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Enhanced Photoresponse in Intermingled WS, and MoS,
Nanodiscs on Graphene Heterostructure Nanohybrids

Samar Ghopry,* Andrew Shultz, Mohammed Alamri, Saad Alzahrani, and Judy Wu*

Nanohybrids based on van der Waals (vdW) heterostructures of two
dimensional (2D) atomic materials have recently emerged as a unique
scheme for designing high-performance quantum sensors. This work explores
vdW nanohybrids for photodetection, which consist of graphene decorated

properties stemming from their unique
electronic structures under 2D quantum
confinement.[!l For example, MoS, ex-
ists in nature as an n-type semicon-
ductor with an indirect bandgap while

with intermingled transition-metal dichalcogenide (TMDC) nanodiscs
(TMDC-NDs) obtained using wafer-size, layer-by-layer growth. The obtained
TMDC-NDs/graphene nanohybrids take advantage of strong quantum
confinement in graphene for high charge mobility and hence high
photoconductive gain, and localized surface plasmonic resonance (LSPR)
enabled on the TMDC-NDs for enhanced light absorption. Since the LSPR
depends on the nanostructure’s size and density, intermingled TMDC-NDs of
different kinds of TMDCs, such as WS, (W) and MoS, (M), have been found
to allow small-size, high-concentration TMDC-NDs to be achieved for high
photoresponse. Remarkably, high photoresponsivity up to 31 A/W (550 nm
wavelength and 20 uW ecm~2 light intensity) has been obtained on the
WMW-NDs/graphene nanohybrids photodetectors made using three
consecutive coatings of WS, (1st and 3rd coating) and MoS, (2nd coating),
which is considerably higher by a factor of ~4 than that of the counterparts
MoS,-ND/graphene or WS,-NDs/graphene devices. This result provides a
facile approach to control the size and concentration of the TMDC-NDs for
high-performance, low-cost optoelectronic device applications.

1. Introduction

Two dimentional (2D) atomic materials like graphene and
transition-metal dichalcogenides (TMDCs, such as WS, and
MoS,) have attracted intensive research interest lately as po-
tential candidate materials for electronics and optoelectron-
ics. 2D atomic materials have promising electronic and optical

monolayer MoS, (WS,) has a direct
bandgap hence stronger light absorption
than its bulk counterpart in the visi-
ble spectrum!'4?! to near-infrared with
carrier doping.’! 2D MoS, (WS,) has a
visible-range bandgap ranging from 1.6—
1.9 eV for monolayer layer!*/ to 1.2-1.4 eV
for multilayers.!**®5] On the other hand,
graphene is well known for its high car-
rier mobility due to its unique gapless
Dirac cone electronic structure and the
linear dispersion associated to its hexago-
nal 2D lattice of carbon atoms of 0.34 nm
in thickness, leading to extraordinary mo-
bility for massless fermions (electrons
and holes).[®] At room temperature, the
mobility of graphene, up to 2 x 10°
cm~2 V-1 71, plays a critical role in pro-
viding photoconductive gain.l”! In addi-
tion, graphene has ~2.3% absorption per
sheet in broadband ranging from ultra-
violet (UV) to almost terahertz, which
represents the highest light absorption
so far observed per atomic sheet.®] Furthermore, 2D atomic ma-
terials and their heterostructures can have excellent mechanical
strength and stability required for flexible electronic devices.!!
Photodetectors based on TMDC have been studied intensively
and promising progress has been obtained. For example, pho-
toresponsivity of ~0.42 mA W~! was reported on a monolayer
MoS, phototransistor at incident light power of (Py,,) of 80 uW,
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a wavelength of 550 nm and a source-drain bias voltage (V) of
1.0 V.2’ By applying a gate voltage of ~50 V, the photorespon-
sivity reaches 7.5 mA WL, Lan et al synthesized a photodetector
based on large-area monolayer WS, films prepared using chem-
ical vapor deposition (CVD) and obtained photoresponsivity of
0.2 pA W1 at a wavelength of 532 nm and rise and fall times of
~ 4.5 ms.l'% The relatively low photoresponsivity in photodetec-
tors based solely on TMDC has prompted exploration of van der
Waals (vdW) heterostructures of TMDC and graphene to incorpo-
rate a large photoconductive gain for higher photoresponsivity.[¢l
TMDC and other 2D materials of different electronic structures
and doping (p or n types) can be stacked together into vdW
heterostructures to enable broadband optoelectronics with favor-
able band-edge alignments at the interfaces.[!! These advantages
have motivated a large number works to explore vdW p-n junc-
tions, such as MoTe,/MoS,,['?] WSe,/MoS,,['}] WSe,/SnS,[14
black phosphorous (BP)/MoS,,!**] GaTe/InSe,!**] WS, /MoS,,[1"]
and h-BN/MoTe, /graphene/SnS, /h-BNI'#] for photodetection. In
TMDC/graphene vdW nanohybrids, a high photoconductive gain
stemming from the strong quantum confinement in TMDC (as
photosensitizer) and graphene (as charge transport channel) may
be achieved for extraordinary photoresponsivity. The gain can
be estimated from the ratio between the exciton time (7 .on)
in TMDCs and the charge transit time (z,,,) in graphene.!*”!
High-performance TMDC/graphene vdW nanohybrid photode-
tectors have been reported.?’! For example, an 835 mA W~!
photoresponsivity in visible spectrum has been reported for a
printed MoS, sheet on transfer-free wafer-size graphene.[?® A
further enhanced visible photoresponsivity by decorating WS,
nanodiscs (NDs) on graphene was reported by Alamri et all?!]
and the enhancement was attributed to the generation of local-
ized surface plasmonic resonance (LSPR) on WS, NDs upon
light illumination for improved light absorption and hence
photoresponsivity.[?]

Since TMDC-NDs with the LSPR effect can effectively en-
hance light absorption, a further enhanced photoresponsivity is
anticipated by increasing the TMDC-NDs concentration, which
presents a challenge due to the requirement of maintaining the
optimal ND size around 100s of nm. Motivated by this, this work
explores schemes to increase the TMDC-ND concentration by us-
ing multiple consecutive coatings of the same kind and different
kinds of TMDCs. The former only led to larger, thicker, and even
connected TMDC-NDs with a negligible increase in ND concen-
tration. In contrast, the latter was found to allow formation of in-
termingled TMDC-NDs of enhanced concentrations while main-
taining similar lateral sizes TMDC-NDs in the range of 300 to
500 nm. Significantly enhanced photoresponsivity by ~400% has
been obtained in the intermingled TMDC-NDs/graphene vdW
heterostructure nanohybrids photodetectors as compared to their
counterparts of only one kind of TMDC-NDs.

Figure 1 exhibits two different photodetectors based on
TMDC-NDs/graphene vdW heterostructures. One has one kind
of TMDC-NDs, such as MoS,-NDs or WS,-NDs (Figure 1a), and
the other has intermingled TMDC-NDs from different kinds of
TMDCs such as WS, (W) and MoS, (M). Figure 1b shows one
such example of WM-NDs/graphene generated with two con-
secutive coatings of MoS, (Ist coating) and WS, (2nd coating).
While the TMDC-NDs have comparable dimensions in the two
cases, the latter could have a higher TMDC-ND concentration
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(a) MoS,-NDs/Graphene

_ Graphene Mos,

(b) Intermingled WM-NDs/Graphene

Graphene Mos, W‘S2
. : }

Figure 1. Schematics illustration of TMDC-NDs/graphene vdW nanohy-
brids photodetectors with: a) one coating of MoS,-NDs, and b) two
consecutive coatings of MoS,-NDs (first coating, black/gold) and WS,-
NDs (second coating, purple/gold) to obtain an intermingled WM-
NDs/graphene nanohybrid.

to allow enhanced light absorption and hence photoresponsivity
in the TMDC-NDs/graphene nanohybrids photodetectors. Un-
der the light illumination, the photoexcited electron—hole pairs
(excitons) are created in the TMDC-NDs and separated to free
charge carriers with assistance of the built-in electric field due
to the band edge alignment between TMDC and graphene at the
TMDC/graphene interface.?®’! This interface is also important
to the observed LSPR effect in the TMDC-NDs based on density
functional theory simulation.??®! For optoelectronic devices, en-
hanced light absorption in TMDC-NDs, as compared with contin-
uous TMDC sheets, can lead to improved performance as shown
previously in photodetectors(?!! and biosensors.[2?!

Figure 2a,b exhibits Raman spectra of MoS, on the MoS,-
NDs/graphene and WS, on WS,-NDs/graphene nanohybrids re-
spectively. In the Raman spectrum of MoS,, the two peaks can be
assigned to the Ezlg at =384 cm™" and A, , at %409 cm™' bands of
MoS,. Similarly, the Raman spectrum of WS, also exhibits two
peaks assigned to the E) at ~367 cm™' and A,  at ~424 cm™!
bands of WS,. Figure 2c,d shows Raman maps of the A, , band
measured on MoS,-NDs/graphene samples with one or two con-
secutive coatings of MoS,, respectively. In both samples, MoS,-
NDs can be clearly seen while their morphology and concentra-
tion differ. In the sample with one coating, the MoS,-NDs are
rounded in shape with lateral size of 300-500 nm. The concen-
tration of MoS,-NDs is ~0.43 particles um~2 (Figure 2c). Figure
S1 (Supporting Information) shows the optical microscopy and
Raman spectra and maps taken on several different spots over
a large piece of MoS,-NDs/graphene sample of 1 X 2.5 cm? in
dimension (limited by the furnace tube size in the lab). The for-
mation of the MoS,-NDs is fairly uniform over the sample area
covered with graphene.
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Figure 2. Raman spectra of MoS,-NDs a) and WS,-NDs b). Raman maps of ¢) MoS,-NDs fabricated with one coating of MoS, and d) MM-NDs
fabricated with two consecutive coatings of MoS,. Raman maps of e) WS,-NDs fabricated with one coating of WS, and f) WW-NDs fabricated with two
coatings of WS,. All Raman maps were taken using the TMDC A, peak. A Raman excitation laser of 488 nm wavelength was used.

Adding an additional coating of MoS, on this sample, namely,
MM-NDs in Figure 2d leads to connected MoS,-NDs or MoS,
stripes of lengths up to 5-10 pm in addition to NDs with lateral
size of 450 nm. Figure 2e-f compares the Raman maps of WS,
A, band on WS,-NDs (one coating) and WW-NDs (two consecu-
tive coatings), respectively. While the WS,-NDs in these two sam-
ples have a similar rounded shape, their morphology differs from
that of the MoS,-NDs in Figure 2c. For example, the WS,-NDs
sample has a lower ND concentration ~0.13 particles um~2 and
larger lateral size of 600 nm-1.1 pm. Interestingly, adding one
more coating of WS, (Figure 2e) shows higher WS,-NDs con-
centration ~ 0.29 particles um~2 while a slightly reduced ND size
of ~ 350-800 nm.

The results shown in Figure 2 suggest that two consecutive
coatings of the same kind of TMDC may not allow small-size and
high-concentration TMDC-NDs to be achieved. Even though the
NDs in the WW-NDs sample have smaller size and higher con-
centration than that in the W-NDs sample, they are not as good
as those in the MoS,-NDs sample. In order to resolve this issue,
intermingled TMDC-NDs were explored assuming dis-similar
chemistries in different kinds of TMDCs would make ND nu-
cleation preferred on open areas not occupied by the other kinds
of TMDC-NDs.

Figure S2a (Supporting Information) displays the Raman
spectra taken on six samples of pristine graphene only
(pink), WS,-NDs/graphene (blue),[?2] MoS,-NDs/graphene
(orange), Au nanoparticles (NPs)/graphene (green),l???]
WS,+AuNps/graphene (red)?”] and on MW-NDs/graphene
(black), which has graphene’s three peaks of D at #1356 cm™!,
G at ~1587 cm™!, and 2D at #2695 cm~!. On the graphene-only
sample, the ratio of the graphene 2D/G peak intensities is ~1.9.
In addition, the defect D band intensity is negligibly small,
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indicating that the graphene is high-quality monolayer. On
samples with plasmonic nanostructures decorated on graphene,
significantly enhanced peak intensities of graphene can be ob-
served. Nevertheless, the enhancement differs quantitatively on
the 5 samples, indicating different LSPR effects induced by the
decorated plasmonic nanostructures. Figure S2b (Supporting
Information) shows the corresponding calculated enhancement
factors of the graphene peaks (G and 2D) on different samples
(normalized to the intensity of the peak on the graphene-only
sample). Specifically, the G and 2D peaks are enhanced by a
factor of 3.5 and 2.7 on WS,-NDs/graphene (blue), and 4.3
and 3.0 on MoS,-NDs/graphene. Interestingly these enhance-
ment factors are similar to that reported on plasmonic metal
nanostructures/graphene.[l For example, the enhancement
factors of 5.4 and 4 for G and 2D peaks were observed on the
AuNPs/graphene (green). On the AuNP/WS,-NDs/graphene
sample, the enhancement factors of the graphene G and 2D
peaks are 7.9 and 5.6, respectively, which may be attributed to
the superposition of the LSPR effects of AuNPs and WS,-NDs.
Therefore, the higher enhancement factors of the G and 2D
peaks around 6.1 and 4.2 on MW-NDs/graphene (black) than
that in the WS,-NDs/graphene and MoS,-NDs/graphene can
be regarded as the superposition of the LSPR effects from the
two kinds of TMDC-NDs in the MW-NDs/graphene. Note the
LSPR enabled on TMDCs-NDs is comparable or slightly higher
than that by AuNPs, which indicates the photodoping associated
with the strong dipole-dipole interaction at the heterostructure
interface revealed by the DFT and AMID simulations can be ef-
fective to induce LSPR on TMDC-NDs/graphene.[??! Figure 3a—g
shows the Raman spectrum and Raman maps taken on a WM-
NDs/graphene sample made with two consecutive coatings
of MoS, (first coating) and WS, (second coating). The Raman
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Figure 3. Raman spectrum a) and Raman maps b—d) of WM-NDs made with two consecutive coatings of MoS, (1st coating) and WS, (2nd coating).
In the Raman maps, the E;g peaks were used for MoS, b) and WS, c) respectively and the A, peaks, for both MoS, and WS, in d). e~g) Zoom-in views

of the Raman maps in the squared areas of b—d), respectively.

spectrum of WM-NDs shows four peaks that assigned to the E;g
at 394 cm™' and A,, at %419 cm™" modes of MoS, and to the
E,, at ~367 cm™" and A, at ~424 cm™' modes of WS,, which
confirms that both WS, and MoS, are present in the WM-ND
sample. Figure 3b,c exhibits the Raman maps of the WS, (E;g
mode) and MoS, (Ezlg mode), respectively. The contrast in the
brightness demonstrates clearly that most WS,-NDs and MoS,-
NDs are located at different locations in the WM-NDs/graphene
samples, instead of being on top of each other. This morphology
(small size as well as uniform and large concentration) is im-
proved when compared to that on samples made from repeated
coatings of the same types of TMDC-NDs. Figure 3d shows
the Raman A,, peaks map for MoS, and WS, together (since
the two A,, peaks are very close to each other) and illustrates
the TMDC-ND morphology for the WS,-NDs and MoS,-NDs
with the density of 0.69 particles um= and size of 270-550 nm.
Figure 3e—g shows the zoomed-in Raman maps in the area
indicated by the square in Figure 3b-d.

Furthermore, the MW-NDs/graphene samples with an oppo-
site coating order of WS, (1st coating) and MoS, (2nd coating)
were also fabricated. Figure S3 (Supporting Information) com-
pares the Raman maps of WM-NDs (on the top) and MW-NDs
(on the bottom). In the WM-NDs sample, both MoS,-NDs (first
coating) and WS,-NDs (second coating) grow uniformly with M-

Adv. Mater. Interfaces 2025, 2500087 2500087 (4 of 10)

ND size of 250-500 nm, and the W-NDs, grown in the gaps be-
tween M-NDs, of size 300-600 nm. In the MW-NDs sample, WS,
(first coating) grows with varied sizes 500-1200 nm and when
coating MoS, (second coating) M-NDs grow covering the wide
gap area with very small size ~#300 nm and high density. In gen-
eral, alternative coatings of different kinds of TMDCs lead to im-
proved TMDC-ND size and density on both samples of MW-NDs
and WM-NDs (Figure S3c—f, Supporting Information). Quanti-
tively, the TMDC-NDs size is 410 + 130 nm, and density of 0.69
particles pm~2 in the Sample WM-NDs/graphene. In the MW-
NDs sample, the TMDC-ND size and density are respectively
~400 + 200 nm and 0.96 particles um~2. Figure 4a—d compares
the Raman spectra (on top) and Raman maps (at bottom) of four
TMDC-NDs/graphene samples with: M-NDs (one coating), WM-
NDs made with two consecutive coatings of MoS, (1st coating)
and WS, (2nd coating), MWM-NDs made with three consecu-
tive coatings MoS, (Ist coating), WS, (2nd coating), and MoS,
(3rd coating), and WMW-NDs made WS, (1st coating), MoS,
(2nd coating), and WS, (3rd coating), respectively. The additional
coatings in the samples with MW-NDs, MWM-NDs, and WMW-
NDs have shown higher TMDC-NDs concentrations than those
in the MoS,-NDs/graphene sample. While a few larger-size NDs
are visible in the multi-coating samples, the majority of TMDC-
NDs have comparable size to that in the single-coating MoS,-NDs
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Figure 4. Raman spectra (on top) and Raman maps (on bottom) of a) M-NDs made with one coating of MoS,, b) WM-NDs made with two consecutive
coatings of MoS, (st coating) and WS, (2nd coating), c) MWM-NDs made with three consecutive coatings of MoS, (1st coating) and WS, (2nd
coating) and MoS, (3rd coating), and d) WMW made three consecutive coatings of WS, (1st coating) and MoS, (2nd coating) and WS, (3rd coating))
on graphene. All Raman maps were collected using the TMDC A, peaks. A Raman excitation laser of 488 nm wavelength was used.

samples, suggesting intermingled MoS,-NDs and WS,-NDs can
be obtained using consecutive coatings of different TMDC-NDs.

Figure 5 summarizes the variation of the TMDC-NDs concen-
tration (blue) and size (red) in a set of TMDC-NDs/graphene
samples synthesized using either single or multiple coatings of
TMDC-NDs. With increasing number of TMDC-NDs coatings,
the TMDC-NDs concentration increases approximately mono-
tonically from ~0.13 + 0.03 particles um= and 0.44 parti-
cles um~2, respectively, for the single-coating W-NDs and M-NDs
to 1.1 + 0.1 particles um~2 for the WMW-NDs. Interestingly, the
increase of the TMDC-ND concentration with increasing num-
ber of coatings of the same kinds of TMDC is moderate or even
reversed. For example, the concentrations for the M-NDs of 0.44
particles um~2 concentration decrease to 0.12 particles um=2 on
MM-NDs. The concentration increases only slightly from W-NDs
to WW-NDs, and both have a fairly low ND concentration be-
low 0.40 particles pm=2. In contrast, the alternative coatings of
different kinds of TMDC-NDs in the four samples on the right
side of Figure 5 lead to a considerable increase of the TMDC-
NDs concentration. This suggests that alternating different kinds
of TMDC-NDs coatings may prevent continuous growth of the

124 + + |- 4000
E
3 1.0
2 * * |- 3000
2 =
3 0.8 — * E
E 0.6 - 2000 7
£ 3
2 04
- I- 1000
g ® A
8% @ g m e ¢ o o
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Figure 5. Average density (blue) and average size (red) of the TMDC-NDs
as a function of the TMDC coating structures of the samples. Error bars
represent the standard deviation of the measurement.
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formed NDs to large size and thickness. This argument is sup-
ported by the trend of TMDC-ND size in Figure 5. Basically, the
W-NDs and WW-NDs have the largest diameters of 700-1100 nm
among the eight samples in Figure 5 while the other six samples
have approximately comparable size. In particular, the four sam-
ples on the right side of Figure 5 with two or three alternative
TMDC-NDs coatings have ND size of 400-600 nm. Therefore, the
intermingled TMDC-NDs/graphene samples show higher ND
concentration and smaller ND size as compared to the samples
made with one or two coatings of the same kind of TMDCs. While
understanding the ND nucleation mechanism requires further
investigation, we hypothesize that the formation of small TMDC-
NDs in the starting coating would assist the different kinds of
TMDC-ND to nucleate away from or at the gap between the ex-
isting NDs, resulting in higher concentration and smaller size of
intermingled TMDC-NDs on graphene.

Figure S4 (Supporting Information) compares three optical ab-
sorption spectra in the wavelength range of 300—900 nm taken
on the TMDC-NDs/graphene nanohybrids including MoS,-NDs
(blue), MM-NDs (red) and WM-NDs (two alternative coatings,
black) on glass substrates. The absorption of the WM-NDs
has the highest value among the three samples, demonstrat-
ing the advantage of the intermingled TMDC-NDs approach
to prevent formation of large-size, low-concentration TMDC-
NDs. For example, at 550 nm wavelength, the absorption in
the WM-NDs/graphene is 1.5 higher than that in the M-
NDs/graphene sample. Interestingly, the M-NDs/graphene and
MM-NDs/graphene samples have comparable absorption de-
spite the latter has two coatings of the precursor and is ex-
pected to have twice the amount of MoS,, indicating the shape
and dimension of the NDs play a critical role in light absorp-
tion. It should be noted that although the TMDC-NDs have
significantly higher light absorption than their counterparts of
TMDC continuous layers due to the LSPR effect in the for-
mer, the LSPR enhancement decreases with increasing TMDC-
ND dimension and diminishes when dimension of TMDC-NDs
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Figure 6. a) Schematic illustration of the optoelectronic process in a TMDC-NDs/graphene vdW nanohybrids photodetector. b) Band-edge alignment at
the TMDC-NDs/graphene interface. c) Dynamic photoresponse measured with seven TMDC-NDs/graphene devices of different TMDC-NDs including
W-NDs, M-NDs, MM-NDs, WW-NDs, MW-NDs, WM-NDs, and WMW-NDs (light wavelength: 550 nm and light power: 0.4 mW). d) Photoresponsivity
as a function of the incident light intensity on the three TMDC-NDs/graphene nanohybrid devices with: WMW-NDs, WM-NDs, and M-NDs respectively.

V.

4 = 1.0V for all measurements.

exceeds ~#1000 nm and when the concentration is low.??"! The
absorption spectra of the two TMDC-NDs/graphene nanohy-
brids samples each exhibit two broad and shallow shoulders at
wavelengths of 400-450 and 550-600 nm, respectively, which
are attributed to the LSPR wavelength of the WS,-NDs and
MoS,-NDs.[?2]

Figure 6a shows the device schematics of the TMDC-
NDs/graphene vdW nanohybrids photodetectors with the
band-edge alignment at the TMDC-NDs/graphene interface
(Figure 6b). When the light is absorbed by the TMDC-NDs, the
excitons (or electron-hole pairs) generated in the TMDC-NDs are
expected to dissociate to free electrons and holes followed with
transfer of one type of charges from TMDC-NDs to graphene
with assistance of the interface build-in electric field. It should
be noted that the CVD graphene is commonly p-doped due to
the adsorbed polar molecules such as H,O and O, on graphene
in ambient, which leads to a downshift of the Fermi energy
of graphene as illustrated schematically in Figure 6b.2* This
means that hole transfer is more favorable across the TMDC-
NDs/graphene interface. The electrons would remain trapped
in the TMDC-NDs before they recombine with holes, resulting
in photogating effect on graphene channel.[5) Figure 6¢ com-
pares the dynamic photoresponse measured in response to an

Adv. Mater. Interfaces 2025, 2500087 2500087 (6 of 10)

on-and-off of visible light of 550 nm in wavelength measured
on seven TMDC-NDs/graphene nanohybrids photodetectors.
While all samples have graphene, they have different TMDC-
NDs including W-NDs, M-NDs, MM-NDs, WW-NDs, MW-NDs,
WM-NDs, and WMW-NDs. Since the same light intensity of
0.4 mW and V, = 1.0 V were applied to all seven samples,
the amplitudes of the photoresponse reflect the differences
associated to the different TMDC-NDs in these samples. Inter-
estingly, the TMDC-NDs/graphene devices with intermingled
MW-NDs (red), WM-NDs (black), and WMW-NDs (blue) ex-
hibit higher photoresponse than that with the same kinds of
TMDC-NDs either with single or double coatings. The highest
photoresponse was observed on the WMW-NDs/graphene pho-
todetector. Comparing devices with one coating of TMDC-NDs,
such as M-NDs (light green) and W-NDs (dark green), and two
coatings of the same TMDC-NDs, such as MM-NDs (open black)
and WW-NDs (purple), the trend of photoresponse variation
seems to correlate closely with the TMDC-NDs morphology. In
the case of M-NDs/graphene and MM-NDs/graphene, the NDs
become asymmetric and larger (average of width and length of
the strips) in the latter with a comparable ND concentration to
that of the former, which leads to a reduced photoresponse in
MM-NDs/graphene. In contrast, the ND dimension reduces, and
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concentration increases in the devices with WW-NDs/graphene
as compared to the W-NDs/graphene case, which results in
higher photoresponse in the former.

Figure S5a (Supporting Information) shows dynamic photore-
sponse under multiple lights (550 nm wavelength) on and off
cycles measured on the WMW-NDs/graphene sample. Despite
a moderate fluctuation of the amplitude of the photoresponse,
the sample exhibits good cycling stability. Figure S5b (Support-
ing Information) illustrates a zoom-in view of the photoresponse
for estimation of the rise (t,.) and fall times (tg), defined as the
required time for photoresponse to rise from 10% to 90% of its
maximum and fall from 90% to 10%, respectively.'?*! The t .. and
te,; for this sample and also the other samples in Figure 4c are
in the range of 10 and 20 ms, which are comparable to that mea-
sured on a continuous bilayer of MoS, /graphenel?*®! Tt should be
noted that a slower response by more than an order of magnitude
was reported on nanohybrids made by transferring MoS, flakes
on graphene,?’l indicating direct growth of MoS,, either contin-
uous layer or NDs as reported in this work, provides benefits of
reduced interface charge traps that decreases the photoresponse
and response speed. However, further improvement to elimi-
nate charge traps on the surface of TMDC-NDs and their inter-
face with graphene is important to obtain higher photoresponse
and speed. Figure S5c (Supporting Information) compares the
dynamic photoresponse measured on the WMW-NDs/graphene
sample immediately after the sample was made and 5 days later.
A degradation of photoresponse around 55% was observed, in-
dicating leaving the sample in ambient is harmful. To further
probe the stability, the photoresponse on a continuous single
layer of MoS, and a bilayer of MoS, /graphene nanohybrids were
followed over a period of eight months, and the result is summa-
rized in Figure S6 (Supporting Information). Specifically, Figure
S6a—c (Supporting Information) exhibits the photoresponse over
time measured on three different channels of MoS, single layer
and Figure S6d—f (Supporting Information), of MoS, /graphene
bilayers. Lights of different wavelengths of 400, 550, 700, 850,
and 1000 nm were used in the characterization. Note the pho-
toresponse is about 3 orders of magnitude higher in the latter
due to the photoconductive gain introduced by graphene. Dur-
ing the test time of about 240 days (~8 months), a decrease in
the photoresponse can be observed on both of the samples. In
the MoS, only sample, the decrease is ~#30-40% over the 240-
day period while in the bilayer sample, a more severe decrease
occurred in the photoresponse by up to an order of magnitude
(channels 1 and 3). Interestingly, Channel 2 experienced smaller
decrease of ~60-70% within the first 30 days, followed with more
or less constant photoresponse in the 7 months afterwards. This
sample-to-sample variation of the stability suggests that precau-
tions may be developed to reduce the degradation of the MoS, in
ambient.

The photoresponsivity (R) is an important parameter for a pho-
todetector and can be calculated from the ratio between photocur-
rent (I;,) and incident light power. The I, is defined as the dif-
ference between the device current under illumination (I;;;,,) and

in dark (Ij,.): Iy, = Tighe — Igan- Quantitatively, R is defined as!*®]

R=—2 (1)
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where P, is the illumination intensity. Figure 6d compares
the R values measured on three TMDC-NDs/graphene vdW
nanohybrids photodetectors including M-NDs/graphene (green),
WM-NDs/graphene (black), and WMW-NDs/graphene (blue)
as function of P,. The R values of all three devices increase
monotonically with decreasing P, as reported in nanohybrids
photodetectors.[?) The highest R-value of 10.5 A/W was obtained
on the WMW-NDs/graphene device at the lowest P, ~12 pW
cm~?, which is 3.2 times of that on the M-NDs/graphene device.

Figure S7 (Supporting Information) compares the photore-
sponsivity of three TMDC/graphene nanohybrids with differ-
ent TMDC morphologies including: WMW-NDs (blue), MoS,-
NDs (green), and WS,-continuous layer (red).**) The WMW-
NDs/graphene exhibits the highest R values up to 10.5 A/W) due
to the optimal WMW-NDs density of 1.1 + 0.1 particles um=2
and lateral ND size of 400-600 nm. In the case of the MoS,-
NDs/graphene, a smaller concentration of NDs ~0.43 parti-
cles um~2 leads to lower R values (x3.4 A/W at the lowest light
intensity). The lowest measured R values up to 0.2 A/W were
found on the WS,-continuous layer/graphene sample,**! which
illustrates the benefits of the LSPR induced in TMDC-NDs.

Figure 7a shows the R values as function of TMDC-
NDs concentration on four samples of MW-NDs/graphene,
WM-NDs/graphene, MWM-NDs/graphene, and WMW-
NDs/graphene. The monotonically increasing R-value with
increasing concentration of TMDCs-NDs confirms the enhanced
light absorption at a higher concentration of TMDC-NDs. The
WMW-NDs/graphene nanohybrids photodetector was further
investigated as the highest ND concentration was found in
this sample. Figure S8a (Supporting Information) shows the
dynamic photocurrent on photodetector response to light on and
off (550 nm in wavelength and 0.39 mW in light power) at differ-
ent V4 values of 1.0, 1.5, 2.0, and 2.5 V. Figure S8b (Supporting
Information) demonstrates the R versus V,; curve extracted
from Figure S8a (Supporting Information), showing that the
R-value increases approximately linearly with V; because of
the increase in carrier drift velocity. The time constant t,;., and
tey are 0.1-0.2 s, which is better than the 3.2-1.2 s reported
on MoS,/graphene nanohybrids with transferred MoS,.[8]
Figure 7b displays the R values as a function of incident light
intensity measured on the WMW-NDs/graphene photodetector
at V4 = 2.5 V. The R values decrease with increasing incident
power and the highest R ~31 A/W (550 nm wavelength and
20 uW cm~? light intensity) was achieved on the device.

Figure 8a displays the dynamic photoresponse of the WMW-
NDs/graphene photodetector measured in response to lights of
different wavelengths in the range of 400 to 900 nm. The source-
drain bias voltage was maintained at 1.0 V. The device exhibits
photoresponse to all wavelengths. A similar measurement was
carried out on a M-NDs/graphene device for the purpose of com-
parison. Figure 8b compares the calculated R values as a func-
tion of wavelength on these two photodetectors. Overall, the
WMW-NDs/graphene photodetector shows considerably higher
R values over the entire wavelength range of 400-900 nm than
its M-NDs/graphene counterpart’s. Considering the two devices
have otherwise the same structure except TMDC-NDs of differ-
ent concentrations, the enhanced photoresponsivity is most prob-
ably attributed to the higher density of the TMDC-NDs in the
WMW-NDs/graphene photodetector. Furthermore, a broad peak
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Figure 7. a) Photoresponsivity as a function of TMDC-NDs concentration for the four TMDC-NDs/graphene nanohybrid samples of intermingled WM-
NDs, MW-NDs, MWM-NDs, and WMW-NDs on the right of Figure 5. Incident light of 550 nm wavelength and 400 uW cm~2 light intensity was used
for the test. b) Photoresponsivity as a function of the incident light intensity on the WMW-NDs/graphene photodetector (V4 is 2.5 V).

of photoresponsivity located in the range of 450-600 nm and
a smaller one located >650 nm on the WMW-NDs/graphene
device likely corresponding the LSPR wavelength of the WS,-
NDs and MoS,-NDs, respectively. A similar result was reported
on WS,-ND with LSPR peak located between 450-575 nm.[*!]
Figure 8c displays the reduction of the photoresponse as the light
power was reduced in the range of 20-250, 24-300, and 20-252
uW cm™ at three different wavelengths of 550, 650, and 750 nm
respectively, and V4 = 2.5 V. Figure 8d demonstrates the calcu-
lated R values as a function of light intensity for the three wave-
lengths. A similar increasing R-value with decreasing light in-
tensity trend can be observed for all three wavelengths. Quanti-
tatively, R values of 31 A/W (550 nm wavelength and 20 pW/cm?
light intensity), 27 A/W (650 nm wavelength and 24 uW cm ™
light intensity), and 43 A/W (750 nm wavelength and 20 pW cm =2
light intensity) have been obtained on this device.

Photocurrent (uA)

Photocurrent (LA)

Time (s)

2. Conclusion

In conclusion, this work presents a study to synthesize TMDC-
NDs of high LSPR effect (specifically MoS, and WS,) with con-
trollable ND dimension and concentration on graphene using
a wafer-size, solution-coating process followed by vapor trans-
port annealing in sulfur vapor. It should be noted that the
LSPR effect induced uniquely on the TMDC-NDs allows signif-
icantly enhanced light absorption than in their TMDC contin-
uous layer counterpart in which the LSPR is negligible.!2?>21]
However, the LSPR effect on TMDC-NDs is affected sensitively
by the ND dimension and the concentration, which motivated
this study. Several important insights have been obtained. First,
TMDC-NDs can form if the TMDC precursor coating, specif-
ically (NH,),MoS, and (NH,),WS,, is highly diluted to be-
low 0.26 wt.%. On the other hand, multiple coatings of the
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Figure 8. a) Dynamic photoresponse of a representative WMW-NDs/graphene photodetector measured in response to lights of different wavelengths
in the range of 400-900 nm. b) Comparison of the spectral photoresponsivity of the WMW-NDs/graphene (blue) and MoS,-NDs/graphene (green)
photodetectors. c) Dynamic photoresponse of the WMW-NDs/graphene photodetector measured at wavelengths of 550, 650, and 750 nm with variable
incident optical intensities in the range of 20-250, 24-300, and 20-252 pW cm~2 respectively. d) The corresponding photoresponsivity of the WMW-
NDs/graphene photodetector as a function of light intensity.
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same kinds of TMDC were found ineffective to generate small-
dimension and high-concentration TMDC-NDs. This may be as-
sociated to the nucleation of the TMDC-NDs in the additional
coating on the same kind of TMDC-NDs formed from previ-
ous coating(s), leading to larger and thicker NDs instead of
a higher ND concentration of unchanged ND dimension. Fi-
nally, consecutive coatings of different kinds of TMDCs allows
circumvention of the problem, leading to formation of small-
dimension and high-concentration intermingled NDs of differ-
ent kinds of TMDCs. On the TMDC-NDs/graphene nanohybrids
photodetectors, a monotonically increasing photoresponse with
increasing TMDC-NDs concentration has been observed in vis-
ible spectrum. In the WMW-NDs/graphene nanohybrids made
with three consecutive coatings of WS,-NDs (Ist and 3rd coat-
ing) and MoS, (2nd coating) with the highest TMDC-NDs con-
centration of 1.1 + 0.1 particles pm~2 that is almost 8.5 times
higher than that in the W-NDs/graphene sample (0.13 + 0.03 par-
ticles pm~2). The high ND concentration together with the suit-
able ND dimension in the range of 400-600 nm in the WMW-
NDs/graphene device plays a critical role to achieve high LSPR
effect and light absorption. This leads to high R values of 31 A/W
(550 nm wavelength and 20 uW cm™ light intensity), 27 A/W
(650 nm wavelength and 24 pW cm™ light intensity), and 43
A/W (750 nm wavelength and 20 uW cm 2 light intensity) on the
WMW-NDs/graphene photodetector.

3. Experimental Section

Growth of Graphene Using Chemical Vapor Deposition (CVD): The
growth of graphene was carried out inside a quartz tube placed inside
CVD system. The details of the synthesis procedure have been explained
in detail in our earlier works.31! Briefly, graphene was synthesized on the
copper foil (25 um thick) positioned inside a quartz tubular reactor in the
flow of a mixed gas of H, (7 sccm) and CH,4 (40 sccm) in the CVD fur-
nace at 1050 °C. The growth time was ~30 min. A wet transfer procedure
was used to transfer graphene on SiO, /Si substrates. 311 3% Poly (methyl
methacrylate) (PMMA) was spin-coated on top of the graphene/Cu sam-
ple (at 3000 rpm for around 30 s). Then, the sample was heated on hot-
plate at 120 °C for &5 min. After that, the sample was soaked into copper
etchant (Ferric chloride solution FeCls) for 24 h to remove the Cu foil. The
PMMA /graphene samples were then rinsed a few times with deionized
water. Afterward, the PMMA/graphene samples were placed on SiO,/Si
substrate and left overnight to dry at room temperature in ambient. Fi-
nally, the PMMA/graphene/SiO,/Si was soaked in acetone roughly four
times to dissolve the PMMA.

Fabrication of TMDC-ND/Graphene vdW Nanohybrids Photodetectors:
TMDC-NDs were directly grown on graphene/SiO,/Si with prefabricated
Au/Ti source and drain electrodes. Electron-beam evaporation was used
to deposit the electrodes of Au/Ti (40 nm/10 nm) through a metal
shadow mask. The defined channel length between the two electrodes
was &~ 250 um and the channel width was in the range of 2-3 mm.
Two kinds of TMDC-NDs, namely MoS,-NDs, and WS,-NDs, were syn-
thesized on graphene using a vapor transport process developed in our
earlier works.[?2] To obtain the intermingled WS,-NDs and MoS,-NDs,
these two kinds of TMDCs were grown consecutively on graphene af-
ter removing the PMMA. For the MoS, growth, a precursor solution
of (NH,4),MoS, was first synthesized via dissolving (NH,),MoS, pow-
der in N,N-dimethylformamide (DMF). The precursor concentration was
found critical in controlling the morphology of the MoS,. Specifically,
when the precursor concentration was varied from 0.06 to 0.40 wt.%, the
MoS, exhibits NDs at lower concentrations and nano-donuts at higher
concentrations.32] Therefore, a low concentration of 0.26 wt.% was se-
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lected in this work to generate NDs. In addition, it was found that adding
more coatings of the same kinds of TMDC precursors, even at low pre-
cursor concentrations, would lead to larger and irregular shaped NDs that
evolve eventually to a continuous, multilayered sheet of TMDCs with three
to four coatings of the same kind of TMDCs. [22b] The graphene/SiO, /Si or
SiO, /Si were dipped in the precursor solution, followed with spinning at
3000 rpm for 60 s to spread the precursor uniformly on the substrates. In
order to obtain this TMDC-ND morphology, the small precursor coating
thickness and the coating number were important.[226] At larger precur-
sor thicknesses, TMDC will grow in continuous layers. After approximately
3 to 4 coatings of the low-concentration precursor, a continuous TMDC
layer would be generated by increasing the TMDC-ND concentration and
the dimension.[22] Afterward, the samples were annealed in the flow of
a mixed gas Ar (40 sccm) and H, (10 sccm)) at 450 °C for 30 min in sul-
fur vapor transported from the sulfur powder positioned upstream from
the sample in a quartz tube at 200 °C. The pressure was maintained at
~50 mTorr throughout the MoS, growth. The growth procedure for WS,
was similar except the ammonium tetrathiotungstate (NH,), WS, precur-
sor was adopted. In order to obtain higher concentration of the TMDC-
NDs, two approaches were explored in this work. One is to repeat the
growth procedure for one kind of TMDCs (MoS, or WS,) several times and
the other, two different kinds alternatively. For convenience of the notation,
“M" and “W" were used respectively for samples with multiple coatings
of MoS, and WS,. For example, a sample with intermingled TMDC-NDs
generated from three coatings of MoS, (1st coating), WS, (2nd coating),
and MoS, (3rd coating) will be regarded as “MWM” in the following dis-
cussions.

Characterization of TMDC-NDs/Graphene Photodetectors: Raman
spectra and Raman maps of graphene and TMDCs were collected using a
Witec Alpha300-Confocal Raman microscope. AFM images were collected
using a Digital Instruments Multimode Nanoscope IIIA AFM system
in contact mode using standard silicon nitride cantilevers (k = 0.06,
0.27 N m~"). CHI660D electrochemical workstation was used to measure
the current—voltage (I—V) characteristics of the photodetectors. The dy-
namic photocurrent measurements in visible spectrum were performed
using an Oriel Apex monochromator illuminator with different bias
voltages in the range of 1.0 — 2.5 V across the source and drain electrodes.
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the author.
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