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ABSTRACT We fabricated dye-sensitized MoS, photodetectors
that utilized a single-layer MoS, treated with rhodamine 6G (R6G)
organic dye molecules (with an optical band gap of 2.38 eV or
521 nm). The proposed photodetector showed an enhanced perfor-
mance with a broad spectral photoresponse and a high photo-
responsivity compared with the properties of the pristine MoS,

photodetectors. The R6G dye molecules deposited onto the MoS,

layer increased the photocurrent by an order of magnitude due to
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charge transfer of the photoexcited electrons from the R6G molecules to the MoS, layer. Importantly, the photodetection response extended to the infrared

(A <980 nm, which corresponded to about half the energy band gap of MoS,), thereby distinguishing the device performance from that of a pristine MoS,

device, in which detection was only possible at wavelengths shorter than the band gap of MoS,, i.e., A < 681 nm. The resulting device exhibited a

maximum photoresponsivity of 1.17 AW ", a photodetectivity of 1.5 x 107 Jones, and a total effective quantum efficiency (EQE) of 280% at 520 nm. The

device design described here presents a significant step toward high-performance 2D nanomaterial-based photodetector.
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have attracted significant attention

due to their large surface-to-volume
ratio, good light sensitivity compared to the
bulk materials, and long photocarrier life-
times. > Compared to quantum dots (0D)
and one-dimensional (1D) nanostructures,
such as semiconducting nanowires and
carbon nanotubes, two-dimensional (2D)
nanomaterials are more compatible with es-
tablished device designs and thin film micro-
fabrication processes.>™'° A variety of 2D
nanomaterials have been fabricated to date.
Graphene, in particular, yields an ultrahigh
operation frequency with an ultrawide band
operation that extends from the ultraviolet to
the terahertz range as a result of the material's
high carrier mobility, wide band absorption,
and short carrier lifetime.>'" "> Despite the
high-speed and broadband photodetection
properties of graphene, practical optoelec-
tronic applications of pristine graphene
have been limited due to graphene's low
photoresponsivity, photodetectivity, and very

P hotodetectors based on nanomaterials
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low external quantum efficiency, which ori-
ginates from graphene's relatively low light
absorption coefficient and the fast rate of
photoinduced carrier recombination.'®~'®
The disadvantages of graphene photo-
detectors may be overcome by replacing
graphene with 2D semiconducting nano-
materials, such as molybdenum disulfide
(MoS,), gallium sulfide (GaS), and gallium
selenide (GaSe), which feature a direct and
finite band gap.*'®%' Two-dimensional
semiconducting layered materials that are
structurally similar to graphite may be built
up from atomic planes that are held in
contact by weak van der Waals forces. The
atoms or molecules within each plane are
covalently bonded, and atomically thin
nanosheets may be isolated simply using
mechanical exfoliation techniques. A few
photodetectors based on single and multi-
layer 2D nanomaterials have been fabricated.
These devices exhibited performances com-
parable to those obtained from commercial
photodetectors.>”
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The performances of 2D photodetector devices can
be further improved by introducing an active compo-
nent into the top layer of a nanomaterial, such as
graphene.?>~2* For example, quantum dots that ex-
hibit strong wavelength-tunable light absorption char-
acteristics significantly enhanced the light absorption
and spectral selectivity of the photodetectors;'®'7#%2
however, this approach relied on complex manipula-
tions and the fabrication of quantum dots. The sys-
tematic control over the quantity of quantum dots
adsorbed onto a target substrate remains challenging.
The development of alternative low-cost simple meth-
ods is critical for practical applications of this strategy
toward maximizing light absorption in photodetectors
based on 2D nanomaterials.

This report introduces a simple method for enhan-
cing the photoresponse of a pristine MoS, photode-
tector by utilizing organic dye molecules. Organic dye
molecules have been widely applied in dye-sensitized
solar cells (DSSCs) and are commonly used in the laser
and medical fields due to their outstanding optical
characteristics, including a wide optical absorption band-
width and specific photoluminescence properties.?®~%°
The commercially available Rhodamine 6G (R6G) organ-
ic dye may be simply drop-cast onto a MoS, surface to
dramatically enhance the electrical response of the
device to light due to photoinduced charge transfer
from the R6G dye molecules to MoS,. The photore-
sponse parameters, including the photoresponsivity,
photodetectivity, and the total effective quantum
efficiency (EQE) (i.e., the external quantum efficiency
in the presence of operational gain mechanisms)
increased by a factor of 10 for the R6G-treated
devices. Our optimized device displayed a photore-
sponsivity of 1.17 AW, a photodetectivity of 1.5 x
107 Jones, an EQE of 280% at 520 nm, and a photo-
response over a broad spectral range of 980—405 nm.
The low-cost facile deposition of solution-processable
organic dye molecules represents a significant step
toward optimizing photodetectors based on 2D nano-
materials.

RESULTS AND DISCUSSION

We began the fabrication of transistor-type MoS,
photodetectors using the Scotch tape-based micro-
mechanical cleavage method to exfoliate single-layer
MoS,. A heavily n-doped Si wafer was used as the gate
electrode, and a thermally grown 300 nm thick SiO,
layer with a specific capacitance of 11.6 nF/cm? pro-
vided the gate dielectric. After exfoliation of the MoS,
nanosheets, single-layer MoS, flakes were positioned
on the underlying SiO, gate dielectric layer. Electron
beam lithography and metal evaporation were used to
fabricate 5/50 nm thick Cr/Au source—drain electrodes.
The R6G organic dye molecules were drop-cast onto
the MoS, surfaces. The optical band gap of R6G was
found to be 2.38 eV, based on the UV absorption
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spectrum, as shown in the inset of Figure 2b. This
measurement was consistent with the calculated value
of 2.23 eV (Supporting Information). Schematic dia-
grams of the photodetector based on the R6G-
sensitized single-layer MoS, are presented in Figure 1a.
Figure 1b exhibits optical microscopy top view images
of the MoS, photodetector and the height profile of
pristine single-layer MoS,, measured using atomic
force microscopy (AFM). The thickness of the MoS,
flakes mounted on the SiO,/Si substrates was deter-
mined to be 0.6 nm, indicating the presence of single-
layer MoS,, consistent with previous theoretical
and experimental results.'®*° Supporting Information
Figure S1 shows the Raman spectra of pristine and
R6G-sensitized MoS, flakes. The two characteristic Ra-
man peaks of MoS, were apparent at 388.7 cm ™' (E',g
mode), corresponding to the planar vibration, and at
407.8cm™" (A, mode), corresponding to the vibration
of the sulfides in the out-of-plane direction.3>*' The
difference between these frequencies, which provides
an indicator of the number of layers present, was
19 cm ™" and corresponded to single-layer MoS,, con-
sistent with the AFM results. The calculated density of
states (DOS) of the R6G/MoS; hybrid system shown in
Figure 1c revealed that the Fermi level of the hybrid
system was located approximately midway between
the highest occupied molecular orbital (HOMO) of R6G
and the bottom of the conduction band of MoS,. The
calculated band gap of R6G physisorbed onto MoS,
was 1.937 eV (HOMO, —5.077 eV and LUMO, —3.140 V),
which was slightly lower than that of the isolated R6G
(223 ev). >

Figure 2a shows the photoinduced transfer charac-
teristics (Ip (drain current)—Vg (gate voltage)) of the
photodetectors based on pristine and R6G-sensitized
MoS, in the dark or under different illumination wave-
lengths at a constant optical power of 1T mW (drain
voltage (Vp) = 0.1 V). Pristine MoS, transistors in the
dark exhibited typical n-type behavior. The devices
yielded an electron mobility as high as 1.2 cm?/(V s) at
room temperature with an on/off current ratio 10*. The
electron mobility was calculated using the following
equation: Ui, = (Gm/CoxVp) % (L/W), where g, is the
transconductance, and C,, and Vp are the dielectric
capacitance and drain voltage, respectively. The pris-
tine single layer MoS, photodetector did not respond
significantly to light at wavelengths longer than the
optical band gap of the single layer MoS, (1.82 eV, 1 =
681 nm), but the photocurrent increased significantly
as the wavelength decreased from 681 nm. Incident
photons with energies exceeding 1.82 eV excited
electrons from the valence band into the conduction
band of MoS; (red line in Figure 1d). By contrast, the
R6G-sensitized MoS, photodetector exhibited a much
wider photoresponse of up to 980 nm. The photore-
sponse of the detector over the range 681 nm < A <
980 nm, which is the forbidden optical absorption
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Figure 1. (a) Schematic diagram of the single-layer MoS, photodetectors treated with rhodamine 6G (R6G) organic dye
molecules and chemical structure of the R6G dye. (b) Optical microscopy top-view images of the R6G-sensitized MoS,
photodetectors. The inset shows the height profiles of the single-layer MoS,. (c) MoS, monolayer DOS and the positions of the
HOMO and LUMO in the physisorbed R6G. The black line represents the DOS of the MoS, monolayer. Red and blue lines
represent the HOMO and LUMO of R6G, respectively, calculated using the B3PW91 methods, of the physisorbed R6G
molecule, where the HOMO was located at —0.467 eV and the LUMO was located at 1.470 eV with respect to the Fermi level.
The Fermi level of the composite system was selected to fall between the valence band maximum and the conduction band
minimum, which were the HOMO of R6G and the conduction band minimum of MoS,, respectively. (d) Schematic band
diagram showing the R6G-sensitized MoS, photodetector under illumination.

region for pristine MoS, photodetectors, arose from
the photoinduced electron transfer from the HOMO
of R6G to the bottom of the conduction band of
MoS, (green line in Figure 1d). Exposure of the
R6G-sensitized MoS, photodetector to light with a photon
energy exceeding the optical band gap of R6G (2.38 eV,
A =521 nm), as shown in the UV absorption spectrum
(the inset of Figure 2b), transferred electrons that had
been excited from the HOMO to the LUMO of R6G to
the conduction band of MoS,, which dramatically
increased the photocurrent in MoS, (blue line in
Figure 1d). Consequently, the photoresponse behavior
of MoS, was dramatically enhanced through the sim-
ple deposition of R6G organic dye molecules onto the
MoS, surface. This difference was also observed in the
output characteristics of both devices, as shown in
Supporting Information Figure S4.

Figure 2b shows the photocurrent as a function of
the wavelength obtained at a gate voltage of 0 V. The
photocurrent obtained from the R6G-sensitized MoS,
photodetector at 405 nm was higher than that ob-
tained from the pristine MoS, photodetector by more
than 1 order of magnitude. The enhanced photo-
response was observed at different gate voltages, as
shown in Supporting Information Figure S5. The photo-
responsivity (R) is a critical parameter for evaluating
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the performance of a photodetector. The photo-
responsivity was calculated according to the equation
R = Ion/Piight Where [y, is the generated photocurrent
and Pigp is the total incident optical power. Another
important parameter for describing the detector per-
formance is the photodetectivity (D¥), calculated ac-
cording to D* = (RA?)/(2el4)""? if the shot noise from
the DC is the major contributor to the noise. Here, A is
the effective area of the detector, e is the absolute
value of the electron charge (1.6 x 107'° ), and Iy is
the dark current3* The R and D* values for various
wavelengths for the pristine and R6G-sensitized MoS,
photodetectors, collected at Vg = 0 V, are summarized
in Figure 2¢,d. The pristine Mo$S, device exhibited an
Rof 124 x 10°* AW~ and D* of 2.4 x 10 Jones
at 405 nm. By contrast, the R6G-sensitized MoS,
yielded phototransistors with R and D* values of
1.38 x 107> AW " and 3.5 x 10° Jones, respectively,
more than 1 order of magnitude higher than the values
obtained from the pristine MoS, device.

Figure 3a shows the photoinduced transfer curves of
the pristine and R6G-sensitized MoS, photodetectors
under 520 nm illumination over a range of optical
powers. The plot of the photocurrent (/yh) as a function
of the incident optical power (Pjgh) is shown in
Figure 3b and was obtained from the value of Iy, ata
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Figure 2. (a) Photoinduced transfer characteristics of the pristine and R6G-sensitized MoS, photodetectors under different

illumination source wavelengths. (b) Photocurrent at Vs =0V, (c) photoresponsivity, and (d) photodetectivity as a function of

the wavelength of pristine and R6G-sensitized MoS, photodetectors. The inset of panel b shows the UV—vis absorption

spectra of the R6G film coated onto glass.
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Figure 3. (a) Photoinduced transfer characteristics of the pristine and R6G-sensitized MoS, photodetectors under different
illumination source optical powers (1 = 520 nm). (b) Photocurrent at V = 0 V and (c) photoresponsivity and photodetectivity
as a function of the optical power for the pristine and R6G-sensitized MoS, photodetectors.

zero gate voltage in the transfer curves. As with the
wavelength dependence, the photoresponse of the
device increased dramatically after the deposition of
the R6G organic dyes because the photoinduced
carriers generated in the R6G dye molecules were
transferred to the MoS, channel. The linear relationship
between I, and Pjigh: confirmed that the photocurrent
was determined by the quantity of photogenerated

YU ET AL.

carriers created under illumination. The photocurrent
obtained from the R6G-sensitized MoS, photodetector
was more than an order of magnitude higher than the
photocurrent obtained from the pristine MoS, photo-
detector (Figure 3b). Figure 3c shows the calculated
photoresponsivity and photodetectivity of the pristine
and R6G-sensitized MoS, photodetectors, which exhib-
ited an enhanced photoresponsivity and photodetectivity
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Figure 4. (a) Photoinduced transfer characteristics of the R6G-sensitized MoS, photodetectors at different drain voltages
under illumination at A = 520 nm and P = 1 4W. The curves with (without) dots indicate the total (dark) currents of the devices.
(b) Photoresponsivity and EQE at Vg = 0 V as a function of the applied drain voltage. (c) Photoswitching characteristics of the
R6G-sensitized MoS, photodetectors at three different drain voltages (black =1V, blue =3 V, and red = 5 V) under alternating

dark and light illumination (1 = 520 nm and P = 1 mW).

in the R6G-sensitized MoS, photodetector after the
deposition of the R6G organic dye. For example,
the photoresponsivity and photodetectivity of the
R6G-sensitized MoS, detector were 2.5 x 1072 A W™
and 6.4 x 10° Jones at an optical power of 1 uW,
respectively.

The photosensitivity of the R6G-sensitized MoS,
photodetector increased upon application of a drain
voltage exceeding 0.1 V. The photoinduced transfer
curves of the R6G-sensitized MoS, under dark and
520 nm illumination (P = 1 uW) were obtained under
a range of drain voltages between 0.1 and 5 V, as
shown in Figure 4a. The photocurrent measured at Vg =
0 V was used to calculate the photoresponsivity,
photodetectivity, and EQE. The photoresponsivity in-
creased linearly with Vp up to 5V, although the Vp
values exceeding 5 V induced device breakdown
(Figure 4b). Larger Vp values provided a stronger
driving force for the transfer of photogenerated elec-
trons to the electrode or a stronger suppression of
photogenerated electron recombination. We achieved
a photoresponsivity of 1.17 AW~ and a photodetec-
tivity of 1.5 x 107 Jones at Vp = 5 V. Importantly, a very
high quantum efficiency of 280% at Vp = 5 V was
obtained in the hybrid device. This value was 50 times
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higher than that measured at Vp = 0.1 V (Figure 4b).
Note that we measured the total EQE (effective quan-
tum efficiency), which differs from the known external
quantum efficiency and is defined as the product of the
external quantum efficiency and the gain of the device.
In this paper, we calculated the EQE from the measured
total photocurrent, i.e., EQE (%) = (Ion/€)/(Pigne/hv) x 100.
A comparison with the quantum efficiency of the pristine
MoS, photodetector revealed that the device gain
exceeded a few hundreds. The measured perfor-
mances could be further improved by using pristine
MoS, with good electrical properties.

Finally, the time-resolved photoresponse of the R6G-
sensitized MoS,-based photodetector was investi-
gated over multiple illumination cycles at different Vp
values, as shown in Figure 4c. The current rose to a high
value (ON state) under illumination and then returned
to a low value as the light was turned off (OFF state).
The generated photocurrent increased with Vp.
For example, the photocurrent increased from 2.4 to
17.2 uA as Vpincreased from 1to 5 V. The response was
characterized by a typical rise time of 5.1 us and a fall
time of 2.3 s for Vp = 5 V. The rising and falling regions
of the curve could be fitted to a single exponential
function. For comparison, the temporal response of the
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pristine MoS, device was measured as shown in Sup-
porting Information Figure S6. No obvious changes in
the rise and fall times were observed, even though the
overall photocurrent of the hybrid photodetector in-
creased by a factor of 6 compared with that of the
pristine device. The relatively slow fall time of the
MoS,-based photodetector was attributed to the slow
recombination process of the photoexcited electrons
in MoS, (or the high gain mechanism). The slow fall
time could be improved by applying a short gate pulse,
as reported in ref 5. Moreover, the ON—OFF switching
behavior was retained over multiple cycles, indicating
the robustness and reproducibility of the photodetec-
tor performance. R6G undergoes photodegradation
under light illumination, which may decrease the
performance of the R6G-treated MoS, photodetector.3>3¢
Therefore, encapsulation and isolation of the hybrid

EXPERIMENTAL SECTION

Fabrication of MoS, Photodetector. Single-layer MoS, nano-
sheets were mechanically exfoliated from bulk MoS, crystals
(natural single crystals, SPI Supplies) and mounted on highly
p-doped silicon substrates bearing a 300 nm thick SiO, layer.
Monolayer MoS, nanosheets were identified by optical micro-
scopy (Eclipse LV199, Nikon). The source (S) and drain (D) Cr/Au
metal electrodes (5/50 nm thick) were fabricated using e-beam
lithography and lift-off. A photoresist layer (PMMA A5 495,
MicroChem) was initially coated by spin-coating. The substrates
were then baked at 180 °C for 3 min. Patterning was performed
using e-beam lithography (JSM-6390, JEOL/NPGS, JC Nabity) with
a30kV beam, and the substrates were exposed to ultraviolet (UV)
light and developed in an IPA/MIBK = 1:3 solution for 40 s. After
developing the patterns, the S/D electrodes were deposited
using a thermal evaporator. The lift-off process was performed
with acetone. Finally, the devices were annealed under 60 sccm
Ar and 6 sccm H, flows at 300 °C for 2 h. The channel length (L)
and width (W) were 6.25 and 13 um, respectively. A T mM solution
of rhodamine 6G (R6G) (99%, Sigma-Aldrich) was prepared by
dissolving R6G in DI water. The R6G solution was drop-cast onto
the single-layer MoS, device on a hot plate at 70 °C.

Characterization. The quality and thicknesses of the MoS,
nanosheets were investigated using atomic force microscopy
(Innova, Veeco) and Raman spectroscopy (RM 1000-Invia,
Renishaw). A 532 nm excitation laser was used to conduct the
Raman spectroscopy measurements. All current—voltage (I—V)
and photodetection properties of the MoS, photodetectors
were measured using Keithley 2400 and 246 source/measure
units under dark and illuminated conditions. The light sources
were set up using dot lasers having wavelengths between 405
and 980 nm and operated at an optical power of 2 mW. The
optical power was controlled between 1 uW and 2 mW using an
optical ND filter (NDC-100C-4M, Thorlabs).
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photodetectors from ambient oxygen is necessary to
ensure good photostabilities.>”

CONCLUSIONS

In conclusion, we demonstrated the preparation of a
novel organic R6G-sensitized MoS, photodetector. The
application of R6G dyes to the MoS, surfaces drama-
tically enhanced the photoresponse of the pristine
MoS, photodetector via photoinduced charge transfer
from R6G to MoS,. The optimized device showed a
maximum responsivity of 1.17 AW ~', a photodetectiv-
ity of 1.5 x 107 Jones, an EQE of 280% at a wavelength
of 520 nm, and a photoresponse across a broad
spectral range from 980 to 405 nm. The method
described here presents a significant step forward
toward the achievement of next-generation high-per-
formance photodetectors based on 2D nanomaterials.
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