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Laser-induced photoresistance effect in Si-based
vertical standing MoS, nanoplate heterojunctions
for self-powered high performance

broadband photodetection

Shuang Qiao, 2 °¢ Jihong Liu,*® Guangsheng Fu,® Shufang Wang, (2 *®
Kailiang Ren*"© and Caofeng Pan (2 *°¢

MoS, has attracted extensive attention as the basic configuration of optoelectronic systems because of its
outstanding optical and electronic properties. Although high performance MoS,-based photodetectors have
been realized by many groups, these studies are still in their initial stages of research, and more importantly,
the usual photocurrent or photovoltage signals are fundamentally susceptible, thus seeking novel structures or
working principle devices becomes more fascinating. Here, the MoS,/Si heterojunction is prepared with a
vertically standing nanoplate structure and we exploit it as a photovoltage, photocurrent and photoresistance-
based multifunctional self-powered position sensitive detector (PSD). The PSD exhibits unprecedented
performance with very high sensitivity (391.1 mV mm™2, 2852 pA mm™2, and 21.61 KQ mm™ for photovoltage,
photocurrent and photoresistance responses, respectively), excellent linearity (nonlinearity <2%), and a
very fast response speed (4.75 ms/6.33 ms), all of which are much better than those obtained in many
other systems. More importantly, it is the first time that lateral photoresistance (LPRE) is observed in a
MoS,/Si heterojunction. Based on the theoretical analysis of the scattering or transportation modulation
of photo-generated carriers on the drifted carriers in the MoS,/Si heterojunction, these results are well

rsc.li/materials-c explained.

1. Introduction

Transition metal dichalcogenides (TMDs), as typical two dimen-
sional (2D) layered nanomaterials, have aroused increasing interest
due to the outstanding optical, electrical, photoelectric, and
piezo-phototronic properties as well as easy compatibility with
other 2D or 3D nanomaterials for constructing various functional
heterostructures.'® Among these TMDs, molybdenum disulfide
(MoS,) stands out in view of its high carrier mobility, tunable
energy band-gap, large light absorptivity, and very excellent
environmental stability.” ' More importantly, to date, many
different MoS,-based heterostructures have been prepared and
successfully developed into field-effect transistors,”'' photo-
detectors,"'* photocatalysts,'*'* gas sensors,'®'” and photovoltaic
devices,>'® and have been demonstrated to exhibit very brilliant
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properties, such as substantial on/off current ratio (~10°%),” large
photoresponsivity (~10° AW~ "),*® high detectivity (~ 10" Jones),>
ultrafast response speed (~5 ns),>' and great power conversion
efficiency (~13.3%).>> These fantastic and unique features have
increasingly made MoS, one of the optimum candidates for
exploiting multifunctional optoelectronic devices. Recently, the
MosS,-based photodetector, as a key component of optoelectronic
systems, has been extensively investigated”'"**'***?* because of
the urgent need for highly sensitive and ultrafast photodetection,
eg optical communications,”® imaging,’® environmental
monitoring,” and position detection.”® However, these studies
are still in their initial stages and the experimental devices are far
from practical applications. For both researchers and producers,
high detection sensitivity or responsivity has always been an
everlasting goal. The fundamental reason may be mainly attrib-
uted to two aspects, one is to reduce the power consumption; the
other is to get a stable and credible signal. Therefore, self-
powered devices have been developed and have gained a great
reputation.”*®* While, to improve the device performances and
detection capabilities, many different methods have been tried,
such as modulating layer thickness,"® stacking with other 2D
materials,*®*" designing and optimizing the architecture of
MoS,,>*?* external field modulation,>***** and even combining
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with the traditional semiconductors.?%!3%3¢

However, there are
still unsolved issues in the measurement accuracy and stability
even though very high photocurrent or photovoltage responses
have been realized as these signals are usually easily affected
by the operating circuits or working conditions due to their
fundamentally susceptible characteristics. In contrast, besides
current and voltage responses, there is another parameter of
resistance deserving to be developed. More importantly, resis-
tance derives from the scattering of lattice and electrons, and
presents an intrinsic property of a material, thus seeking
resistance-modulated devices has always been a great pursuit
for scientists and engineers. To date, several different methods
have already been successfully used to control or modulate the
resistance,®”° and some devices have even been commercialized
and are used in our daily lives, e.g. magnetoresistance hard disk
and superconductivity, but photo-modulated resistance detectors
have been seldomly reported, especially in MoS,-based hetero-
junctions, and their photoresistance responses and the related
working mechanisms are still unclear.

In this paper, the MoS, nanoplates were prepared on a
p-doped Si substrate with a vertically standing structure to
form a very good p-n heterojunction. Firstly, the lateral photo-
voltaic effect (LPVE), as well as the lateral photocurrent effect
(LPCE), was studied in the MoS,/Si heterojunction. This hetero-
junction exhibits outstanding lateral photovoltage and photo-
current responses in a broadband wavelength range with
photovoltage and photocurrent responses up to 391.1 mV mm™ "
and 285.2 pA mm ™', and nonlinearity of no more than ~2%
and ~1% (very good linearity), respectively, and especially
without adding any external power, demonstrating its promis-
ing prospect in a self-powered light position sensitive detector
(PSD). More importantly, considering the carrier gradient
principle of LPVE or LPCE in the irradiated and non-
irradiated regions of the MoS, layer, it is suggested that this
mechanism can also be used to regularly modulate the layer
resistance by changing the intrinsic scattering or transporta-
tion of the carriers, thus developing this heterojunction into a
photoresistance-based PSD, which can be called a lateral photo-
resistance effect (LPRE). The LPRE results demonstrate that the
surface layer resistance of the MoS,/Si heterojunction exhibits a
linear relationship with the laser position, and the photoresis-
tance response increases gradually with both increasing laser
power and decreasing external bias voltage with a maximum
sensitivity of up to ~21.61 KQ mm™"'. However, there is a
threshold power (or voltage), above (or below) which the laser
position-dependent photoresistance curve tends to be non-
linear, and the threshold voltage increases with enhancing
the laser power. These results can be well understood based
on the scattering or transportation modulation of photo-
generated carriers on the drift carriers (electrons) in the MoS,
layer of the heterojunction. Besides, it is found that the LPRE of
this heterojunction has a broadband response range (at least
405 to 980 nm) and exhibits a very fast response speed (4.75 ms/
6.33 ms). Our work provides an essential insight into the
implementation of high-performance and novel photoelectric
devices based on the photoresistance effect.

This journal is © The Royal Society of Chemistry 2019
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2. Experimental methods

The vertically standing MoS, nanoplates were prepared on the
p-doped Si (with thickness of ~500 um) substrate by using
magnetron sputtering. The resistivity of the Si substrate was
~10 Q cm (room temperature), and a 1.2 nm-thick native SiO,
layer was produced on the surface. Prior to the deposition, the
wafer was carefully cleaned according to a standard cleaning
technique to remove the ionic and organic impurities. During
the preparation, a composite MoS, target (99.998%) was selected
as the sputtering source and the chamber was evacuated to
~1.0 x 107> Pa at first, then the substrate temperature was
increased to 500 °C and argon gas was bubbled by maintaining a
25 sccem flow rate and a 1.0 Pa pressure, and at last, the
sputtering power of 50 W was added keeping a 2.0 nm min "
deposition rate. Here, a 50 nm-thick vertical standing MoS,
nanoplate layer was prepared, considering the best response at
this thickness.?® After the preparation, two strip electrodes of
Ti/Au (5 nm\50 nm) were deposited on the top layer with a
~0.5 mm electrode width and a ~0.6 mm distance controlled
by a metal mask, and a planar electrode of Ag (60 nm) was
prepared on the Si substrate using the thermal evaporation
technique.

The structure and the morphologies of the heterojunction
were characterized by X-ray diffraction (XRD) and scanning
electron microscopy (SEM), respectively. The optical properties
were identified by Raman and UV spectroscopies. The -V
property was characterized using a Keithley SourceMeter
(2400) and home-built equipment combining an SR570 current
source, an SR560 voltage source, and continuous wave laser
illumination. The LPVE, LPCE and LPRE were measured by
using home-built equipment including a Keithley 2400 Source-
Meter, a three-dimensional motorized linear stage, and several
continuous-wave lasers with wavelengths of 405, 450, 532, 671,
808, and 980 nm, respectively. The response speed of the
heterojunction was determined by using an SR570 current
source, an SR560 voltage source, and a laser chopper.

3. Results and discussion

The surface and cross-sectional morphologies of the MoS, nano-
plates and the heterojunction are identified by SEM, with the
surface images of different magnification sizes shown in Fig. 1a
and b, respectively, and the cross-sectional image shown in Fig. 1c
(as the cross-sectional morphology is hard to observe for the
thinner vertical standing MoS, nanoplates, we choose a 100 nm
thick sample to well illustrate the structure). The MoS, film
obviously shows a vertically standing nanoplate structure, and a
distinct interface can be found between the Si substrate and the
MoS, nanoplates. Fig. 1d shows the XRD result. Besides the Si(400)
diffraction peak, two other relatively weak peaks at 13.1° and 33.5°
can be observed, which can be indexed as the (002) and (100)
diffraction peaks of the MoS, layer,"* and the low diffraction
intensity can be ascribed to the poor crystal quality. The Raman
result of the heterojunction is given in Fig. 1e. Two characteristic

MoS, vibration peaks are observed at 380.5 cm ™' and 408.2 cm™ ",

J. Mater. Chem. C, 2019, 7, 10642-10651 | 10643


https://doi.org/10.1039/c9tc03454d

Published on 02 August 2019. Downloaded by Beijing Institute of Nanoenergy and Nanosystems CAS on 9/4/2019 3:00:41 PM.

Journal of Materials Chemistry C

View Article Online

Paper

e 100
" 80
[
d "
d 9 4\ n 804
— n
Mo/ g Mo/ s il _ 6o
3 e B g
5 1 P <
s
= D> 1 2 60 g
y i 5
'g Vv ! "-é —4o§.
27 i g
= A [ )
e, [\ ! Sl <
AN /N 20
1\
Tyt B { ",
oo i€
3 el 50 nm’
T T T T T T T T T T
20 40 60 80 300 400 500 600 300 600 900 1200 1500

26 (degree)

Raman shift (cm™)

‘Wavelength (nm)

Fig. 1 The SEM surface morphology of the MoS, nanoplates in (a) large-scale, and (b) small-scale. (c) The SEM cross-sectional morphology of the MoS,
nanoplates. The XRD diffraction (d) and the Raman (e) results of the heterojunction. (f) The absorption and transmission spectra of the MoS, layer on the

glass sheet.

which represent the Mo atom and the S atom in-plane vibration
mode (Ej,) and the S atom out-of-plane vibration mode (A;g),
respectively.”” Fig. 1f gives the ultraviolet-visible spectrophotometer
results of the 50 nm-thick vertical standing MoS, nanoplates
prepared on glass sheets. The MoS, nanoplates exhibit a strong
absorption and a wide spectral range, suggesting their great
potential for high-performance broadband photoelectric devices.
Fig. 2a shows a schematic diagram of the lateral photo-
electric research on the MoS,/Si heterostructure. Before the

measurements, the transverse current-voltage (I-V) curve is
identified between the two top electrodes (Fig. 2b). The good
linear behavior confirms the Ohmic relationship of the Ti/Au
electrodes and the MoS, nanoplates, and meanwhile a constant
resistance of ~12390 Q is deduced without depending on the
bias voltage. To evaluate the photoresponse performances of
the MoS,/Si heterojunction, the longitudinal -V curves are
determined, as shown in Fig. 2c. A clear rectification feature can
be observed in the dark, suggesting that a good p—n heterojunction
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Fig. 2

(a) Schematic illustration of the lateral photoelectric effect in the MoS,/Si heterojunction. (b) Transverse -V result of the heterojunction and the

surface layer resistance (with inset giving the measurement diagram). (c) Longitudinal /-V results of the device under illumination of different powers
(with inset giving the measurement diagram). (d) A typical LPV curve of the heterojunction as a function of laser position.
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is formed. More importantly, the photocurrent response increases
quickly with enhancing laser intensity even to ~70 mW under a
532 nm-laser illumination. Fig. 2d gives a typical laser position-
dependent lateral photovoltage (LPV) curve of the heterojunction.
With the laser beam moving from the left electrode (—L) to the
right electrode (L), a linear relationship between the laser position
and the LPV is found, demonstrating its enormous potential
application in light PSD.

For the lateral photoelectric effect, it can be easily under-
stood that when a laser beam is perpendicularly illuminated on
the MoS, nanoplates, the energy could be absorbed by the Si
substrate or the MoS, nanoplates and excite electron-hole pairs
there. These generated carriers are separated by the built-in
field and transmitted away (resulting in electrons entering into
the top MoS, and holes entering into the bottom Si), and then
the accumulated electrons around the laser beam would diffuse
from the illuminated region to non-illuminated regions due to
the density gradient in the MoS, nanoplates, leading to the
different number of electrons collected by the two electrodes;
thus, a lateral photovoltage (LPV) can be obtained when mea-
sured with a voltmeter between the two Ti/Au electrodes, called
the LPVE (shown in Fig. 3a).*>** More importantly, there is no
need for any external bias voltage in the LPVE, demonstrating
its enormous promise for applications in self-powered photo-
electric devices. Firstly, the LPVE is studied under illumination
of different powers (changing from 0.3 mW to 70 mW, 1 mW
corresponds to 12.7 W cm ™ laser density) with a 532 nm-laser,
and the laser position-dependent LPV curves are given in
Fig. 3b. The LPV response improves strongly with increasing
laser power, which can be ascribed to the increased photo-
generated carriers, as shown in Fig. 2c. To well illustrate it, a
key parameter of position sensitivity is deduced by the linear
fitting,"> and it is usually better to get a larger position

View Article Online
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sensitivity for a device. The sensitivity increases largely from
146.6 mV mm " to 329.5 mV mm* with increasing power from
0.3 mW to 10 mW, and then increases gradually slowly to
391.1 mV mm ' at 70 mW illumination, as shown in Fig. 3c.
Ideally, the LPV is suggested to be linearly dependent on the
laser position; however, there is more or less deviation in
practice due to many different reasons,*®*” and the nonlinearity
should be no more than 15% for a qualified device.*” Therefore,
to judge the deviation of the LPV results, another key parameter
of nonlinearity is proposed, which represents the deviation of
the experimental result from the ideal linear curve and can be
written as:*>*

x \/ {% (LPV, — LPVf)Z] / N

i=1

x 100%
1)

Nonlinearity (%) =

2L

where N represents the number of the measured points, and
LPV; and LPV! are the measured LPV and linearly fitted LPV value
at the i point, respectively. Based on eqn (1), the nonlinearities
are deduced and given in Fig. 3c(the inset). The LPV curves
exhibit very excellent linearities with nonlinearity less than 2%,
demonstrating the good quality and uniform layer structure of
the heterojunction.

As shown in Fig. 3d, when changing the voltmeter to an
amperemeter, a lateral photocurrent (LPC) can also be obtained,
which is called the LPCE. The laser position-dependent LPC
curves are measured under illumination of different laser powers
of a 532 nm laser and summarized in Fig. 3e. The LPC response
is also enhanced clearly with increasing laser power. Fig. 3f gives
the extracted sensitivities of the photocurrents at different laser
powers. The sensitivity increases gradually from 22.8 yA mm ™"
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Fig. 3 (a) LPVE measurement diagram of the heterojunction. (b) The laser position-dependent LPV curves under illumination of different powers. (c) The
extracted photovoltage sensitivities and nonlinearities (inset) of the LPV curves. (d) LPCE measurement diagram of the heterojunction. (e) The laser
position-dependent LPC curves under illumination of different powers. (f) The extracted photocurrent sensitivities and nonlinearities (inset) of the LPC

curves.
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to 285.2 pA mm ™', which can be ascribed to the laser power-
dependent photoelectric response of this heterojunction (as
illustrated in Fig. 2c). Besides, the nonlinearities of the LPC
curves are also very small (<1%), as shown in the inset of Fig. 3f.
Based on the above results, it is notable that this heterojunction
exhibits both very huge photovoltage and photocurrent sensitiv-
ities of 391.1 mV mm~ " and 285.2 pA mm™ ', respectively, the
values of which are much larger than those obtained in most
other systems.’®' Additionally, this heterojunction has an
excellent lateral photoelectric response linearity and a considerable
laser power working range, all of which could be attributed to the
excellent capabilities of strong absorption, the quick longitudinal
carrier transportation of the vertically standing MoS, nanoplates,
and also the good quality of the heterojunction.

Considering the carrier gradient appearance of LPVE or
LPCE in the illuminated and non-illuminated regions of the
MoS, layer (Fig. 3a and d), it is suggested that this may also be
used to regularly modulate the layer resistance by changing the
intrinsic scattering or transportation of the carriers in the
conductive layer, called the LPRE. The LPRE measurement
sketch of the MoS,/Si heterojunction is given in the inset of
Fig. 4a. When an external voltage is applied to the two Ti/Au
electrodes (acting as source and drain) in the dark, a constant
drift electric current would flow from A (electrode) to B (electrode),
and the movement of the drifting electrons would be acceler-
ated or decelerated under laser beam illumination due to the
enhanced or weakened scattering at the left side or right side of
the laser beam, respectively;* thus, the resistance of the MoS,
layer could be regularly modulated with the laser position
changing from A to B gradually, and a laser position-dependent
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photoresistance curve is obtained. Fig. 4a and b show the lateral
photoresistance (LPR) curves of a 0.2 V bias voltage under a
532 nm-laser illumination with power ranging from 0.3 mW to
30 mW and from 50 mW to 70 mW, respectively. It is obvious that
the photoresistance response enhances with improving laser
power, and the photoresistances are all linearly proportional to
the laser position except the very large power illumination of
60 mW and 70 mW. On account of the linear relationship of the
LPR and the laser position, this effect can also be used to develop
photoresistance-modulated PSDs. Through the linear fitting
and the nonlinearity calculation (eqn (1)), the photoresistance
sensitivities and nonlinearities under illumination of different
laser powers are deduced, as shown in Fig. 4c and d. Similar to
the LPVE, the sensitivity increases quickly from 12.19 KQ mm ™"
to 21.48 KQ mm ™ at first, and then tends to a nearly constant
value of 21.61 KQ mm ™" with increasing power from 0.3 mW to
50 mW, which can be attributed to the gradually enhanced
scattering influence of the photogenerated carriers, as illu-
strated in Fig. 2c. However, the sensitivity increases greatly to
37.42 KQ mm ' with increasing laser power again (the shaded
area in Fig. 4c). By comparing with the LPR results in Fig. 4b,
the dramatic increment at very high laser powers should mainly
result from the nonlinearly improved photoresistance. This can
be directly demonstrated from the nonlinearity results as the
nonlinearity fluctuates at around 1% in the low laser power
regime (< ~50 mW), and then deteriorates quickly from 2.1%
to 14.3% with laser power increasing from 50 mW to 70 mW
(the shaded area in Fig. 4d).

To identify the wavelength response of the LPRE in the
heterojunction, the laser position-dependent LPR curves are
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Fig. 4 The laser position-dependent LPR curves under illumination of different powers ranging from (a) 0.3 mW to 30 mW (with the inset giving the
measurement diagram) and (b) 50 mW to 70 mW. The extracted (c) photoresistance sensitivities and (d) nonlinearities of the LPR curves.
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determined under illumination of six different lasers (with wave-
lengths of 405, 450, 532, 671, 808, and 980 nm). The typical lateral
photoresistance curves under illumination of 3 m W and applying a
0.2 V bias voltage are given in Fig. 5a. Obviously, this heterostruc-
ture has a broadband response range, and the lateral photoresis-
tance curve still shows very excellent linearity (nonlinearity <2%,
as shown in Fig. 5b). However, the sensitivity, which enhances
gradually (from 9.39 KQ mm ™" to 19.71 KQ mm ") with wavelength
increasing from 405 to 671 nm, and then tends to reduce (from
19.71 KQ mm ™" to 12.84 KQ mm ') with wavelength increasing
again even to 980 nm, exhibits a non-monotonic changing
tendency, indicating the various photoexcited efficiencies of
different lasers.

Then, the external voltage effect on the LPRE response is
investigated. Fig. 5c presents the laser position-dependent
lateral photoresistance curves measured under illumination
of 3 mW (532 nm laser) and applying different bias voltages
changing from 0.1 V to 5 V. The photoresistance curve shows a
seriously nonlinear behavior when adding a bias voltage of
0.1 V (the nonlinearity is 14.2%, and the sensitivity reaches
41.57 KQ mm ™', as shown in Fig. 5d). However, the photo-
resistance starts to be linearly proportional to the laser position
when the voltage exceeds ~ 0.1 V, and the sensitivity decreases
gradually (from 18.63 KQ mm ' to 7.35 KQ mm ') with
external voltage increasing from 0.2 V to 5 V (Fig. 5d). This is
very similar to the results of changing laser power due to
the relative scattering effect of the diffusion electrons on the
drift electrons (increasing (or decreasing) the number of the
diffusion electrons under illumination of large (or small) laser
power is equivalent to decreasing (or increasing) the number of
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the drift electrons with applying low (or high) bias voltages).
Moreover, it is observed that the averaged photoresistance
increases a little with increasing external voltage, especially
when the voltage reaches ~ 10 V, the photoresistance is nearly
independent of laser position again as that without laser
illumination (as shown in the inset of Fig. 5¢), which can be
attributed to the negligible scattering effect of minority of
diffusion electrons as compared with the majority of drift
electrons.

To explain the physical mechanism of the LPRE and well
understand the laser power- and bias voltage-dependent lat-
eral photoresistance response and nonlinear behavior in the
MoS,/Si heterojunction, a theoretical model is proposed, as
shown in Fig. 6a and b. When a laser beam illuminates the
heterojunction, the laser energy can be absorbed by the MoS,
nanoplates or the Si substrate, and then generates electron-
hole pairs. According to the energy band diagram of the
heterostructure in Fig. 6b, the electrons would be swept and
tunneled to the MoS, side (and holes would be swept and
tunneled to the Si side, correspondingly), resulting in excess
electrons gathering in the illumination position, so that the
electrons would diffuse around. In one dimensional approxi-
mation, the diffusion equation (steady-state) can be written as
follows: "

dzNi(x) Ng(x)

b 2y 1 )

where D represents the diffusion coefficient, t represents the
carrier lifetime, and N,(x) represents the electron distribution
density at x position under illumination of a A wavelength
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(a) The laser position-dependent LPR curves under 3 mW illumination of different lasers. (b) The extracted wavelength-dependent position

sensitivities and nonlinearities. (c) The laser position-dependent LPR curves under 3 mW illumination with adding different external voltages (with the
inset giving the averaged resistance). (d) The extracted bias voltage-dependent position sensitivities and nonlinearities (inset).
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The corresponding equilibrium energy band diagrams.

laser. From eqn (2), N,(x) can be obtained:**"*

X — X

N;(0) exp(— ’ O) (xo<x <L)
Ni(x) = ®3)

N(0) exp(—x‘) - ") (—L < x <)

where x, represents the laser position, N,(0) is the total
electron density accumulated at x,, and [, represents the
carrier diffusion length. When a bias voltage is added on the
two Ti/Au electrodes without laser illumination, a constant
current is formed and flows from electrode A to electrode B
(meaning the drift electrons move from electrode B to elec-
trode A); simultaneously, the interface band offset increases,
resulting in an enhanced barrier height, as presented in
Fig. 6¢c and d. Under both laser illumination and external bias
voltage, the MoS, layer can be divided into two regions
according to the diffusion direction of the separated electrons
(left and right); the direction of the diffusion electrons is the
same as that of the drift electrons in the left region, resulting
in a large current and thus low resistance (called the con-
ductivity increasing region), while the direction of the diffu-
sion electrons is opposite to the direction of the drift electrons
in the right region, leading to an increased resistance because
of the enhanced scattering probability of carriers (called the
conductivity decreasing region), as illustrated in Fig. 6e. It is
supposed that the density of the drift electrons is ny(V) under a
suitable bias voltage in the dark and the effective electron
density can be simply determined by adding and subtracting
the density of the drift and diffusion electrons under illumi-
nation of a laser beam, then the effective electron densities are
N(x) = ny(V) + N,(x) and N(x) = no(V) — N;(x) in the left and right
regions, respectively. According to the relationship of conduc-
tivity (o) and carrier density (N(x)), the resistivity (p(x)) can be
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(a, c and e) The working principle diagrams of the lateral photoelectric detector, the source—drain measurement and the LPRE detector. (b, d and f)

expressed as:

1
(no( V) + N;(0) exp (—x ;OXO) ) qhe
1

al T x) ) qie
(4)

where g, is the electron mobility, and ¢ is the charge quantity.
Then, the laser position-dependent photoresistance (R(x,))
between electrode A and electrode B can be obtained from:

(xo<x<1L)

p(x) =

(=L < x < xp)

(no(V) — N,(0)exp (—

L
Rew) = [ plod/s G
-L
where S represents a constant cross-sectional area of the MoS,

layer. Combining eqn (4) and (5) and solving the integration,
the photoresistance can be deduced as follows:
N;(0)

B b N0 (L
R(x) *(”no(mquel“(l nozmep( 10)+no(V)

con( £57) Ml 1)) 5

(6)

2L lo N;2(0)
no(V)ape no(V)ape “< ni (V)
coefficient. Generally, [, is supposed to be much larger than L,
and N,(0) is much smaller than ny(V) under illumination of a
suitable laser power, thus eqn (6) can be simplified as:

exp (_/—OL) xo) / N (7)

From eqn (7), it is clear that the resistance should decrease
linearly with the laser beam (x,) moving from —L to L, which is
in accordance with our results. However, under conditions of

where C = ) is a constant

2N;(0)

RX =~ C+7
(o) ( no (V) quelo
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very small bias voltages or sufficiently large laser power, N,(0)
should be comparable to or even larger than ny(V), so that the
laser position-dependent resistance equation cannot be
described by eqn (7), but rewritten as:

l N2(0) 2L
no(V)are 1“(1 ) e""(‘ﬁ)

2N,(0) L
- — S
+ }’lo( V)lo exp l() *o
The resistance begins to exhibit a nonlinear behavior when
the laser power exceeds a certain value.
For the laser wavelength-dependent lateral photoresistance,
it can also be well understood as N;(0) is supposed to be related

to both the wavelength and the quantum efficiency (&) under a
certain laser power illumination, and the relationship can be

R(x) z(C +

P
expressed as N,;(0) ~ i_c)" where P represents the illuminating

power, & represents the Planck coefficient, and c represents the
velocity of light. With the laser wavelength increasing from 405
to 671 nm, ¢ should also improve gradually,?>*® and then N,(0)
and the associated lateral photoresistance increase as a result
of the combined effect of both / and ¢. However, when the laser
wavelength increases again from 671 to 980 nm, ¢ starts to
decrease largely, thus dominated mainly by ¢, and the lateral
photoresistance decreases again (the difference of the best
response wavelength between this heterostructure and the
structure in ref. 21 may be attributed to the different qualities
of the MoS, nanoplates due to various preparation methods).>®

While for the gradually increased photoresistance (averaged)
with increasing bias voltage, one possible reason is the
enhanced scattering influence of the photoexcited electron-
hole pairs as the number of the separated carriers improves
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with increasing external voltage because of the improved built-
in field, as shown in Fig. 6f. Another possible reason is the
heating effect (the surface conductivity of the MoS, layer
exhibits a metal-like behavior due to lots of defect states).
When the bias voltage is large enough, N;(0) is supposed to
be negligible as compared with ny(V), then eqn (6) can be
approximately written as:

The resistance shows an inherent value of the MoS, nanoplates
and is independent of laser power again, which may be why
the resistance remains nearly constant with laser position
changing from A to B under very large bias voltages.

Finally, response speed, as another pivotal parameter of a
photodetector, is also investigated in the heterojunction.
Firstly, the time-dependent photoresistance response is mea-
sured under a 532 nm-laser illumination of 3 mW (laser
position stays at x, = 0.225 mm) and a 0.2 V bias voltage with
chopper frequency changing from 5 Hz to 50 Hz, with the
results presented in Fig. 7a. Obviously, the photoresistance
amplitude remains nearly constant between 5 Hz and 30 Hz,
but seems to decrease slightly with increasing frequency again,
suggesting that the response speed may limit the measurement
frequency of ~30 Hz. Fig. 7b shows the extracted rise time
(trise) and the fall time (tay)- Trise(/Tran) decreases from 6.02 ms
(/6.42 ms) to 5.17 ms (/5.86 ms) with the frequency increasing
from 5 Hz to 30 Hz, and then decreases further to 5.13 ms
(/5.82 ms) at 50 Hz. Then, the photoresistance response speed is
also carefully studied under different voltages ranging from 0.2 V to
5.0 V, as shown in Fig. 7c. With increasing bias voltage, the
photoresistance response decreases gradually, and the balanced
photoresistance of laser on stage is the same as that of the LPR

b
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Fig. 7 (a) The R—t response of the PSD at different frequencies increasing from 5 Hz to 50 Hz. (b) The corresponding frequency-dependent rise and fall
times. (c) The R—t response of the PSD with applying different bias voltages. (d) The corresponding voltage-dependent rise and fall times.
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results, indicating the stable response of the LPR performance. The
bias voltage-dependent response times are given in Fig. 7d. Ty,
which decreases slightly from 5.17 ms to 4.75 ms with external
voltage increasing from 0.2 V to 5.0 V, exhibits completely contrary
changing tendency to gy, (Which increases a little from 5.86 ms to
6.33 ms). This can be ascribed to the enhanced interface barrier as
the photo-generated carriers would be easily swept and quickly
transmitted to the MoS, nanoplates and the Si substrate with
increasing bias voltage during the laser on stage, respectively;
meanwhile, the separated carriers would hardly jump back and
get recombined during the laser off stage. This result demonstrates
that a higher bias voltage can result in a faster rise time and a lower
bias voltage can lead to a faster fall time to some extent.

4. Conclusions

In conclusion, a high quality MoS,/Si p-n heterojunction has
been successfully prepared by growing vertically standing MoS,
nanoplates on the p-doped Si substrate by a magnetron sput-
tering technique. The MoS, layer shows a strong light absorp-
tion and a broadband spectral range (visible to near-infrared),
and the heterojunction exhibits very high photoresponse char-
acteristics. Based on the lateral photoelectric effect, this hetero-
junction is developed into a photovoltage, photocurrent and
photoresistance-based multifunctional self-powered PSD. On
account of the strong absorption, the quick intralayer trans-
portation of the MoS, nanoplates, and the good quality of the
heterojunction, the PSD shows unprecedented performance
with voltage sensitivity as high as 391.1 mV mm™’, current
sensitivity as high as 285.2 pA mm™", resistance sensitivity as
high as 21.61 KQ mm ™', excellent linearity (nonlinearity < 2%),
and a very fast resistance response speed (4.75 ms/6.33 ms).
More importantly, it is the first time that the LPRE is observed
in the MoS,/Si heterojunction. Although the LPR increases
gradually with increasing laser power or decreasing bias vol-
tage, there is a threshold power (or voltage), above (or below)
which the laser position-dependent photoresistance curve
tends to be nonlinear, and the threshold voltage increases with
increasing laser power. Moreover, the response time can be
effectively modulated by the bias voltage. Based on the scatter-
ing or transportation modulation theory of photo-generated
carriers, these results can be successfully explained. Our work
not only proposes a deep understanding of the LPRE in the
MoS,/Si heterojunction, but also offers an essential insight into
the implementation of high-performance and novel photoelec-
tric devices based on the photoresistance effect.
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