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Both p-# and n-p heterojunctions of ZnO-MoS, have been fabricated in order to understand the performance of electron and hole
transport properties in solar cells and a self-powered photodetector system. Atomically thin 2-dimensional (2D) MoS, was
prepared by using a spin coating method with controlled process times, whereas ZnO nanowires were prepared by using a
plasma sputtering deposition technique. The nanoscale morphologies, composites, and photoelectric properties of
nanocomposites were examined using scanning electron microscopy, energy-dispersive X-ray spectroscopy, and micro-Raman
scattering spectroscopy, respectively. 2D heteronanostructures have exhibited an enhanced performance as compared to single-
material-based prototypes. In photovoltaic mode, n-p heterojunction of the ZnO-MoS,-based prototype appears to have much
better photoelectric conversion efficiency than that in the case with p-n junction, indicating highly effective hole transport
properties of 2D MoS, materials. Both band broadening and band shift were observed. Furthermore, the bias, annealing, and
synergistic effects on the generated photocurrents and the response times were evaluated. The newly designed prototype exhibits

exceptional properties: a broadband spectral response, a high signal-to-noise ratio, and excellent stability.

1. Introduction

Atomically thin 2-dimensional (2D) molybdenum disulfide
(MoS,) materials have attracted tremendous attention due
to their unique electronic, photoelectric, and photocatalytic
properties and immense potential in the fields of sensor,
environment purification, and solar energy conversion [1-
6]. During the last 10 years, many excellent results on inves-
tigations of electronic device based on 2D MoS, were
reported [7, 8]. For instance, Tulsani et al. recently demon-
strated for the first time matrix-free deposition of 2D MoS,
sheets as an efficient hole transport layer for solar cells [9].
Wang et al. developed an ultrasensitive and broadband
MoS, photodetector driven by ferroelectrics [10]. Frisenda
et al. and Nalwa reviewed recent progress, challenges, and
perspectives on the 2D MoS,-based devices, respectively
[11, 12]. It was found that the intrinsic defects in 2D MoS,
are one of the challenges that limit its wide applications

[13-15]. For example, the MoS, monolayer can absorb only
5% of incident light as compared to that of the bulk material,
which greatly limits its use in solar cells, photodetector (PD)
devices, and photocatalysis [16]. In order to meet such appli-
cation, development of hybrid or heteronanostructures of 2D
materials has made it possible to create and enhance multi-
functional properties. Several cross-coupled properties,
which are weak in single-phase materials, can be realized in
the design of novel engineered materials based on hybrid
nanostructures including graphene-MoS, [17, 18], WS,-
MoS, [19, 20], MoS,-Si [21, 22], and MoS,-TiO, [23, 24].
Recent studies have focused on obtaining the optimal
heterostructures where nanostructured ZnO has attracted
much interest because they are abundant, have high stability,
are of simple composition, and therefore are amenable to low
temperature, low cost, and scalable processing methods [25].
ZnO with a wurtzite structure is naturally an n-type semicon-
ductor because of deviation from stoichiometry due to the
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presence of intrinsic defects such as O vacancies and Zn
interstitials. Previous experiments already demonstrated that
multilayer MoS,-ZnO heteronanostructures could effectively
increase the spectral absorption range and promote the sep-
aration and migration of carriers through the built-in electric
fields, thereby improving the photoelectric response charac-
teristics [14]. Several hybrid MoS,-ZnO nanomaterial-based
prototypes such as flexible photodetectors and gas sensors
have also been reported [26, 27]. Based on this point, it is
necessary to further study new heteronanostructures and
heterojunctions in the MoS,/ZnO that may have new valu-
able applications in solar cells and self-powered
photodetectors.

In the present work, the peculiar heterostructures
obtained by coupling ZnO nanowires (NW) and 2D MoS,
nanosheets (NS) with either n-p-type or p-n-type heterojunc-
tion nanostructures have been fabricated, characterized, and
used for the development of prototypes of solar cells and self-
powered photodetectors. The purpose is to understand how
different nanocompositions and heterostructures affect the
electron and hole transport in order to achieve the improve-
ment of light absorption and transfer efficiency of photogen-
erated carriers. A newly fabricated prototype operating in
photovoltaic mode exhibited much better photoelectric
properties as compared to the recently published work [16].
Fast response, high photoelectric conversion efficiency, super
stable baseline, and excellent repeatability have been
obtained. Moreover, various bias effects and annealing effects
on the performance of the prototype have also been carefully
investigated.

2. Preparation of ZnO/MoS, Nanocomposites

Nano-MoS, samples were prepared by using a simple spin
coating technique with commercial atomically thin MoS,
nanosheet (NS) dispersion in solvents (dissolved in ethanol
solution with concentration of 1mg/mL from XFNANO
Materials Co. Ltd.). The thicknesses of the samples deposited
by spin coating were a function of the solution viscosity, con-
centration, and rotation velocity as well as the number of spin
coating runs. Before preparing the MoS, samples, ultrasonic
cavitation was used for 2 hours to disperse 2D sheets in sol-
vents and break agglomerates in order to have a distribution
uniformity. Each spin coating run was for 20s with a spin
rate of 3000 min™'. Multiple coatings were used to increase
the number of 2D MoS, sheets on the surface of substrates
(Si or ZnO).

A commercial undoped ZnO target (from MTI Com-
pany) was used in the plasma sputtering deposition chamber,
and the obtained nanostructured ZnO shows intrinsic n-type
conductivity with very high electron densities.

Nanocrystalline Mn-doped zinc oxide Zn,_,Mn,O (x =0
-0.10) nanoparticles (NP) were synthesized on either Si or
MoS, substrates by using the sol-gel technique at low tem-
perature where Mn** ions were substituted into Zn*" sites
in the ZnO lattice that was confirmed by micro-Raman spec-
troscopy and X-ray photoelectron spectroscopy techniques.
Detailed descriptions of syntheses and characterizations of
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these n-type and p-type ZnO materials could be found in
our several previous works [28-30].

After annealing for 2 hours at 800°C, the films were
examined by using JEOL 6480LV scanning electron micro-
scopes (SEM) equipped with energy-dispersive X-ray spec-
troscopy (EDX) capabilities. Micro-Raman scattering
measurements were carried out by using a Jobin-Yvon
T64000 Triple-mate system with the radiation of 514.5nm
from a coherent argon laser, and a liquid N, cooled charge-
coupled device system was used to collect and process the
scattered data. Then, heteronanostructure-based prototypes
were fabricated and their photoelectric properties were char-
acterized. The main advantages are that syntheses of ZnO-
MoS, heteronanostructures in the present work were
extremely easy, and fabrication of the prototype was sim-
ple and cost-effective, while an enhanced light to electric
power conversion efficiencies of photovoltaic prototypes
were achieved.

3. Results and Discussion
3.1. Characterization

3.1.1. SEM. Figure 1(a) shows a typical SEM image of the
nanostructured ZnO sample before deposition of atomically
thin MoS, sheets. The sample mainly consists of a large
amount of ZnO NWs. The average length and diameter of
each wire is 4pum and 0.5 um, respectively. An estimated
thickness of the sample is around 1.0~1.5um. No precise
thickness of the film could be obtained because NWs were
heavily overlapped one another with random distributions,
resulting in a high roughness of the surface. This is very dif-
ferent from a solid flat thin film. These materials were then
used to be combined together with 2D MoS, sheets to form
double layers (ZnO-MoS,) of heteronanostructures as shown
in Figure 1(b) where the MoS§, layer was prepared for 6 spin
coating runs on ZnO. As seen, besides ZnO nanowires
(NWs), a spin coating procedure produced a MoS, mem-
brane consisting of a large number of randomly orientated
nanosheets. Each sheet consisted of the stacked MoS, atomic
layers. The size of each continuous sheet varied from 2 to
4um in diameter. Sheets overlapping heavily depended on
the number of spin coating runs. A rough, irregular, and
clustered surface type was generated when the number of
spin coating runs was increased. This arrangement of
numerous randomly orientated MoS, tightly packed into
nanostructured ZnO would naturally result in a particular
electronic structure, which determined the material’s pho-
toelectric capabilities. It should be mentioned that prior to
each spin coating, the layer would be dried with hot air
for 5min.

Figure 1(c) shows the SEM image of MoS,. High flexibil-
ity of MoS, is clearly visible that might make it possible to
fabricate high-performance flexible electronics. Interestingly,
the atomically thin MoS, nanosheets shown in Figures 1(b)
and 1(c) did not appear to be well transparent, whereas
highly transparent 2D MoS, could be easily observed from
an optical microscopy as shown in the Figure 1 inset. This
difference was because low-energy electrons could traverse
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FIGURE 1: (a, b, ¢) Typical SEM images of nanostructured ZnO, ZnO-MoS,, and MoS, samples; inset is an optical microscopy image of MoS,.
(d, e) EDX and (f, g) Raman scattering spectra of ZnO-MoS, where MoS, was prepared with 2 and 6 spin coating runs of deposition,

respectively.

2D sheets, and the transparency of atomically thin MoS, can
be visible only to electrons with energies less than 100eV.
However, electron energy in the present SEM is much larger
than that of 100eV.

3.1.2. EDX. The compositions of the samples were character-
ized using EDX. The results are shown in Figures 1(d) and
1(e) where the 1* sample and 2" sample were prepared for
2 and 6 spin coating runs of MoS, on ZnO, respectively. As



seen, the relative ZnO EDX signal (Figure 1(d)) of the 1%
sample was much stronger than that of the second sample
(Figure 1(e)). In contrast, the MoS, EDX signal from the 1%
sample was weaker than that of the 2™ one. This phenome-
non could be attributed to different MoS, overlayer thick-
nesses prepared with different numbers of spin coating
runs. The presence of S and Mo elements indicated the suc-
cessful growth of the MoS,. Element ratios between the
S/Mo atoms remained almost unchanged, around 2, from
the two samples. However, one would see from following
Raman spectra that a new composite of ZnS resulting from
chemical reaction suggested that a true ratio S/Mo in MoS,
sheets would be slightly less than 2, indicating there were a
little S vacancies in 2D samples that were associated with
the n-type semiconductor behaviors. In contrast, p-type
MoS, was fabricated by using a low-energy CH, plasma
source to incorporate C dopants in MoS, semiconductors
that were governed by kinetics.

3.1.3. Raman. Similar to EDX measurements, both samples
were also analyzed by using Raman spectroscopy with a triple
monochromator and a 514nm Ar" ion laser beam, and the
results are shown in Figures 1(f) and 1(g). Both Raman
actives Eég at 379.1cm ™" and Ay, at 400.5 cm™' modes were

observed, indicating the MoS, phase. The extremely narrow
Raman active E,, peak indicated that the obtained MoS,
has a low defect concentration. This is in good agreement
with the data obtained by using EDX on quantitative analysis
of the chemical composition where the ratio between the S
and the Mo atoms remains nearly unchanged, close to 2.
The wavenumber difference of 21.4cm™ between the Eég
and the A, peaks probably suggested that the average thick-
ness of each sheet inside both samples was only two atomic
layers. Detailed discussion of the relationship between the
different shifts of Raman spectral lines and the MoS, atomic
layers could be found in the previous work [12, 31].

ZnO Raman scattering spectral lines were also observed
where the ZnO Raman signal (Figure 1(f)) from the 1* sam-
ple appears to be stronger than that (Figure 1(g)) from the
2™ sample. This is owing to the different abundances of
MoS, sheets on the top overlayer. Low concentration of car-
bon impurity was detected, which was from the CH, plasma
treatment for doping MoS,.

Interestingly, Raman peaks associated with the chemical
composite ZnS were also observed. Detailed description of
ZnS Raman spectra could be found in the previous work
[32]. Clearly, this component was from the interface where
two types of materials in contact and chemical reaction to
form a new composite would be further enhanced during
annealing. As seen, the ZnS$ signal from the 2" sample was
lightly stronger than that of the 1** one, suggesting that this
component increased with the increase in the number of spin
coating runs. From the following experiments, it could be
seen that 6 spin coating runs of deposition of 2D MoS, on
ZnO would have better photoelectric conversion efficiency
than that with the heterostructure prepared with 2 spin coat-
ing runs of deposition of 2D MoS, on ZnO. However, it is
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still not clear how much contribution was from the ZnS
component.

3.2. Fabrications. In the present work, we extended the previ-
ous work on the use of a binary MoS, nanosheet semicon-
ductor as an active layer by exploring emerging two types
of composite heteronanostructures. The process flow of two
types of fabrications is detailed in Figure 2. Both plasma put-
tering and spin coating techniques were utilized. For the first
type of heteronanostructures, ZnO nanowires (NWs) were
fabricated first by using sputtering and then spin coating
was used to prepare 2D MoS, nanosheets (NS) on the surface
ZnO NWs. In contrast, the 2" type of the heteronanostruc-
tures was prepared only by the spin coating technique. The
thickness of the generated sample depends on the number
of spin coating runs.

3.3. Photoelectric Properties. Characterizations of photoelec-
tric properties of the prototypes were performed on the
homemade station. Detailed description of this station can
be found from our previous work [33]. Briefly, two single cal-
ibrated LED light sources and a cheap commercial bulb light
source were used, respectively, during the tests. Light illumi-
nation intensity was controlled by variation of the distance
between the light source and the prototype. In the present
case, the prototype was mounted at a fixed position, whereas
the light source was removed to different positions away
from the prototype so that the power densities of light illumi-
nations on the surface of the active layer were controlled.
Clearly, the light illumination intensity on the active layer
decreased with the increase in the distance between the pro-
totype and the light source.

Both samples were used for fabrications of two proto-
types, respectively. Figure 3(a) shows responses of the 1%
sample-based prototype exposed to a commercial white color
bulb light illumination during cyclic tests with an 80-second
period at room temperature (RT).

After the light source was turned on and off, the variation
of the photocurrent was clearly visible. The generated photo-
current was directly associated with light absorption. The
peak photocurrent up to 10nA was obtained. In contrast,
when the cyclic tests were performed on the 2™ prototype,
better response with the improvement of response time and
the signal-to-noise ratio was observed as shown in
Figure 3(b). The obtained peak photocurrent was up to
12nA. Clearly, high abundance of atomically thin MoS,
sheets would yield benefits of more photocurrent generated.
As seen, without any external power supply, the prototype
exhibits a clean response, demonstrating that the ZnO-
MoS, heteronanostructure-based prototypes are capable of
photovoltaic mode operation.

However, strong noise was also observed. A tentative
interpretation was that the noise probably came from light
scattering in the bulb. Therefore, in the following experi-
ments, the focus of the characterization would be on the
2" sample-based prototype where two single wavelength col-
limated LED light sources (A =750nm, 420 nm) would be
used for tests.
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FIGURE 2: Process flow for two types of heteronanostructure
fabrications.

Figure 4(a) shows typical responses of the n-ZnO NW/p-
MoS, NS heteronanostructure-based prototypes operating in
photovoltaic mode during cyclic tests. The data from cyclic
tests clearly indicated that good repeatability and stable base-
line features were achieved. As seen, the light-generated pho-
tocurrent rose rapidly at an initial period and then reached its
maximum. Once the light source was turned off, the photo-
current quickly dropped. Since it operates in photovoltaic
mode and does not require an external energy source, the
obtained signals appeared to have very good signal-to-noise
ratios and high stability, most likely due to the extremely
low dark current or weak noise background.

The 420 nm light-generated photocurrent was up to I,

s \=420nm = 120 nA. As the distance between the prototype
and the point shape of LED was 10 cm, the estimated inten-
sity of the light illumination on the surface of the active layer
was around 0.64mW/cm” based on a spherical model.
Accordingly, for the exposed area of ~9 mm” of the proto-
type, its responsivity is 2.1 mA/W. This value is almost 10
times larger than the recently reported results obtained from
a similar ZnO-MoS, work [16]. Relatively, 750 nm light-
generated photocurrent is only Iy, ) 750am =300A, but
response time and recovery time remained almost
unchanged. In order to make a comparison, a binary MoS,-
based prototype was also fabricated and tested, and the
results are shown in Figure 4(b). Two differences from the
comparisons of the data shown in Figures 4(a) and 4(b) could
be identified. (1) Light-generated photocurrent from the
MoS,-ZnO heteronanostructure-based prototype was clearly
larger than that from the binary MoS,-based prototype. (2)
Photocurrent generated by blue light is larger than that gen-
erated by red light illumination in the MoS,-ZnO
heterostructure-based prototype, whereas in the MoS, sys-
tem, the photocurrent generated by red light was larger than
that yielded by blue light illumination even though the light
illumination intensities remained unchanged. The band shift
could be directly attributed to heterostructures.

Besides n-ZnO NW/p-MoS, NS-based prototype above,
characterization of the 2™ type of heteronanostructures as
the n-type MoS, NS/p-type ZnO nanoparticle- (NP-) based
prototype as shown in Figure 2 was also carried out in order
to understand different electron or hole transfer properties.
The process of the fabrication of heterojunction was
followed. Spin coating was used to have an atomically thin
MoS, sheet-based film. Then, p-ZnO (Mn-doped ZnO) NP
were prepared on the surface of MoS, to form n-MoS,
NS/p-ZnO NP heterostructures. Basic characterization of its
response to light illumination is shown in Figure 4(c). Good
repeatability and stable baseline features were observed.

However, very little photocurrent increases from n-MoS,
NS/p-ZnO NP as compared to the result from the binary
MoS,-based prototype. This result probably indicated that
2D MoS, nanosheets are not an effective electron transport
material in the solar cell system.

The comparison of the results from Figures 4(a) and 4(c)
provided direct evidence on the difference of electronic trans-
port in heterojunction even if one was based on ZnO nano-
wires and other was based on ZnO nanoparticles. In order
to ensure the same conditions except for the doping type,
additional experiments were also carried out where p-MoS,
NS/n-type ZnO NP heterojunction was prepared and charac-
terized, and results are shown in Figure 4(d). At the same
density of blue light illumination, the generated photocurrent
up to 70 nA was obtained. This value is almost 7 times larger
than that with n-MoS, NS/p-ZnO NP. As seen, either the n-
ZnO NW/p-MoS, NS- or p-MoS, NS/n-ZnO NP-based pro-
totype appeared to have a good performance in the generated
photocurrent and response time. Experimental data provided
direct evidence on highly effective hole transport properties
of 2D MoS, materials. However, the photocurrent strength
would decrease with further increase in the film thickness
in the p-MoS, NS/n-ZnO NP nanostructure. The optimal
conditions for overlayer thickness, doping, and coping con-
centration still need to be further investigated, but one thing
was clear that 2D heteronanostructures had exhibited an
enhanced performance as compared to single-material-
based devices.

3.4. Response Time. As expected, the prototype also had a
good time response and time recovery. This is because the
high quality of crystalline structure reduces the recombina-
tion and then reduces the response time. However, the real
response speed was lower than they appeared. The results
are shown in Figures 4(e) and 4(f), from which both response
and recovery times were obtained around 20 and 60 ms,
respectively. Much long response time and slight background
shift with the bias applied were observed as reported by Wu
et al. [16]. In the last part on discussing the bias effect, a slow
response phenomenon would be further discussed. The main
limit for the response time depends on the transit time of
electrons and holes at the interfaces and junction among
sheets in the prototype, the carrier diffusion, and the carrier
multiplication process in the active layer, as well as the cir-
cuit time constant. It is expected that an atomically thin
2D sheet-based prototype should have a fast response speed,
compared to samples composed of thick heteronanostruc-
ture. However, thick active layers exhibited much high pho-
tocurrent when exposed to light illumination. It was
suggested that a fundamental trade-off between the photo-
conductive gain and the speed of a photodetector was
unavoidable because a long minority carrier lifetime would
result in photocurrent enhancement but increase the
response time. Such behavior was very common but was
not well understood due to the complex and multifactor
nature. It could be believed, however, that the real recovery
time of the sensor was lower than that appearing due to
residual photoluminescence of the light source at the begin-
ning of the on and off cycle.



Bulb, RT, photovoltaic mode

15 7

fﬁ, 10 -

=

i)

&

3

2 57

o

=

Ay
0
Ll T T T T T T T
0 80 160 240 320 400 480 560

Time (second)

()

International Journal of Photoenergy

Bulb, RT, photovoltaic mode

15

< 10

£

=

[

&

g 5

=}

S

=

(=}
0.
0 80 160 240 320 400

Time (second)

(b)

FIGURE 3: Responses of (a) 1* and (b) 2" 41 7ZnO NW/p-MoS, NS-based prototypes exposed to commercial bulb light illuminations,
respectively, during cyclic tests with 80 s period at room temperature (RT) and photovoltaic mode.

0.154 n-ZnO/MoS,, RT, B =0V @)

Red 04
0.00 4

0 40 80 120 160 200 240
MoS,, RT, B=0V (b)

0.01 Red
Blue

80

Photocurrent (pA)

Photocurrent (nA)

0.10 1 Blue 101 P h
0.05 H u ;
0 20 40

0 40 80 120 160 200 240 0

Time (s)

0.00 04 . '_'I . ;
20 40 60 80

n-MoS,/p-Zno ©) n-ZnO/p-MoS,, RT, B=0V
. 1 .7.7.,lrl..,.(€)
r Rise time
— i-m-m
60 80 100 1‘3 -0.2 0.0 0.2
=]
L
MoS,/p-Z 5 ®
p-Mos,/p-£no d 8 /-_.‘._ -
5 u \
’a - Recovery time
‘g EgE
100 -0.2 0.0 0.2

Time (s) Time (s)

FIGURE 4: Responses of (a) n-ZnO NW/p-MoS, NS-based, (b) #n-MoS, NS-based, (c) n-MoS, NS/p-ZnO NP-based, and (d) p-MoS, NS/n-
ZnO NP-based prototypes exposed to light illuminations during cyclic tests in photovoltaic mode and at room temperature. (e, f)

Response time and recovery time.

3.5. Bias Effect. Bias effect on the generated photocurrent was
also studied. Similar to the experimental data shown in
Figure 4(a), the prototype has a higher response strength to
blue light illumination than that to red light illuminations
at different bias applied as shown in Figure 5(a). Slight
increase in bias voltage resulted in a great increase in photo-
current. As seen at the applied bias of 1V, the 0.64 mW/cm?
420 nm illumination yielded a photocurrent up to 7.8 yA,
almost 65 times larger than that operated in photovoltaic
mode. In contrast, 750 nm illumination generated the photo-
current around 5.2 4A. The prototype has a very broadband
spectral response.

In order to understand the relations between the bias
amplitude and the generated photocurrent, additional
experiments were also carried out. Figure 5(b) shows the
generated photocurrent of the prototype as a function of
bias voltages. The inserts show the corresponding time-
dependent responses at selected biases. High bias voltage

yielded a high photocurrent or a large response rate (the
ratio between the photocurrent output and the light illu-
mination power input). As seen from Figure 5(b), the gen-
erated photocurrent at bias of 2V is about 7 times as large
as that at bias voltage of 0.5V and about 200 times as
large as that without a bias applied.

A large photoconductive gain is one of the main fea-
tures for photoconductors. Their limitations include rela-
tively large dark current (because of applied bias
voltage). Therefore, the signal-to-noise ratio is relatively
low. Large difference in response time was also observed.
Both response time and recovery time are up to few sec-
onds. A fundamental trade-off between the photoconduc-
tive gain and the speed is expectable. In order to
effectively minimize this trade-oft and to have a desirable
balance between the sensitivity and the response time, zero
bias in the present case would be preferable for high-
performance devices.
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4. Conclusions

Even though the methods used in preparations of nanocom-
posite materials were easy and fabrications of both p-n and n
-p heterojunctions of ZnO-MoS, were simple and cost-effec-
tive, experiments demonstrated that the newly fabricated
prototypes had very good performances including fast
response time, high photocurrent, good baseline stability,
and repeatability. Due to the extremely low dark current or
weak noise background in photovoltaic mode operation,
the prototype appeared to have an excellent signal-to-noise
ratio. Maximum responsivity in photovoltaic mode opera-
tion up 2.1 mA/W and the response and recovery time less
than 20 ms were obtained. From the comparisons of experi-
ments, it was found that n-p heterojunction of the ZnO-
MoS,-based prototype has much better photoelectric conver-
sion efficiency than that in the case of the p-n junction.
Experimental data also provided direct evidence that 2D
MoS, materials had highly effective hole transport properties.

The bias effect on the generated photocurrent was also
studied. Slight increase in bias would result in a great increase
in photocurrent. The main limitations were on its relatively
large dark current and a slow response speed. A fundamental
trade-off between the photoconductive gain and the speed of
a photodetector was found. In order to effectively minimize
this trade-off and to have a desirable balance between the
response strength and the response time, a photoconductive
mode of operation would be preferable for high-
performance devices.
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