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A high speed efficient broadband photodetector based on a vertical n-MoS,/p-porous silicon
heterostructure has been demonstrated. Large area MoS, on electrochemical etched porous silicon
was grown by sulphurization of a sputtered MoO; thin film. A maximum responsivity of 9 A/W
(550-850nm) with a very high detectivity of ~10'* Jones is observed. Transient measurements
show a fast response time of ~9 us and is competent to work at high frequencies (~50kHz). The
enhanced photodetection performance of the heterojunction made on porous silicon over that made
on planar silicon is explained in terms of higher interfacial barrier height, superior light trapping
property, and larger junction area in the MoS,/porous silicon junction. Published by AIP Publishing.
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Two dimensional transition metal dichalcogenide
(TMDC) materials have drawn intensive research interest for
their potential applications in future nanoscale electronic/
optoelectronic devices.'™ Among the different 2D TMDCs,
single layer/multilayer molybdenum disulfide (MoS,) has
been investigated for many functional devices such as field-
effect transistors (FETS),6’7 photodetectors,s_lo touch sen-
sors,'" and chemical sensors.'>'? The interest in optoelec-
tronic applications, such as photodetectors, has been kindled
by unique properties (high mobility and high absorption) of
MoS, thin films.*”'* The reported photoresponsivity of
many reported MoS, layered devices and MoS, heterojunc-
tions with materials such as Si,lsf19 II-VI semiconductors
(ZnS and ZnO),zo’21 I-v semiconductors,zz’23 and other 2D
materials (tungsten sulfide)** is quite high compared to that
of graphene, Si, and other semiconductor nanostructures.
However, the performance is still limited in terms of wide
spectral response. Due to poor absorption in the infrared
region, the responsivity is not consistent for longer wave-
lengths. On the other hand, materials such as textured Si,
graphene, and black phosphorous have very good absorption
in the IR region compared to planar Si (c-Si), and thus, one
possible solution to make a broadband photodetector is to
design an innovative heterojunction structure."** In this
study, we present the improved spectral photoresponse char-
acteristics of an n-MoS,/p-porous silicon (p-PSi) heterojunc-
tion photodetector. Due to high absorption and low reflection
losses in PSi,ZS_27 the MoS,/PSi heterostructure exhibits
excellent optoelectronic transfer efficiency in terms of wide
photoresponse range, fast response speed, and high detectiv-
ity compared to the heterojunction of MoS, with planar Si
(c-Si). The performance enhancement is attributed to the
efficient photo-carrier separation and collection process due
to the increased barrier height, improved junction area, and
small refection losses at the MoS,/PSi interface.

Nanostructured porous silicon (PSi) samples were pre-
pared by anodization of a p-type Si (100) substrate with a
resistivity of 1-10Q cm in HF: C,HsOH (1:1) electrolytic
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solution. The detailed fabrication process of PSi samples is
explained elsewhere.?® The thin film of MoS, was formed by
sulphurization of the sputtered MoO5 thin film.'® The MoO;
thin film with a thickness of 10 nm was deposited on the PSi
and c-Si substrates by reactive sputtering (in the presence of
Ar and O, with a ratio of 1:1). In the sulphurization process,
these MoO; deposited samples were placed in the centre of a
tube furnace preheated to 500 °C. Sulphur was introduced in
the upstream zone of the furnace by heating the powder at
200°C with N, ambient as a carrier gas. The samples were
kept in this condition for 20 min. As a result of the sulphuri-
zation process, the thin film of MoS, with large area cover-
age has been grown on PSi and c-Si. Afterwards, a 200 nm
indium tin oxide (ITO) was deposited by RF sputtering using
a metal shadow mask for the transparent top electrode. The
effective device area is 0.2mm” A 100nm thin film of Al
was deposited on the backside of the wafer to serve as the
second electrode. MoS,/c-Si and PSi/c-Si photodetectors
with top ITO and bottom Al contacts were also fabricated for
performance comparison. A schematic representation of the
MoS,/PSi photodetector is shown in Fig. 1(a). The top sur-
face of MoS,/PSi shows the jagged structure with distinctive
edges as shown in Fig. 1(b), which is originated from the
uneven morphology of PSi underneath MoS,. The typical

B A 1m0 [ Mos,

csi [ psi
FIG. 1. (a) Schematic representations of the MoS,/PS-Si heterojunction pho-
todetector. (b) AFM image and (c) cross-sectional scanning electron micros-

copy image of the MoS,/PSi interface (the inset shows the SEM image of
the MoS, thin film).

Published by AIP Publishing.
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FIG. 2. (a) Raman spectra of the as synthesized MoS, thin film and (b) pho-
toluminescence spectra of PSi and MoS,/PSi.

depth of the porous structure was found to be 4-5 um as
shown in Fig. 1(c). Figure 2(a) shows the room temperature
Raman spectra of the MoS,/PSi sample using a LabRAM
HR Evolution RAMAN Spectrometer (Horiba) with 514 nm
Ar laser excitation. Raman lines at 383.3 and 408.4 cm ™' are
assigned for Eég and A, modes, respectively, corresponding
to the MoS, hexagonal phase.'®?’ The overall intensity of
the peaks and the relative ratio of the Eég and A;g modes
were similar to those of high quality exfoliated MoS,. The
photoluminescence spectra of MoS,/PSi and PSi/c-Si sam-
ples are shown in Fig. 2(b) with an excitation of 325nm
He-Cd laser light. A broad emission band near 700 nm was
observed for the PSi surface, where the peak emission is
attributed to bandgap tuning at the porous surface.***' The
growth process used in this work resulted in a MoS, film that
seems to be composed of nanoflakes, and thus, MoS,/PSi has
shown intense emission peaks in the visible region; the peak
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at 500 nm referred to the emission peak of the MoS, nano-
crystals.'”?? Generally, the PL peaks observed at ~627 and
~680nm for 2D single layer MoS, and 700900 nm for mul-
tilayer MoS,>* The observed PL peak at 500nm is due to
quantum confinement in nanoflakes as reported by other
research groups.*>**3> The other peak at 430 nm is referred
to as a C-exciton peak.*® Additionally, a broad weak emis-
sion in the PL spectra of MoS,/PSi can be seen in the wave-
length range of 650-750nm, which is originated due to the
presence of PSi underneath the MoS, layer.

The current-voltage (I-V) characteristics of fabricated
heterojunctions were measured under dark and light illumi-
nation. Figure 3(a) shows the I-V characteristics of MoS,/c-
Si, MoS,/PSi, and PSi/c-Si devices in the dark and under
light illumination (660 nm) of 5 mW/cm?. The rectification
behavior in I-V curves indicates the formation of a very
good p-n junction between n-MoS,/p-PSi and n-MoS,/p-c-Si
devices. The MoS,/PSi heterojunction has shown a low dark
current of ~4 x 1078 (at a reverse bias of 5V), with an
enhancement of ~500 times upon illumination. At the same
time, MoS,/c-Si and PSi/c-Si devices have shown only 73
and 5 times change [Fig. 3(a)] in the current under the same
illumination condition, respectively. The diode ideality fac-
tor at room temperature is found to be ~2.24 and 1.8 for
MoS,/PSi and MoS,/c-Si heterojunctions, respectively. Based
on the thermionic emission, the barrier height q®o was esti-
mated to be approx. 0.751eV and 0.615eV for MoS,/PSi and
MoS,/c-Si heterojunctions at room temperature, respectively.
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FIG. 3. (a) I-V characteristics of the MoS,/Si heterojunction on the planar(c-Si) and porous (PS) surfaces under dark and light conditions, (b) Richardson plot
of the MoS,/PSi and MoS,/c-Si heterojunctions, and (c) and (d) Temperature dependent I-V characteristics of MoS,/PSi and MoS,/c-Si heterojunctions.
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The large barrier height of the MoS,/PSi p-n heterojunction
is reflected in the high rectification ratio of the order
of~5 x 10*. From these results, it can be easily noted that
the MoS,/PSi heterojunction possess larger gain than the
MoS,/c-Si photodetector. I-V characteristics of the devices
have also been determined in the temperature range of
77-300 K. Figures 3(c) and 3(d) show temperature-dependent
I—V characteristics on the semi-log scale for MoS,/PSi and
MoS,/c-Si heterojunctions, respectively. The average barrier
height of the junctions can also be determined using the
Richardson plot, which is a relation between ln([o/Tz) and 1/T
as given below®”*8

I\ o 4%
ln(T2> = In(AA*) — T (1)

Here, q, kg, and /,, denote the unit charge, Boltzmann’s con-
stant, and saturation current. A is the area of the device, and
A* (32 A cm 2K for ¢-Si) is the effective Richardson con-
stant. These plots for both the junctions have been fitted in
order to estimate the average barrier heights, as shown in
Fig. 3(b). The average barrier height of 0.761eV and
0.603 eV was found for MoS,/PSi and MoS,/c-Si heterojunc-
tions, respectively, which shows good agreement with room
temperature values. The small difference between the two
methods may be due to the spatially inhomogeneous barrier
height and potential fluctuations at the MoS,-Si interface.
The spectral response of the Si/MoS, heterojunctions
was measured in the wavelength range of 350 nm to 1050 nm.
Figure 4(a) shows the spectral response of the
MoS;heterojunctions with PSi and c-Si along with the PSi/c-
Si heterostructure. The responsivity of PSi/c-Si shown in Fig.
4(a) has a multiplication of 4 of the actual spectral response.
Both the p-n heterojunction devices exhibit a wide spectral
response in the wavelength range of 300 nm—1000 nm. In the
case of MoS,/c-Si, high responsivity is observed due to the
photoresponse of MoS, (in 400-600nm) and Si (near to
800 nm). On the other hand, introducing a nanostructure at
the interface, in the case of PSi, benefits quite largely, and a
broader spectral response has been noted compared to the pla-
nar Si substrate. Maximum responsivity up to 9 A/W for the
MoS,/PSi device has been observed for the wavelength of
550 nm at 5 V. Photocurrent variation with the incident opti-
cal power is shown in Fig. 4(b). It can be noted that the pho-
tocurrent increases non-linearly with the increasing incident
power P for the c-Si heterostructure, while a fairly linear
behavior was observed for the PSi device. The non-linear
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FIG. 4. (a) Responsivity of the MoS,/Si heterojunction on the planar(c-Si)
and porous (PSi) surfaces at 5V (the actual responsivity of the PSi/c-Si het-
erojunction is multiplied by 4 in this figure) and (b) photocurrent of as a
function of incident power of MoS,/c-Si and MoS,/PSi heterojunctions.
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relationship can be described well by the following power
law (IaP*), where o (0 <o <1) is a parameter related to the
trapping of the photo-generated carriers, with larger o corre-
sponding to a weaker trapping.'’ From the fits to the data in
Fig. 4(b), we find o« = 0.65 and 0.92 for MoS,/c-Si and
MoS,-PSi heterojunctions, respectively, indicating less sig-
nificant trapping in MoS,/PSi. Other than the responsivity
(R), the performance of any photodetector can be evaluated
by the detectivity. The peak detectivity of the fabricated
n-MoS,/p-PSi heterojunction diode is estimated to be
~8 x 10" cm Hz'?> W™ (or Jones) at 1V bias, and it gets
enhanced up to ~1 x 10'* Jones for 5V bias. Such a high
detectivity observed at small external bias voltage (1V)
shows the high sensitivity of the MoS,/PSi heterojunction to
small optical input signals.”'>=’

The enhanced broadband photoresponse of the MoS,/
PSi heterojunction can be explained through following facts.
First, light trapping phenomena occurs due to the presence of
the textured feature (nanostructures) at the interface, result-
ing in low reflection losses and high absorption in PSi.?¢*°
Second, the improved junction area of MoS, with PSi
improves the carrier collection efficiency, and thus, the
MoS,/PSi heterojunction exhibits a higher response than pla-
nar Si. Even the spectral range of the PSi heterojunction is
quite larger compared to the Si heterojunction photodetec-
tor,">” which could originate from the large absorption of
PSi in the IR range also.”>**® Surface morphology plays an
important role in the photo-electric conversion process. The
optical absorption in PSi is high due to multiple reflections
with the randomization of the energy and the propagation
direction of light inside the non-regular surface of PSi.
Optical studies on textured and PSi show that average reflec-
tance from the Si surface can be significantly reduced.”~°
The superior light trapping property of the porous surface
can be attributed to the scattering effect and the gradient
refractive index effect after formation of dense and tiny Si
nanocrystals.”>~2"** The light absorption in any medium can
be calculated from the following equation:*°

Paps = P, (1 — exp™). )

Here, o and ¢ are the absorption coefficient and thickness of
the material, while P, is the incident power. In the device
structure, the top MoS, layer exhibits high optical absorp-
tion, as the absorption coefficient is quite high ~10”cm ™
for visible light.'"* Thus, more than 60% light will get
observed in MoS,. However, c-Si possesses very high reflec-
tion losses, and the 3—4 um thick PSi layer on the c-Si pro-
duce an antireflection coating (ARC) effect.*' PSi generally
has a large absorption coefficient compared to c-Si in the IR
region.”> This unique light harvesting property of porous at
the MoS,-Si interface results in the high photoresponse. A
schematic representation of the interface in both heterojunc-
tions is shown in Fig. 5(a). Other than the reduced optical
losses and high absorption in PSi, the improved performan-
ces of MoS,-PSi can be attributed to the improved junction
area. The heterojunction with the porous structure possesses
a larger contact area than the planar type, which enhances
the diode contact properties of this heterojunction. The
improved junction properties with efficient light harvesting
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FIG. 5. (a) Schematic illustration of planar and PSi structure based hetero-
junctions with MoS, shows the rapid separation and transportation of elec-
trons and holes under illumination. (b) Band edge alignment at zero bias of
the MoS; heterojunction with PSi and c-Si.

provided by nanostructures in PSi can reduce the transport
time and increase the carrier generation as well as the collec-
tion efficiency.?’® The conduction mechanisms behind the
operation of the MoS, heterojunction photodetector can be
explained using the help of energy band diagrams. Under an
equilibrium condition (zero bias), the band diagram of the
MoS; heterojunctions with PSi and c-Si (p-type) would be as
shown in Fig. 5(b), where an electron affinity of 4.2 and a
bandgap of 1.8 for MoS, were assumed.">'® The band struc-
ture of PSi has a different position of the Fermi level com-
pared to that of c-Si (p-type Si). The nanostructure formation
at the porous surface leads to a modified band structure, in
which the conduction band minima and valance band max-
ima get shifted.***® Thus, in Fig. 5(b), the Fermi level in the
PSi is shown far from the valance band. It has been shown
previously that on reducing the size of the Si cluster, the
highest occupied-state energy decreases and the lowest
unoccupied-state energy increases.*>™ These caused the
shift in the conduction band minima and valance band max-
ima. When the junction is formed between PSi with an elec-
tron affinity of 3.69 eV and n-type MoS, (® MoS, ~ 4.7eV),
a large barrier potential would be created at the MoS,/PSi
interface. Another barrier also exists in this device at the PSi
and c-Si interface as shown in Fig. 5(b). However, the barrier
height of this interface is not much significant as the rectifi-
cation ratio of the PSi/c-Si interface is only 4 as observed in
Fig. 3(a). On applying a reverse bias, E¢ in PSi and c-Si is
lifted to higher values. This in turn enhances the electric field
across the depletion region gradually and results in the
expansion of barrier potential as well. Under light illumina-
tion, electron—hole pairs are generated, which are then sepa-
rated by this large barrier potential and collected by the
electrodes. As a result, that photocurrent, which was totally
suppressed near V /0, significantly improves under small
reverse bias. Here again, due to the modified band structure
(small electron affinity) in PSi, the barrier height of the het-
erojunction becomes larger compared to the planar/c-Si het-
erojunction. The higher barrier height gives rise to an
improved heterojunction Schottky performance and large

Appl. Phys. Lett. 111, 191107 (2017)

photoresponse in the case of the MoS,/PSi heterojunction
photodetector.

The dynamic performance of the fabricated device has
been evaluated using the transient photocurrent measure-
ments under a modulated light source. A modulated laser
source of wavelength 660 nm was used for these experiments.
The response of the fabricated device has been obtained in
terms of the voltage across a resistance connected to the
device (in series), recorded using a digital oscilloscope
(Tektronix TDS 2012C, 200 MHz). The measurements have
been carried out with a modulation up to 80kHz of the laser
source. A comparison of the time response at 10kHz in
porous and planar heterostructures is shown in Fig. 6(a),
which clearly evidences that the photoresponse of the MoS,/
PSi heterostructure is faster than that the planar Si device.
The sharp rise and fall imply a fast response time, indicating
that electron—hole pairs could be effectively generated and
separated in the Si/MoS, heterojunction. Further analysis of
the porous Si (PSi) heterojunction with MoS, reveals a rise
time of 9 us and a fall time of 7 us. The values obtained here
represent the much faster detector operation compared to
other reported MoS,-based PDs. On the other hand, a rela-
tively larger rise time of 35 us has been observed in the case
of the planar Si-MoS, heterojunction with an almost similar
fall time (8.2 us). This observation clearly indicates that the
charge collection efficiency in the porous heterostructure is
quite high compared to the planar device. The possible region
of it could be the improved and enhanced junction area at the
MoS,-PSi interface. Also, as both the junctions possess the
vertical stacked layer, this makes the transit length very small
for the photo-carrier. In fact, a big difference in the band
width can be seen as shown in Fig. 6(b). The relative change
(defined as Iy = I —I4) of the photocurrent only decreases
by ~50% at a high frequency of ~20kHz for the c-Si hetero-
junction, while only 20% reduction was observed in the case
of PSi heterostructures. The inset of Fig. 6(b) shows the time
response of MoS,/PSi at the modulation frequency of 80 kHz.
The high band width of the MoS,-PSi heterojunction photo-
detector reflects that such photodetectors can operate at much
higher frequencies.

In summary, the photoresponse characteristics of MoS,
based heterojunctions have been investigated on porous Si
(PSi) and planar Si (c-Si). It was observed that low reflection
losses, surface passivation, and light trapping enhanced the
performance of the MoS,/PSi heterojunction. Introduction of
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the nano-structured surface at the MoS,-Si interface makes it
more sensitive in terms of the spectral range of the photode-
tector. The maximum responsivity of 9 A/W with a very fast
time response of 9 usec has been measured for these devices.
The high spectral response of the MoS,/PSi heterojunction
combined with fast switching speed can be attractive high-
frequency or high-speed optical-switch applications.
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