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Two-dimensional transition metal dichalcogenides have demonstrated potential for advanced
electrical and optoelectronic applications. For these applications, it is necessary to modify their
electrical or optoelectronic properties. Doping is one of the most prevalent techniques to modify
the band structure of semiconductor materials. Herein, we report the p-type doping effect on few-
layer and multi-layer MoS, that are selectively decorated with Ag nanoparticles via laser-assisted
direct photoexcitation of MoS, exposed in AgNOj; solution. This method can control the doping
level by varying the duration of the laser irradiation, which is confirmed by the observed gradual
rise of MoS, device channel resistance and photoluminescence spectra enhancement. This study
demonstrated a simple, controllable, and selective doping technique using laser-assisted photo-

reduction. Published by AIP Publishing. https://doi.org/10.1063/1.5022705

Two-dimensional transition metal dichalcogenides (2D
TMDs) have been investigated for next-generation semicon-
ductor materials because of their unique and exceptional elec-
trical and optoelectronic properties.'™ 2D TMDs have layered
structures with weak van der Waals bonding so that they can
be easily exfoliated from the bulk materials to yield two-
dimensional structures.”’ They also have intrinsic energy

“bandgaps that vary with respect to their thickness. For
instance, an n-type semiconductor, molybdenum disulfide
(MoS;), has an indirect bandgap of 1.2eV for bulk compared
to the direct bandgap of 1.8 eV for monolayer.” Similarly, a p-
type semiconductor, tungsten diselenide (WSe,), also has the
indirect bandgap of 1.1eV which changes to the direct
bandgap of 1.7eV as the number of layers is reduced.'” The
atomic layer TMDs’ two-dimensional structure and electrical
properties make them suitable for electronic and optoelec-
tronic devices including field-effect transistors (FETs),""
photodetectors,'*™'® photocatalysis,'”"'® and sensor applica-
tions."*>7%!? For these applications, it is necessary to modify
their electrical or optoelectronic properties. In order to realize
these modifications, doping is the key process for local
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manipulation of its conductivity and charge density.”"™*'

Several doping techniques have been developed for the modu-
lation of the TMDs, such as surface charge transfer,ﬂ_23 sub-
stitutional doping,”*™ and electrostatics.">** Specifically,
chemical doping with noble metal nanoparticles such as Au
and Ag exhibited a remarkable and stable p-type doping
effect. However, controllability and spatial selectivity of this
method have not been demonstrated yet.”” Herein, we report
the p-type doping effect on few-layer and multi-layer MoS,
that are selectively decorated with Ag nanoparticles (Ag NPs)
by laser-assisted photo-reduction. It is noted that MoS, is an
n-type semiconductor. The Ag NP decorated MoS, FETs
exhibit the p-type doping effect that is consistent with the pho-
toluminescence (PL) spectra results.

Figure 1(a) shows a schematic diagram of the doping
process using laser-assisted photo-reduction. In this study,
the few-layer and multi-layer MoS, samples were prepared
by mechanical exfoliation. Ag NPs were selectively formed
on the surface of MoS, by laser-assisted photo-reduction in
an AgNO; solution having the concentration of 0.1 M under
532 nm laser irradiation with the power density of 0.001 W/
cm?® for 10 s. This method utilizes the bandgap of MoS,
which can absorb visible light and generate electron-hole
pairs. Finally, Ag reduced on the surface of MoS, as a result
of recombination between the generated free electrons and
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FIG. 1. (a) Schematic diagram of the Ag NP decoration method on the
MoS; surface by laser-assisted photo-reduction. (b) Raman spectra of MoS,
before and after Ag NP decoration. (¢) Atomic force microscopy (AFM) and
(d) transmission electron microscopy (TEM) images of the Ag NP decorated
MoS; surface. The Ag NPs appear as white and black in (c) and (d),
respectively.

Ag ions, whereas no Ag NPs were deposited on the SiO,
substrate due to the absence of photo-excited free electron
generation.zx““’ In this manner, we can decorate Ag NPs
selectively on the surface of MoS,. Figure I(b) shows
Raman spectra of the few-layer MoS, before and after Ag
NP decoration. After decoration of Ag NPs, Raman spectra
display an A, peak upshift of ~1cm™', which indicates the
p-type doping effect as a consequence of the presence of Ag
NPs.*"*? Furthermore, the structure of MoS, is not affected
by Ag NP decoration since the Raman shift before and after
Ag NP decoration is almost similar. Figure 1(c) shows an
atomic force microscopy (AFM) image of the MoS, surface
decorated with Ag NPs and the substrate with no Ag NPs.
Figure 1(d) displays a transmission electron microscopy
(TEM) image of the Ag NPs on the MoS, surface. The size
of reduced Ag NPs is in the range of a few nanometers
(3-10nm) on the few-layer MoS,. These results demonstrate
that Ag NPs are selectively decorated on the MoS, surface
by laser-assisted photo-reduction.

In order to confirm the doping effect induced by Ag NP
decoration, the few-layer and multi-layer MoS; FETs were
fabricated by the conventional device fabrication process
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and electrical characteristics were measured. Figure 2(a)
shows the optical microscopy image of the few-layer MoS,
FET. Figures 2(b) and 2(c) display electrical characteristic
curves of the few-layer and multi-layer MoS, FETs mea-
sured in the ambient conditions, before and after Ag NP dec-
oration, respectively. As summarized in Fig. 2, the FET
devices based on the pristine MoS, channel exhibit n-type
behavior clearly and Ag NP decoration leads to a decrease in
channel conductance representing the reduction of charge
carrier density. Also, the threshold voltages of the few-layer
and multi-layer MoS, are shifted after Ag NP decoration as
shown in the inset of Figs. 2(b) and 2(c); therefore, this result
indicates the p-type doping effect. Interestingly, the multi-
layer MoS, exhibits a higher doping effect than the few-
layer MoS; at short irradiation time since more electron-hole
pairs are generated.

The laser-assisted photo-reduction method can easily
control the density and size of Ag NPs and therefore the
p-type doping concentration. Figure 3(a) displays photolu-
minescence (PL) spectra of the few-layer MoS, with dif-
ferent irradiation times. In the case of 30s irradiation time
that yields the strongest PL enhancement, the peak is blue
shifted by ~5meV and it increased to ~22meV at 120s
irradiation time. The result shows that Ag NPs enhance the
excitonic emission of MoS,, suggesting the p-type doping
effect consistent with our device studies. Figure 3(b) indi-
cates the energy band diagram of Ag-MoS, with a
Schottky barrier height of ~0.35eV.**** By the Ag NP
decoration, band bending between MoS, and Ag NPs
occurs so that excited electrons on MoS, transfer to Ag
NPs resulting in the suppression of recombination of two
electrons and a hole, the so-called negatively charged
trion.”>™ By increasing the irradiation time, more Ag NPs
are decorated so that additional free holes from Ag NPs
suppress even more the negative trions of MoS,.”"*" The
highest PL intensity is shown in after 30s of irradiation
time. However, the PL intensity decreases upon irradiation
over 30s time due to the light blockage by the overloaded
Ag NPs on the MoS,; surface. Figure 3(c) shows character-
istic curves and I4-Vg4s curves with different irradiation
times of the few-layer MoS, FET, respectively. The result
displays that the maximum Iy is decreased and the thresh-
old voltage is shifted as the irradiation time increases. It is
also observed that the on/off ratio of the MoS, FET
decreases as the irradiation time increases. The decrease of
Iy is almost saturated by the overloaded Ag NPs on the
MoS, surface as the irradiation time exceeds 60s.”
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In conclusion, we have demonstrated the p-type doping
effect on the few-layer and multi-layer MoS, FET devices
selectively decorated with Ag NPs by laser-assisted photo-
reduction. Both the few-layer and multi-layer MoS,, an
n-type semiconductor, exhibit a decrease in the source-drain
current, and it is observed that the Ag NPs enhance the PL
intensity of MoS, that attains a maximum at 30's of irradia-
tion time. Thus, laser-assisted photo-reduction can selectively
decorate Ag NPs on MoS, and easily control the p-type dop-
ing effect by varying the irradiation time. We believe that
this technique is potentially of wide range use for material
selective doping to fabricate customized transition metal
dichalcogenides and realize new electrical and optoelectronic
device applications.
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