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2D MoSe, Geometrically Asymmetric Schottky Photodiodes

Hamidreza Ghanbari, Amin Abnavi,* Ribwar Ahmadi,

Mohammad Reza Mohammadzadeh, Mirette Fawzy, Amirhossein Hasani,

and Michael M. Adachi*

Optoelectronic devices based on geometrically asymmetric architecture have
recently attracted attention due to their high performance as photodetectors
and simple fabrication process. Herein, a p-type 2D MoSe, photodetector
based on geometrically asymmetric contacts is reported for the first time. The

without the need for an external power
source.l?! Such photodetectors are particu-
larly useful in scenarios where it is challeng-
ing or impractical to provide a continuous
power source to the photodetector such as

device exhibits a high current rectification ratio of ~10* and a large
self-powered photovoltage responsivity of ~4.38 x 10’ VW', as well as a
maximum photocurrent responsivity of ~430 mA W~ along with a response
time of ~2.3 ms under 470 nm wavelength at 3 V bias voltage. The
photocurrent responsivity is further enhanced to an ultrahigh responsivity of
~1615 mA W~ by applying a gate bias voltage due to the electrostatic
modulation of carrier concentration in the MoSe, channel. The simple
fabrication process of the geometrically asymmetric MoSe, diodes along with
their high photodetection and diode rectifying performance make them
excellent candidates for electronic and optoelectronic applications.

1. Introduction

Self-powered photodetectors (SPPDs) are a type of optoelectronic
device that can detect photons and generate an electrical signal
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applications in remote sensing,*! wearable
electronics,* Internet of Things (IoT),l!
and other low-power and energy-efficient
systems.] There are a few different mech-
anisms through which self-powered pho-
todetectors can operate including I) pho-
tovoltaic effect,l’] II) triboelectric effect,!®!
I1I) piezoelectric effect,®) IV) pyroelec-
tric effect.['%] 2D transition metal dichalco-
genide (TMD) materials have gained signif-
icant attention in the field of optoelectronics
due to their high absorption coefficient,*!!
fast carrier dynamics,'?! layer dependent
properties,3] and mechanical flexibility.l4]
SPPDs based on 2D TMDs often take
advantage of the photovoltaic effect to generate electrical sig-
nals in response to incident light. In this mechanism, the photo-
generated electron/hole carriers can be separated by an elec-
tric field within the material, which is created by using p-
n or Schottky junctions.**] Schottky junction-based SPPDs of-
fer some favorable characteristics such as simplicity in fabri-
cation, requiring no semiconductor doping process, and ultra-
fast response times.['®l One way to fabricate Schottky junction-
based SPPDs is by using a semiconductor between two metal
electrodes with different work functions. For instance, Han
et al., have reported a Pd- Bi,0,Se-In photodetector structure
with a self-powered responsivity of 1.2 A W~! under 500 nm
light irradiation.['”] In another report, a self-powered photode-
tector with a high photoresponsivity of 7.55 A W~' has been
developed based on an asymmetric electrode structure of Au-
WSe,-Graphene.'8] Recently, it has been demonstrated that a
self-powered photodetector can be realized by using geomet-
rically asymmetric metal/semiconductor interfaces while us-
ing the same metal electrodes at drain and source, which
greatly simplifies the fabrication process of the photodetectors.
High-performance SPPDs based on asymmetric geometry Ni-
WSe,-Ni and Ti-In,S;-Ti structures with high responsivities of
2.31 AWt and 740 mA W~! are reported, respectively.[}>2)] Gao
etal.,, and Chen et al., have also reported high-performance WS,
and InSe metal-semiconductor-metal (MSM) SPPDs with asym-
metric Schottky barrier heights.?!221 We have also previously de-
veloped a geometrically asymmetric MoS, SPPD with a respon-
sivity of ~#490 mA W~! and a fast response time of ~0.8 ms under
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Figure 1. Device schematic, structural, and electrical characterization of the GA-MoSe, device. a) Schematic illustration of the GA-MoSe, device.
b) Optical microscopy image of the GA-MoSe,. Dashed lines represent two Cr-MoSe, contact areas. c) Raman Spectroscopy of the multilayer MoSe,
flake, indicating the 2H phase. d) AFM image of the GA-MoSe, device, exhibiting the thickness of MoSe, flake is ~55 nm and it is uniform. €) The linear
|-V characteristics of the GA-MoSe, device under dark conditions show a current rectification ratio of ~10%. The inset of panel of e depicts the current

rectification ratio for different GA-MoSe, devices with different AS values.

450 nm.[23] The performance of such devices was found to be de-
pendent on the Schottky barrier height difference at the drain
and source sides, which is dependent on the MoS, thickness
and MoS, /metal interface contact areas.!?)] However, the work-
ing mechanism of asymmetric geometry photodiodes remains
a topic of debate, and reports of asymmetric geometry devices
based on p-type 2D semiconducting materials are limited.

Herein, a photovoltaic device based on geometrically asym-
metric p-type 2D molybdenum diselenide (MoSe,) (GA-MoSe,)
is reported for the first time. The GA-MoSe, device (Au-Cr-
MoSe,-Cr-Au), exhibits a high current rectification ratio of ~10%,
which highly depends on the contact area asymmetry between
drain and source. The high rectification ratio of the GA-MoSe,
diode facilitates its application for electronic half-wave rectifiers
at high frequencies. Additionally, the rectifying behavior of this
device results in a large self-powered photovoltage responsivity of
~4.38 x 10’ V W~! and a maximum photocurrent responsivity of
~430 mA W~! under 470 nm wavelength at 3 V bias voltage. The
gate modulation of the carrier concentrations in the MoSe, chan-
nel further enhanced the photocurrent responsivity to £1615 mA
W-! at a gate bias of —15 V. Through photocurrent mapping on
the MoSe, devices with symmetric and asymmetric architectures,
the mechanism behind the photovoltaic effect is attributed to the
asymmetric Schottky barriers at the MoSe,/Cr interfaces. The
simple fabrication process, high photovoltage/photocurrent re-
sponsivities, fast response time, and excellent flexibility of the
GA-MoSe, diodes make them great candidates for flexible elec-
tronics and optoelectronic devices.

2. Results and Discussion

Geometrically asymmetric devices were fabricated using me-
chanically exfoliated geometrically asymmetric MoSe, crystals
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(GA-MoSe,). The fabrication process of the devices is shown
in Figure S1 (Supporting Information). Figure 1a shows the
schematic illustration of the GA-MoSe, device; the MoSe, crys-
tal has uneven overlapped areas with Cr metal contacts at both
sides. Figure 1b shows the optical image of the GA-MoSe, de-
vice with asymmetric MoSe, /Cr contact areas of 7 and 293 pm?,
resulting in a contact area difference (AS) of 286 um?. The Ra-
man Spectroscopy of the MoSe, flakes reveals two peaks includ-
ing a sharp peak for out-of-plane mode (A,,) at 244 cm™" and a
small peak for in-plane vibration mode (E', ) at 285 cm™, con-
firming the 2H semiconducting phase of MoSe,?*! (Figure 1c).
AFM characterization was also performed on the device, show-
ing a uniform thickness of ~55 nm (Figure 1d). Figure 1le il-
lustrates the linear I-V curve of the GA-MoSe, device, revealing
a current rectification ratio of ~10* under dark conditions. The
Inset of Figure le shows that the current rectification ratio in-
creases from ~1.7 to ~#10* with increasing the MoSe, /Cr contact
area difference at two sides from 4 to 286 um?, respectively. The
corresponding [-V characteristics and optical images of these de-
vices are depicted in Figure S2 (Supporting Information). The
rectifying behavior in the devices with asymmetric architecture
is attributed to the asymmetric Schottky barriers at MoSe, /Cr
interfaces.[?3! The kelvin probe force microscopy (KPFM) charac-
terization shows the difference in surface potential at both small
and large MoSe, /Cr interfaces (Figure S3, Supporting Informa-
tion), which confirms the formation of a larger Schottky barrier
at the larger Cr-MoSe, interface. The relative Schottky barrier
heights for both symmetric and asymmetric MoSe, devices were
also calculated based on the I-V curve fittings!®®! (Section I and
Figure S4, Supporting Information).

Figure 2a shows the log-scale [-V characteristics of the GA-
MoSe, device with a high current rectification ratio of ~10*
at dark conditions. The ideality factor of the GA-MoSe, is
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Figure 2. Dynamic rectifying behavior of the GA-MoSe, device. a) The log-scale I-V characteristics of the GA-MoSe, device under dark conditions. The
inset shows the In(li + 1) versus vi curve with the ideality factor of n = 2.7. b) Schematic illustration of the rectifier measurement system for GA-MoSe,
0 T

devices. c) square and d) sine waveform input and output voltage signal at 1 Hz. ) square and f) sine waveform input and output voltage signal at

100 Hz.

calculated to be n = 2.7 (inset of Figure 2a), which is compara-
ble to many previously reported 2D materials-based diodes.[26-31]
Note that the ideality factor (n) is derived from the inverse slope
of the linear portion of the ln(é + 1) versus vlT curve in the

small voltage range, where V| = %T (Vr = 25 mV at room tem-

perature) and [ is the saturation current, k is Boltzmann’s con-
stant, and q is the unit charge.[*”] The high rectification ratio and
good ideality factor suggest the GA-MoSe, diode can be used for
waveform rectification. Figure 2b shows the circuit configuration
of the GA-MoSe, Schottky diode and the measurement setup.
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An AC sine or square waveform voltage with various frequen-
cies, generated by a function generator, was applied to the de-
vice through a 15 MQ resistor, and both the input and output
signals were displayed on a digital oscilloscope. Figure 2c,d de-
pict the rectified output signal when subjecting the diode to input
sine and square waveforms with V,, = +5 V at 1 Hz. Figure 2e,f
demonstrates the output signals of the device under 100 Hz in-
put signals for square and since waveforms, respectively. Further-
more, the device was investigated for higher frequencies up to
500 Hz which is a relatively high operation frequency compared
to other reported Schottky-based TMD materials.*}] Figure S5
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Figure 3. Photodetection characteristics of the GA-MoSe, device. a) Schematic illustration of a GA-MoSe, photodetector device. b) The I-V charac-
teristics of the GA-MoSe, device under dark and light illumination (4 = 470 nm) at several light intensities from 0.73 to 16.6 mW cm~2 at zero bias
voltage. c) The |-t characteristics of the GA-MoSe, device for the same range of intensities from 0.73 to 16.6 mW cm™~2 at zero bias. d) The photovoltage
responsivity (Ry) of the device at several light intensities at zero bias voltage. The inset shows the photocurrent responsivity of the device for the same
range of intensities at zero bias. e) The photocurrent detectivity of the device at several light intensities at zero bias. f) The |-t characteristics of the
GA-MoSe, device at several reverse bias voltages from 0.25 to 3 V under light intensity of 0.73 mW cm~2 (4 = 470 nm). g) The photocurrent responsivity
(R,) and detectivity (D*) of the photodetector at several bias voltages with the same light intensity of 0.73 mW cm™2. h) The normalized photoresponse
as a function of incident light frequency (1-500 Hz) at a bias voltage of 3 V, shows a cut-off frequency of 150 Hz. i) The rise and fall times are 2.3 and

2 ms, respectively.

(Supporting Information) shows the device’s half-wave rectifying
performance at the frequencies of 10, 200, 300, and 500 Hz. At
higher frequencies, the output signals have a small displacement
compared to the input signals, which can be attributed to the par-
asitic capacitance induced by a large overlapping area between
electrodes and substrate.**]

The high diode rectification ratio of the GA-MoSe, device and
the high optical absorption of MoSe, in the visible rangel**! sug-
gest the device can be used for photodetection. The schematic il-
lustration of the device under illumination is shown in Figure 3a.
The I-V characteristics of the device under dark conditions and
light illumination (monochromatic LED, A = 470 nm) with differ-
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ent intensities are illustrated in Figure 3b. The detection wave-
length of 470 nm was used due to the strong light absorption
of MoSe, at this wavelength.** By increasing the light intensity
from 0.73 to 16.6 mW ¢cm™2, an increase in the open-circuit volt-
age (V,) from —40 to —100 mV was observed. The device also ex-
hibited a low dark current of ~23 fA at zero bias, which is signif-
icantly lower than many previously reported geometrically asym-
metric photodetectors.236-38 The low dark current in GA-MoSe,
devices could be due to a few factors including the high crystalline
quality of MoSe, with few defects**) and relatively high Schottky
barrier heights at the MoSe, /Cr contacts.[**] The I-V characteris-
tics of this device over a larger voltage range (+2 V) at dark and
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light conditions are also shown in Figure S6 (Supporting Infor-
mation). Figure 3c exhibits the I-t characteristics of the device at
different light intensities and zero bias, showing a linear increase
in photocurrent from ~3 to ~28 pA with increasing light inten-
sity. Figure S7 (Supporting Information) illustrates the photocur-
rent amplitudes as a function of light intensity. The photovoltage
responsivity (Ry), photocurrent responsivity (R;), and photocur-
rent detectivity (D*) of the GA-MoSe, device were calculated us-
ing Equations (1-4).4142]

Ly=1 -1 1)
Voc
Ry = 2
V= Pxs (2)
Ln
R = — 3
1= Pxs 3)
. Sl/ZR
(2ely)
where I, 1), and I, are the photocurrent, current under illumi-

nation, and dark current, respectively. P, S, and e are the light
intensity, the effective surface area of the device, and the electron
charge constant, respectively.

A high self-powered photovoltage responsivity of #4.38 X 107 V
W-! was obtained under photo-illumination with an intensity of
0.73 mW cm~2 (Figure 3d). The photovoltage responsivities range
from ~1.34 X 107 to ~0.48 x 10’ V W~ for light intensities of
3.47-16.6 mW cm™ at zero bias voltage (Figure 3d). The decline
in photovoltage responsivity can be attributed to higher charge
carrier recombination at higher light intensities.[?’] Note that the
area of the device under illumination used in our calculation is S
= 125 um? (Figure S8, Supporting Information). Table S1 (Sup-
porting Information) presents a comparison between the self-
powered photovoltage responsivity of our GA-MoSe, photodetec-
tor with previously reported 2D materials-based devices working
in self-powered photovoltage mode. The inset of Figure 3d shows
the self-powered photocurrent responsivity as a function of light
intensity, showing a maximum value of #3.4 mA W~ at 0.73 mW
cm™2, Figure 3e illustrates the bias-free photocurrent detectivity
(D*) of the device for a variety of light intensities with a maximum
value of ~#4.75 X 10" Jones at 0.73 mW cm~2. Note that the pho-
tocurrent responsivity can significantly increase under non-zero
voltage biases. Figure 3f depicts the I-t characteristics of the diode
under several bias voltages (0-3 V) at a constant light intensity of
0.73 mW cm™2. The photocurrent increases from ~3 to ~#392 pA
by increasing the bias voltage from 0 to 3 V, which could be due to
the facilitation of photogenerated electrons/holes collection un-
der non-zero bias voltages.[') The photoresponsivity of the device
reaches high values of ~314 and ~430 mA W~! at 1.5 and 3 V
bias voltages, respectively. The detectivity also increased to a max-
imum value of ~#1.96 x 10! at 1.5 V (Figure 3g). The detectivity
starts decreasing at the bias voltages above 1.5 V, which is due to
the increase in dark current.”’”] To evaluate the effect of incident
light pulse frequency on the photodetection performance, a func-
tion generator connected to an LED was used to illuminate the
GA-MoSe, device by light pulses with various frequencies, and
the voltage across a 15 MQ resistor connected to the device was
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recorded through an oscilloscope. The normalized photocurrent
amplitude as a function of light pulse frequency is demonstrated
in Figure 3h, showing a high cut-off frequency of 150 Hz. The
frequency at which the photocurrent amplitude declines by a fac-
tor of 70% is known as the cut-off frequency.*}! Figure S9 (Sup-
porting Information) shows the normalized I-t characteristics of
the photodetector under light pulse illumination with different
frequencies of 1, 10, 100, 150, 200, and 300 Hz, respectively, at
3V bias voltage. The rise and fall times of the photocurrent were
obtained to be 2.3 and ~2 ms at the light frequency of 150 Hz
and applied bias voltage of 3 V. The time required for the photore-
sponse to increase from 10% to 90% of its amplitude is known
as the rise time, and the fall time is the time required to decline
from 90% to 10%.[*l The GA-MoSe, photodetector also demon-
strated excellent stability over 2000 on-off light cycles with a light
frequency of 10 Hz (Figure S10, Supporting Information).

The gate voltage was not applied to the device in the measure-
ments in Figure 3. The transfer characteristics of a geometrically
symmetric device under dark conditions demonstrate that the
MoSe, channel is p-type (Figure S11, Supporting Information).
To further investigate the photodetection properties of such de-
vices, the GA-MoSe, device was characterized under several ap-
plied gate biases (Figure 4). The schematic of the GA-MoSe, de-
vice with three inputs of incident light, gate voltage (V,), and
drain-source voltage (V) is shown in Figure 4a. Figure 4b illus-
trates the linear [-V characteristics of the device under gate biases
of V= -15,-10,-5,0,5, 10, and 15 V at dark conditions. When
a negative V,, is applied to the device, the concentration of the
holes in the MoSe, channel increases, resulting in an increase in
the level of current because the MoSe, channel is p-type. On the
other hand, when a positive V, is applied to the device, the elec-
tron concentration surges, which leads to a less conductive chan-
nel and lower current. The I-t characteristics of the device under
several gate voltages (i.e., —15-15 V) at a constant light intensity
0f 0.73 mW cm~? and V4, = 3V are shown in Figure 4c. The pho-
tocurrent increases from ~134 pA to ~1.47 nA by changing the
gate voltage from 15 to —15 V due to the gate modulation of the
carrier concentrations in the p-type MoSe, channel and changes
in the current rectification ratio (Figure 4c). The corresponding
photocurrent responsivity and detectivity of the GA-MoSe, as a
function of gate biases are demonstrated in Figure 4d, showing
a maximum responsivity and detectivity of #1615 mA W~! and
~5.05 x 10" at V,, = ~15 V, respectively. The photocurrent, re-
sponsivity, and detectivity of the GA-MoSe, under different gate
biases with V4, = 0 V are also shown in Figure S12 (Support-
ing Information), demonstrating a responsivity and detectivity of
~11mA W' and #1.5 X 10" at V,, = =15V, respectively. Figure
S13 (Supporting Information) shows the External Quantum Effi-
ciency (EQE) values of the GA-MoSe, device at different light in-
tensities and zero bias, showing the highest EQE for the lowest
light intensity of 0.73 mW cm~2. The light intensity-dependent
EQE has previously been observed in geometrically asymmetric
WSe, devices.['”] The EQE was also calculated with different ap-
plied voltage biases (V 4, = 0-3 V) and gate voltage biases (V,, =
—15-15 V), demonstrating the maximum EQE of ~426.5% with
a combination of Vg =3 Vand V,, = -15 V.

Table 1 presents a comparison between our GA-MoSe, pho-
todetection performance with previously reported 2D MoSe,-
based photodetectors in terms of wavelength (4), maximum
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Figure 4. The effect of gate voltage on the photodetection performance of GA-MoSe, device. a) Schematic illustration of a GA-MoSe, photodetector
device with drain-source voltage (V) and gate-source voltage (V). b) The |-V characteristics of the GA-MoSe, device at several gate biases of —=15-15V
under dark conditions. c) The I-t characteristics of the GA-MoSe, device at the light intensity 0.73 mW cm=2, V4, = 3 V, and different gate biases of Vg

= —15-15 V. d) The photocurrent responsivity (R,) and detectivity (D”) of the photodetector as a function of gate voltage with the same light intensity

of 0.73 mW cm~2.

photocurrent responsivity (R,,,,), maximum photocurrent detec-
tivity (D* ,...), bias voltage, and response time. The GA-MoSe, de-
vices offer high photodetection performance and fast response
time, in addition to a simple fabrication process as compared
to the devices with vdWs stacking reported in Table 1 and
Table S1 (Supporting Information). Traditional methods involve
2D materials transfer and layering multiple materials for vdWs

heterostructures,*#¢l which results in material degradation or
wrinkling.[*”l On the other hand, a top-down approach can be
used to scale up the fabrication of GA-MoSe, devices, utiliz-
ing large-scale growth of MoSe, via chemical vapor deposition
(CVD)!*8] or wet chemical processes,*’! followed by patterning
and etching the MoSe, films into desired geometries for opti-
mal optoelectronic performance.l?’] It is also important to note

Table 1. Comparisons of the photodetection performance between the GA-MoSe, device and other 2D MoSe,-based photodetection devices.

Device structure A[nm] Rimax [MA W] D* . [Jones] Bias voltage Response time Ref.
Gr/MoSe, /Si 650 270 7.13 x 1070 Vpias = =5V 270 ns [51]
Gr/MoSe, 650 89.5 2.24x 10 Vpias =0V 9.6 ms [52]
Monolayer MoSe, 650 0.215 - Vpias = 1V 25ms [53]
MoSe, 532 13 - Vpias = 10V 60 ms [54]
MoSe, 638 1.7 4.6 x 10° Viias =5V 50 ms [55]
Ta-doped MoSe, 830 280 6.93 x 100 Vpias =0V 34 us [56]
MoSe,/MoS, 610 1300 2.6 x 10" Vpias =5V 0.6s [45]
MoSe, /WSe, 532 2000 - Vgs==2V Vg =-70V - [46]
GA-MoSe, 470 ~3.4 ~4.75 x 1010 Viias =0V - This Work

~314 ~1.96 x 10" Vipias = 1.5V -

~430 ~1.62x 10 Vpias =3V ~2.3 ms

~1615 ~5.05 x 101 Vgg =3V Vg =15V -

Adv. Optical Mater. 2024, 2401682 2401682 (6 of 9)
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Figure 5. Working mechanism of the GA-MoSe, Schottky photodetector. a) Schematic illustration of energy band diagram for S-MoSe, devices with
symmetric metal-MoSe,-metal interfaces under light illumination. b) Photocurrent mapping of an S-MoSe, device using a 485 nm laser beam with a
spot size of 1 um?2. c) Photocurrent versus laser beam position along an S-MoSe, device at zero bias voltage, showing bidirectional photocurrents.
d) Schematic illustration of energy band diagram for GA-MoSe, devices under light illumination. e) Photocurrent mapping of a GA-MoSe, device using
a 485 nm laser beam with a spot size of 1 um?. f) Photocurrent versus laser beam position along a GA-MoSe, device at zero bias voltage, showing

unidirectional photocurrents.

that the measured response time of the GA-MoSe, photodetec-
tor (~2.3 ms) is limited by the measurement setup and the actual
response could be much faster.l>]

To understand the physical mechanism of the photovoltaic
effect and self-powered photodetection in such devices, energy
band diagrams of the geometrically symmetric (S-MoSe,) and
asymmetric Cr-MoSe,-Cr (GA-MoSe,) devices were analyzed.
Figure 5a shows the energy band diagram of an S-MoSe, device
with equal Schottky barriers (®, = ®,) at the Cr-MoSe, interfaces.
The non-rectifying behavior and negligible net photocurrent at
zero bias in such devices (Figure S14, Supporting Information)
are due to the Schottky barriers with equal heights at both sides.
To understand the mechanism better, the 2D photocurrent map-
ping of the S-MoSe, device as a function of laser beam position
at zero bias is performed (Figure 5b). A picosecond pulsed laser
(4 = 485 nm) with a spot size of ~1 um and a motorized X-Y
stage were used for this measurement. The photocurrent profile
as a function of laser beam position along the dashed arrow in
Figure 5b is shown in Figure 5S¢, indicating symmetrical charge
collection with opposite polarities along the device,l”>8! which re-

Adv. Optical Mater. 2024, 2401682 2401682 (7 of 9)

sults in a photocurrent of about zero when the entire device is un-
der illumination. The bidirectional photocurrents with opposite
polarities observed in the S-MoSe, device can be attributed to the
photogenerated carrier diffusion through the nearest Schottky
barriers.?**°] On the contrary, the Schottky barriers do not have
equal heights in the GA-MoSe, device (®, > ®,, Figure S3, Sup-
porting Information) due to the asymmetric Cr-MoSe, contact ar-
eas and asymmetrical distribution of surface states,?*] as shown
in the band diagram schematic of the device (Figure 5d). The es-
timated Schottky barrier heights at the small and large MoSe, /Cr
contacts for both electrons and holes are presented in Section
II, Supporting Information. Figure 5e,f illustrates the photocur-
rent mapping and profiling of the GA-MoSe,, showing asym-
metric photocurrent distribution with similar polarity along the
device. The maximum photocurrent is observed when the laser
beam is adjacent to the small Cr-MoSe, interface (X = 12 ym).
Therefore, a non-zero photocurrent can be achieved when the en-
tire device is under illumination at zero bias voltage (Figure S6,
Supporting Information). The photocurrents at positions 1 < X
< 7 are nearly zero because photogenerated carriers are blocked

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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by the large Schottky barrier at the large Cr-MoSe, interface and
cannot reach the smaller interface due to the long travel distance
and recombination(®®! (Figure 5f).

The GA-MoSe, photodetectors can be used as wearable devices
due to the excellent mechanical flexibility of MoSe, crystals.[61:62]
The fabrication process of flexible GA-MoSe, devices is same as
the SiO,-supported devices (Figure S1, Supporting Information).
Figure S15a (Supporting Information) shows a photograph im-
age of the flexible GA-MoSe, Schottky device on a PET substrate.
The inset shows the optical image of a GA-MoSe, device. To test
the flexibility, a motorized linear stage was used to apply ten-
sile strain to the devices. The self-powered photocurrents were
recorded after a set of bending cycles (0, 50, 100, 500, and 1000 cy-
cles). Figure S15b (Supporting Information) represents the nor-
malized photocurrent of the flexible GA-MoSe, device as a func-
tion of bending cycles for two bending radii of R =2 and R =
1 cm. The device showed excellent retention of 99% and 85% for
the bending radii of R =2 cm and R = 1 cm over 1000 bending
cycles, respectively. The photoresponses after bending cycles are
also shown in Figure S15c¢,d (Supporting Information). In this
work, a proof-of-concept photodetector was fabricated using me-
chanically exfoliated MoSe, flakes. However, the 2D materials can
be grown in wafer-scale sizes and etched in geometrically asym-
metric shapes for the fabrication of an array of GA-MoSe, devices
on a single chip. Hence, high photovoltaic performance, excel-
lent flexibility, fast response time, and simple fabrication pro-
cess make the GA-MoSe, photodetectors promising candidates
for wearable optoelectronic applications.

3. Conclusion

The geometrically asymmetric photodetector devices based on
Au-Cr-MoSe,-Cr-Au structures have been demonstrated for the
first time. A high current rectification ratio of ~10* and a large
self-powered photovoltage responsivity of 4.38 x 10’ V W~! un-
der 470 nm wavelength were achieved, making these devices suit-
able for electronic and optoelectronic applications. Furthermore,
the GA-MoSe, device showed high photocurrent responsivity and
detectivity of #430 mA W~ and ~1.62 x 10'! Jones, respectively,
along with a fast response time of 2.3 ms at 3 V bias. In addition,
the gate modulation of carrier concentration in the MoSe, chan-
nel results in a high photocurrent responsivity of ~#1615 mA W~!
at a gate bias of —15 V. Therefore, the high rectification ratio, re-
sponsivity, detectivity, response time, and flexibility along with
the simple fabrication process make the GA-MoSe, devices a
promising candidate for high-performance electronic and opto-
electronic applications.

4. Experimental Section

Fabrication of Geometrically Asymmetric MoSe, Devices: The fabrica-
tion process of the devices started with the exfoliation of MoSe, flakes
from bulk MoSe, crystals (grown by chemical vapor transport (CVT)
method, 2D Semiconductors) on a 300 nm SiO, deposited on Si sub-
strates through mechanical exfoliation using a Nitto SPV224 tape. The
SiO, /Si substrate was cleaned through a three-step cleaning with acetone,
IPA, and DI water in bath sonication before the exfoliation. Subsequently,
two Cr/Au (10/60 nm) electrodes were deposited on both sides of the
MoSe, after the lithography process in a way that the crystal has asymmet-
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rical overlapping areas with the contact electrodes at both sides (Figure
S1, Supporting Information). The photolithography was performed using
a Microposit S1813 photoresist and MF-319 developer and metal deposi-
tion was carried out by thermal evaporation process with 0.2 and 0.5 As~!
deposition rate for chromium (Cr) and gold (Au), respectively.

Material Characterization: The thickness and morphology evaluation
of the MoSe, flake was performed by an atomic force microscopy (AFM,
Asylum MFP-3D) system. In addition, a Renishaw inVia confocal Raman
microscope with a 514 nm continuous-wave excitation laser was used to
record the Raman spectra of the GA-MoSe, sample. Moreover, to map
the surface potential difference between MoSe, and Cr surfaces, a Kelvin
probe force microscopy (KPFM, Bruker AFM System) was used.

Electrical /Optical Characterization: The GA-MoSe, devices were illu-
minated with monochromatic 470 nm LED light for the photodetec-
tion examinations, and the electrical measurements were conducted us-
ing a Keithley (SCS-4200) semiconductor measurement system within a
probe station in an ambient environment. Function generator (Tektronix,
AFG3151C) and oscilloscope (Tektronix, MDO3104) were used to examine
the MoSe, diode characteristics as well as the optical frequency response
and response time.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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