PHYSICAL REVIEW APPLIED 17, 064036 (2022)

Electrically Modulated Wavelength-Selective Photodetection Enabled by
MoS;/ZnO Heterostructure

Kishan Lal Kumawat®,"* Pius Augustine,"> Deependra Kumar Singh®,'3 Karuna Kar Nanda,

1,34,*

and Saluru Baba Krupanidhi'-

' Materials Research Centre, Indian Institute of Science, Bangalore 560012, India
® Materials Research Laboratory, Sacred Heart College (Autonomous), Thevara, Kochi 682013, India
* Institute of Physics, Bhubaneswar 751005, India
* Homi Bhabha National Institute, Mumbai 400094, India

® (Received 18 October 2021; revised 23 April 2022; accepted 24 May 2022; published 21 June 2022)

Regardless of the significant progress in photodetectors (PDs), most conventional technologies are
equipped with optical filters for spectral discrimination, which results in expensive circuitry as well as
a high incidence of energy loss. Different from traditional PDs, a MoS,/ZnO heterostructure-based PD is
demonstrated that exhibits a bias-dependent switchable spectral response. A low-band-gap MoS, thin film
is vertically stacked on top of a high-band-gap ZnO film that allows selective charge transport from each
layer by modulating the applied bias, resulting in a fine discrimination between visible and near-infrared
(NIR) light. Under a lower applied bias, a dominant photoresponse in the visible region by the ZnO film is
observed, whereas an enhanced response in the NIR region is obtained at higher bias, which is attributed
to the generation of charge carriers in the MoS, region. The excellent figures of merit obtained in the study
attest to the high quality of the device, paving the way for fabricating energy-efficient imaging systems

free of optical filters.
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I. INTRODUCTION

Photodetectors (PDs) are the sensors that detect incom-
ing light signals, thus, finding their applications in diverse
areas, including biological detection [1,2], image sens-
ing [3,4], optical and space communications [5], remote
controls, and environmental monitoring [6]. Based on the
spectral detection range displayed by the device, PDs are
categorized as narrowband and broadband [7]. Narrow-
band PDs are required for specified wavelength detection,
especially in the areas of missile and defense technol-
ogy, whereas broadband PDs are widely in demand for
multicolored light detection [8]. Several strategies are
explored to achieve narrowband detection, which include
(1) the use of optical band-pass filters on photodetectors,
(ii) the employment of a semiconductor material with nar-
rowband absorption in the device, and (iii) exploitation
of the charge-collection-narrowing mechanism [9]. Many
reported photodetectors use optical filters for spectral dis-
crimination, which makes the device more bulky and less
efficient due to the loss in incident-light energy [10]. So,
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technology that facilitates multispectral photodetection in
a single device without an optical filter would be highly
beneficial. Single narrowband PDs are limited to detection
over a specific spectral range, which hampers their spectral
selectivity and the resolution of the image [11,12]. Bet-
ter object identification through the processing of multiple
waveband signals with a single camera is a challenging
task. Hence, broadband detection along with wavelength
discrimination is highly desirable.

So far, dual or multiple waveband detection has been
achieved by fabricating epitaxial multiple-absorber layers
with different band-gap semiconductor [13], alloy [14],
and superlattice heterostructures [15]. However, the depo-
sition of multiple semiconductor layers leads to additional
challenges like thermal and lattice mismatches between
the semiconductor layers, limiting their absolute perfor-
mance [16—19]. Recently, Su et al. presented dual-color
UV photodetection in a dual-phase Be-ZnO alloy with
an asymmetric Ti/Au metal-contact-based device [14].
However, the device performance was limited to the near-
UV (330 nm) to mid-UV (240 nm) region only. Deng
et al. integrated the MoS, layer with (In, Al)As and
(In, Ga)As with a complicated MoS;/Ing s, Aly4gAs/Si
(8-doping)/Ing spAlg4g As/Ings3Gag47As/(In, Al)As com-
position to attain visible near-infrared (NIR) dual-color
detection through barrier height generation by introducing
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(In, AI)As between MoS, and (In, Ga)As [20]. Hence, a
photodetector with a stable and simple device architecture
with broadband detection needs to be fabricated.

In recent years, transition-metal dichalcogenides have
been extensively explored due to their excellent opto-
electronic properties [21]. Particularly, MoS,; has attracted
special attention due to its n-type semiconductor behav-
ior, high charge-carrier mobility, and strong light-matter
interaction range (visible-NIR) with excellent stability and
an ultrafast response [22-26]. Furthermore, the absence
of dangling bonds at the surface of MoS, overcomes the
constraints of lattice mismatches and facilitates integra-
tion with wide-band-ap semiconductors, such as ZnO, SiC,
AIN, and GaN, with fewer interfacial defects [27,28].
Among wide-band-gap semiconductors, ZnO is a widely
exploited semiconductor that is frequently used to develop
UV photodetectors [29-31] due to its wide band gap
of about 3.4 eV, low-cost device fabrication with high-
quality thin films, and excellent thermal and chemical
stability [32—34]. Therefore, the integration of MoS, with
a large-band-gap semiconductor like ZnO seems to be a
practical approach to develop a dual-color (UV-NIR) pho-
todetector device. Here, we present a simple yet effective
MoS;/Zn0O-based broadband photodetector device, which
exhibits electrically modulated dual-color detection in the
range of visible to NIR.

Integration of the two n-type semiconductors (MoS, and
ZnO) intrinsically generates an electron barrier height at
the heterojunction interface, thus blocking the majority
charge carrier from flowing through the generated large
depletion region. The device exhibits enhanced detection
near a wavelength of 400 nm with a negligible response
from the higher-wavelength region at lower applied bias
(<2 V) and improved photodetection of the NIR region
(900 nm), with complete elimination of visible-wavelength
detection, at higher applied bias. The responsivity is deter-
mined to be 4.56 AW~! (400 nm) and 6.04 x 10> AW~!
(900 nm) at 1.0 and 8.0 V, respectively. Overall, this
study opens opportunities to utilize the highly responsive
and cost-effective MoS,/ZnO heterostructure for bias-
modulated visible-NIR spectral detection.

II. EXPERIMENTAL SECTION

A. Device fabrication

The MoS, /ZnO heterostructure is prepared in a two-step
process. In the first step, Zn metal is sputtered on commer-
cially procured Si wafers (Graphene Supermarket). Sput-
tering is carried out at a working pressure of 4 x 10~ mbar
under 1.5-sccm argon flow for 4 min (power =45 W). A
wafer with the sputtered Zn layer is heated to 500 °C for
3 h at ambient pressure to realize the ZnO film, which acts
as the substrate for the deposition of MoS,. In the second
step, a MoS, thin film on ZnO is deposited using pulsed
laser deposition (PLD) [35—37]. After loading the ZnO film

and MoS, target, the PLD chamber (Excel Instruments)
is evacuated to a base pressure of 3.3 x 10~% mbar. The
substrate is heated to 700 °C and preannealed for 40 min
to avoid thermal stress on the ZnO/Si substrate. During
deposition of the MoS, layer, a KrF excimer laser (248 nm
and 10-ns pulse width) is used as the ablation source. The
energy of the laser beam is set to be 300 mJ at 3-Hz repe-
tition rate, and ablation is carried out using a focused laser
beam of 300 shots on a rotating target. The plasma thus
produced is deposited on the ZnO film, which is kept at
a perpendicular distance of 4.5 cm away from the target.
After laser ablation, the film thus formed is annealed inside
the chamber at the deposition pressure and temperature for
40 min to realize the MoS, thin film. Circular electrodes
of silver with a diameter of 0.4 mm are evaporated on the
MoS, and ZnO layers on either side of the heterojunction
by thermal evaporation to permit electrical measurements
to be made.

B. Characterization

X-ray diffraction (XRD) patterns are recorded using a
Bruker D8 diffractometer (Cu Ko source). The y-Raman
spectrum of the MoS; film is recorded using a Lab
RAM HR instrument equipped with a 532-nm laser, and
diffuse reflectance spectra (DRS) are recorded using a
Perkin Elmer Lambda 750 UV-vis NIR spectrophotome-
ter. ULTRA 55 scanning electron microscopy (SEM) is
used to determine the morphology of MoS,. The thickness
of various films is measured using A100 APE Research
atomic force microscopy (AFM). Compositional analy-
sis of the films is carried out using AXIS ULTRA x-ray
photoelectron spectroscopy (XPS). Current (/)-voltage (V)
characteristics are studied using a Keithley 2400 source
meter, and the photoresponse is analyzed using Oriel’s
QEPVSI system attached to a 300-W xenon bulb. The out-
put power density in the range from 0.1 to 0.0125 mW/cm?
is calibrated to study the photoresponse at various input-
light powers. A computer-controlled and wavelength-
adjustable monochromator in the range of 300—1200 nm
is used to determine the spectral response exhibited by the
device.

II1. RESULT AND DISCUSSION

A. Structural and optical analysis

The phase formation of ZnO and MoS; is confirmed
by XRD and Raman spectroscopy, respectively. UV-vis
spectra are obtained to determine their band gaps. Figure
1(a) presents the XRD pattern (blue) of the as-deposited
ZnO thin film. The XRD pattern matches well with ICSD
collection code no. 230510 (red), revealing the hexagonal
wurtzite crystal structure of ZnO [38]. The Raman spec-
trum of MoS; [see Fig. S1(a) within the Supplemental
Material [56] for detailed Raman spectra] reveals peaks
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with a dominant 2H MoS, phase over the 17 phase. The
presence of the small 17 phase of MoS, suggests that
there are some sulfur vacancies in MoS;. The Raman spec-
trum [Fig. 1(b)] depicts the two characteristic peaks of
MosS,; at 382.23 (E,, mode) and 405.74 cm™'(4,; mode)
[39,40]. The A;, mode corresponds to the out-of-plane
vibration of S atoms, while the in-plane vibrations of Mo
and S atoms are indexed to Ezlg. The wave-number dif-

ference of 23.51 cm™' signifies the multilayer growth of
MoS,; [24.,41].

To determine the optical band gaps of MoS; and ZnO,
the DRS is recorded [see Fig. S1(b) within the Supple-
mental Material [56] for DRS spectra]. The Kubelka-
Munk (KM) function is used to convert the DRS into an
absorption spectrum. The KM function [42] is given as
F (Rinfinite) = @/S = (1 — R)?/2R, where R is the relative
reflectance of the film; o and .S are the absorbance and scat-
tering coeflicients, respectively. The scattering coefficient
is almost independent of the energy, so the KM function
is equal to the absorption coefficient. Figure 1(c) shows
the absorbance spectrum of the MoS,/ZnO thin film. Two
major peaks are observed at 280 and 986 nm, correspond-
ing to the ZnO- and MoS;-band absorptions, respectively.
Therefore, the direct band gap of ZnO is determined using
a Tauc plot [Fig. 1(d)] by plotting the graph of (ahv)?
versus Av. Since multilayer MoS; is an indirect-band-gap
semiconductor, its optical band gap is determined by plot-
ting the curve of (ahv)'/? versus hv [inset of Fig. 1(d)].

The band gaps are found to be 3.2 and 1.03 eV for ZnO
and MoS,, respectively.

The thicknesses of Zn, ZnO, and MoS, are determined
by AFM [see Figs. S2(a)-S2(c) within the Supplemen-
tal Material [56] for AFM images] and are found to be
100, 133, and 6.57 nm, respectively. The morphology of
as-deposited MoS, is characterized by SEM. Figure 2(a)
shows that MoS; forms a continuous film with granular
morphology. Figure 2(b) depicts the wide XPS spectrum of
the MoS,/ZnO heterostructure, which reveals the presence
of Mo, S, Zn, and O elements in the heterostructure [43].
Figure 2(c) shows the high-resolution spectrum of Mo 3d.
The peaks at 229.04 (3ds,) and 232.2 eV (3ds;) corre-
spond to the +4 oxidation state of Mo, while the weak
shoulder at 235.52 eV corresponds to the +6 oxidation
state of Mo [44,45]. The other shoulder peak at 226.6 eV
is characteristic of Mo—S bonding. Also, a doublet is
observed at 163.10 and 161.90 eV in the S 2p spectrum
[Fig. 2(d)] [46]. The difference between the two peaks is
1.2 eV, which confirms the formation of MoS,. Overall,
XPS studies validate the formation of MoS,. The stoi-
chiometry of MoS, is determined by CASA XPS software.
The atomic percentages of Mo and S are found to be 35.3%
and 64.7%, indicating the Mo:S ratio to be 1:1.83.

B. Electrical studies

Figure 3(a) shows a schematic of the MoS,;/ZnO
heterostructure with Ag as the top contacts. [V
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FIG. 2. (a) SEM image of
A as-deposited MoS,. (b) XPS
survey spectrum of MoS;/ZnO
heterostructure. High-resolution
1 XPS spectra of (¢) Mo 3d and
A (d) S 2p.
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characteristics of the MoS;/Zn0O heterostructured device
are examined under illumination with different wave-
lengths of light in the range of 400-1200 nm [see
Fig. S3(a) within the Supplemental Material [56] for -V
characteristics]. It is observed that Ag forms ohmic con-
tacts with both ZnO and MoS,, as evidenced from the
dark current-voltage characteristics. Interestingly, a sig-
nificant change in current is observed in the positive-
bias region when irradiated with photons. Figure 3(b)
presents the /—F characteristics in the applied pos-
itive bias. It is evident that, under lower applied
biases (<2.0 V), the sensitivity in the visible range
(<600 nm) is prominent, while the response in the NIR
region is prominent at higher bias with a crossover
around 2.5 V [see Fig. S3(b) within the Supplemental

164 162 160 158

Binding Energy (eV)

Material [56] for a magnified view of the /-V plot
around 2 V].

To further understand the photoresponse of the device,
the spectral response is observed over a wide range of
wavelengths. Figure 4 demonstrates the spectral response
of the MoS;/Zn0O heterostructure at different applied
biases. It is obvious from Fig. 4(a) that the photocur-
rent is predominant at 400 nm for an applied bias of
1 V, while it is negligible at other wavelengths. As the
applied bias is increased in steps, it is found that [see
Figs. S4(a) and S4(b) within the Supplemental Mate-
rial [56] for current-time plots] the photocurrent in the
NIR region demonstrates a gradual increase, and the NIR
photoresponse surpasses the visible response at an applied
bias of 2.5V, as shown in Fig. 4(b).
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With a further increase in the bias [Fig. 4(c) depicts
the response under an applied bias of 3.0 V and see Figs.
S4(c) and S4(d) within the Supplemental Material [56] for
the photoresponse under applied biases of 5.0 and 7.0 V],
the photoresponse in the visible region is completely sup-
pressed and the device displays a substantial improvement
in the NIR photoresponse, which is apparent in Fig. 4(d)
(response at an applied bias of 8.0 V). It can be elucidated
that, by and large, the device shows a response at 900-
nm light at 8.0 V, while the response in the visible region
is substantially lower. Overall, one can have dual-color
photodetection, ranging from visible to NIR, by electrical
modulation and broadband photodetection.

Apart from electrical modulation of the photoresponse,
it can also be noted that the response and recovery times
are also dependent on the applied bias. The faster response
at higher biases could be ascribed to two main reasons:
(1) bias enhancement across the heterostructure enables
effective separation of the photogenerated electron-hole
pair and its enhanced transportation to the electrodes,
and/or (2) the NIR photoresponse is mainly observed due
to the absorbance of light by MoS,, as its band gap is
around 1.03 eV, and demonstrates a faster response due to
high charge-carrier mobility.

Responsivity, detectivity, sensitivity, and response time
are the figures of merit that proclaim the quality of the
photodetector. The responsivity (R) is measured as the
ratio of the generated photocurrent to the incident-light

power [47]; this can be represented as
R = Lyn/(PA),

where I, is the generated photocurrent (/jigh—/ gark) Upon
illumination with light; P is the incident-light inten-
sity; and A4 is the effective area of the device, which is
0.0032 cm? in our case. Detectivity (D*) [48] is a measure
of the ability of the device to detect the lowest-possible
light signal falling on the device and is calculated by

D* = R/QqJa)"?,

where R is the responsivity, g represents the electronic
charge (1.602 x 107! C), and J; is the dark-current den-
sity of the detector. Sensitivity [49] is defined as the ratio
of generated photocurrent (/,n) to the dark current (/).
Sensitivity is calculated using the equation S=/,n/1;. The
response time [50] is the time taken by the detector to
increase the photocurrent from 10% to 90% of the maxi-
mum photocurrent generated, and the recovery time is the
time taken for the decay of the photocurrent from 90% to
10%, when the illuminated light is turned off.

Figure 5(a) presents the spectral response of the device
under different applied biases (1.0-2.5 V). The responsiv-
ity calculated under applied biases up to 2.0 V is found
to be higher for the 400-nm wavelength, while it is lower
in the NIR region of light illumination. The photoresponse
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FIG. 5. Variation of respon-
sivity with illuminated-light
i wavelength at (a) low applied
biases, (b) high applied
. biases, and (¢) 1.0 at and
8.0 V. (d) Response and
recovery times under 900-nm
i} light at 2.5 V.

@ —~—10v () 00 ——30V 1
P 20_—0— 1.5V =~ 5000
lB —0—2.0V lB
< |[—0—25YV, < 4000
N N
z 2 3000 .
Z 104 E
g g 2000
= 2y
O O 1000 i
K S 1000
0+ T T T T T 0+ T T <
200 400 600 800 1000 400 600 800 1000
Wavelength (nm) Wavelength (nm)
c : : : 7000 d) [ T T T ]
© =50y Zo-80V @ 38900 nm 2.5 v
_ o Q 6000 ouasasasonsss sovsssanandl
= . 36 I g A
= 44 F5000 = i 18
<« < < i f g
=, F4000 73 34 : H 4
> Z\' - ; I <
5 3= . =
BS! F3000 2 © 5
2 £ 5 —~iie ue 2l
g L2000 8 5 i ®
o | E
21 O—0 R 3 I =
& o 1000 ¥ 30 . 12 .
7 I Beeeeos
0 o) O/ ?_O_Q—O—Q§O Lo 0101001001010 eogy " 109009

Wavelength (nm)

displays a gradual increase in the NIR region, while it starts
to decrease in the visible region beyond 2.5 V [Fig. 5(b)].
Figure 5(c) shows the responsivity variation at higher
values of applied bias, which also confirms the earlier
obsrevation, i.e., a visible response at an applied bias of
1.0 V, but a NIR response at 8.0 V, and the responsivity val-
ues are 4.56 AW ™! (400 nm at 1.0 V) and 6.04 x 103 AW ™!
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(900 nm at 8.0 V), respectively. Responsivity is observed
to increase with an increase in the applied bias at each
wavelength. This is because of the effective seperation
of the photogenerated electron-hole pair and its enhanced
transportion to the respective electrode, which results in
a high photocurrent at higher applied bias. Figure 5(d)
depicts the photocurrent versus time graph to determine the

FIG. 6. (a)Energy-band diagram
of the MoS,/ZnO heterostructure
before formation of the heteroin-
terface. Band alignment of inde-
pendent layers at (b) equlibirium,
(c) low bias under illumination of
400-nm light, and (d) at high bias
under illumination of 900-nm light.
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response and recovery times of the device. Both response
and recovery times are determined to be 80 ms under the
illumination of 900-nm light at the crossover bias; these
values provide evidence that the device is able to detect
rapidly changing optical signals.

Figure 6 demonstrates the energy-band diagram of the
MoS,/ZnO heterostructure at different applied biases.
Figure 6(a) shows the band alignment before the forma-
tion of a heterointerface between the two materials. The
work functions (¢) of MoS; and ZnO are taken as 4.35 and
4.45 eV, respectively, from the literature [51-53]. When
these two materials form a heterostructure, a junction bar-
rier with a large depletion region emerges at the junction
[Fig. 6(b)], which restricts the transport of majority charge
carriers (electrons) from MoS; to ZnO. As we apply a for-
ward bias, the depletion region width starts to contract,
resulting in a reduced barrier height [Fig. 6(c)]. However,
at low biases, the major contribution to the photocurrent
is electrons and holes generated at the ZnO side of the
heterostructure. High-energy photons excite the electrons
from the valence band to the conduction band of ZnO.
Although high-energy photons can also excite electrons
in MoS;, the contribution to the photocurrent is expected
to be low, as the excited electrons generate phonons and
are recombined with holes. On the other hand, a low pho-
toresponse in the NIR region is believed to be due to the
existence of a tunneling barrier at the ZnO/MoS,; inter-
face. The electrons present in the conduction band of MoS,
would be able to tunnel through the barrier and go into the
conduction band of ZnO, yielding a low photoresponse in
the NIR region at low bias. With a further increase in the
applied bias, the width of the depletion barrier contracts
significantly, as shown in Fig. 6(d), and nullifies the energy
barrier at the interface; therefore, the maximum number
of generated electrons from MoS, reach the ZnO region,
causing a considerable increase in the NIR photoresponse
at higher bias. Because of the rapid response of MoS,
to the incident light, compared with ZnO, the effect of
the ZnO response is reasonably nullified by the enhanced

30 . . :
(b) —A— 400nm 2.5V
2~ s ] —8— 400nm 2.0V |
l? —8— 400nm 1.5V
Z o) 900nm 2.5 V |
= 20 900 nm 2.0 V
z —¥— 900 nm 1.5 V
> 154 4
B
g
g 104 g
wn
(9]
2 |
0 M v v— v o y/

0.02 0.04 0.06 0.08
Light intensity (mW/cm™)

Variation of (a) photocurrent and (b) responsivity with illuminated light intensity at different biases and wavelengths of light.

photoresponse, which arises due to the large number of
generated carriers reaching the external circuit from the
MoS; layer.

Figure 7(a) shows the dependence of the photocurrent
on power density with different applied biases and light
wavelengths. The photocurrent is fitted with the power-
law equation, /p, o P?, where I ph is the photocurrent, P
is the illuminated power density in mW/cm? and 6 is the
photoresponse-related exponent parameter. The value of
6 is found to be 0.51, 0.61, and 0.66 for an applied bias
of 2.5, 2.0, and 1.5 V, respectively, under 400-nm light
(see Fig. S5 within the Supplemental Material [56] for
a log I vs log P plot) and is 0.46, 0.51, and 0.60 under
900-nm light. The less-than-unity values of 6 suggest that
photocurrent generation is due to a complex process of
trapping and recombination of charge carriers [54]. Also,
it is observed that, with increasing applied bias, the value
of 6 is decreases, which could be attributed to the loss of
electrons due to the presence of defect states and associ-
ated recombination at a particular applied bias. Figure 7(b)
shows the variation of the device responsivity under dif-
ferent illuminated power densities with different applied
biases and light wavelengths. Also, it is observed that,
while responsivity displays a positive trend with applied
bias, it shows a decline in value with increasing intensity
of light illumination. At higher light intensities, the recom-
bination of charge carriers and their scattering dominate
over the rate of generation of charge carriers and their
transportation to the electrodes. Hence, the responsivity
is low at higher light intensities. However, with increas-
ing bias, the responsivity of the device increases due to
better charge separation and the fast transportation of elec-
trons and holes to the electrodes [24,55]. Detectivity also
follows the same trend as responsivity and is attributed
to a very small change in the dark current with applied
bias [see Fig. S6(a) within the Supplemental Material [56]
for variation in detectivity with light intensity]. However,
the sensitivity increases with increasing intensity as well
as applied bias [see Fig. S6(b) within the Supplemental
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Material [56] for sensitivity vs light intensity]. This is
because of the increase in photocurrent with respect to dark
current under the applied bias and the intensity of incident
light.

IV. CONCLUSIONS

A simple yet effective MoS,/ZnO heterojunction is
fabricated by pulsed laser deposition and dc sputtering.
The device shows electrically modulated dual-color pho-
todetection in the visible and NIR regions. The device
exhibits a largely visible photoresponse at 1.0 V, while it
is NIR at 8.0 V, and the responsivity values are 4.56 AW ™!
(400 nm) and 6.04 x 10> AW~! (900 nm), respectively.
The results reveal that the MoS, /ZnO hetrostructure could
be a suitable candidate for a low-cost and optical-filter-free
wavelength-selective photodetector.
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