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MoS,/Si Heterojunction with Vertically Standing Layered
Structure for Ultrafast, High-Detectivity, Self-Driven

Visible—-Near Infrared Photodetectors

Liv Wang, Jiansheng Jie,* Zhibin Shao, Qing Zhang, Xiaohong Zhang,* Yuming Wang,

Zheng Sun, and Shuit-Tong Lee*

As an interesting layered material, molybdenum disulfide (MoS,) has been
extensively studied in recent years due to its exciting properties. However,
the applications of MoS, in optoelectronic devices are impeded by the lack
of high-quality p—n junction, low light absorption for mono-/multilayers, and
the difficulty for large-scale monolayer growth. Here, it is demonstrated that
MoS, films with vertically standing layered structure can be deposited on sil-
icon substrate with a scalable sputtering method, forming the heterojunction-
type photodetectors. Molecular layers of the MoS, films are perpendicular to
the substrate, offering high-speed paths for the separation and transporta-
tion of photo-generated carriers. Owing to the strong light absorption of the
relatively thick MoS, film and the unique vertically standing layered structure,
MoS,/Si heterojunction photodetectors with unprecedented performance are
actualized. The self-driven MoS,/Si heterojunction photodetector is sensitive
to a broadband wavelength from visible light to near-infrared light, showing
an extremely high detectivity up to =10 Jones (Jones = cm Hz'/? W), and
an ultrafast response speed of =3 ps. The performance is significantly better
than the photodetectors based on mono-/multilayer MoS, nanosheets.
Additionally, the MoS,/Si photodetectors exhibit excellent stability in air for

a month. This work unveils the great potential of MoS,/Si heterojunction for
optoelectronic applications.

1. Introduction

materials with nonzero bandgap.l%

Recently, other kinds of 2D materials such
as layered metal dichalcogenides have
attracted much research interest due to
their excellent electronic and optical prop-
erties, as well as nonzero band gap.’™
Molybdenum disulfide (MoS,), a typical
2D metal dichalcogenide, exhibits a direct
bandgap of 1.8 eV in monolayer and an
indirect bandgap of 1.3 eV for bulk or
multilayer.' It shows a high carrier
mobility of =200 cm? V™' s7! for monolayer
and =500 cm? V! s7! for few layers.['213]
More importantly, the light absorption of
MoS, spans from visible to near-infrared
spectral region (350-950 nm),** and
reaches 5-10% of incident sunlight in a
thickness of less than 1 nm, achieving
one order of magnitude higher sunlight
absorption than GaAs and Si.l" Based
on these appealing properties, MoS, has
found important applications in various
fields, such as catalysis,'®'”] nanoelec-
tronics, 819 light harvesting,?*?!l and
photovoltaics.?24 For instance, 200 nm
thick MoS, membrane stacked with Au
forms a Schottky-barrier solar cell to
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Graphene, a typical 2D material, has aroused tremendous atten-
tion due to its outstanding electronic, optical, and mechanical
properties.'>) However, the semi-metal properties with zero
bandgap of graphene have restricted its applications in elec-
tronic and optoelectronic devices, which require semiconductor
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achieve a power conversion efficiency of 1.8%.!' The thinnest
photovoltaic devices were developed from the MoS,/graphene
and WS,/MoS, stacked monolayers, which showed power con-
version efficiencies of 1%, corresponding to one to three orders
of magnitude higher power densities than the existing solar
cells.1>2]

As a key component for the nano-optoelectronic system,
photodetectors based on semiconductor nanostructures have
attracted much attention.?*?”] For practical applications, e.g.,
imaging and optical communication, fast response speed and
high sensitivity of the photodetectors are much desirable.®!
Though photodetectors with remarkable speed and sensitivity
have been developed from various 1D nanostructures, such
as ZnSe,? CdS,B% GaNBY nanowires and nanoribbons, the
inherent difficulties of 1D nanostructures in device integration
impede their wide applications. In contrast, 2D layered mate-
rials offer the great promise of fabricating high-performance
photodetectors for large-scale applications. To date, photodetec-
tors based on mono-/multilayer MoS, or MoS,/graphene hybrid
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Table 1. Performance comparison of our MoS,/Si heterojunction-based photodetector with the MoS,-based photodetectors in literatures.

Device Measurement condition Detectivity Rise time Fall time Ref.
(wavelength, bias) [cm HZ'2 W] [bs] [ps)
MoS,/Si heterojunction 808 nm, V=0V =103 =3 =40 This work
MoS, p-n diode 500 nm, V=1.5V 3% 100 1.5%x10° _ [63]
Monolayer MoS, phototransistor 561 nm, Vps? =8V, Vb =-70V _ 4x10° 9x 108 [34]
Multilayer MoS, phototransistor 532 nm, Vps=10V, Vg=0V =100 70 110 [32]
MoS,—graphene hybrid phototransistor 632.8 nm, Vps=0.1V, V=0V _ 2.8x10° 1.5x 108 [33]
MoS,/a-Si heterojunction 550 nm, V=1V 300 300 [43]

AThe voltage applied on drain and source electrodes; ®)The voltage applied on gate electrode.

structure have been intensively studied.??-* They show excel-
lent device characteristics in terms of high sensitivity and wide
band response. However, because of the absence of high-quality
p-n junctions, MoS,-based photodetectors still suffer from low
detectivity (108-10'° Jones) (Jones = cm Hz'? W) and slow
response speed (70-10° us).32734 On the other hand, monolayer
or multilayer MoS, can only absorb a small portion of incident
light due to the small thickness, thus restricting photocurrent
improvement. Differing from graphene, which can be attained
in large-area through catalytic growth on metal substrates,*]
large-area growth of intact monolayer MoS,, e.g., in square cen-
timeter size, has not yet been widely demonstrated,*®! making
it difficult to utilize the monolayer MoS, for large-scale device
applications.

In comparison to the formation of homojunctions or heter-
ojunctions, respectively, from one or two different 2D layered
materials,?*%7] the formation of heterojunctions by combining
a 2D layered material with a semiconductor offers a feasible
and easier way to construct high-performance optoelectronic
devices by harnessing the advantages of both materials.[83]
Taking graphene as an example, the fabrication of graphene/
crystalline silicon (c-Si) heterojunctions has yielded high-effi-
ciency solar cells (>10%) and ultrafast photodetectors with 40
GHz band.?8340-42] The high-quality junction, along with the
strong built-in electric field at the junction, is suggested to be
responsible for the extraordinary device performance of the gra-
phene/Si heterojunctions. However, up to now, there are few
reports on MoS,/Si heterojunctions due to the difficulty in the
growth of large-area intact monolayer MoS,. Salahuddin et al.
reported the fabrication of heterojunction photodetectors con-
sisting of 60 nm thick mechanically exfoliated MoS, flake and
100 nm amorphous silicon (a-Si).*}l Despite the high respon-
sivity of 210 mA W, the device exhibited a slow response
speed of 0.3 ms due to structural defects in a-Si. Therefore,
compared to the graphene/Si devices, there is a large room for
the improvement of the MoS,/Si heterojunction devices.

Herein, we report the construction of MoS,/c-Si heterojunc-
tions and their applications as high-sensitivity, ultrafast, self-
driven visible-near infrared (NIR) photodetectors. Large-area
MoS, film with a distinct vertically standing layered structure
was deposited by using a facile and scalable magnetron sput-
tering method. The light absorption of the MoS, film was
remarkably enhanced due to the large film thickness, whereas
the vertically standing layered structure greatly facilitated
the transport of photo-generated carriers along the in-plane
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direction to the top collection electrode. Significantly, the MoS,/
Si heterojunctions exhibited pronounced photovoltaic activity,
enabling their applications as self-driven photodetectors oper-
ated at zero bias voltage. The self-driven MoS,/Si photodetec-
tors showed excellent characteristics in terms of wide pho-
toresponse range of 450-1050 nm, ultrafast response speed
of =3 ps, extremely high detectivity of =10'® Jones, and robust
environmental stability. The performance characteristics have
largely surpassed those reported for MoS,-based photodetec-
tors, as shown in Table 1. It is expected that the MoS,/Si hetero-
junctions will have important applications in high-performance
optoelectronic devices.

2. Results and Discussion

Figure 1a illustrates the X-ray diffraction (XRD) patterns of the
sputter-deposited MoS, film on the Si substrate with a thick-
ness of approx. 150 nm. The film size is 2 cm x 2 cm (inset
in Figure la). Large-size MoS, film can be readily obtained
by increasing the sizes of substrate and MoS, target. Post-
annealing at 800 °C in Ar for 10 min was conducted to further
improve the crystal quality of the film. All the diffraction peaks
in the patterns can be indexed to MoS, with a hexagonal phase
(JCPDS Card No. 75-1539). The as-prepared MoS, film shows a
relatively strong (100) peak and a broadened (110) peak. After
annealing, the intensities of the diffraction peaks are remark-
ably enhanced, along with the appearance of new peaks for
(103) and (200) faces, indicating that the crystallinity of the
film is improved. The MoS, film has a polycrystalline structure,
whereas the strong (100) and (200) peaks disclose the prefer-
ential [100] orientation of the film on the Si substrate. Raman
spectra were measured to investigate the crystal structures of
the MoS, film, as shown in Figure 1b. Prior research indicates
that there is a significant difference in the scattering modes of
Raman spectra for MoS, nanosheets with different layer num-
bers. MoS; nanosheets usually show two strong signals from
in-plane E',, and out-of-plane A;, vibrations. The E',, vibration
tends to red-shift, whereas the Ay, vibration tends to blue-shift,
with an increasing MoS, layer number,***! which enables the
determination of the layer number from the difference of these
two vibrations. As a thick MoS, film (approx. 150 nm) was
adopted in this work to enhance light absorption, the Raman
spectra are more likely to be identical to that of the MoS, bulk
material. In Figure 1b, two dominant Raman modes at wave
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Figure 1. a) XRD patterns. b) Raman spectra of both as-prepared and annealed MoS, films. Inset in (a) shows the photograph of an annealed sample
of 150 nm MoS, film on Si substrate. Schematic illustrations in (b) depict the atomic vibration direction of E';, (left) and Ay, (right) Raman modes of
MoS,. XPS spectra show the binding energies of c) Mo and d) S for the annealed MoS, film.

numbers of 382 and 408 cm™!, respectively, can be identi-
fied. This result is consistent with the previous report and the
Raman modes can be assigned to the E',, and Ayg modes of
a thick MoS, film, respectively.’14 After annealing, the peak
intensities are remarkably improved, whereas the peak width
is decreased, revealing the superior crystallinity of the annealed
film. X-ray photoemission spectroscopy (XPS) analysis was con-
ducted to determine the components and binding energies of
the annealed MoS, film (Figure 1c,d). The peaks at 229.3 and
232.5 eV are related to Mo 3ds;, and Mo 3d;; orbitals, respec-
tively, whereas S 2p;;, and S 2p,, orbitals of divalent sulfide
ions (S%7) are observed at 162.2 and 163.3 eV, respectively. The
results are in good agreement with the reported values for the
MoS, crystal.[46-48]

Figure 2a depicts the schematic illustration of the MoS,/
Si heterojunction photodetector. The MoS, film was depos-
ited on the p-Si substrate with a predefined SiO, window
via magnetron sputtering, so that the effective device area
could be precisely determined by the window size (3 mm
X 3 mm). A 50 nm Ag electrode was used as the top con-
tact to MoS,, whereas 50 nm Au served as the back contact
to p-Si. To gain more insight into the structure of the MoS,/
Si heterojunction, a cross-sectional transmission electron
microscopy (TEM) investigation was performed, as shown
in Figure 2b-e. The MoS, film deposited by sputtering
has a uniform thickness of approx. 150 nm (Figure 2b).
From the energy dispersive X-ray spectroscopy (EDS)

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

line-scanning analysis (Figure 2c) and the high-resolution TEM
(HRTEM) image at the junction interface (Figure 2d), we can
see that there is a thin SiO, interfacial layer (=10 nm) between
the Si substrate and the MoS, film. The thin SiO, layer is likely
caused by oxidation of silicon during film deposition due to
the residual oxygen in the deposition chamber. Interestingly,
Figure 2b,d,e discloses that the MoS, film is polycrystalline
with a vertically standing layered structure. The layer distance
of =0.67 nm in the HRTEM images corresponds to the (001)
face of MoS,, and is in good agreement with the value for
bulk MoS,.364950 Differing from the mono-/multilayer MoS,
films prepared by the conventional chemical vapour deposition
method, in which the MoS, layers are usually lying on the sub-
strate with (001) planes parallel to the substrate surface,'->3
the molecular layers are perpendicular to the substrate for the
sputter-prepared MoS, film. Each MoS, grain in the polycrys-
talline film consists of 12-20 MoS, monolayers and has a sec-
tional area of 70-110 nm? (Figure 2f). Layered materials usu-
ally have a higher in-plane conductivity'? and a much smaller
out-of-plane conductivity because of the large layer distance
and weak van der Waals force between adjacent layers.**>* For
example, the weak out-of-plane interaction of graphene leads
to out-of-plane electrical and thermal conductivities more than
1000 times lower than those of their in-plane analogues.®!
Therefore, we can expect that the distinct vertically standing
layered structure of the MoS, film can greatly facilitate carrier
transport from the junction interface to the top Ag electrode.

Adv. Funct. Mater. 2015, 25, 2910-2919
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Figure 2. a) Schematic illustration of the MoS,/Si heterojunction-based photodetector.
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deposited by sputtering has a smooth sur-
face. Notably, an evident potential difference
between the MoS, film and the Si substrate
is observed from the surface potential distri-
butions (Figure 3c,d). Figure 3e shows the
height and the potential profiles based on
the data extracted from the cross-sections in
Figure 3a,c. The potential of the Si substrate
is higher than that of the MoS, film with a
difference of approx. 100 meV. This result
is in accordance with our anticipation that
the work function of the p-type Si substrate
should be larger than that of the n-type MoS,
film. In this regard, the SKPM result pro-
vides a direct evidence for the existence of a
junction barrier between the MoS, film and
the Si substrate.

Figure 3f depicts the current versus
voltage (I-V) characteristics of the MoS,/Si
p-n heterojunction in the dark. The effective
device area is 9 mm?. Significantly, the device
exhibits an excellent rectifying behavior
with a low-leakage current of approximately
0.0045 mA at -1 V and a high forward cur-
rent of 23.34 mA at +1 V, yielding a high
rectification ratio of 5000. The nearly linear
I-V curve of the Ag/MoS,/Ag stacking struc-
ture in Figure S1 in Supporting Information
proves that such a rectifying characteristic
stems from the heterojunction between MoS,
and Si, but not from the Ag/MoS, contact.
The turn-on voltage is determined by extrap-
olating the -V curve to the intersection of
the abscissa, giving rise to a small value of
=0.25 V. In addition, the ideality factor (n)
of the heterojunction could be deduced to
be 1.83 from the slop of the semi-log -V
curve in the forward bias direction, as shown
in Figure S2 in Supporting Information,
according to the following equation:>®!

q dv

n=—t—— (1)
kT dInT

b) Cross-sectional TEM image of the heterojunction. c) The line-scan EDS analysis along the

red line from MoS, film to Si in (b). d) HRTEM image of the heterojunction, indicating the
existence of an oxidation interfacial layer. €) HRTEM image of the MoS, film at the top surface.
The distance between two layers is approx. 0.67 nm, corresponding to the (001) face of MoS,.
f) Top-view HRTEM image of the MoS, film, verifying that the MoS, film consists of many
crystal domains. To facilitate the investigation, the film was directly deposited on the carbon-
coated Cu grid by sputtering under the same conditions. The inset shows the enlarged HRTEM

image.

To the best of our knowledge, this is the first demonstration
of vertically standing layered MoS, films produced by using a
magnetron sputtering method.

To directly evaluate the energy offset at the MoS,/Si junc-
tion interface, the scanning Kelvin probe microscopy (SKPM)
investigation was performed, as shown in Figure 3. Sur-
face topographies in Figure 3a,b indicate that the MoS, film
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where g is the unit charge, kg is the Boltz-
mann’s constant, and T is the absolute tem-
perature. Though this value is somewhat
larger than that for an ideal diode (n = 1), it
is very close to the optimized graphene/c-Si
heterojunction solar cells in previous work
(n = 1.8, whose power conversion efficiencies
under simulated AM 1.5 G solar irradiation
could be as high as 10.56%).*! Furthermore, the -V curve of
the heterojunction in the dark could be described by thermi-
onic emission theory of majority charge carriers over a poten-
tial zero bias barrier, @, from the Si to Mo$S, filml®”]

I=I [exp(n‘iVT)— 1} @)
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the illumination of an NIR 808 nm laser
with a light intensity of 30 mW cm™?; the
photovoltage (V) and photocurrent (Ip,) are
deduced to be 210 mV and 100 pA, respec-
tively. As we know, a photodetector with
photovoltaic activity can operate without an
external power. This kind of self-powered
photodetector is, thus, a promising candidate
for future devices aiming at reduced size and
weight. From the photoresponse of the device
at zero external bias voltage (Figure 4b), we
note that the device shows high sensitivity
to the incident 808 nm laser with a large
Ion/Ioe Tatio of 8 x 103, The steep rise and
fall edges suggest a fast response speed, indi-
cating that electron—hole pairs could be effec-
tively generated and separated in the MoS,/
Si heterojunction. Also, the device possesses
an excellent stability and reproducibility to
pulsed light with about 23 s per cycle. The
photoresponse characteristics can be further
understood from the energy-band diagram

0.0 1.0um
(e) 60 .
4

_ 30f. S
E ol 20 £
£ 0 ;;
= 30 ]
D 60 20 §
0 -t
T g9 -40 9

120 1-60

00 02 04 06 08 1.0
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Figure 3. SKPM characterization of the MoS, film grown on the p-Si substrate. Surface topog-
raphies of the MoS,/Si junction in a) 2D and b) 3D views. Surface potential distributions of
MoS,/Si junction in c) 2D and d) 3D views. e) Height and surface potential difference versus
lateral profile across the MoS,/Si interface along the white lines in (a) and (
curves of the MoS,/Si heterojunction in both linear and semi-log plots in the dark The inset

shows the photograph of the heterojunction-based photodetector.

The saturation current of I is defined by

= AA" Tzexp( 40, ) 3)
kT
where A is the area of the device, A* is the effective Richadson
constant, and it is 32 A cm™ K2 for p-type Si.*®.. Based on the
above equations, @, can be estimated to be approx. 330 meV.
We note that the junction barrier height is larger than the value
estimated from the SKPM measurement (approx. 100 meV).
This is because the latter is more vulnerable to surface contami-
nation or oxidation layer on the probe tip, leading to the under-
estimation of the barrier height. The high rectification ratio, low
turn-on voltage, and small ideality factor unambiguously dem-
onstrate the high quality of the heterojunction, thus offering a
starting point for its applications in optoelectronic devices.
Next, we evaluated the photoresponse properties of the
MoS,/Si heterojunction. As shown in Figure 4a, the MoS,/Si
heterojunction exhibits an obvious photovoltaic activity under

wileyonlinelibrary.com
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illustrated in Figure 4c. Due to the difference
in Fermi level (Ef), once the n-type MoS,
film was deposited on the p-type Si substrate,
electrons in MoS, film will tend to move to
the Si side, whereas holes in Si will move to
MoS, film. Therefore, the energy levels near
the Si surface will bend downward whereas
the energy levels near the MoS, surface will
bend upward, eventually the Fermi levels
of MoS, and Si align in the same level. As
a result, a built-in electric field will present
near the MoS,/Si interface and has the direc-
tion from Si to MoS,. Under light illumina-
tion, electron-hole pairs will be generated,
which are then separated by the built-in
electric field and collected by the electrodes,
giving rise to photocurrent. The built-in elec-
tric field at the junction interface ensures that
the device can operate at zero external bias
voltage. Figure 4d plots the sensitivity of the photodetector as
a function of wavelength. It can be seen that the present device
exhibits a wide spectral response ranging from 450 to 1050 nm.
The peak sensitivity is located at around 820 nm, which is in
accordance with the absorption of MoS, film on the Si sub-
strate (see Figure S3, Supporting Information), indicating that
the incident light can be efficiently absorbed by the relatively
thick MoS, layer. A 150 nm thick MoS, film was adopted in this
investigation since it was the optimal thickness for the MoS,/
Si heterojunction photodetectors. Thinner MoS, film would
lead to the reduction of light absorption, whereas thicker films
would cause more defects-induced carrier recombination.
Figure 5a depicts the photoresponse characteristics of the
heterojunction under the light illumination with varied wave-
length. We kept the light intensity identical (10 mW cm™)
for all wavelengths during testing. It is found that the pho-
tocurrent, along with the photovoltage, first increases with
increasing wavelength from 420 to 808 nm, and then tends to

c). f) Typical I-V

Adv. Funct. Mater. 2015, 25, 2910-2919
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Figure 4. a) -V characteristics of the MoS,/Si heterojunction measured in the dark and under an NIR 808 nm laser (30 mW cm™2) illumination,
respectively. b) Photoresponse of the device under 808 nm laser illumination. The laser was turn on/off regularly to measure the time-dependent
response of the photodetector. No external bias voltage was applied. c) Energy band diagram of the MoS,/Si heterojunction under light illumination.
The electron affinity (x) of p-Si and n-MoS; is 4.05 and 4.3 eV, respectively. The band gap (E,) of p-Si and n-MoS; is 1.12 and 1.3 eV, respectively. E,
Er, Ec, and Ey represent the vacuum energy level, Femi level, bottom of conduction band, and top of valence band, respectively. d) Spectral response

of the heterojunction measured in the wavelength range 350-1100 nm.

decrease at longer wavelength. This tendency is consistent with
the spectral response of the photodetector in Figure 4d. More-
over, we investigated the relationship of detection performance
with light intensity, as shown in Figure 5b, by tuning the light
intensity of the 808 nm laser from 1 to 30 mW cm™. One can
see that both the photocurrent and the photovoltage highly
depend on the light intensity and increase with increasing light
intensity within the measurement range. Figure 5c shows that
the photovoltage of the heterojunction increases rapidly from
144 to 202 mV when the light intensity changes from 1 to
20 mW cm™2. However, further increase of the light intensity
leads to saturation of the photovoltage. The maximum photo-
voltage of the device is supposedly determined by the Fermi
level difference between MoS, and Si and is about 600 mV
from the energy band diagram of the MoS,/Si heterojunction
in Figure 4c. It is larger than the measured photovoltage of the
device, suggesting that the device performance may be further
enhanced by optimizing the junction interface. The depend-
ence of photocurrent on light intensity at zero external bias
voltage is shown in the inset of Figure 5c. The curve can be
well fitted with a power law, Ip ~ PO, where 6 determines the
response of the photocurrent to light intensity. The fitting gives
an almost straight line with 6 = 0.42, which is smaller than that
of low trap state junctions (6 = 1),5%5%%% implying the presence
of some trap states between the Fermi level and the conduction
band edge.l!
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Generally, the key figure-of-merit parameters of responsivity
(R), detectivity (D*), and response speed are used to evaluate
the performance of a photodetector. Responsivity indicates how
the efficiency of a detector responds to the optical signals and is
given by the following equation:2!-37]

Rl

in

“)

where Py, is the illumination power on the active area of the
photodetector. Apparently, high responsivity indicates that
a large photocurrent can be achieved under a relatively low
optical input. On the other hand, detectivity represents the
ability of a detector to detect weak optical signals. D* can be
calculated from the following expression:1?1:7]

A?R R

(2qL)"  (241,)

where Iy and Jy represent the dark current and dark cur-
rent density, respectively. It is assumed that the dark current
is dominated by the shot noise for estimating detectivity.?!]
Equation (5) suggests that a low dark current and a high
responsivity are desired for the photodetector to achieve high
detectivity. Based on Equation (4), responsivity of the MoS,/Si
heterojunction is estimated to be =300 mA W' under a light
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Figure 5. a) Photoresponse characteristics of the MoS,/Si heterojunction measured under light illumination with different wavelengths. The light
intensity was fixed at 10 mW cm™2. b) Photoresponse characteristics of the heterojunction measured under 808 nm laser illumination with different
light intensities. c) Photovoltage of the heterojunction as a function of light intensity. The inset shows the photocurrent at zero external bias voltage
as a function of light intensity. The curve can be fitted according to power law. d) Plots of responsivity and detectivity as a function of light intensity.

intensity of 1 mW cm™2, which is comparable to most of the
reported values for MoS,-based photodetectors.?!3262 How-
ever, significant improvement in detectivity has been investi-
gated for the MoS,/Si heterojunction; the value of =10'* Jones
at 1 mW cm™ is three orders of magnitude higher than other
MoS,-based photodetectors (Table 1),5%6364 and is close to the
Si p-n junction photodetector,?%%], indicating that the MoS,/
Si heterojunction is extremely sensitive to small optical input
signals. More importantly, such a high D* is acquired at zero
external bias voltage, in contrast to the relatively high bias
voltage needed in previous works.?**”] Figure 5d plots the R
and D* of the MoS,/Si heterojunction under zero bias voltage
as a function of incident light intensity. We note that both R
and D* increase with the decrease of light intensity. Trap states
in the MoS, layer or at the junction interface are suggested to
be responsible for this phenomenon. Under weak light inten-
sity, the photogenerated electrons in MoS, will be captured by
the trap states. As a result of reduced recombination, the life-
time for the photogenerated holes can be greatly prolonged,
leading to higher R and D*. However, the available states will be
remarkably reduced with increasing light intensity, eventually
causing the saturation of photoresponse.33 Although different
light intensities have been used in previous works, the D* in
this work represents the highest value reported so far. The ultra-
high D* can be ascribed to the low dark current of the device,
which is a characteristic of the junction-type photodetector, as
well as the large photocurrent at zero external bias voltage.
Response speed is also one of the key figure of merits
for a photodetector, particularly for that utilized in optical

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

communication, imaging, and so on. In this work, we further
investigate the response speed of the MoS,/Si heterojunc-
tion photodetector by using an optical chopper to generate
the pulsed light with varied frequency from 0 to 4000 Hz
(Figure 6). The variation of photovoltage is then monitored
by an oscilloscope to estimate the response speed. Figure 6a,b
shows that the photoresponse of the heterojunction to the
pulsed light is very fast with excellent long-term repeatability
in the frequency range from 50 to 4000 Hz. Further study
of the photovoltage as a function of frequency reveals a slow
relative balance (Viyax —Vinin)/ Vinax decay (Figure 6c); the rela-
tive balance only decreases by less than 13% even at a high
frequency of 4000 Hz, suggesting that the MoS,/Si hetero-
junction photodetector can work well over a wide switching fre-
quency range and is capable of monitoring ultrafast optical sig-
nals. From the magnified photoresponse curve in Figure 6ef,
a small rise time (t,) and fall time () of 3 and 40 ps,
respectively, can be estimated at zero external bias voltage. It
is worth pointing out that this small response time is the best
result achieved for the MoS,-based photodetectors (Table 1).
Furthermore, we investigated the air stability of the MoS,/Si
photodetector by placing it directly in air for a month without
any encapsulation. The device showed remarkably high dura-
bility, and no obvious changes can be observed when the device
was measured at 4000 Hz pulsed light again (see Figure S4a,
Supporting Information). The ¢, (&) only slightly changes from
3 ps (40 ps) to 4 ps (42 ps) (Figure S4a,b, Supporting Informa-
tion). The high stability of the device is directly related to the
excellent air stability of MoS, film. Also, the MoS, film coating
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Figure 6. Photoresponse of the self-driven MoS,/Si heterojunction photodetector to pulsed NIR light irradiation (808 nm laser) with a frequency of
a) 50 Hz and b) 4000 Hz, respectively. c) Relative balance (Vi — Vinin) / Vimax Versus switching frequency. The inset shows the schematic illustration of
the setup for studying the time response of the photodetector. The variation of photovoltage is monitored by an oscilloscope. d) Schematic illustration
shows the rapid separation and transportation of electrons and holes along the in-plane direction of MoS, during light illumination. e,f) show the
enlarged rise and fall edges, respectively, of the photoresponse curve. The rise time (t,) is the time interval for the response to rise from 10% to 90%
of its peak value. The fall time (&) is the time interval for the response to decay from 90% to 10% of its peak value.

on the Si substrate can prevent further oxidation of Si in air and
lead to high device stability. All the results demonstrate that the
MoS,/Si heterojunction photodetector can preserve high per-
formance under air conditions for a long time, which is vital to
the commercial photodetectors.

The high performance of the MoS,/Si heterojunction pho-
todetector could be ascribed to the following aspects: i) the
existence of a strong build-in electric field at the MoS, and Si
interface can greatly facilitate the separation and transport of
photo-generated carriers, leading to the high response speed
of the heterojunction. In contrast, in a conventional photocon-
ductor-type photodetector, the response speed is limited by the
transmit time of the carrier between the two ohmic contacts.
The presence of carrier trapping centers also largely prolongs

Adv. Funct. Mater. 2015, 25,2910-2919
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the response time of the photoconductor-type photodetector.
ii) As shown in Figure 6d, due to the high in-plane mobility of
the MoS, layer, the vertically standing layered structure of the
MoS, layer offers high-speed paths for the transport of photo-
generated carriers, resulting in a high response speed and large
photocurrent. iii) From the TEM image in Figure 2d, a thin
SiO, layer can be observed at the MoS, film and Si interface,
which may serve as a passivation layer to reduce the interface
defects, thus reducing the dark current and lessening the influ-
ence of interface defects on device performance.[66:67]

The above results clearly unveil the important role of het-
erojunction structure for enhancing the photoresponse proper-
ties of MoS,. The sputtering method for generating the verti-
cally standing layered MoS, films, as well as the unique device
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structure design, is expected to be generally applicable to other
2D metal dichalcogenides such as WS, and MoSe,, thus opening
the opportunities for a variety of high-performance optoelectronic
devices. Note that the power conversion efficiency for the self-
powered MoS,/Si heterojunction is =0.26% under a light inten-
sity of 30 mW cm™, which is somewhat smaller than the pre-
vious reports for MoS, sheet-based solar cells.'"#1>?425] The car-
rier recombination induced by the defects at the junction inter-
face and in the bulk film is suggested to be responsible for the
lower efficiency. Various improvements can be envisioned, such
as improvement of the crystal quality of MoS, film by optimizing
growth conditions and implementation of surface/interface pas-
sivation to reduce carrier recombination. In addition, as the
response speed is related to the RC constant of the photodetector
circuit; a larger active area of the device will result in a higher RC
constant and consequently a lower response speed. Considering
that a large device area of 9 mm? is used for the MoS,/Si hetero-
junction photodetector, there is a large room for further improve-
ment of the response speed by reducing the device size.

3. Conclusion

MoS,/Si heterojunctions were fabricated by depositing MoS,
films with a vertically standing layered structure on p-type
silicon using the sputtering method. The MoS,/Si heterojunc-
tion possessed a high rectification ratio of 5000, a low turn-on
voltage of =0.25 V, and a small ideality factor of 1.83 in the dark,
revealing the high quality of the heterojunction. The vertically
standing layered MoS, film offers the advantages over the con-
ventional mono-/multilayer MoS, nanosheets for optoelectronic
applications in terms of strong light absorption and fast photo-
generated carrier separation and transport. The heterojunction
photodetector was able to operate at zero external bias voltage,
thus minimizing the energy consumption and reducing the
complexity of the external circuit design. As a result of high
junction quality, the MoS,/Si heterojunction photodetector
exhibited a wide spectrum response ranging from visible to
NIR light with an extremely high detectivity (=10'® Jones) and
an ultrafast response speed (=3 ps), which represent the best
results achieved for MoS,-based photodetectors thus far. In
addition, the performance degradation of the device was nearly
negligible after storing in air for a month. The development of
the scalable sputtering method for vertically standing layered
MoS, film deposition, along with the high device performance
of the MoS,/Si heterojunction, paves the way for high-perfor-
mance MoS,-based optoelectronic devices.

4. Experimental Section

MoS, Film Deposition: MoS, film with a vertically standing layered
structure was deposited on the p-type Si substrate using magnetron
sputtering (Kurt | Lesker, PVD 75). The 2 in. MoS, target was sintered by
using MoS, power (Aldrich, purity 99%). The RF power, Ar gas pressure,
and substrate temperature were controlled to be 50 W, 3 mTorr, and 400 °C,
respectively, during sputtering. The deposition rate was approx.
2 nm min", leading to a film thickness of 150 nm after a deposition
time of 70 min. To improve the film crystallinity, the as-prepared MoS,
films were annealed in Ar atmosphere at 800 °C for 10 min.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Device Fabrication: To fabricate the MoS,/Si heterojunction, a
photoresist window (3 mm x 3 mm) was first defined on the SiO,
(300 nm)/p-type (100) Si (resistivity 1-10 Q cm™') substrate by
photolithography (SUSS, MicroTec-M)B4), and then the SiO, layer within
the window was removed by dipping the substrate in a buffered oxide
etch (BOE) solution for 300 s. After removing the residual photoresist
in acetone for 5 min, 150 nm MoS, film was deposited according to the
conditions mentioned above. Afterward, Ag (50 nm) top electrode and
Au (50 nm) bottom electrode were deposited onto the MoS; film around
the window position and the rear side of SiO,/Si substrate, respectively,
by e-beam evaporation (Kurt ) Lesker, PVD 75). The pressure in the
deposition chamber was approx. 5 x 10~ mTorr. The deposition rates for
Ag and Au were controlled to be 0.3 A s,

Characterizations of Materials and Devices: Crystallinity and
compositions of the MoS, films were characterized by using XRD
(PANAlytical Empyrean), Raman spectroscopy (HORIBA JOBIN YVON,
LabRAMHR800), XPS (Thermo ESCALAB 250), and line-scan EDX in
HRTEM (JEOLJEM-2010). Interfacial structures and surface potential
of the MoS,/Si heterojunction were characterized by cross-sectional
HRTEM and SKPM (Veeco, Multimode V), respectively. To evaluate the
photoresponse characteristics of the heterojunctions, two light sources
were used in the measurements: a Xe lamp with tuneable output power
combined with a monochromator (Zolix Instruments, Omni-nx 1) was
used to produce the monochromatic light from visible light to NIR
light range, whereas a 808 nm laser was used to offer a stronger light
source at NIR light range. Electrical measurements were performed
on a semiconductor characterization system (Keithley 4200-SCS). The
response speed of the photodetector was evaluated by combining a light
chopper and a digital oscilloscope (Tektronix TDS 2012C).

Supporting Information

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