V gate bias after n-doping. The output curves of n-
doped WS, also become more linear and symmetric than those
of the pristine one, as shown in Fig. 5(d), owing to the im-
proved Ohmic contact between n-doped WS, and the Ti elec-
trodes. Based on these transport characteristics, we further
calculated the electron mobility and density after n-doping,
which achieved 74.6 cm?-V—1.s71 and 1.0 x 10'2 cm~2, re-
spectively. The calculated electron density is comparable to
the values achieved by other chemical doping solutions to
monolayer WS,, such as pentamethylrhodocene dimer (in the
concentration of 2.1 x 10'2 cm~2) and 2, 3, 5, 6 tetrafluoro-
7, 17, 8, 8-tetracyanoquinodimethane (in the concentration of
6.0 x 10'2 cm~2).133.36]

(a) PPh; e n»doPing p-doping
AuCly < - e
S Co- o~
WS,
e~ e
15 T 10-2
Vp=1V (c) ® PPhy-doped WS,

12 'T“ 2 Tu Vb=1V 4 Non-dopedWS,

0—6 jeo®®®
10-¢ -‘/

In/pA
D ©
[=
[}
[ ]
[}
[}
G
In/A
—

... .‘

3r ."'. 10710} °

0 o0®"  mondoped <gqeeees? 10-12

—60 —40 —20 0 20 40 60 —60 —40 —20 0 20 40 60

Va/V Va/V
20
(d) PPhs-doped WS; 5 e
3-dop! 2 Vp=1V

L Ti/Au | Ti/Au
e = — (e)d
Ha <
4 —— AuCl;s-doped <

< P

<
< non-doped <—<-44‘

<
4‘4
0 E:
—60 —40 —20 0 20 40 60
Va/V

f
{ ( ) 4 AuCls-doped WSy
Ww=1V < non-doped WS,

10°° [««««« 4444
1
—8
10 1
1
3

4
10-10

104 (8) AuClz doped WS,

In/A

<4
<

el
—60 —40 —20 0
Va/V

20 40 60

Fig. 5. Electrical properties of the chemically doped WS, FETs. (a)
Schematic illustration of the chemical doping mechanism. (b), (c) Transfer
characteristic curves of WS, FET in (b) linear and (c) logarithmic scale be-
fore and after PPhs coating. (d) Output characteristics of PPh3-doped WS,
FET. (e), (f) Transfer characteristic curves of WS, FET in (e) linear and (f)
logarithmic scale before and after AuCl; coating. (g) Output characteristics
of AuCls-doped WS, FET.

On the other hand, the Au™ ions can be reduced and
thus electrons are extracted from WS, to induce the p-doping
effect.?3] The transfer curves of the WS, FET before and
after p-doping treatment by 5 mmol/ml AuCl3 are shown in
Figs. 5(e) and 5(f), respectively, which transferred from n-
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to p-type after AuCls coating. The on-state current shows a
variation from 1.8 pA to 2.1 pA with on/off current ratio de-
creased to 10 within =60 V gate bias after p-doping. The cal-
culated hole mobility and density are 39.5 cm?-V~!'.s~! and
4.2 x 10" em~2, respectively. Such a doping level is compa-
rable or even better than the values achieved by introducing

[3738] Figure 5(g) shows the output

nitrogen atoms into WS,.
curves of the device after p-type doping under various gate
bias, which become less linear than the pristine device, indi-
cating a higher Schottky barrier due to an increased difference
between the work functions of Ti and AuCls-doped monolayer

WS..

3.4. Electrical and photoelectrical properties of the lateral
WS, p—n homojunction

In Fig. 6, we demonstrate a lateral WS, p—n homojunc-
tion with enhanced optoelectronic performance as compared
to a pristine WS, FET. Figure 6(a) shows the structure dia-
gram of the device. The n-type area of WS, was the pris-
tine WS, covered by a BN flake, while the p-type area was
fabricated by drop coating 5 mmol/mL AuCls on the surface
of the WS, device. Figure 6(b) shows the output curves of

103

(¢) —®—Vg=0V

104}
10-5¢

10-6 ﬁr

10-7 L L L 1 1
—1.0
VoV

ID/},LA

the WS, p—n homojunction under various gate bias voltages
ranging from —40 V to 40 V. Figure 6(c) presents one rep-
resentative output curve of the diode under a forward bias of
1 V and 0 V gate bias in the logarithmic scale. The ideal-
ity factor of the device is calculated to be 1.35 by the equa-
tion I = Is(e"»/"VT — 1), where I is the diode current, Is
is the reverse bias saturation current, Vp is the voltage across
the diode, n is the ideality factor, and Vr is the thermal volt-
age. It implies a very low charge-trap density at the homo-
junction interface of the diode. Figure 6(d) exhibits the optical
response of the p—n homojunction diode under 532 nm light
illumination at the gate bias of Vg = 0 V and the source—drain
bias of Vp =1 V. The WS, p—n homojunction presents the
response and recovery for the light illumination within 1.5 s
on average. We calculated the photoresponsivity of the p—n
homojunction to be 5.8 A/W at Vg =0 V and V\p =1 V by
the equation photoresponsivity = pn /Bigh, ***!) where L, is
the generated photocurrent and Pjjgne represents the total inci-
dent optical power on the device. The photoresponsivity of
this device is comparable to that of the lateral p—n homojunc-
tions made by MoSe;, WSe;, and MoS,, which are 1.3 A/W,
3 A/W, and 5.07 A/W, respectively.[?+28:42]

Vo m—40V = =20V (b)
=0V =20V =40V
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o
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0.018
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0.009 |
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Time/s

Fig. 6. Electrical and photoelectrical properties of the WS, lateral p—n homojunction. (a) Structure diagram of the device. Inset is the schematic
of the device. (b), (c) Output characteristic curves of the device in (b) linear and (c) logarithmic scale at Vg = 0 V. (d) Dynamic photoresponse

of the device.

4. Conclusion

In summary, we successfully obtained monolayer WS,
flakes by the CVD method, which were characterized by
AFM, Raman and PL spectra.
AuCls solutions on the surface of the monolayer WS,, we

By drop coating PPh; and

can effectively n- and p-dope the WS;, and thus modulate the
electrical properties of the WS, FET, including on-state cur-
rent, on/off ratio, and carrier mobilities. Finally, we realized
a p—n homojunction on a single WS, flake, which consisted
of pristine and AuClz p-doped areas in one WS, flake. The
p—n diode achieved a photoresponsivity of 5.8 A/W to 532 nm
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light illumination under Vg =0 V and Vp =1 V with a re-

sponse/recovery time of 1.5 s.
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