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Growth and Humidity-Dependent Electrical Properties of Bulk-like
MoS; Thin Films on Si

Y. ). Liu L. Z. Hao,” W. Gao,” Y. M. Liu,” G. X. Li,* Q. Z. Xue,” W. Y. Guo,” L. Q. Yu,’ Z. P. Wu,” X. H.
Liu,b H. Z. Zengb and J. Zhu®

Bulk-like molybdenum disulfide (MoS,) thin films were deposited on Si substrates using dc magnetron sputtering
technique and n-MoS,/p-Si junctions were fabricated at room temperature (RT) and 400 °C, respectively. The typical
oscillating modes of Elzg and Ay, were shown in the Raman spectra of the as-grown MoS; films. Atomic force microscopy
illustrated that the surfaces of the films were composed of dense nanoscale grains and scanning electron microscopy
revealed the existence of large quantities of pores in the surface. The current-voltage curves of the junctions showed
obvious rectifying characteristics due to the energy-band bending near the interface of MoS,/Si. The fabricated junctions
exhibited humidity-dependent electrical properties. Compared with the one with the MoS, film deposited at RT, the
junction fabricated at 400 °C showed much more obvious sensing properties to humidity gas. Especially, the sensitivity of
the device could be tuned by external electrical fields. In the forward voltage range, the currents increased significantly
after the junction was exposed to humidity conditions. The response increased with increasing voltage and reached the
saturated value after V=1.9 V. The sensing performance was featured by a high sensitivity, fast response and recovery. The
junction current in reverse voltage range decreased under the humidity condition. This was contrary to that in forward
voltage range. We also studied the dependence of the sensing response on humidity levels. An almost linear correlation
was obtained in the measured range of humidity levels. The sensing mechanisms of the MoS,/Si heterojunction were

proposed.

| Introduction

Due to its good electrical, mechanical and optical properties,
molybdenum disulfide (MoS,) has been studied widely in recent
years.1 MoS, has become one of excellent candidates to develop
high-performance and multifunctional electronic devices, such as
transistors, sensors, and solar cells.>® As one kind of focused
electronic materials, the dependence of its electrical properties on
the surrounding conditions has drawn considerable attention.
Recently,
atmosphere humidity on the electrical characteristics of nano

many researchers have focused on the effect of

materials such as MoS, nanoflake, graphene, carbon films, and
polymer.s"8 The studied results show that humidity gas can increase
resistance of nanoscale materials
monotonically. MoS,-based nanoscale materials are a kind of

or decrease the electrical

versatile materials applied in various fields. Thus, it is important to
understand the humidity dependence of their electrical properties,
not only due to its potential applications in developing new-type
humidity sensors, but also due to the fact that large parts of the
applications of the electronic device have to face the atmosphere
circumstance where humidity influence has to be taken into
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account. The previous studies about MoS,-based systems are
mostly focused on top- or bottom-gated field-effect transistor
devices.’ In this kind of MoS,-based sensor device, the electrical
properties are dominated by the in-plane conduction mechanisms
and the sensing characteristics originate mainly from the single
MoS, materials. However, few p-n junction devices composed of
MoS, and conventional semiconductors (such as Si) have been
reported.10 As a basic element in various kinds of electronic devices
semiconductor p-n junctions have been widely used. Compared
with single MoS, material, MoS,/Si p-n junctions have two
advantages. Firstly, the excellent properties of MoS,, such as gas
sensing and photoelectrical properties, could be integrated onto Si
semiconductors and the fabrication of multifunctional devices
would be realized.™ Secondly, novel electrical characteristics can be
caused by the incorporation of the junction area near the
interface.”

Based on the above analysis, MoS, thin films were grown
on p-type Si substrates using magnetron sputtering technique
and the n-MoS,/p-Si heterojunctions were fabricated in this
study. The electrical characteristics of the fabricated junctions
were investigated. We found that the currents changed largely
when the MoS,/Si junctions were exposed to humidity gas at
room temperature (RT) and obvious sensing properties to
humidity gas were observed. Especially, the sensing
behaviours could be tuned by external electrical fields.

Il Experimental section
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MoS, thin films were deposited on (100)-oriented Si substrates
using dc magnetron sputtering technique. The MoS, powder
(purity, 99.9%) were cold-pressed into the sputtered target. The
substrates used in this work were p-type Si (1.2-1.8 Q cm). Before
the deposition, the substrates were ultrasonically cleaned in
sequence by using alcohol, acetone, and de-ionized water. Then,
the substrates were dipped into HF solution (~4.0%) for 3 min to
remove the amorphous SiO, layer from the silicon surface.
Subsequently, the Si substrates were immediately moved into the
vacuum chamber. Then, the MoS, thin films were deposited at RT
and 400.0 °C, respectively. During the deposition, the working
pressure of argon gas was kept at 1.0 Pa and the sputtering power
was about 120.0 W. The film thickness of the as-prepared MoS, thin
film was about 88.1 nm. After the deposition, indium (In) ohmic
electrodes were pressed on MoS, thin films and Si, respectively. The
schematic illustration of the heterojunction is shown in Fig. 1(a).
The MoS, films were also grown on insulating Si substrates and the
in-plane /-V curves were measured to show the humidity sensing
properties of single MoS, films, the schematic illustration of the
device based on a single MoS, film is shown in Fig. 1(b).

(a) |

(b)

Insulating Si

Fig. 1 Schematic illustration of the electrical measurement of (a)
MoS,/Si heterojunction and (b) the device based on a single MoS,
film.

Samples were characterized using Raman spectroscopy
(Renishaw, 514 nm laser). The surface was characterized by
atomic forced microscope (AFM, SPM-300HV, SEIKO) and
scanning electron microscope (SEM, JSM-7001F, JEOL). The
capacitance-voltage (C-V) curves were measured using HP4284
source meter. The current-voltage (/-V) curves were measured
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using Keithley2400 source meter at RT. Sensing properties
were measured in a chamber by exposing the MoS,/Si
heterojunction to different humidity levels at RT (~300 K).

Il Results and discussion

Fig. 2 (a) shows the Raman spectra of the MoS, films on Si
substrates deposited at RT and 400 °C, respectively. From the
figure, we can see that both the films exhibit two characteristic
MoS, Raman peaks, the Elzg mode at ~377 cm™ and the A;; mode
at ~403 cm™. The separation between Raman peaks of the film, AA=
26 cm™, is much larger than those for the reported monolayer and
several-layer MoSz.13 Compared to the film deposited at RT, the
MoS, film deposited 400 °C shows stronger intensity of the Raman
peak. This can be attributed to the improved crystallization quality
of the film deposited at a higher temperature. The position of
Raman peaks of the films is accord with that of the MoS, target
used in this work, as shown in Fig. 2(b). This means that the as-
deposited films is bulk-like. The Elzg mode corresponds to the S and
Mo atoms oscillating in antiphase parallel to the crystal plane and
the A;, mode corresponds to the S atoms oscillating in antiphase
out-of-plane, as shown in the insets. These results are consistent
with other reported results.**

(2)

Intensity (a.u.)

Intensity (a.u.)
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Raman Shift cm™)

Fig. 2 (a) Raman spectra of the MoS, films deposited on Si

substrates at RT and 400 °C, respectively. (b) Raman spectrum of

the MoS, target used in this work. The insets shows the schematic

illustration the oscillating mode of Elzg and Ag,.

340

Fig. 3 (a) shows AFM topographic image of the MoS, thin film on
Si deposited at RT. From the figure, we can see that the surface of
the film is composed of some cone-like grains. The root-mean-
square roughness (RMS) of the film is about 1.2 nm, and the
average size of grains is about 67.9 nm in diameter. When the
deposition temperature increases to 400 °C, the size of the surface
grains increases obviously, as shown in Fig. 3(b). According to the
measurements, the average size of grains increases 95.9 nm in
diameter and the covering ratio of the grains reaches about 89.7%.

This journal is © The Royal Society of Chemistry 2015
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The dense nano-level grains could increase the surface-to-volume
ratio of the MoS, films and this could cause the adsorption of
ambient gas molecules on the surface.

Fig. 3 AFM surface morphology of the MoS, thin film deposited on
Si at (a) RT and (b) 400 °C, respectively.

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 SEM micrographs of the surface morphology of the MoS, films
deposited on Si substrates at (a) RT and (b) 400 °C.

Fig. 4(a) shows the SEM micrographs of the surface of the as-
grown MoS, film deposited at RT. From the figure, large quantities
of grain boundaries can be seen obviously and a porous surface is
formed. Fig. 4(b) shows the SEM micrographs of the surface of the
MoS, film deposited at 400 °C. From the figures, we can see that
the pore size increase largely when the deposition temperature
increases from RT to 400 °C. These grain boundaries could supply
effective routes for the absorbed gas molecules to diffuse into the
film and even reach the interface area of MoS,/Si.

RSC Advances, 2015, 00 | 3




ARTICLE

2.0

1.5
1.0

0.5
0.0

Current (mA)

-0.5

0.0 1 " 1 " 1 " 1

-3 -2 -1 0
Voltage (V)
Fig. 5 (a) I-V curves of the MoS,/Si heterojunction fabricated at 400
°C. The inset shows the /-V curves of In/MoS, and In/Si. (b)
Characteristics of C vs reverse voltages obtained from C-V curve of
the fabricated junction.

Fig. 5(a) shows the /-V curve of the In/MoS,/Si/In junction at RT.
The MoS, film was deposited at 400 °C. From the figure, obvious
rectifying behaviour can be seen. The rectifying ratio (//1)
measured at £5.0 V is about 3.2. The inset shows the /-V curves of
the In/Si and In/MoS, contacts, respectively. From the figure,
almost linear characteristics can be seen. This demonstrates that
both the In/MoS, and In/Si interfaces belong ohmic contacts.
Therefore, the rectifying I-V characteristic in the device structure is
mainly attributed to the MoS,/Si junction. The curve of c? versus
reverse voltages obtained from C-V curve of the junction is shown
in Fig. 5(b). The linear relationship implies that the fabricated
heterojunction is graded.15 According to the intercept on voltage
axis, the built-in electrical field ( /};) can be obtained, about 0.42 V.

Fig. 6(a) shows the energy band diagram of isolated MoS, and p-
Si. According to our previous studies, the MoS, thin films deposited
at 400 °C are n-type semiconductors and the energy-band gap (£g;)
is about 1.4 eV.™ For the p-Si used in our experiments, the Fermi
energy level [E-,=5.0 eV] and energy band gap [E;,=1.12 eV] are
taken to construct the band structure and the difference (Ep-Ey;)
between the Fermi energy level and the top of the valence band is
about 0.2 eV." According to eVb,-=E,.-2-E,,—1,18 the Fermi energy level of
the MoS, film can be determined, E;=4.58 eV. This value is in
accord with the reported results.”® When n-MoS, films are
deposited on the surface of p-Si, the electrons will flow from MoS,
into Si at the interface due to the higher Fermi energy level of the
MoS,. The flowing process stops when Fermi levels are equal and
the n-MoS,/p-Si junction is fabricated, as shown in Fig. 6(b). The
built-in electrical field /};near the interface points from the film to
substrate. Due to the formation of the built-in electrical field near
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the interface, asymmetric characteristics and obvious rectifying
effect can be observed from the /-V curve in Fig. 5(a).
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Fig. 6 Schematic illustration of the energy-band structure of MoS,/Si
heterojunctions (a) before and (b) after contact. £, is vacuum-
energy level, W is work function, E, is energy band gap, Ef is Fermi-
energy level, E¢ is the bottom of conduction band, and Ey is the top
of valence band, respectively.

Fig. 7 (a) shows the I-V curves of the n-MoS,/p-Si junction in
the dry air and humidity conditions of 90%RH, respectively. The
MoS, film was deposited at 400 °C. The measurements of /-V curves
were performed 30 min later after the junction were put into the
above conditions, respectively. From the figure, we can see that
obvious changes of the /-V curves of the sample happen when the
dry air conditions are changed into 90%RH humidity. As shown in
the figure, the forward current increases largely, while the reverse
current decreases. This demonstrates that the electrical properties
of the junction are dependent on humidity and obvious humidity
sensing characteristics are shown. Here, the sensitivity to humidity
(S) is defined as

S=(Ip/14-1) x100% (1)
where I, and I, represent the current value of the heterojunction in
humidity gas and dry air conditions, respectively. At +4.0 V, the
current value increases from 1.35 mA to 4.43 mA and the S reached
~228.2%. The left inset shows the /-V curves of the junction
fabricated at RT in dry air and 90% RH, respectively. From the
figure, the junction fabricated at RT shows better rectifying
characteristics than the junction fabricated at 400 °C and its
rectifying ratio is about 17.3. The lower deposition temperature
could decrease the element diffusion at the MoS,/Si interface.
Thus, the rectifying properties are enhanced. However, only a little
increase of the forward current can be caused when the dry
condition is changed into 90%RH and the S at +4.0 V is only 27.7%,
much smaller than that for the junction fabricated at 400 °C. The
right inset shows the /-V curves of the single MoS, sensor in dry air

This journal is © The Royal Society of Chemistry 2015
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and 90%RH, respectively. As shown in the figure, the current after
the exposure of the device upon humidity condition increases in the
whole voltage range. This is complete different with the current
change of the junction devices. According to our calculation, the
sensitivity of the single MoS, sensor is only 48.5% under 90%RH
humidity condition.

r(a) 90% RH
4 - 1.0F 0
x 3
< 3tz 0
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5 ) 0 4 204 . 0 } 4
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Fig. 7 (a) I-V curves of the n-MoS,/p-Si heterojunction fabricated at
400 °C in dry air and 90% RH, respectively. The insets show the I-V
curves of the junction fabricated at RT (left) and single MoS, films
grown on insulating Si at 400 °C (right) in dry air and 90% RH,
respectively. (b) Dependence of the sensitivity of the junction to
humidity on voltages.

Fig. 7(b) shows the dependence of the sensitivity of the n-
MoS,/p-Si junction on voltages under the humidity level of 90%RH.
From the figure, obvious dependence of the sensitivity on voltages
can be seen. This is very different with the sensitivity of single MoS,
to gas. In the reported single MoS,-based sensor devices,20 the
sensitivity is independent on external voltage. According our
measurements, $=23.5% at +0.5 V. With increasing the forward
voltage, S increases quickly, as shown in the figure. When the
voltage increases to +1.9 V, S reaches 180.1%. After that, the
sensitivity increases slowly and tend to be saturated, as shown in
the figure. The dependence of S on the reverse voltages is similar
with that in the forward voltage range. These sensing
characteristics demonstrates that new-type sensor devices with
tunable sensing properties can be developed with the n-MoS,/p-Si
junctions, which is impossible for the single MoS,-based sensor
devices. According to the above analysis, different characteristics of

This journal is © The Royal Society of Chemistry 2015

the response to humidity gas in different voltage range must be
induced by different sensing mechanisms of the n-MoS,/p-Si
junction.
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Fig. 8 (a) Dynamic responses of the n-MoS,/p-Si junction upon
consequent humidity at +4.0 V. The inset shows the enlarged image
of the response to 30%RH. (b) Dependence of the sensing response
of the junction on humidity levels.

Fig. 8(a) shows the dynamic response of the n-MoS,/p-Si
junction upon different humidity levels at +4.0 V, 30%RH, 50%RH
and 90%RH, respectively. The inset shows the enlarged image of the
response to 30%RH. From the figure, we can see that the junction
shows significant response at each humidity level, even at 30%RH.
When the conditions are changed alternately between dry air and
humidity gas, two distinct current states for the junction are shown,
the “low” current state in dry air and the “high” current state in
humidity gas, respectively. Both the “high” and “low” states are
stable and well reversible. The variation between two states is fast.
Here, the response time (t,.) is defined as the time to rise from 10%
to 90% of the total change and the recovery time (t,.) is defined as
the time to decay from 90% to 10% of the total change. According
to the measured results, t,s and t,. under the humidity level of
90%RH are about 36.3 s and 57.6 s, respectively. With decreasing
the humidity levels, both t,.s and t,.. increase continuously. Under
30%RH, t,.s and t,. are about 50.6 s and 63.8 s, respectively. As
shown in the figure, the background current exhibits a positive
slope over the total duration of the exposure due to the charge
accumulation. From the figure, strong dependence of the response
on humidity levels can be seen. Fig. 8(b) shows the dependence of
the sensing response of the junction on humidity levels. As can be
seen, an almost linear correlation is obtained in the measured
range of humidity levels. When the junction is exposed to the
humidity of 30%RH, S is about 33.7%. With increasing the humidity
level, S increases gradually. When 90%RH, S reaches 243.7%.

RSC Advances, 2015, 00 | 5
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Fig. 9 Schematic of the n-MoS,/p-Si junction under humidity condition and the equivalent circuit model of the heterojunction for current

measurements.

According to theoretical calculations, H,0O molecules can be
adsorbed on the surface of MoS, due to the charge transfer
between them.” The interaction between the adsorbed gas
molecules and underlying MoS, is physisorption because of the
small adsorption energy and large separation distance.?” Thus, fast
response to humidity and recovery for MoS,-based materials could
be realized. As shown in Fig. 3, the surface of the as-grown MoS,
film on Si is composed of cone-like grains. Large quantities of
nanoscale grains could increase greatly the contact area of MoS, to
H,0 molecules. Fig. 9(a) shows the schematic of the n-MoS,/p-Si
junction under ambient humidity conditions. When the n-MoS,/p-Si
junction is exposed to humidity gas, large numbers of H,O
molecules can be adsorbed on the surface of MoS, film.
Subsequently, some of the adsorbed molecules could be capable of
diffusing into the whole layer of the MoS, film through the pores
caused by grain boundaries at the surface (shown in Fig.4), and
even reach the interface area of the junction. As H,0 is an electron
donor,Z?’ n-doping characteristics can be exhibited when H,0
molecules are adsorbed on the MoS, film. The Fermi level of the
MoS, film is shifted towards the conduction band. Because of the n-
type nature of the as-grown MoS, film, the carrier density of the
film can be enhanced by the adsorbed H,0 molecules. On the other
hand, the energy barrier (eV,;) at MoS,/Si interface increases due to
the movement of the Fermi level of the film. Thus, the electrical
transporting properties of the MoS,/Si junction could be changed
dramatically after H,O adsorption. According to the equivalent

This journal is © The Royal Society of Chemistry 2015

circuit model of the heterojunction for current measurements in
Fig. 9. The current through the sample is determined mainly by the
resistance of the MoS, film (Ryys,), the barrier resistance (Raarrier)
caused by the energy barrier at the interface and the resistance of
the Si substrate (Rs), /=V/( Rumoso+RsariertRs). During our
experiments, Rg is a constant and has not any change after the
exposure to humidity condition. Thus, the response of the
fabricated junction mainly originates from the effect of H,0
adsorption on Ryes; and Rggie- Obviously, the adsorption has
different effects on Rys; and Rggrie. After adsorption, Rggrier
increases due to the increase of the interfacial barrier height, while
Ruos2 decreases due to the increase of the electron concentration in
the film. When a forward voltage is applied on the sample, the
junction is biased positively and the conduction of the sample is
dominated by the film. Thus, the response of the heterojunction
with the increase of the forward current can be seen from Fig. 7(a).
With increasing the forward voltage, the interfacial barrier height
decreases gradually. This weakens the effect of Rger On the
conduction of the p-n junction. Thus, the sensitivity increases with
increasing the forward voltage, as shown in Fig. 7(b). After a
threshold voltage (+1.9 V), the interfacial barrier vanishes and the
conduction of the p-n junction is controlled completely by the MoS,
film. At this condition, the sensitivity becomes saturated and almost
no change with further increasing the voltage, which is similar with
that for the single MoS, sensor devices.”” When a reverse voltage is
applied, the junction is biased negatively and the interfacial barrier

RSC Advances, 2015, 00 | 6




Page 7 of 7

RSC Advances

height increases. The charges near the interface are depleted and
one depletion layer at the MoS,/Si interface can be formed. At this
condition, the external voltage almost drops on the depletion layer
and the conduction is controlled by Rg,.ier- Thus, the reverse current
decreases when the dry-air conditions are changed into humidity
conditions, as shown in Fig. 7. This is contrary to the current change
in forward voltage range in the humidity condition. As shown in Fig.
4, the MoS, film deposited at RT has much smaller pore size than
the film deposited at 400 °C. Comparatively, it is more difficult for
H,0 molecules on the surface of the film deposited at RT to inject
into the body. Thus, weak response to humidity gas can be seen in
the junction with the MoS, film deposited at RT, while strong
response can be exhibited in the junction with the film deposited at
400 °C.

When humidity conditions are changed into dry-air
conditions, the adsorbed H,0 molecules are desorbed easily
from the MoS, film due to their physisorption nature and small
adsorption energies. As a result, the original electron
concentration of MoS, films is recovered and so is the junction
current. Thus, the n-MoS,/p-Si junction exhibits humidity gas
sensing properties, as shown in Fig. 8.

Conclusions

Bulk-like MoS, thin films were grown on p-type Si
substrates by dc magnetron sputtering technique and n-
MoS,/p-Si junctions were fabricated. The fabricated junction
exhibited obvious sensing properties to different humidity
levels. In the forward voltage range, the currents increased
significantly after the junction were exposed to humidity gas
and the sensitivity increased with increasing voltage. The
reverse current decreases under humidity conditions. An
almost linear correlation was obtained in the measured range
of humidity levels. This work demonstrates that n-MoS,/p-Si
junctions have a large potential application in the area of
humidity sensing.
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