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ABSTRACT: Photodetectors with the ability to detect light
over a broad spectral range at room temperature (RT) are
attracting considerable attention because of their wide range
of potential applications in electronic and optoelectronic
devices. In this work, an ultrabroadband photodetector design
based on amorphous MoS, (a-MoS,) prepared by magnetron
sputtering is reported for the first time. In association with a
narrow bandgap of 0.196 eV that originated from defects,
these devices have realized an ultrabroadband photodetection
range from 473 to 2712 nm with photoresponsivity as high as
47.5 mA W', which is comparable with most existing
broadband photodetectors. Unlike many other photodetec-
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tors, which require complex manufacturing processes and rare photoactive materials that are difficult to obtain or fabricate, the
amorphous MoS, photodetector based on the magnetron sputtering technique offers easy and rapid fabrication, ultralow cost, a
large-scale manufacturing capability, no detrimental effects on the environment or humans, and compatibility with
semiconductor processing. These advantages indicate that the proposed photodetector has significant potential for electronic
and optoelectronic applications and offers a new path for development of ultrabroadband photodetectors.
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1. INTRODUCTION

Photodetectors, with their ability to convert light into electrical
signals, have a wide range of potential applications, including
imaging, sensing, and communications.' ™ The semiconductor
material is one of the most important components of
photodetectors and the detectable spectrum range depends
on the semiconductor’s energy band gap.'”'® To date,
photons from the ultraviolet, visible, near-infrared, and mid-
infrared regimes have been detected using semiconductors
with different band gfaps, such as GaN, Si, InGaAs and
HgCdTe, respectively.””~>* For detection in the far-infrared
regime, thermosensitive materials such as VO, are commonly
used.”®> However, with soaring demand in applications
including imaging, communications and broadband detection,
photodetectors with broadband responses at room temperature
are urgently required.”*”*’ HgCdTe is the main narrow
bandgap semiconductor used to detect spectral ranges of over
2500 nm, but its low temperature operation, unstable structure,
and toxic element content limit its applications.

Graphene is a gapless 2D material and emerged as a
promising candidate to achieve a broadband spectral response,
but its low absorption (2.3%) and photoresponsivity (& 1 mA
W) are major problems for such applications.”® Hybrid-
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ization of graphene with quantum dots can improve its
photoresponsivity remarkably, but because the quantum dots
become the photoactive materials rather than graphene, the
hybridization method limits the detectable spectral range.”’
Unlike graphene, molybdenum disulfide (MoS,) shows
stronger photon—electron interactions and higher absorption
in the spectral range within its bandgap, thus indicating that
MoS, is a promising light detection material.””*" The first
reported single-layer MoS, phototransistor realized photo-
responsivity of 0.42 mA W™ at a wavelength of 550 nm,”* and
a maximum photoresponsivity of 880 A W' at a wavelength of
561 nm was subsequently realized by improving the mobility,
contact quality and positioning technique.”> However, the
photoresponsivity decreased sharply to zero when the
wavelength increased to 680 nm, which means that this type
of MoS, phototransistor has a narrow photoresponse range.
While the bandgap of crystalline MoS, can be tuned from 1.8
to 1.2 eV Although increasing its thickness from a single layer
to bulk level, it is still far away from realizing a broadband
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Figure 1. Raman, XRD, and TEM characterizations of amorphous MoS,. (a) Raman spectra of the SiO,/Si substrate and the MoS, sample before
and after annealing. (b) XRD patterns of the MoS, sample before and after annealing. (¢, d) TEM characterization of the MoS, sample before and

after annealing.

response for MoS, photodetectors. Recently, control of the
deviation from perfection of the atomic lattice has been
considered as a new way to break through the intrinsic MoS,
bandgap. A broadband polycrystalline MoS, g9 photodetector
prepared by pulsed laser deposition (PLD) was reported that
realized a spectral response from 445 to 2717 nm with
maximum photoresponsivity of approximately 32 mA W™ at
1550 nm.”* After that, a layered MoS, ;5 prepared by PLD was
reported to have an engineered bandgap of 0.13 eV and
achieve an ultrabroadband photoresponse from 445 to 9536
nm with photoresponsivity of 21.8 mA W% however, the
preparation process required high substrate temperatures of up
to 600 °C or more and had higher costs than the magnetron
sputtering technique. Another approach involves construction
of MoS, photodetectors driven by ferroelectrics, which have a
spectral response up to 1550 nm but quite low photo-
responsivity.”® PbS nanocrystal-based photodetectors have
been reported with high photoresponsivity of approximately
0.37 AW ™' at A =2 um, but it is difficult to broaden their
photoresponse range over 2.5 pm, which will require rigorous
preparation technology to fabricate PbS nanocrystals with
larger diameters.”’

In this work, we present an amorphous MoS, photodetector
prepared by magnetron sputtering that exhibits an ultra-
broadband response range from 473 to 2712 nm, which is
much wider than the photoresponse ranges of traditional
InGaAs and Ge photodetectors (800 to 1700 nm and 800 to
1800 nm, respectively).”” This photodetector achieves photo-
responsivity as high as 47.5 mA W' at a wavelength of 1550
nm, which is much higher than that of traditional single-layer
MoS, photodetectors, which have photoresponsivity of

approximately 7.5 mA W' at a wavelength of 550 nm and
require high gate voltages.”> Our photodetector exhibits much
higher photoresponsivity and has a much wider detectable
spectrum, ranging from 473 to 2712 nm. Unlike many other
photodetectors that require complex manufacturing processes
and rare photoactive materials, which makes it very difficult to
realize large-scale production, these amorphous MoS, photo-
detectors fully realize the advantages of the magnetron
sputtering technique to achieve fabrication on a large scale
with high yield and ultralow cost.

2. RESULTS AND DISCUSSION

Because of the advantages of magnetron sputtering, amorphous
MoS, can be deposited easily on many types of substrates,
including quartz and SiO,/Si substrate. Details of the
fabrication and characterization of amorphous MoS, are
presented in Figures 1 and Figure S1. To confirm the
structures of the prepared MoS, samples, Raman spectroscopy,
transmission electron microscopy (TEM) and X-ray diffraction
(XRD) characterization were implemented. Figure 1a presents
the Raman spectrum for an excitation wavelength of 514 nm.
From this Raman spectrum, it is obvious that the typical E,,
and A, vibration modes of MoS, did not appear until the
sample was annealed at 800 °C for 40 min. Figure 1b shows
the XRD pattern of the MoS, sample, which also showed no
typical MoS, peak until the sample was annealed at 800 °C for
40 min. Furthermore, to gain a better understanding of the
sample structure, TEM characterization of the sample before
and after annealing was implemented, with results as shown in
Figure Ic, d, respectively. Figure 1c clearly shows that there is
no ordered and periodic structure in the pristine sample,
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Figure 2. Layout and ultrabroadband response of a-MoS, photodetector. (a) Schematic view of amorphous MoS, photodetector with a pair of 10/
40 nm Ti/Au electrodes. (b) Photocurrents generated at various wavelengths from 473 to 2717 nm, acquired over a bias voltage range from —1 to
1 V. The inset is the dark current. (c) Corresponding photoresponsivity (R;) and detectivity (D*), acquired at Vg, = 1 V and plotted as a function

of wavelength.
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Figure 3. Absorption spectrum of a-MoS,. (a) Absorption spectrum of an amorphous MoS, sample with thickness T}, = 114.5 nm, which shows an
upward trend even in the range above 2.7 yum. Six special points, with abscissa values of 473, 520, 633, 973, 1550, and 2712 nm, have been selected
and marked. (b) A partial enlarged view for the wavelength range from 400 to 1050 nm.

whereas the inset shows the corresponding fast Fourier
transform (FFT) result, which further proves that the sample
has an amorphous structure. After annealing at 800 °C for 40
min, we can clearly see the grain boundary in the sample along
with ordered and periodic structures within the different grains
(Figure 1d). The FFT pattern in the inset further demonstrates
the presence of lattices within the annealed MoS, sample. The
Raman spectroscopy, TEM and XRD characterizations all
explicitly demonstrate that the pristine MoS, sample that was
prepared by magnetron sputtering is amorphous.

To enable spectral response characterization of the
amorphous MoS, photodetector, we used different light
sources at wavelengths ranging from 473 to 2712 nm to
illuminate the devices. Figure 2a shows a schematic view of the
amorphous MoS, photodetector with a pair of 10/40 nm Ti/
Au electrodes (Ti/Au electrodes provide the optimal contact

with amorphous MoS, among six types of metal electrodes that
were investigated, as shown in Figure S2). We recorded the
photocurrent I (where L = ITiumination —Igq) at different
wavelengths with the same incident power of P, = 4 mW, as
shown in Figure 2b. The linear and symmetrical photocurrent
versus bias voltage (I, —Vy,) curves demonstrate the ohmic-
like contact characteristics. Photoresponsivity (R;) and
detectivity (D*) are two of the most important figures of
merit for evaluation of the ability to convert light signals into
electrical signals and detect light signals from noise at a specific
wavelength. R; and D* are expressed as

R =
Bopt (1)
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Figure 4. Characterization of a-MoS, photodetector. (a) Photocurrents of amorphous MoS, samples with various thicknesses plotted as a function
of bias voltage from —1 to 1 V, acquired under illumination at a wavelength of 1550 nm with incident power of 4 mW. (b) Corresponding
photoresponsivity (R;) results versus thickness, acquired at Vg = 1 V. (c) Photoresponsivity (R;) and detectivity (D*) plotted as a function of
wavelength. The photoresponsivity reaches 47.5 mA W' at V= —10 V, 4 = 1550 nm. (d) Photocurrent generated at 1550 nm, which increases in
proportion to the increment in the light power, thus demonstrating excellent photocurrent capability. (e, f) Time-resolved photoresponses of the
device acquired at V4, = 1 V. The rise and decay times are 10 and 16 ms, respectively.

RS
I, )
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where P, is the incident light power, S is the photosensitive
area, I is the noise spectral density and q is the unit charge
(equal to 1.6 X 107" C). The noise spectral density of the
photodetector was measured under a bias voltage of 1 V, with
result as shown in Figure S3. At 1 Hz, we get I, = 1.88 X 107"
A Hz™2 R, and D¥ were determined based on eq 1 and 2 and
are shown in Figure 2c. R; and D* obviously show the same
trends as the wavelength increases and both reach maximum
values at a wavelength of 520 nm, with values of 16 mA w!
and 1.26 X 107 Jones, respectively, acquired at a bias voltage of
V4 = 1 V. Although it has been reported that the maximum
detectable wavelength of PbS and PbSe bulk photodetectors
has reached 3 ym, their cutoft wavelengths are 1 and 1.5 um,
respectively,”” which indicates that amorphous MoS, photo-
detectors with their much broader photoresponse ranges will
have a much wider range of applications. The detectivity
(approximately 1 X 107 Jones) may be improved by designing
heterostructures based on amorphous MoS, and low-dimen-
sional semiconductors such as single-layer MoS,, graphene,
and carbon nanotubes (CNTs).

To have a better understanding of the mechanism
underlying the trends exhibited by R; and D*, we measured,the
absorption spectrum of an amorphous MoS, sample with
thickness of Ty, = 114.5 nm with results as shown in Figure 3a.
Using Tauc’s equation,38 which is expressed as

(ahv)" = A(hv — Eg) (3)
where a is the absorption coeflicient, hv is the photon energy,
A is an energy-independent constant, E, is the bandgap, and n
is equal to 0.5 for the indirect bandgap, a Tauc plot is given in
Figure S4 that indicates that the bandgap of amorphous MoS,
is 0.196 eV, corresponding to a wavelength of 6.34 ym. Unlike
many other materials, the absorption line does not show a
monotonically downward trend as the wavelength increases
but instead exhibits peaks and valleys. When compared with
graphene and other narrow bandgap semiconductors,
amorphous MoS, has fairly high absorbance, which indicates
that more incident photons will be converted into electron—
hole pairs. In Figure 3a, we selected and marked six points for
which the abscissa values are the wavelengths of the light
beams used to illuminate the devices, i.e., 473, 520, 633, 973,
1550, and 2712 nm, and the red line serves as a guide to the
eye. Figure 3b shows a partially enlarged view of the
wavelength range from 400 to 1050 nm, in which we can
observe the trends more clearly. The sharp drop in the
absorption line at a wavelength of 860 nm is due to a change in
the optical grating in the UV—visible (UV—vis) spectrometer,
but it has no impact on the analysis. By combining the red line
in Figure 3a with the lines shown in Figure 2¢, we find that
they exhibit the same trends as the wavelength increases, which
indicates that the high R; and D* result from high absorbance.
It is easy to understand that higher light absorbance results in
more photons being converted into electron—hole pairs and
thus a higher photocurrent, which means larger R; and D*
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values. The absorption line shows an upward trend even at
wavelengths over 2.7 um, which means that high R, and D*
values can be obtained.

Furthermore, amorphous MoS, samples with different
thicknesses ranging from 13.3 to 114.5 nm were prepared to
explore the relationship between photoresponse character-
ization and sample thickness. Illuminated by light at a
wavelength of 1550 nm (P, = 4 mW), we recorded the
photocurrents of samples of different thicknesses under bias
voltages ranging from —1 to 1V, as shown in Figure 4a. Using
Equations 1, R; at Vg, = 1 V can be derived from the above
results and the calculated values are shown in Figure 4b. We
find that as the thickness increases from 13.3 to 114.5 nm, R,
also increase monotonically. This occurs because when the
thickness increases, the incident light will be absorbed more
sufficiently and thus more photons will be converted into
electron—hole pairs, which results in higher photocurrents and
thus larger R; values. To demonstrate the spatial uniformity of
photodetectors, almost 5600 photodetectors were simulta-
neously prepared by magnetron sputtering on a 5 X S cm
Si0,/Si wafer and we measured the thicknesses of channels
and photocurrents of 21 photodetectors in two perpendicular
areas, with results as shown in Figure S5. The average
photocurrent (Iph) and thickness (T},) are 17.10 pA and 24.16
nm, while the ranges of photocurrent and thickness are Al =
0.86 uA and AT, = 0.90 nm. Thus, AL/I;, and AT;/T, are
5.03% and 3.73% respectively, which demonstrates excellent
spatial uniformity of photodetectors. Figure 4c shows the R,
and D* values of the amorphous MoS, samples when the bias
voltage increases to —10 V. R, reaches as high as 47.5 mA W™!
at Vgg = —10 V and A = 1550 nm, which is higher than the
corresponding value of the polycrystalline MoS, gy photo-
detectors that were prepared by PLD (R, ~ 32 mA W™ at Vy,
= —10 V, and 1 = 1550 nm).** Higher bias voltages lead to
higher carrier drift velocities, reduced carrier transit times and
thus higher photocurrent and photoresponsivity values. To
explore the relationship between the photocurrent and the
incident light power, we used 1550 nm light to illuminate the
device and we recorded the photoresponse of a 43 nm-thick
amorphous MoS, sample under various light powers from 2 to
11 mW, with results as shown in Figure 4d and Figure S6. As
shown in Figure 4d, the relationship between the photocurrent
and the incident light power is consistent with the power law
Iy = APY, @ = 0.96) with excellent linearity, thus
demonstrating the excellent photocurrent capability of the
proposed device. The time dependence of the photocurrent
when measured under illumination at a wavelength of 520 nm
and a bias voltage of Vy, = 1 V is shown in Figure 4e, f and
Figure S7. The rise time (7.) is defined as the time for
photocurrent to rise from 10% to 90% of the pulse peak, while
the decay time (Tdecay) is defined as the time for photocurrent
to decline from 90% to 10% of the pulse peak. Under
illumination by an incident light beam with a large spot, the
photocurrent increased fastly to the pulse peak. But mean-
while, the device and the substrate were heated all the time,
which resulted in a slow and continuous rise in the current
within the range to the right of the red dashed line shown in
Figure 4e. Similarly, when the light was switched off, the
photocurrent declined quickly to the pulse nadir and the
temperatures of both device and substrate continued to fall
simultaneously, which accounts for the slow but continuous
decline in the current in the range to the right of the red
dashed line shown in Figure 4f. So when the light was switched

on, the pulse peak is the intersection of the photocurrent curve
and the red dashed line in the Figure 4e. The device shows fast
response times of 7, = 10 ms and 7ye.,, = 16 ms for the rise
and decay times, respectively. The influence of sputtering
process parameters on performance of a-MoS, photodetectors
is shown in Figure S8. We found that the RF power and
pressure can significantly affect the material’s properties and
the underlying mechanism will be discussed in the next section.

The amorphous MoS, prepared by magnetron sputtering
demonstrates an ultrabroadband response from 473 to 2712
nm and has a narrow bandgap of 0.196 eV, which breaks
through the intrinsic bandgap of crystalline MoS,. Amorphous
MoS, is a highly disordered system in which large numbers of
dangling bonds exist as defects that can pin the Fermi level
(Eg), which also indicates that the properties of amorphous
MoS, are quite different from those of crystalline MoS,. To
explain the underlying mechanism of the ultrabroadband
response of amorphous MoS,, we suppose that the neutral
dangling bonds, denoted by D, have unpaired electrons and
can lose or gain another single electron, denoted by D* and D7,
respectively. According to Anderson’s theory,” when the
electron occupation of these dangling bonds changes, lattice
distortion will occur, and if the energy reduction caused by the
lattice distortion is higher than the energy augmentation from
Coulomb repulsion, then the correlation energy U can be
negative. We assume that the reaction, which can be expressed
as

2D° - D" + D (-U) (4)

is exothermic and can take place spontaneously. The reaction
is depicted in Figure Sa, in which the horizontal axis represents

(@) (®)

E E4 Conduction band
2D° E
e
E, Mobility edge
D™+D’

Q Valence band DOS

Figure S. Diagram of ultrabroadband response mechanism of a-MoS,
photodetectors. (a) Configurational coordinate diagram for 2D° and
D* + D states. (b) Hypothetical energy band diagram of amorphous
MosS,.

the configuration of the atoms near the defects, whereas the
vertical axis represents the gross system energy. The two curves
represent the two electronic states of 2D° and D* + D™. The
minimum energy in the right curve is lower than that in the left
curve, which means that the system has lower energy in the D*
+ D state and all defects should be either D* or D~.
Therefore, the D° state only occurs when an electron is excited
from D~ to the D* band. The density of states (DOS) in the
D" and D™ band is proportional to the number of defects, Np*
and N, If there are no other donor or acceptor impurities in
the amorphous MoS,, these quantities are expected to be
equal. From the discussion above, the hypothetical energy
band of amorphous MoS, can be depicted as shown in Figure
Sb. E¢ and Ey define the mobility edges and the mobility gap
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(ie, AE = E. — Ey). AE, (= Ec — E,) and AE, (= E; — E)
are energy ranges in which states are localized because of the
absence of long-range order in amorphous MoS,.* E, is the
bandgap between the D™ and D" bands and it can have a fairly
small value because of the small correlation energy U.
Transitions from the valence band to the D* band, from the
D™ band to the conduction band and from the D™ to the D*
band can successfully account for the spectral response when
the photon energy is lower than the mobility bandgap or the
intrinsic bandgap of crystalline MoS,. Because the optoelec-
tronic and electronic properties of amorphous MoS, are
strongly correlated to the defects, the RF power and the
pressure can affect the defect density and can thus affect the
properties of amorphous MoS,; this can successfully account
for the dependences of the photoresponse characterizations on
RF power and pressure.

As shown in Table 1, the amorphous MoS, photodetectors
exhibit the highest photoresponsivity and a relatively quite

Table 1. Performance Comparison of Our Devices with
Some Recently Reported Devices

spectral range  responsivity (mA  detectivity

material (nm) w) (Jones) ref

a-MoS, 4732712 47.5 1.26 X 107 this
work

MoS, 445-2717 32 1x10° 34
MoS, 15 445-9536 21.8 35
WS,/Si 365—1000 4 1.5 x 10" 41
MoS,/ 650 32 42

graphene
MoS2/CdTe  200—1700 36.6 6.1 X 10" 43
a-CsPbl, 400—700 35 1.8 X 10" 44
WS,/MoS, 532 4.36 44 x 108 45

wide spectral range from 473 to 2712 nm. Although the
MoS, ;s photodetectors exhibit a wider spectral range than our
devices, but our devices show a much higher photoresponsivity
than the MoS, ;5 photodetectors.” The high photoresponsivity
and wide spectral range indicate that the amorphous MoS,
photodetectors has significant potential for electronic and
optoelectronic applications. Furthermore, the photoresponsiv-
ity and detectivity may be further improved by combining the
amorphous MoS, with low-dimensional semiconductors such
as single-layer MoS,, graphene, and carbon nanotubes
(CNTs).

3. CONCLUSION

In summary, in association with a narrow bandgap of 0.196 eV
that originates from defects, amorphous MoS, photodetectors
are prepared by the magnetron sputtering technique. These
photodetectors have realized an ultrabroadband response from
473 to 2712 nm at room temperature, with photoresponsivity
reaching as high as 47.5 mA W™'. With its advantage of fairly
high absorbance over a broad spectral range when compared
with graphene and other narrow bandgap semiconductors,
amorphous MoS, has the ability to convert light into electronic
signals more satisfactorily. Because of the superiority of the
magnetron sputtering technique, it can readily achieve large-
scale device fabrication with high yield at ultralow cost, which
indicates the wide applicability of amorphous MoS, in the
electronic and optoelectronic fields, including imaging,
communications, and broadband detection applications. The
use of energy gap engineering combined with the amorphous

structure and defects represents a quite promising way to
search for high-performance photoelectric materials and forms
an attractive research area for next-generation electronic and
optoelectronic devices.

4. METHODS

Sample Preparation and Characterization. Amorphous MoS,
was fabricated by the magnetron sputtering system (Anelva L-332S-
FHL Sputtering system). The X-ray photoelectron spectroscopy
(XPS) spectra were measured with a ULVAC-PHI Quantera SXM.
The Raman spectra were measured with a Horiba LabRAM HR
Raman spectrometer. The Transmission electron microscopy (TEM)
and X-ray diffraction (XRD) characterization were performed with a
FEI Tecnai F20 TEM and a Rigaku D/max 2500PC X-ray system.

Light Absorption Measurements. The absorption spectra were
measured with a PerkinElmer Lambda 950 UV/vis Spectrometer and
a Bruker VERTEX 70v Fourier Transform Infrared Spectrometer.

Electrical and Optoelectronic Measurements. Electrical
measurements were performed with a semiconductor analyzer
(4156C, Agilent, USA) in ambient atmosphere at room temperature.
Photoresponse measurements were performed using five semi-
conductor lasers with wavelength at 473, 520, 633, 973, and 1550
nm and a Fabry—Perot Mid-IR Laser Source with an emission
wavelength centered at 2712 nm.
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