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Fig. 1. (a) Schematic diagram of WS, device for ion intercalation; (b) optical image of WS, device before spin coating lithium ion
gel, the size of sample is about 15 umx25 pm, the width of the source and drain electrode is about 2 um, and the size of the gate
electrode is about 80 umx100 pm; (c) optical image of device after spin coating lithium ion gel; (d), (¢) Raman spectra characteriza-
tion of the bulk WS,, all the peaks showed in Raman spectra are consistent with the characteristic peaks of WS,. The scale bars are

50 pm.
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Fig. 2. Gate voltage dependence of source-drain resistance of WS, devices: (a) Schematic diagram of resistance measurement during
ion intercalation, gate voltage Vi was applied from the gate electrode with a bias voltage of Vg = 0.5 V at the source electrode, the
currents under different Vi were measured at the drain electrode; (b) gate voltage dependence of WS, device resistance, gate
voltage changes at a rate of 1 mV/s, the arrows in the figure represent the process of increasing gate voltage (intercalation, Li*
moving towards WS,) and decreasing gate voltage (de-intercalation, Li* leaving WS,); (c) time dependence of WS, resistance at

given gate voltages during intercalation, waiting at different gate voltages is represented by curves in different colors.
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Fig. 3. Scanning photocurrent images of WS, device under 633 nm excitation light with a power of 80 uW at 0 V bias, the excita-

tion light is focused using a 40x objective lens and the focused spot size is about 4 pum: (a) Scanning reflection image under 0 V

gate voltage; (b)—(h) scanning photocurrent images at different gate voltages, the marked value is the magnitude of gate voltage,

and the black arrows represent the intercalation (increasing gate voltage, Lit moving towards WS,) and de-intercalation (decreas-

ing gate voltage, Li* leaving WS,) processes. The scale bars are 10 um.
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Fig. 4. Gate voltage dependence of photocurrent of WS,
device at 0 V bias, the wavelength of excitation light is
633 nm and the power is 80 W, the white circle in Fig. 3(e)
indicates the focus position of laser, gate voltage changes at
a rate of 0.1 mV/s, the black arrow and curve show the
process of increasing gate voltage (intercalation), and the
red arrow and curve show the process of decreasing gate

voltage (de-intercalation).
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Fig. 5. Scanning photocurrent images of WS, device under different gate voltages at 0 V bias voltage: (a)—(h) Excitation light
wavelength is 880 nm, power is 80 uW, (a) the scanning reflection image of the WS, device at 0 V gate voltage; (b)—(h) the scan-
ning photocurrent images of the WS, device at different gate voltages; (i)—(p) excitation light wavelength is 1000 nm, power is
80 pW, (i) the scanning reflection image of WS, at 0 V gate voltage; (g)—(p) the scanning photocurrent images of the WS, device at

different gate voltages. The scale bars are 5 pm.
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Fig. 6. Wavelength dependence of photocurrent at the center line of WS, device in the ion intercalation process: (a) Vg = 0V,
(b) Vg =1V, (¢), Vg =2V, (d) Vg =3V are the conditions of different gate voltages. The excitation light power is 80 pW, and
the wavelengths are 633 nm (black), 880 nm (red), and 1000 nm (blue), respectively. The sample positions corresponding to the red

arrows in Figs. 3(b), 5(b), (j) represent the linecut positions. The yellow filled parts are the electrode area.
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Fig. 7. Normalized photocurrent spectrum of WS, device.
The red circle in Fig. 10(c) indicates the focus position of
laser, the laser wavelength range of the measurement is
500—1020 nm, and the wavelength step is 10 nm. The two
peaks at 520 nm and 620 nm correspond to the absorption
peaks of two excitons of WS,. The inset shows the normal-
ized photocurrent spectrum of the range 700-1020 nm.

1 L
< < <
Sl = a 0
< < <
= Beo & —1F
R R R
72-)\:880nm 72_)\:1000nm
_3}
0 é) 1.0 1‘5 2‘0 25 0 :5 1‘0 1‘5 2.0 25 0 é) 1.0 1‘5 2‘0 25
DL /pm FEA B /pm FESIE /pm
20 1 (d) —e— HJZEH] ok —e— IR () —e— IR
—— EHESE —— EHEE 0r —— EHZEE
< < 1} <
E E} E
b 2 _9f 2
R R R
_3_)\:880nm —2F A =1000 nm
—80 . . . . . . . . . . . .
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
FEAAE /pm FEA E /pm FESIE /pm
B8 (a)—(c) WSy dnfFh e IR AL 7 5 T4 20 B (W RMHE) DGR ; (d)—(f) B FHZNE Vo = 0 V ARG %

(
Vi = 0V IS i e 2 b B 51 HEL VA R 00 L, 8K 6838 5 80 uW, 2352 633 nm (a), (d), 880 nm (b), (e), 1000 nm (c), (f). 1

AR TR 3(b), 5(b), () HHELEET S X LA it (07 B, AR A o I8 A7 2 ) O FL I R/

Fig. 8. (a)—(c) Photocurrent at the center line of WS, device during ion intercalation (increasing gate voltage); (d)—(f) comparison of

linecut photocurrent at Vg = 0 V before intercalation and after intercalation, excitation light power is 80 uW, wavelengths are (a),

(d) 633 nm, (b), (¢) 880 nm, (c), (f) 1000 nm, respectively. The a-coordinate represents the sample position corresponding to the red

arrows in Fig. 3(b), 5(b), (j), and the y-coordinate represents the photocurrent at the corresponding position.
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Fig. 9. Optical images and Raman spectra of WS, device during intercalation: (a) V; = 0 V, the optical image before ion intercala-

tion; (b) Vi = 3V, the optical image after ion intercalation. The scale bars are 50 pm; (c) Raman spectra of WS, at different gate,

the excitation light wavelength is 532 nm, the power is 1 mW. The white circle in Fig. 3(e) is the focus position of laser and the

sampling integration time is 5s. When increasing gate voltage for ion intercalation, WS, Raman signals are taken at Vg = 0V
(black), Vg = 1V (red), Vg = 2V (blue), Vg = 3V (green). The peak marked in the figure is consistent with the characteristic

peak of 2H-WS,.
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Fig. 10. Scanning photocurrent images of WS, device before and after spinning coating lithium ion gel. (a), (d) Optical images of
WS, device before and after spin coating lithium ion gel, the scale bars are 50 pm. Scanning reflection images (b), (e) and scanning
photocurrent images (c), (f) of corresponding position before and after spin coating lithium ion gel at 0V bias. Excitation

wavelength is 633 nm, power is 80 pm, the scale bars are 10 pm.

103 4.1
(a) —0-1V (b) -2V
—1-2V 3V
> ——2-3V 40f
—3-0V
= 102f =~
¢ S 39
=] =]
< I
= = 3.8}
® =
X3
3.7}
-—
100 , , 36 , , ,
0 1 2 3 0 200 400 600 800
W/ vV B ) /s

F11 WS, s P U5 s 18] FL BEL A A ARSI (a) WS, AR BHBEAINE Ve B AL T2k, fH B AL i 30 1 mV /s, [ i 7 3k [l A
FORBIMMHE ()2, LitiE A WSy) RNV (452, LitBS I WSy) 095 ; (b) WS, H BH B B 7] 1 25 kil 28
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moving towards WS,) and decreasing gate voltage (de-intercalation, Lit leaving WS,); (b) time dependence of WS, resistance at

given gate voltages during intercalation.
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Abstract

Transition metal dichalcogenides have emerged as a prominent class of two-dimensional layered material,

capturing sustained attention from researchers due to their unique structures and properties. These distinctive

characteristics

render transition metal dichalcogenides

226801-10

highly versatile

in numerous fields, including
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optoelectronics, nanoelectronics, energy storage devices, and electrocatalysis. In particular, the ability to
modulate the doping characteristics of these materials plays a crucial role in improving the photoelectric
response performance of devices, making it imperative to investigate and understand such effects.

In recent years, the electrochemical ion intercalation technique has emerged as a novel approach for precise
doping control of two-dimensional materials. Building upon this advancement, this paper aims to demonstrate
the effective doping control of transition metal dichalcogenides devices by utilizing the electrochemical ion
intercalation method specifically on thick WS, layers. The results show that the conductivity is significantly
improved, which is about 200 times higher than the original value, alongside the achievement of efficient and
reversible control over the photoelectric response performance is effectively and reversibly controlled by
manipulating the gate voltage. One of the key findings in this work is the successful demonstration of the
reversible cyclic control of the photoelectric response in WS, devices through ion intercalation, regulated by the
gate voltage. This dynamic control mechanism showcases the potential for finely tuning and tailoring the
performance of photoelectric devices made from two-dimensional materials. The ability to achieve reversible
control is especially significant as it allows for a versatile range of applications, enabling devices to be adjusted
according to specific requirements and operating conditions.

The implications of this work extend beyond the immediate findings and present a foundation for future
investigation into response control of photoelectric devices constructed by using two-dimensional materials
through the utilization of the ion intercalation method. By establishing the feasibility and efficacy of this
technique in achieving controlled doping and precise modulation of photoelectric response, researchers can
explore its potential applications in various technological domains. Furthermore, this research serves as a
stepping stone for developing the advanced doping strategies, enabling the design and fabrication of high-
performance devices with enhanced functionalities.

In summary, this work showcases the significance of doping control in transition metal dichalcogenide
devices and demonstrates the potential of the electrochemical ion intercalation method for achieving precise
modulation of their photoelectric response performance. The observed enhancements in electrical conductivity
and the ability to reversibly control the photoelectric response highlight the promising prospects of this
technique. Ultimately, this work paves the way for future advancements in the field of two-dimensional
materials and opens up new way for designing and optimizing photoelectric devices with improved functionality

and performance.

Keywords: WS,, ion intercalation, photoelectric response, doping control
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