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While light-matter interaction mediated by strong exciton-plasmon coupling has been demonstrated to
increase the absorbance and spontaneous emission in coupled transition-metal dichalcogenide and metal
nanostructures, incorporating it in an optoelectronic device in a controlled manner is challenging. Here
we report that the exciton-plasmon coupling can be tuned in a chemically synthesized hybrid of WS, and
Ag nanoparticles (NPs) capped with an insulating polyvinylpyrrolidone (PVP) layer by controlling the
coverage area and the PVP layer thickness. Furthermore, we decorate large-area single-layer graphene
with these nanostructures to create the hybrid channel for a three-terminal phototransistor. The fabricated
device exhibits superior gate tunability and extremely high photoresponsivity (up to 3.2 x 10 A/W),
which is more than 5 times higher than for the bare graphene/WS, hybrid device, along with a low
noise equivalent power (approximately 10~'3 W/Hz%>) and higher specific detectivity of approximately
10'° Jones units in a wide wavelength range (325-730 nm). The additional PVP capping of Ag NPs
helps to suppress the direct charge and heat transfer and, most importantly, increases the device stability
by preventing the degradation of the WS,-Ag hybrid system. Our work demonstrates a strategy towards
obtaining an environmentally friendly, scalable, high-performance broadband phototransistor by tuning of

the exciton-plasmon coupling for next-generation optoelectronic devices.
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I. INTRODUCTION

Two-dimensional (2D) materials such as graphene and
transition-metal dichalcogenides (TMDCs) have attracted
much attention in the past 15 years because of their
atomically thin profile, high transparency, high carrier
mobilities, and appealing optoelectronic properties [1,2]
Most importantly, it is possible to create vertical het-
erostructures by using different 2D materials as they are
coupled by the weak van der Waals force in the out-of-
plane direction [3,4] to introduce multiple functionalities.
Graphene, a gapless semimetal having high carrier mobili-
ties, lacks potential in optoelectronic applications because
of its poor light absorption (approximately 2% of the
incident light) [5,6] In contrast, TMDCs (MoS,, WS,,
etc.) manifest excellent light-matter-interaction character-
istics primarily in the UV-visible (UV-vis) region and
become the natural partner of graphene [7,8]. Because of
the low dimensionality and the reduced dielectric screen-
ing, the optoelectronic properties of such 2D materi-
als are influenced by excitons and trions [9]. Recently,
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several attempts have been made to improve the opti-
cal properties of such TMDCs using the surface-plasmon
(SP) effects of some novel metals [10,11]. The localized-
surface-plasmon resonance (LSPR) of a metal nanostruc-
ture (nanoparticles, nanowires, etc.) [12,13] can be excited
by incident electromagnetic radiation, and it depends on
the carrier density, size, and shape of the nanostructures
and also on the external environment [14,15]. The SP
of metal nanostructures can couple with the excitons of
TMDCs, and this results in increased absorbance and
emission and improved photodetection capabilities. On
the other hand, the formation of a van der Waals het-
erostructure of graphene with photoactive materials such
as TMDCs [7,16], perovskites [17—19], or semiconduct-
ing quantum dots [20,21] provides a promising scheme to
design a superior photodetector that combines the advan-
tages of light absorption of the photosensing materials and
the high charge mobility of graphene as the conducting
channel. While there are some reports on TMDC-based
plasmonic phototransistors demonstrating enhanced per-
formance based on exciton-plasmon coupling, the fab-
rication of tunable hybrid optoelectronic devices with
a high quantum yield for broadband application is still
missing.

© 2023 American Physical Society
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In this work, a three-terminal-phototransistor-device
architecture is reported that is based on a graphene/
WS,—Ag NP heterostructure. The polyvinylpyrrolidone
(PVP)-capped Ag NPs restrict the direct charge, energy,
and heat transfer and enhance the optical properties
of WS, by the surface-plasmon—exciton coupling effect
[22]. With monolayer graphene as a conducting channel
and the Ag NP—decorated WS, nanosheets as the light-
absorbing material, the device offers superior photodetec-
tion capabilities in the broad UV-vis region (325—730 nm)
with excellent gate tunability. The fabricated highly sta-
ble graphene/WS,-Ag phototransistor exhibits very-high
photoresponsivity (R) greater than 10* A/W, high spe-
cific detectivity (D*) greater than 10'° Jones units, and
low noise equivalent power (NEP) of approximately
107> W/Hz"> in the overall spectral region, which is
several orders of magnitude higher than for the bare
graphene/WS, control phototransistor. By tuning of the
exciton-plasmon coupling, the demonstrated stable, sensi-
tive phototransistor devices have the potential for applica-
tion as next-generation optoelectronic devices.

II. EXPERIMENTAL SECTION
A. Chemicals

All chemicals (tungsten disulfide, lithium bromide, iso-
propyl alcohol, polyvinylpyrrolidone, silver nitrate, and
sodium citrate) are brought from Sigma-Aldrich and were
used without any further purification.

B. Synthesis

In this work, we report the structural and spectroscopic
properties of highly stable, solution-processed, plasmonic
Ag NP—decorated and chemically exfoliated WS;. WS,
nanosheets are synthesized chemically by use of a Li-
intercalation technique. Layered WS, nanosheets are syn-
thesized from bulk WS, by a Li-intercalation-assisted
chemical exfoliation technique and PVP-coated silver
nanoparticles are added to the dispersion of WS, to prepare
a WS,—PVP-encapsulated-Ag-nanoparticle hybrid. First,
for exfoliation of WS, nanosheets, bulk WS, powder
(2.5 g) and anhydrous LiBr in a 1:1 molar ratio are dis-
persed in 25 ml hexane solution. This solution is further
sonicated for 6 h by a bath sonicator. After sonication,
the resulting black dispersion is centrifuged at 5000 rev-
olutions per minute (rpm) for 15 min to remove hexane
and untreated Li ions. Then the wet sediments are washed
by dispersal in isopropyl alcohol by shaking followed
by centrifugation (5000 rpm, 15 min). By our repeat-
ing this procedure three times, the wet sediment of WS,
is completely transferred in isopropyl alcohol. After 2 h
of bath sonication, the resulting dispersion is centrifuged
at 5000 rpm for 10 min and greenish exfoliated WS,
nanosheets are obtained. To prepare silver nanoparticles,

PVP is dissolved in deionized water, the mixture is stirred
at room temperature, and then AgNO; is added to the dis-
persion. Sodium citrate is then used as a reducing reagent,
added dropwise to the AgNO; dispersion, and the color of
the solution turns light orange, which indicates the forma-
tion of silver nanoparticles. Thereafter, different quantities
of silver nanoparticles are mixed with chemically exfoli-
ated WS, nanosheets and the mixture is stirred for 1 h
to get a homogeneous mixture of WS,—PVP-encapsulated-
Ag-nanoparticle hybrids without any precipitation.

C. Characterization

The phase and crystallinity of the synthesized WS,
nanosheets and WS,-Ag heterostructures are investigated
by x-ray diffraction (PANalytical X’Pert PRO) using Cu
Ka radiation (1.54 A). The surface profile of all the sam-
ples is examined with an optical microscope and also
with a field-emission scanning electron microscope with
an electron energy of 20 keV and equipped with an energy-
dispersive x-ray spectrometer. To get a deeper understand-
ing of the morphology, the synthesized samples are investi-
gated by high-resolution transmission electron microscopy
(HRTEM; FEI Tecnai G2 20ST, energy 200 keV) and
atomic force microscopy (di Innova, Veeco). Absorption
spectra are measured with a UV-vis spectrometer (Shi-
madzu UV-vis 2600 spectrophotometer) and Raman and
photoluminescence (PL) spectra are obtained with use of a
LabRAM HR Evolution 532-nm laser (HORIBA, France).
Time-resolved emission transients are recorded with a
time-correlated-single-photon-counting setup using 409-
nm excitation. The light-emitting-diode (LED) powers are
calibrated by use of a Flame-Ocean Optics spectrometer
with an integrating-sphere setup.

D. Device fabrication

CVD-grown monolayer graphene on p-doped Si/SiO,
(300-nm) substrates (Graphenea, USA) is used to fabricate
the phototransistor devices. The electrodes are deposited
through a shadow mask by electron-beam evaporation to
make a channel of width 200 um and length 70 pm (p -
doped Si acts as the back gate of the fabricated devices).
Then, chemically exfoliated WS, and plasmonic WS;-Ag
(PVP) are simply spin-coated on top of the graphene chan-
nel to make the complete hybrid devices. Finally, all the
phototransistor devices are annealed at 80 °C for 1 h to
improve the hybrid interfaces.

E. Device characterization

A homemade electronic setup with an optical window is
used for the electrical and optical experiments. A Keith-
ley 2450 SourceMeter and an MFLI lock-in amplifier
(Zurich Instruments) are used in an ac two-probe config-
uration with a carrier frequency of 226.67 Hz. Collimated
and well-calibrated Thorlabs LEDs powered by a DC2200
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(a) Ilustration of the exciton-plasmon coupling in the WS,-Ag hybrid structure. (b) Raman spectrum of the WS;,-Ag hybrid

system, where the Ag NPs are covered with a thin PVP layer. The inset shows a TEM image of a single Ag NP fully covered by PVP.
(c) Comparison of the Raman spectra of bare WS, and the WS,-Ag hybrid.

power supply are used for the photocurrent measurements.
The LED powers are calibrated by use of Flame-Ocean
Optics spectrometer with an integrating-sphere setup. All
experiments are performed at room temperature and in a
vacuum of 10~° mbar.

III. RESULT AND DISCUSSION

The WS, nanosheets and the WS,-Ag hybrid system are
synthesized by a simple liquid-phase exfoliation technique.
The spherical Ag NPs are encapsulated with a thin insulat-
ing PVP layer. This PVP-based encapsulation of the Ag
nanoparticles has multiple advantages. Firstly, it helps to
suppress the direct charge, energy transfer (heat transfer
and surface energy transfer) [23], and band-gap pinning
[24], and hence the Ag nanoparticles can interact with WS,
through the LSPR effect. Secondly, it increases the stabil-
ity of Ag nanoparticles by stopping the chemical reaction
between Ag and WS;, which was reported to form Ag,S
even at the room temperature [25]. The unexpected surface
energy and the heat energy (in direct metal-semiconductor
contacts) released by plasmon decay in metal nanostruc-
tures (Ag NPs here) can cause structural and chemical
changes in semiconducting WS, and may degrade device
performance [23]. Figure 1(a) shows schematically the

interaction between the excitons of WS, layers and the
surface plasmon of Ag NPs. The Raman spectrum of
the WS;,-Ag hybrid is shown in Fig. 1(b), where the
Ag—O vibrational mode (approximately 228 cm™') rep-
resents the strong bonding between PVP and Ag NPs. A
transmission electron microscope (TEM) image of a sin-
gle Ag NP encapsulated by PVP layers (approximately
1 nm) is shown in the inset in Fig. 1(b). A typical TEM
image of the WS,-Ag hybrid is shown in Fig. Sl(a) in
Supplemental Material [38]. The crystalline states of Ag
provide a lattice spacing of approximately 0.23 nm, cor-
responding to the (111) plane [26] of Ag, and the lattice
spacing of WS, is approximately 0.27 nm, correspond-
ing to the (100) plane [27] of WS;, as is evident from
the HRTEM image [Fig. S1(b) in Supplemental Material
[38] ]. The selected-area-electron-diffraction pattern of Ag
NP—decorated WS, nanosheets exhibits distinct diffraction
spots that can be assigned to the (100) and (110) planes
of WS, and the (111) plane of Ag [28]; see Fig. S1(c) in
Supplemental Material [38]. A TEM image [an HRTEM
image of the hexagonal crystal structure is shown in the
inset in Fig. S1(d) in Supplemental Material [38] ] and the
selected-area-electron-diffraction patterns of bare WS, and
Ag NPs (with an average size distribution) are shown in
Figs. S1(d)-S1(f), respectively, in Supplemental Material
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Spectroscopic characterization of bare WS, and the WS,-Ag hybrid structure. (a) Absorbance spectra of bare WS,, Ag NPs,

and the plasmonic hybrid. Two distinct exciton peaks (excitons “A” and “B”) are present in WS, and the WS;,-Ag hybrid system. (b)
PL spectra of bare WS, and the WS,-Ag hybrid structure. (c) Schematic diagram of the dipole-mediated exciton-plasmon coupling in
the hybrid structure. (d),(e) Power-dependent PL spectra of the control WS, layer and the WS,-Ag hybrid structure, respectively. (f)
PL peak position as a function of excitation power (A = 532 nm) for WS, and the WS;-Ag hybrid.

[38]. The atomic-force-microscopy images of bare WS,
and the WS,-Ag hybrid suggest the thicknesses of typical
nanosheets are approximately 2 and 3 nm [Figs. S2(a) and
S2(b) in Supplemental Material [38] ]. The crystallinity of
bare WS, and Ag-coupled WS, nanosheets is examined
by x-ray diffraction. The formation of the (002), (004),
and (006) planes is the signature of crystalline WS, lay-
ers [27] and the appearance of the (111) plane signifies
the presence of Ag in the WS,-Ag hybrid system [Fig.
S2(c) in Supplemental Material [38] ]. The Raman spec-
tra of few-layered WS, sheets and the WS,-Ag hybrid are
shown in Fig. 1(c). The in-plane (E'5,) and out-of-plane
(41g) Raman modes are observed at 352 and 419 cm™!,
respectively, for bare WS;, suggesting WS, is a few layers
thick [29]. The intensities of both peaks are found to be
increased significantly because of the LSPR enhancement
by Ag NPs on WS, [Fig. S3(a) in Supplemental Mate-
rial [38] ] [30]. Additionally, the in-plane, £ ng mode of
WS, is redshifted due to the presence of Ag NPs as shown
in Fig. 1(c). The redshift of the E'5, mode is ascribed
to the strain relaxation due to lattice mismatch between
Agand WS, [31,32]. The out-of-plane, 4, mode behaves
oppositely in the WS;-Ag hybrid system. The strongly

localized electromagnetic field of the plasmonic Ag NPs
can stiffen the vertical oscillations of S atoms in WS,,
resulting in a blueshift of the 4;, mode [33]. With increas-
ing Ag-NP concentration, the peak position of the A,
mode is blueshifted monotonically, while the redshift of
the E 12g mode saturates after a certain ration of Ag to WS,
[Fig. S3(b) in Supplemental Material [38] ]. A higher Ag
concentration helps to increase the exciton-plasmon cou-
pling (due to the strong surface plasmon of Ag), which
results in a continuous blueshift of the 4;, peak. The
saturation of the E'5, mode shift is associated with the
saturation of the strain effect on WS, layers due to the
presence of Ag NPs on top.

UV-vis absorption spectra of bare WS,, Ag NPs, and
the WS,-Ag hybrid are depicted in Fig. 2(a). The char-
acteristics exciton “A” and “B” peaks of WS, remain
intact in the WS,-Ag hybrid system [34]. The overall
absorbance of WS, is increased due to the LSPR-induced
local electromagnetic interaction between the Ag NPs
and semiconducting WS, [35,36]. The exciton “A” peak
of WS, can be more clearly visualized in the second
derivative of the absorption spectra [Fig. S3(c) in
Supplemental Material [38] ]. A significant blueshift is
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FIG. 3.

Comparison of the photoresponse between the hybrid devices. (a) The hybrid graphene/WS;,-Ag phototransistor. Pho-

tocurrent (/p,) as a function of applied source-drain bias voltage (Vg) of (b) graphene/WS;-Ag and (c) graphene/WS, devices.
Photoresponsivity as a function of (d) wavelength and (e) illumination power (PLgp) of the plasmonic hybrid and control devices.

observed in the WS,-Ag hybrid, suggesting the impact
of exciton-plasmon coupling, which supports the observa-
tions from the Raman spectra [37].

The role of surface-plasmon resonance of the Ag NPs
can be well understood from the concentration-dependent
absorption spectra and emission spectra in the WS;-Ag
hybrid structure. Interestingly, it is observed that with
increasing Ag NPs density, the exciton-to-plasmon peak
ratio decreases, whereas the overall intensity of the exciton
“A” peak increases [Fig. S3(d) in Supplemental Mate-
rial [38] ], suggesting the possibility to tune the coupling
strength (exciton-plasmon) by controlling the concentra-
tion ratio of the materials. The effect of SPR on the optical
properties of WS, is further studied through micro-PL
spectroscopy (excitation 532 nm). Having a weak asym-
metric profile, the PL spectrum of WS, can be deconvo-
luted into three possible components [38], such as a neutral
exciton (A°), a trion (AT), and a biexciton (A*) [Fig.
S4(a) in Supplemental Material [38] ] [39,40]. The PL
intensity is dramatically increased in the WS,-Ag hybrid
system as shown in Fig. 2(b). The observed PL increase
from the WS,-Ag hybrid is associated with the combined
contribution of the increased light absorption by WS,
in the hybrid structure, the exciton-plasmon-photon

conversion, and the plasmon-enhanced exciton generation-
recombination process [41,42]. By avoiding direct metal-
semiconductor contact, the insulating PVP layer inhibits
the PL-quenching, band-pinning, and doping processes
[43]. The excitons in WS, can couple with the SP of Ag
NPs due to their spatial wave-function overlap, resulting in
increased emission [44]. Compared with the other excitons
(AT and A?), only the intensity of the neutral exciton (A°)
dominates in the WS,-Ag hybrid structure as shown in
Fig. S4(b) in Supplemental Material [38]. The realization
of exciton-plasmon coupling requires simultaneous spec-
tral and spatial overlap between excitons and plasmons
[45]. Thus, the confined excitons are spectrally coupled
with the plasmon, with consequent strong interaction of
transition dipole moments. The dipole-dipole interaction
between the exciton states and the SP is depicted schemat-
ically in Fig. 2(c). This dipolar coupling rate is dependent
on the oscillator strength of excitons and the local field
enhancement of the SP [46,47]. To get deeper insight into
the exciton-plasmon coupling mechanism, the excitation-
power-dependent PL emission spectra are shown in Figs.
2(d) and 2(e) for bare WS, and the WS,-Ag hybrid,
respectively. It is observed that the PL peak position
of the WS,-Ag hybrid shifts towards shorter wavelength
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graphene/WS,-Ag device and (d) the graphene/WS, device.

with increasing excitation power, while bare WS, shows
the opposite trend. With increasing excitation power, the
emission spectrum of WS, exhibits a continuous red-
shift [Fig. 2(d)], as all three excitons (A%, AT, and A%)
contribute to the emission spectrum [40]. On the other
hand, the contribution of major PL emission of the WS,-
Ag hybrid is dominated by the neutral exciton (A°) only
as discussed previously. The reduced band-filling effect
due to the dipolar interaction between the excitons of
WS, and the SP of Ag NPs results in a continuous
blueshift with increasing excitation power in the WS,-Ag
hybrid [12]. The PL peaks shift with increasing excita-
tion power for both bare WS, and the WS,-Ag hybrid
as depicted in Fig. 2(f). Both bare WS, and the WS,-
Ag hybrid exhibit a monotonic increase in PL intensity
as a function of illumination power (for 532 nm), which
is shown in Fig. S4(c) in Supplemental Material [38]. To
estimate the lifetime of the photogenerated charge car-
riers, time-resolved-photoluminescence measurements are
performed for bare WS, and the WS,-Ag hybrid under
identical conditions (excitation at 409 nm and emission

at 500 nm) [Fig. S4(d) in Supplemental Material [38] ].
It is observed that the lifetime of bare WS, (1.67 ns)
slightly decreases when it is coupled with Ag NPs. The
quenched lifetime in the WS;,-Ag hybrid (1.53 ns) indi-
cates an increase of the spontaneous-emission rate of the
hybrid system due to the enhanced exciton-plasmon cou-
pling. From the steady-state PL, it is observed that the
neutral exciton dominates in the WS,-Ag system and the
spontaneous-emission rate of neutral exciton is amplified
by the dipole-dipole interactions (Purcell effect) [15]. With
increasing concentration of PVP-capped Ag NPs, the emis-
sion intensity of the WS,-Ag hybrid is increased and the
peak is gradually blueshifted [Fig. S5(a) in Supplemen-
tal Material [38] ], which supports the observation from
concentration-dependent absorbance spectra [Fig. S3(d) in
the Supplemental Material [38] ]. Also, the role of the insu-
lating PVP layer can be understood from the PL spectra of
WS, with and without PVP layers [Fig. S5(b) in Supple-
mental Material [38] ]. From our experimental findings,
it is possible to conclude that WS, sheets maintain their
fundamental electronic and optoelectronic properties while
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CB, conduction band; VB, valence band.

not being chemically altered. Despite the chemical exfo-
liation, the WS, sheets retain structural integrity with a
sufficiently low density of critical defects that may inhibit
luminescence. This behavior of our synthesized materials
is consistent with the behavior of mechanically exfoliated
materials and is demonstrated by their prominent band-gap
photoluminescence. So, the solution-based exfoliation of
layered materials can be considered as a promising route
for large-scale production of 2D crystals and exploitation
of their special properties in practical applications.

The hybrid phototransistor devices are fabricated by
our considering CVD-grown graphene as the conducting
channel between two Ti/Au electrodes and PVP-capped
Ag nanoparticle—decorated WS, (or bare WS;) as the
photoabsorbing layer. Figure 3(a) shows a schematic of
the three-terminal device, which is basically a graphene
transistor on a Si/SiO, substrate sensitized by the
WS,-Ag hybrid on top of it (the optimum Ag-to-WS,
ratio of 0.24 is used throughout the experiments). The
photoresponse characteristics (/ph—Vgs) of the graphene/
WS,-Ag and graphene/WS, devices with different

illumination wavelengths (at a constant illumination inten-
sity of approximately 10 pW/cm?, Vgg=0 V) are shown
in Figs. 3(b) and 3(c), respectively. It is found that the
photocurrent (/,,) increases linearly with increase of the
source-drain (Vys) voltage ranging from 0 to 1 V for both
devices [16]. Figure 3(d) shows the spectral photorespon-
sivity (R) of the hybrid devices with constant Vg=1V,
back-gate voltage (Vpg) of 0 V, and illumination power
density (Prep) of approximately 1 pW/cm?, where R can
be calculated as [48]

Ion
R:L, 1
P (1)

where I pn= (I1ight — dark) 18 the photocurrent and Peg is the
effective optical illumination power on the surface of the
device.

Furthermore, the photoresponsivity (R) is noticeably
increased for the plasmonic device (graphene/WS;-Ag)
in the whole UV-vis spectral region (325-730 nm)
compared with the graphene/WS, control device. The
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increase of R is highest (approximately 5.2 times) for
illumination at 410 nm. This increased responsivity can
be attributed to the localized-surface-plasmon-resonance
effect of Ag nanoparticles, which increases the optical
absorbance of the WS, layers. Additionally, the strong
exciton-plasmon coupling of WS,-Ag increases the pho-
toresponsivity significantly (approximately 4.5 times) for
illumination at 633 nm.

Figure 3(e) shows a comparison of the photorespon-
sivity as a function optical-illumination power den-
sity (Prgp) of the graphene/WS;-Ag and graphene/WS,
devices with A =633 nm and Vg=1 V for zero gate
voltage (Vgg=0 V). At a lowest illumination power of
approximately 0.2 pW/cm?, the plasmonic graphene/WS,-
Ag device offers the highest photoresponsivity (R) of
approximately 3.5 x 10* A/W, whereas in case of the
nonplasmonic control device, R becomes approximately
8.2 x 103 A/W at 633 nm. For both devices, R decreases
monotonically with the increase of optical power. Satura-
tion of the photocurrent (/) due to lowering of the inter-
facial built-in field reduces the responsivity with increase
of the illumination power [23,49]. The NEP and specific
detectivity (D*) are two important parameters to evaluate
the capability of weak-signal detection of a photodetector.
The NEP of a photodetector is defined as [48]

S
NEP = —, 2

- @
where S; is the total noise current considering 1/ noise
[38], shot noise, and the thermal noise of the devices and
R represents the photoresponsivity.

The specific detectivity (D*) is defined as [48]

D" = ﬁ, 3)
NEP
where 4 is the area of the device.

At a frequency of 1 Hz, the measured 1/f noise spec-
tral densities [S; (1/f')] of the plasmonic graphene/WS,-
Ag and graphene/WS, devices are calculated to be
3.01 x 1077 and 1.11 x 10~!7 A%/Hz, respectively. This
1/f noise [insets in Figs. 4(a) and 4(b)] clearly dominates
over the other sources of noise in these hybrid phototran-
sistor devices (see note 5 in Supplemental Material for the
calculation of the total noise spectral density). Figures 4(a)
and 4(b) show the spectral NEP and the specific detectiv-
ity (D*) of the hybrid devices. It is seen that the plasmonic
graphene/WS,-Ag device offers a lower NEP and a higher
specific detectivity than the bare graphene/WS, device
in overall spectral region. For example, the calculated
NEP becomes 1.73 x 10713 and 5.52 x 10~13 W/Hz%3,
respectively, and the specific detectivity (D*) becomes
6.83 x 10'° and 2.14 x 10'* Jones units, respectively, for
the plasmonic graphene/WS;-Ag and bare graphene/WS;
devices, respectively (at A =410 nm and Vg=1 V). A

lower NEP and a higher detectivity indicate the superior-
ity of the plasmon-coupled device for weak-light detection.
Figures 4(c) and 4(d) show the UV-vis (325—730 nm)
broadband photoswitching characteristics of these two
phototransistors with the same experimental conditions
Vas=1V, Vegg=0 V, and Prgp~ 10 pW/cm?. The tem-
poral photoresponse of the mentioned devices shows
repeatability with multiple ON-OFF illumination cycles.
The plasmonic graphene/WS,-Ag device offers a signifi-
cantly higher photocurrent with consistent reproducibility
in the overall wavelength region compared with the bare
graphene/WS, device. This higher temporal photocurrent
is consistent with the increased photoresponsivity and can
be described by the strong exciton-plasmon coupling as
explained before. The characteristic temporal response
time is a very important parameter to evaluate the per-
formance of a photodetector. The rise time (7,s) and
decay time (7gy) of a photodetector [Figs. S6(a) and
S6(b) in Supplemental Material [38] ] are basically defined
as the time gap for the current changes from 10% to
90% and vice versa when light is turned on or off [50].
The rise times (7 ) of the graphene/WS, phototransis-
tor with and without Ag nanoparticles are 0.49 and 0.52 s,
respectively, while the corresponding fall times (tg) are
0.50 and 0.57 s. The transfer characteristic (/4—Vgg) of
bare graphene and the WS;,-Ag (PVP)—decorated graphene
transistor in the dark is represented in Fig. S7(a) in Sup-
plemental Material [38]. No charge neutrality point (Vp) is
observed in the pristine graphene device, mostly due to the
hole-doping effect caused by the PMMA-based wet trans-
fer of the graphene film [51]. The transfer characteristics
are not altered by the deposition of WS;-Ag (PVP), except
for the appearance of V' at approximately 23 V. This shift
of Vp implies the transfer of electrons from Ag-decorated
WS, to graphene as shown schematically in Fig. S7(b) in
Supplemental Material [38]. This charge transfer between
WS, and graphene layers assists in equilibrating the Fermi
levels and consequently the valance band and the con-
duction band of WS, bend upward at the graphene/WS,
interface.

Figure 5(a) shows the transfer characteristics of the
hybrid device before and after illumination with 633-nm
radiation (left axis) and the gate-tunable photoresponsivity
at Vgs=0.5 V (right axis). It is seen that the photore-
sponsivity can be tuned significantly by the application
of a gate voltage (Vgg). For illumination at 633 nm with
a power of 8 uW/cm?, the photoresponsivity increases
from 2.57 x 10° to 3.32 x 10> A/W when the gate voltage
(VBg) changes from —15 to 0 V, while the photorespon-
sivity (R) decreases to —3.06 x 10> A/W at Vg =45 V.
Such a polarity-tunable photoresponsivity can be described
by a simple energy-band diagram as shown in Fig. 5(b).
Upon irradiation, electron-hole pairs are generated in Ag
NP—decorated WS,. The photogenerated holes are then
transferred to the graphene channel by the trapping of
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TABLE I. Performance comparison of some graphene-based plasmonic photodetectors.
Wavelength Dark Responsivity Rise Decay time
Device structure (nm) Vas (V) current (LA) (R) A/W time (s) (s) Reference
Graphene-perovskite—Au nanoarray 375-808 2 18.71 0.33 0.27 [17]
Graphene-MAPbI;—Au NPs 532 10 720 2.1 x 103 1.5 1.5 [18]
Graphene—WS,-Ag NPs 400-750 0.8 11.4 0.3 1 [36]
Graphene-MAPbI;—Au nanostars 532 =5 2300 59x 10* 2.5 11.9 [19]
Graphene—Ag NPs 225-450 0.5 1250 14.5 6 17 [50]
Graphene—Ag NPs 250450 0.35 415 82 1 4 [52]
Graphene-perovskite—Au NPs 450-800 0.1 495.3 7 7 [23]
Graphene/WS;,-Ag (PVP) 325-730 1 280 3.5 x 10* 0.49 0.52 This work

electrons in WS, due to the upward band bending. With
decrease of the gate voltage such that Vg < V'p, the Fermi
level of graphene is lowered and the graphene becomes
doped with holes. This helps to transfer more photogen-
erated holes to the graphene channel by increasing the
interfacial electric field. As a result, the photoresponsivity
of the device increases. Similarly, when the applied gate
voltages are higher than the Dirac voltage (Vgg > Vp), the
graphene becomes doped with electrons. Increasing Vg
also increases the injection of photogenerated electrons
from WS, to graphene due to downward band bending
in WS,, resulting in a negative photoresponsivity. Inter-
estingly, the photoresponsivity becomes negligibly small
near the Dirac point (Vp ~23 V), making the gate volt-
ages be an additional switch to tune the photoresponsivity
of the devices. The dipolar interaction effectively increases
the electric field intensity at the locality of semiconducting
WS, and results in increased optical absorption accompa-
nied by the generation of a larger density of electron-hole
pairs upon illumination. To understand the effect of SP
coupling for synergistically increased absorption and emis-
sion and improved photoresponse in the WS,-Ag hybrid,
the electric field distribution is investigated by COMSOL
MULTIPHYSICS simulation (see Sec. I for details). Under
resonance excitation of approximately 420 nm, the simu-
lated electric field distributions of a single Ag NP and the
WS,-Ag hybrid system are shown in Figs. 5(c) and 5(d),
respectively.

This strong, tightly confined plasmonic mode of Ag NPs
is responsible for the enhanced light-matter interaction in
the hybrid system. The excitation rate and the absorp-
tion cross section of the excitonic system are increased
by a factor of (E/Ey)?, where E and E, are the local
and incident electric fields, respectively [52,53]. The sim-
ulated spectral distribution (350—750 nm) of the interfacial
electric field is depicted in Fig. 5(e) for a single Ag NP
and the WS;-Ag hybrid system. The field increases in
the hybrid system in the overall spectral region, which
is consistent with the absorption spectra [Fig. 2(a)]. This
increase of the interfacial electric field can be qual-
itatively explained by a simple image-charge model.
The electromagnetic field of the plasmonic Ag NP can

effectively be screened due to the introduction of the WS,
layer in the vicinity and therefore generates the image
charges. The coupling between the plasmonic particle and
its image charge pushes down the hot spot of the gener-
ated electric field and subsequently increases the interfacial
field of the WS,-Ag hybrid system.

Finally, the stability of the plasmonic hybrid photode-
tector is checked by our keeping it in normal ambient
conditions (in a vacuum desiccator). The device offers an
extremely stable photocurrent (Fig. S8 in Supplemental
Material [38]) even 3 months after its fabrication. Notably,
the highly increased photoresponsivity, along with good
stability and durability, make this hybrid graphene/WS,;-
Ag phototransistor superior to other reported devices (pre-
sented in Table I) and very promising for future multifunc-
tional optical devices.

IV. SUMMARY

In summary, we have demonstrated a stable, cost-
effective, scalable, and gate-tunable phototransistor based
on a plasmonic monolayer-graphene/WS;,-Ag heterostruc-
ture. The presence of strong surface plasmon resonance
due to synthesized Ag NPs effectively enhances the light-
matter interactions in WS;. The enhanced optical prop-
erties in the WS,-Ag hybrid originate from the dipole-
mediated exciton-plasmon coupling in the multiple inte-
grated hot spots. Compared with the bare graphene/WS,
device, the plasmonic graphene/WS,-Ag hybrid device
offers superior photodetection capabilities in the broad-
band UV-vis region (325-730 nm) with excellent gate
tunability. Furthermore, it shows photoresponsivity as
high as approximately 3.2 x 10* A/W and approximately
2.9 x 10* A/W for illumination at 410 and 633 nm, respec-
tively, which are about 500% higher than for the con-
trol graphene/WS, device. Also, considering 1/f noise,
the plasmon-coupled graphene/WS, phototransistor offers
a very low NEP of approximately 10~'3 W/Hz’> and
high specific detectivity (D*) of approximately 10'° Jones
units in a wide wavelength range (325-730 nm). The
additional PVP capping of Ag NPs helps to suppress
the loss through heat and energy transfer and most
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importantly increases the device stability by preventing
any degradation. The strong exciton-plasmon-coupling-
mediated enhanced optical properties of the plasmonic
WS,-Ag hybrid have been explained by COMSOL MULTI-
PHYSICS simulations. Our study provides a strategic route
towards facile fabrication of a superior-quality large-area,
broadband, plasmon-based, highly stable hybrid photo-
transistor based on exciton-plasmon coupling, a potential
candidate for next-generation optoelectronic devices.

A. Numerical simulation

The plasmonic coupling effect in the TMDC—metal-
NP hybrid system is investigated by optical simulations
with use of COMSOL MULTIPHYSICS 5.5 (wave-optics mod-
ule). In this module, the incident Gaussian electromagnetic
wave (plane wave) is considered to be polarized along
the x axis and travelling along the y axis with a normal-
ized amplitude of 1 V/m. The light-matter interaction of
the hybrid system is studied by our simulating an Ag NP
with 10-nm diameter sitting on top of a 3-nm-thick WS,
layer. The propagation parameter (K = 27 /A) satisfies the
electromagnetic wave equation

Vg 8’E
= 8—,
Y

where yu is the permeability (taken to be 1) and ¢ is the
complex permittivity of the medium, which is taken from
previous literature [54]. The interfacial electric field as a
function of wavelength is plotted and the extracted val-
ues give information regarding the field enhancement with
broadband spectral coverage.
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