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ABSTRACT Few-layered MoS, as Schottky metal —semiconductor—metal photodetectors (MSM PDs) for use in harsh
environments makes its debut as two-dimensional (2D) optoelectronics with high broadband gain (up to 13.3), high
detectivity (up to ~10'° cm Hz"*/W), fast photoresponse (rise time of ~70 s and fall time of ~110 zs), and high
thermal stability (at a working temperature of up to 200 °C). Ultrahigh responsivity (0.57 A/W) of few-layer MoS, at
532 nm is due to the high optical absorption (~10% despite being less than 2 nm in thickness) and a high photogain,
which sets up a new record that was not achievable in 2D nanomaterials previously. This study opens avenues to develop

2D nanomaterial-based optoelectronics for harsh environments in imaging techniques and light-wave communications as

well as in future memory storage and optoelectronic circuits.
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2D nanomaterials hold a promising future
in next-generation electronics and photo-
nics, benefiting from their unique planar
advantages, such as the existence of quan-
tum confinements and the absence of inter-
layer interactions, and thus allow us to
achieve smaller, more flexible, and more
efficient nanodevices.'® Graphene, a 2D
nanomaterial with rich physical pheno-
mena, has been the most attractive target
in the past few years.®

Nanomaterials are gaining intense inter-
est in photodetection due to pronounced
surface effects via very large surface-to-
volume ratios and Debye lengths compar-
able to their feature size for potential appli-
cations in optoelectronics.” ' Until now,
various 1D nanostructures have already dis-
played superior photosensitivity, and the
related mechanism has been investigated
over the years®~'?> Among a variety of 2D
nanomaterials, graphene produces an ultra-
fast photoresponse from ultraviolet (UV)
to terahertz ranges due to the presence of
an internal field formed near the inter-
faces of metal electrodes and the ability to
absorb ~2% of incident light over a broad

TSAI ET AL.

wavelength range."®'* Although the ultra-
fast photodetection of 2D nanomaterials
using pristine graphene is achieved, the
responsivity of the pristin graphene photo-
detector (PD) is still unsatisfactory (1 x 103
A/W) mainly due to its zero band gap and
short photocarrier lifetime, thus hindering
practical applications of 2D nanomaterials
in optoelectronics.”> '® Consequently, the
rapid development of graphene-based PDs
is focused on the enhancement of the ab-
sorption of light by employing new materi-
als or physical concepts.'”” 2° For example,
by combining graphene with plasmonic
nanostructures, nanoparticles, or microcav-
ity structures, the near-field enhancement
or the increase of optical field absorption
can significantly increase the responsivity
of graphene-based PDs to ~11, ~6, and
21 mA/W, respectivly.'®2° However, the res-
ponsivity is still limited due to the absence of
photogain, i.e., the ability to provide multiple
electrical carriers per single incident photon.
Until recently, Konstantatos et al. reported
that the responsivity of hybrid graphene—
quantum dot PDs is as high as 107 A/W due
to the generation of photogain by using the
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photogating effect, which is not achievable for pristine
graphene."”

Atomic layered molybdenum disulfide (MoS,), a
newly emerging 2D nanomaterial with a direct and
finite band gap, may provide a possible solution to
surpass the shortages belonging to graphene?' 2
Recently, gigantic photoluminescence (PL) enhance-
ment of monolayer MoS, has been observed experi-
mentally and theoretically (4-fold higher than its bulk
counterpart).2* This is due to a quantum confinement
effect that expands the band gap from 1.2 eV (bulk) to
1.9 eV (monolayer) with a transition from “indirect
band gap” to “direct band gap”.?' % This strong PL
of ultrathin MoS, implies possible applications in op-
toelectronics, such as PDs, biomedical markers, and
sensors.?> Very recently, as compared to that obtained
from pristine graphene (~1 x 107> A/W),"*>"* the high
photoresponsivity (7.5 x 10~ A/W) from Mo$S, photo-
transistors has been obtained due to direct band gap
absorption.?®

The capability of high-temperature operation would
offer great advantages for future smart sensors working
under harsh environmental conditions. Some group
llI-V and IV materials, especially diamond, SiC, and
AlIN, can fulfill the demands for high-temperature elec-
tronics and optoelectronics, exceeding the capabilities
of Si devices.””2° For example, for high-temperature
photodetection, SiC metal—semiconductor—metal
(MSM) PDs have been demonstrated to work at
350 °C.%*° Although those PDs can be operated at a
high temperature, all of them are wide-band-gap materi-
als and thus capable of limited detection in only UV/deep
UV regions rather than broadband photodetection.?”

In this study, we report few-layer MoS, Schottky PDs
with back-to-back MSM geometry, capable of broad-
band photodetection from visible to UV regions with
working temperatures up to 200 °C for use in harsh
environments. Until few-layer MoS, was demonstrated
here, the broadband responsivity feature was not pre-
viously achievable for harsh environment use since all of
the photodetection materials for harsh environments
are wide-band-gap semiconductors. As a new record,
the very high responsivity of 0.57 A/W and detectivity
(over ~10'° cm Hz'"2/W) are due to high optical absorp-
tion of ~10% (very high absorption coefficient of up
to 7.5 x 10° cm™ ") of the few-layer MoS, and a high
photogain of ~13.3. In addition, temporal measure-
ments reveal fast response times (~70 us) and recovery
times (~110 us). The excellent optical properties of few-
layer MoS, promise a new generation of fast, broadband
PDs based on 2D nanomaterials for applications in harsh
environments, such as sensing, imaging, and intrachip
optical interconnects at high temperatures.

RESULTS AND DISCUSSION

Syntheses of high-quality few-layer MoS; by chemi-
cal vapor deposition have been reported recently.?'>2
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Figure 1. (a) AFM image and (b) photograph of the few-
layer MoS, on a SiO,/Si substrate. The inset shows the cross-
sectional profile along the red line indicated in the AFM
image in (a). (c) HRTEM image for the few-layer MoS,. The
inset shows an enlarged HRTEM image of the marked area in
(c). (d) Raman spectrum, (e) PL, and (f) optical absorption
spectrum of few-layer MoS, under ambient conditions at
room temperature. Raman and PL measurements were
performed in a confocal spectrometer using a 473 nm
excitation laser.

Here, large-area and highly crystalline MoS, layers were
prepared by a two-step thermolysis process (see
Methods).®> A line scan of atomic force microscopy
(AFM) in Figure 1a reveals the edge of the thin MoS,
layers with a distinct step of ~1.9 nm, corresponding to
three MoS, layers (thickness of each layer: ~0.65 nm).%®
A photograph of few-layer MoS, is shown in Figure 1b.
The high-resolution transmission electron microscopy
(HRTEM) image in Figure 1c, showing periodic Mo
atoms (with a distance of ~0.3 nm) arranging in
hexagonal symmetry, confirms the crystallinity of the
MoS, layers. The two Raman peaks in Figure 1d, ie.,
E'yg at 382 cm™' and A4 at 405 cm ™', represent the
characteristic active modes of MoS,, where E129 indi-
cates the planar vibration and A, indicates the vibra-
tion of sulfides in the out-of-plane direction.?>%*
Moreover, the uniformity of few-layer MoS, can be
characterized by Raman spectroscopy and optical mi-
croscopy. The energy difference (AE) between two
Raman peaks (i.e., 382 and 405 cm™") can be used to
identify the number of MoS; layers. The calculated AE
value is ~23 cm™', corresponding to trilayer MoS,
films.?®> Few-layer MoS, in an insulating substrate
grown by a two-step thermolysis process is uniform
and continuous, based on the photograph shown in
Figure 1b. The optimized process used here is able to
produce very homogeneous MoS, trilayers across the
whole sample. In general, the more diluted precursor
solution and faster dip-coating result in a thinner MoS,
layer. Here, we aim at large-area and superior-quality
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Figure 2. (a) Schematic and (b) optical microscopic top-view
image of the few-layer MoS, MSM PDs. (c) Photocurrent as
a function of time in the dark and under 532 nm laser
illumination with a light intensity (lighe) of 2.0 x 10* W/m?2.
(d) High-resolution time response of MoS, PDs measured at
5V bias with lghe = 2.0 x 10* W/m>.

trilayer MoS, for PD applications. More details about
the two-step thermolysis process can be found
elsewhere

It has been known that direct band gap (at around
610 and 670 nm) and indirect band gap (from 780 to
960 nm) absorption and emission coexist in few-layer
MoS,.2° The PL spectrum in Figure 1e, consisting of one
major peak at 670 nm and one minor peak at 610 nm,
further confirms the band gap of our few-layer MoS..
The two feature peaks indicate the direct band transi-
tions of excitons between the maximum of the split
valence bands and the minimum of the conduction
band at the K point of the Brillouin zone.? The splitting
of valence bands is due to the combined effect of
interlayer coupling and spin—orbit coupling.?*%> The
610 nm emission can be observed only in few-layer
MoS,, while 670 nm emission is monolayer-related
luminescence, which is decreased with the thick-
ness of the few-layer MoS,. The optical absorption
spectrum of three-layer MoS, in Figure 1f reveals that
the absorption coefficient of few-layer MoS, is up
to 7.5 x 10° cm™ " in the visible wavelength region,
indicating that three-layer MoS, can absorb ~10% of
incident light.* In addition, the two optical absorption
peaks also match the direct excitonic transition peaks
of MoS, at around 610 and 670 nm observed in the PL
spectrum, as shown in Figure 1e.

Figure 2a—b show the schematic and the optical
microscopic top-view image of the MoS, PDs, respec-
tively. In order to boost the photosensitivity of the
few-layer MoS,, the devices were fabricated in MSM
geometry with Schottky contacts to MoS; to effectively
lower the dark current. Accordingly, 100 nm thick Au
layers as Schottky contacts were deposited on few-
layer MoS, using electron beam deposition. Figure 2c
presents the photocurrent as a function of time under
532 nm laser illumination (light intensity /jigh; = 2.0 x
10* W/m?) under different bias conditions. Under
illumination, the current rises to a high value (ON state)
and then returns to a low value when the light is off

(OFF state). As the applied bias is increased to the “flat-
band” voltage, i.e., ~10 V, the photocurrent becomes
saturated, indicating the formation of a full depletion
of the few-layer MoS, between the two electrodes.
The transition between ON and OFF states reveals the
response/recovery speed of the MoS; PDs. The results
are shown in Figure 2d, from which the rise time (from
10% to 90% of the maximum photocurrent as switch-
ing light from OFF to ON) and the fall time (from 90% to
10% of the maximum photocurrent as switching light
from ON to OFF) of MoS, MSM PDs can be estimated
to be 70 and 110 us, respectively. The photoresponse
times of MoS, MSM PDs measured in this study are
3 orders of magnitude shorter than those reported
previously (~50 ms).%® The difference of the response
speed between the work done in ref 26 and our work
could be explained from three aspects. First of all, the
contact electrode to MoS, in our work is pure Au with a
high work function of 5.47 eV.>* The two back-to-back
Schottky contacts to MoS, formed by the high-work-
function metal lead to low dark current (due to the
presence of two back-to-back Schottky barriers) and
fast photoresponse speed (due to fast carrier sweeping
in the depletion regions under the electric fields of the
reverse bias Schottky barrier).3®> We further estimated
the electric fields of the reverse bias Schottky barrier
under 5 V bias to be more than 6 x 10° V/m by E = V/L,
where E is the electrical field, V is the applied voltage,
and L is the contact spacing. As the bias voltage
increases, the electric fields of the reverse bias Schottky
barrier will increase. Second, we employed the MSM
structure with the “interdigital” electrode pattern,
which can facilitate the efficient collection of photo-
carriers and contribute to faster response speed. Third,
the difference between two works (ref 26 and ours)
may not merely come from the device, but the im-
provement of the measurement system. The time
resolution of our measurement system is 10 us, which
is apparently higher than that of ref 26 (~tens of
milliseconds). Moreover, we do note that the photo-
response times could be further improved via increas-
ing the Schottky barrier height between contact metal
and MoS, as well as reducing surface defects and metal
contact spacing.?®3637

To demonstrate the feasibility of few-layer MoS,
PDs in practical uses, the following investigations
were performed, including (i) spectral responsivity,
(i) light intensity-dependent photocurrent, and (iii)
light modulation frequency-dependent photogain
measurements, as shown in Figure 3a—c, respectively.
In Figure 3a, spectral responsivity and photogain of the
MoS, MSM PDs were measured under a bias of 10 V.
Within the visible wavelength region the responsivity is
up to 0.57 A/W at 532 nm, where the cutoff wavelength
of ~660 nm agrees with the direct band gap of the
MoS, films (~1.9 eV).2***> Note that ultrahigh respon-
sivity up to 0.57 A/W obtained here is 3 orders of
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Figure 3. (a) Photogain and responsivity as a function of
wavelength measured under a bias of 10 V. (b) Light
intensity-dependent photocurrent of the MoS, PDs at 10 V.
(c) Frequency dependence of the photogain measured
under a bias of 10 V and 532 nm laser illumination (/gne =
2.0 x 10* W/m?).

magnitude higher than ~7.5 x 107> A/W obtained by
the MoS, phototransistors.?® Measured photorespon-
sivity from the MoS, MSM PDs is also much higher than
that obtained from the graphene phototransistors
(1 x 1073 A/W)."*"* The photogain of the MoS, PD with
8 um long contact spacing can be further estimated
to be up to 13.3 by R = I,/P = 1«Gq/hv, where R is the
responsivity, I, is the total generated photocurrent
of the whole device, P is the total incident light power
over the device, 7y is the external quantum efficiency
(assumed to be 10% due to ~10% of the optical absorp-
tion of MoS, over the visible region), G is the photogain,
qg is the electronic charge, h is Planck’s constant, and v is
the frequency of the incident wavelength.*® The photo-
gain greater than unity is first observed in the PDs
based on 2D nanomaterials, leading to the ultrahigh
responsivity. It should be noted that most conventional
Schottky MSM PDs show no photogain. The photogain
greater than unity in the MSM Schottky PDs has been
observed previously. The photogain in MSM PDs is
attributed to the injection of photocarriers by tunneling
from the contact into the semiconductor. The photo-
carrier injection is caused by carriers trapped at surface
defects in the vicinity of the contact.3**' The ultralarge
surface-to-volume ratio in 2D nanomaterials implies
that significant surface states would be produced in
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the semiconductor—metal interface. Accordingly, under
illumination, the photocarriers trapped by surface
states at the semiconductor—metal interface lead to
the reduction of the Schottky barrier height and the
production of photogain of MoS, MSM PDs greater than
unity.ssf‘”

Moreover, the noise equivalent power (NEP) is an
important parameter of a PD that is frequently quoted,
ie, the optical signal power required to generate
a photocurrent signal (/ph) that is equal to the total
noise current (I,) in the PD at a given wavelength and
within a bandwidth of 1 Hz.*>** The NEP represents the
required optical power to achieve a signal-to-noise
ratio (SNR) of 1 with a bandwidth of 1 Hz. The detec-
tivity (D*), the reciprocal of NEP, is a figure of merit used
to characterize the performance of a photodetector.
Under a 10V bias, the calculated NEP of the MoS, MSM
PDs in this study is 1.1 x 107'° W/cm Hz'? by NEP =
P/f'"? = (2eJ4)""?/R, where P is incident optical power,
f is frequency bandwidth of the photodetector, R
is responsivity, e is electronic charge, and Jq4 is dark
current density, leading to a D* of ~10'® cm Hz'’%/
W.*?*3 To compare with commercially available AlGaN-
based PDs (2.65 x 10'° cm Hz'?/W) and Si-based PDs
(~10" cm Hz'"*/W) reported previously,*** the de-
tectivity of few-layer MoS, MSM PDs should be further
improved via reducing the dark current and increasing
the responsivity.

To quantitatively analyze the relationship of the
photoresponse to the light intensity, the photocurrent
was measured under a bias of 10 V with /gnt, as shown
Figure 3b. Measurements were performed from low
to high light intensity to prevent artifacts caused by
persistence or temperature transients. The photocur-
rent (/on) versus lign: is fitted by a power-law relation-
ship (lon = (highy)”) with n = 0.71, by which a near-linear
relationship can be obtained. The generation rate of
photocarriers is proportional to the amount of photon
absorption, implying that the defects in the few-layer
MoS, contribute little to the photocurrent.*®

The dynamics of the photogenerated carriers can
be further manifested based on the high-frequency
measurement of the MoS, PDs. The measurement was
carried out under a bias of 10 V with a mechanical
chopper to modulate the frequency of light sources.’
As shown in Figure 3¢, the photogain gradually re-
duces with the modulation frequency due to the
limitation of response rates. One can see that even in
the sub-millisecond domain the photogain values are
still larger than unity. We note that the defects in the
MoS, limit the performance of MoS, PDs; carrier mo-
bility, photoresponse time, and responsivity can be
further improved via reducing the defects in the MoS,
layers. We envision that once the defect can be elimi-
nated significantly, the performance of superior crys-
talline MSM PDs is boosted further with an appropriate
device design.
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Figure 4. PDCR of MoS, PDs as a function of temperature
measured under a bias of 5 V and 532 nm laser illumination
(hight = 2.0 x 10* W/m?).

To demonstrate photodetection applications under
harsh conditions, the thermal stability of the MoS,
PDs is evaluated by measuring the photocurrent/dark
current ratio (PDCR = (lon — la)/la, where Iy is the
photocurrent under illumination and Iy is the dark
current) from room temperature to 250 °C.2%°° The
PDCR curve in Figure 4 shows that the few-layer MoS,
PDs are capable of photodetection even at 200 °C,
mainly due to small levels of current leakage and
high thermal stability of MoS, at high temperatures.
A further increase in temperature lowers the PDCR of
MoS, PDs. When the temperature increases to 250 °C,
the PDCR value decreases to unity, indicating that the
MoS, PDs cannot work properly. The noticeable dete-
rioration in PD performance may be due to the oxidiza-
tion of few-layer MoS, and the generation of the
thermal carriers, which cannot be eliminated at high
temperatures.’’ It should be noted that the oxidation
of MoS, to MoOs in a dry O, environment could occur
at 375 K.>2 Moreover, Mikheev et al. have also reported
that the degradation of the nanographite film PD

METHODS

For the preparation of few-layer MoS,, 0.25 g of (NH,4),Mo0S,
(Alfa Aesar, purity of 99.99%) was added to 20 mL of DMF to
form a 1.25 wt % solution. It was sonicated for 20 min to achieve
a homogeneous (NH4),MoS, solution. The sapphire substrates
were first cleaned with a piranha solution (H,SO4/H,0,, 7:3)
to remove the surface contaminants. The cleaned substrates
were immersed into the (NH,4),MoS, solution, followed by slow
pulling-up (0.5 mm/s). After that, the substrates were baked on
a hot plate at 120 °C for 30 min until the majority of solvent
molecules were evaporated. The substrate was then placed
on the edge of a quartz tube with a flow of H, (20 sccm) and Ar
(80 sccm). When the temperature in the center of the furnace
reached 500 °C, the substrate was moved to the center of the
furnace. Sixty minutes later, the sample was cooled to room
temperature under H,/Ar ambient by putting the sample
back to the tube edge. The sample was moved to the furnace
center again for the second postannealing when the center of
the furnace reached 1000 °C in an Ar? sulfur environment at
500 Torr. After the process of growing MoS, layers on sapphire,
we transferred the MoS, layers onto freshly cleaned SiO,/Si
substrates for fabricating MSM PDs.

The MSM PDs were defined using photolithography with
active areas of 500 x 158,um2, and 8 um wide, 150 um long, and
100 nm thick interdigitated Au electrodes with 8 um wide
spacing to serve as Schottky contacts on MoS,/SiO,/Si sub-
strates were utilized for the MSM PDs. The MoS, MSM PDs were
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sensitivity is caused by the oxidation of the nano-
graphite at high temperature.>® Therefore, we envision
that further improvements including the passivation
layers for preventing oxidation, reducing surface de-
fects, and reinforcing the Au/MoS, interface might
be able to extend the working temperatures of MoS,
PDS.28'54

CONCLUSION

In summary, for the first time, 2D nanomaterials
using few-layer MoS, as MSM PDs with broadband
high responsivity/photogain and fast photoresponse
for applications in harsh environments are demon-
strated. The broadband absorption feature of few-layer
MoS, was not achievable previously for harsh environ-
ment use since all materials for harsh environments are
wide-band-gap semiconductors. At 10 V bias, the
photogain of up to 13.3 leads to ultrahigh responsivity
and detectivity of MoS, up to 0.57 A/W and ~10'° cm
Hz'/?/W, respectively, which was not obtainable in
pristine graphene and MoS,-based PDs before. The
MoS, MSM PDs exhibit a very fast and stable photo-
response, i.e., ~70 us of rise time and ~110 us of fall
time. Although the thickness of few-layer MoS, is only
~1.9 nm, the optical absorption of MoS, is as high as
~10% over the visible region. Furthermore, few-layer
MoS, shows an excellent sensitivity factor (PDCR)
that is up to ~10 even at 200 °C. Few-layer MoS,, a
new class of 2D nanomaterials with broadband high
photogain and fast optical switching, holds promise
for the next-generation optical devices in harsh
conditions.

measured under 532 nm laser (beam diameter is ~1 mm)
illumination in air.

After the fabrication process of MoS, MSM Schottky PDs,
surface morphology and thickness of the atomically thin MoS,
were revealed by atomic force microscopy (Veeco Dimension-
Icon system). Raman and PL spectra were obtained by confocal
Raman microscopic systems (NT-MDT) with a 473 nm laser
(spot size of laser is ~0.5 um in diameter). The Si peak at
520 cm™" was used for calibration in the experiments. Field-
emission transmission electron microscopy (JEOL JEM-2100F,
operated at 200 kV with a point-to-point resolution of 0.19 nm)
was used to investigate the microstructures. The samples for
HRTEM were prepared using a lacy-carbon Cu grid to scratch
the surface of MoS, samples. The absorbance spectra were
measured with a JASCO V-670 UV—visible spectrometer in the
spectral range from 380 to 800 nm. The Keithley 4200-SCS
semiconductor characterization system and the EQE-R3011
spectral response system (Enli Technology Co., Ltd.) were used
to measure |-V characteristics and responsivity of the few-layer
MoS, PDs.
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