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Abstract

In recent years, MoS, has emerged as a prime material for photodetector as well as phototransistor applications.
Usually, the higher density of state and relatively narrow bandgap of multi-layer MoS, give it an edge over monolayer
MoS, for phototransistor applications. However, MoS, demonstrates thickness-dependent energy bandgap proper-
ties, with multi-layer MoS, having indirect bandgap characteristics and therefore possess inferior optical properties.
Herein, we investigate the electrical as well as optical properties of single-layer and multi-layer MoS,-based pho-
totransistors and demonstrate improved optical properties of multi-layer MoS, phototransistor through the use of
see-through metal electrode instead of the traditional global bottom gate or patterned local bottom gate structures.
The see-through metal electrode utilized in this study shows transmittance of more than 70% under 532 nm vis-

ible light, thereby allowing the incident light to reach the entire active area below the source and drain electrodes.
The effect of contact electrodes on the MoS, phototransistors was investigated further by comparing the proposed
electrode with conventional opaque electrodes and transparent IZO electrodes. A position-dependent photocurrent
measurement was also carried out by locally illuminating the MoS, channel at different positions in order to gain
better insight into the behavior of the photocurrent mechanism of the multi-layer MoS, phototransistor with the
transparent metal. It was observed that more electrons are injected from the source when the beam is placed on the
source side due to the reduced barrier height, giving rise to a significant enhancement of the photocurrent.
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1 Introduction

Molybdenum disulfide (MoS,), a typical transition metal
dichalcogenide (TMDC) material, is attracting significant
attention from researchers in the field of future opto-
electronic devices due to its excellent optical as well as
electrical properties, such as a high absorption coeffi-
cient, narrow bandgap, and high carrier mobility [1-5].
In recent years, MoS, has been studied extensively in
relation to thin film transistor (TFT) technology, and
TFTs composed of multi-layer MoS,, have been found to

*Correspondence: shopark@daejin.ackr; jeonsh@kaist.ac.kr

Junghak Park and Dipjyoti Das contributed equally to this work.

2 School of Electrical Engineering, Korea Advanced Institute of Science
and Technology, Yuseong, Daeharkro 291, Dajeon-city, Republic of Korea
3 Division of Life Science and Chemistry, Daejin University, 1007, Hguk-ro,
Pochehon city, Gyeonggi-do 487-711, Republic of Korea

Full list of author information is available at the end of the article

@ Springer Open

and indicate if changes were made.

exhibit useful features of future switching devices, such
as large on/off current ratios, high field effect mobility
values (pgg), low temperature processes, and low power
consumption [6, 7]. Especially due to its narrow bandgap,
MoS, has emerged as a prime material for photodetec-
tor as well as phototransistor applications, demonstrating
the potential to outperform graphene by demonstrating
better light responsiveness [8—12]. MoS,, however, exhib-
its a direct or an indirect energy bandgap property based
on the number of layers [13]; therefore, its carrier mobil-
ity, absorbance and luminescence properties as well as its
structural properties all strongly depend on the number
of layers [14—16]. Multi-layer MoS, has a higher density
of state and a relatively narrow bandgap as compared to
mono-layer MoS, which can be advantageous for pho-
totransistor applications [17]. However, unlike mono-
layer MoS,, the multi-layer MoS, has an indirect bandgap
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characteristic and therefore multi-layer MoS, phototran-
sistors possess inferior optical properties as compared to
mono-layer MoS, phototransistors [9].

The optical properties of the multi-layer MoS, pho-
totransistors can be improved significantly by utilizing
transparent electrodes. However, the high work function
of conventional transparent electrodes often gives rise to
a large Schottky barrier and limits device performance
[18]. The proper choice of transparent electrode is there-
fore of utmost importance to achieve high performance
from MoS, phototransistors. In this study, we investigate
the electrical as well as the optical properties of single-
layer as well as multi-layer MoS,-based phototransis-
tors and demonstrate improved optical properties of
multi-layer MoS, phototransistors through the use of
see-through metal electrodes instead of traditional global
bottom gate or patterned local bottom gate structures.
An increase in the dark-state ON current as well as the
photocurrent in an illuminated state was observed when
increasing the MoS, thickness from the monolayer to
the bulk due to the increase in the carrier concentration
along with an increase in the decay time, as revealed by
persistent photoconductivity (PPC) measurements. The
see-through metal electrode utilized in this study was
found to exhibit transmittance of more than 70% under
visible light at 532 nm, thereby allowing the incident light
to reach the entire active area below the source and drain
electrodes. To investigate the effect of the contact elec-
trodes on MoS, phototransistors further, phototransis-
tors with conventional opaque electrodes and transparent
1ZO electrodes were fabricated and compared to the pro-
posed electrode. To gain better insight into the behavior
of the photocurrent mechanism of the multi-layer MoS,
phototransistor with the see-through metal electrode,
position-dependent photocurrent measurements were
also carried out by locally illuminating the MoS, channel
at different positions.

2 Experiment

The MoS, phototransistors were fabricated in a conven-
tional inverted staggered gate structure. Each MoS, flake
was mechanically exfoliated from a bulk MoS, crystal and
transferred to the top of a highly doped p-type Si wafer
with a SiO, thickness of 3000 A. Highly doped p++ sili-
con and silicon dioxide layers were used as the back gate
and gate insulator, respectively. After transferring the
MoS, onto the substrate, source and drain electrodes were
patterned by conventional photolithography. Finally, the
Ti/Au metal was deposited by electron beam evapora-
tion as a contact electrode. The formation of single-layer
as well as multi-layer MoS, was confirmed with the help
of AFM and Raman spectroscopy. The electrical and the
optical properties of the TFTs were measured using a
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semiconductor device analyzer. A monochromator with
wavelengths within the visible light region (400-900 nm)
was employed to measure the optical characteristics of
the individual phototransistors. In particular, a beam with
a wavelength of 532 nm and with a radius of 1 um in the
Raman spectroscope was utilized to carry out the posi-
tion-dependent photocurrent measurements of the TFTs.

3 Results and discussion

Figure 1a shows the schematic diagram of the fabricated
MoS, photo-TFT with the conventional bottom gate
structure. The number of MoS, layers in the as-fabricated
phototransistor was confirmed from the AFM height
profiles, as depicted in Fig. 1b. As shown in the figure, the
height of the mono-layer MoS, on the substrate is around
0.7 nm or more, which is slightly higher than the theoret-
ical thickness of 6.15 A due to the absorber on the MoS,
surface. Figure 1c presents the Raman spectrum of MoS,
at different thicknesses. The E%g mode close to 383 cm™*
and the A;, mode close to 408 cm™! are observed from
the mono-layer to the bulk MoS,. As shown in Fig. 1d,
with an increase in the number of MoS, layers, the fre-
quency of the E%g peak decreases whereas that of the A,
peak increases. An increase in the number of MoS, lay-
ers resulted in a decrease in the Van der Waals force [19]
between adjacent layers, causing a red shift of the E%g
peak. Moreover, the Van der Waals force at each MoS,
layer suppresses the vibration as the number of layers is
increased. This produces a higher force constant [20],
resulting in a blue shift of the A;, modes.

Figure 2a presents the I ¢—Vg characteristics of the
MoS, phototransistors with different layer thicknesses
under dark and illuminated conditions. An increase in
the dark-state ON current as well as the photocurrent in
the illuminated state was observed with an increase in the
MoS, thickness from the monolayer to the bulk. Figure 2b
shows the photocurrent (Ipp,,) to dark current (I, ;) ratio
in the off state and the drain current in the on state as a
function of the layer thickness. The increase in the drain
current with the layer thickness can be explained by the
increased carrier concentration. The effects of the layer
thickness on the persistent photoconductivity (PPC) of
the fabricated MoS, phototransistors are shown in Fig. 2c.
The PPC measurements were carried out by exposing the
MoS, TFTs to light pulses at a wavelength of 400 nm with
a fixed intensity (5 mW/cm?). Figure 2d shows the decay
time with the maximum photocurrent for the different
layers obtained from Fig. 2c. Here, the decay time repre-
sents the time required for the photocurrent to decrease
from the maximum level to one-fifth of its maximum
value. It can be seen that the decay time and the magni-
tude of the maximum photocurrent of the phototransis-
tors increase with an increase in the layer thickness.
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Fig. 1 a Schematic diagram of the conventional bottom gate structure MoS, photo-TFT, b height profile of the MoS, layers, ¢ Raman spectra of
MosS, samples with different numbers of layers. The left and right red lines indicate the positions of the E;g and A, peaks in the mono-layer MoS,,
respectively. d Frequencies of the E;g and A4 Raman peaks (left side axis) and their difference (right side axis) with different numbers of Mo, layers

The optical property of the as fabricated MoS, pho-
totransistors were significantly enhanced by adapting
see-through transparent electrodes instead of the tra-
ditional global bottom gate or patterned local bottom
gate structures and were compared with those of con-
ventional opaque electrodes and transparent IZO elec-
trodes. Figure 3a—c show the Ip¢—V g characteristics of
MoS, phototransistors with various metal electrodes.
This measurement was carried out under both dark and
light conditions using a focused laser with different wave-
lengths at steps of 100 nm.

From Fig. 3c, it can be seen that the use of IZO trans-
parent metals limits the optical performance of the MoS,
phototransistor due to the high Schottky barrier result-
ing from the Fermi-level pinning effect caused by its high
workfunction (~5 eV). Furthermore, the sheet resistance
of the IZO metal electrode obtained from four-point
probe measurements was as high as 105 Q/square. On
the other hand, the sheet resistance of the see-through
metal electrode was 8 Q/square, much lower than that of
IZO, which is not significantly different from the value of

1.4 Q/square, which is the sheet resistance of a conven-
tional Ti/Au metal electrode. The see-through metal was
chosen not only for its sheet resistance properties but also
for its transmittance capabilities. This see-through metal
electrode shows transmittance of 70% under visible light
of 532 nm and allows incident light to reach the entire
channel area below the source and drain electrodes.

The optical properties of the external quantum efficiency
(EQE), responsiveness (R) and collected carrier density
(ng,) of the phototransistors were extracted and calculated
from Egs. (1), (2) and (3) as a function of the wavelength
depending on the different contact electrodes [21, 22].
These results are shown in Fig. 4.

Ips/q

EQE - Pl'/hU (1)

Jeotal — Jdark
R =
P; 2)
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Here P, is the power density in the illumination state, hv
is the incident photon energy, J ... is the current density
in the illumination state, ], is the current density in the
dark state, pg is the field-effect mobility of each device
and tg is the MoS, layer thickness.

As shown in Fig. 4, MoS, phototransistors with see-
through metal electrodes exhibit significantly improved
optical properties as compared to the thick opaque or
IZO transparent metal in the visible region. This results
from the enhancement in the photocurrent due to the
penetration of incident light to the entire active region
below the transparent electrode, as described above.

To identify the photocurrent mechanism, the photo-
current of the multi-layer MoS, phototransistor with the
see-through metal electrode was measured by locally
illuminating the MoS, channel at different positions
(inset of Fig. 5b). A beam with a wavelength of 532 nm at

Neoll =

an intensity level of 0.99 pW was used for this purpose.
As indicated by the Iq—Vgg characteristics presented
in Fig. 5b, the photocurrent of the MoS, TFT is highest
when the beam is located at the source position (A), after
which it decreases along the channel (B, C, D), and is
lowest at the drain (E). This can be explained by the bar-
rier height variation (BHV), i.e., Apg, between the source
and the channel due to the incident light. The BHV in this
case is mainly caused by the electrostatic force induced at
the junction between the metal and the semiconductor. It
can be expressed by the following equation.

qAPp

Here I g, is a reference current value without variation of
the barrier height, a is a constant and KT is the thermal
energy at room temperature.

Figure 5b shows the BHV depending on the beam
position obtained from Eq. (4). As expected, the BHV
at the source position has the largest value. Due to the

Ips = Ipso exp (‘X
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increased BHYV, a greater amount of electron injection
() occurs from the source and causes an increase in
the photocurrent [23]. From Egs. (3) and (4), n;, can be

deduced as follows:
qAPp

Here n, is a constant indicating the reference carrier
density.

Ips = Ipso exp <0l

4 Conclusion

In summary, we fabricated mono-layer to multi-layer
MoS, TFTs and evaluated their electrical and opti-
cal properties. Increases in the dark-state ON current
as well as the photocurrent in an illuminated state
were observed along with an increase in the decay
time (as found in the PPC measurement results) with
an increase in the MoS, thickness from the monolayer
to the bulk due to the increased carrier concentration.
To improve the optical properties, a see-through metal
electrode with a very thin film of Ti/Au metal was
introduced. This see-through metal electrode showed
transmittance of 70% or more under visible light at
532 nm. MoS, phototransistors with see-through metal
electrodes exhibit significantly improved optical prop-
erties as compared to thick opaque or IZO transparent
metal samples in the visible light region. Furthermore,
photocurrent measurements with respect to the posi-
tion of the beam along the MoS, channel revealed that
more electrons are injected from the source when the
beam is placed on the source side due to the reduced
barrier height, giving rise to a significant enhancement
in the photocurrent. We hope that the results presented
here can provide considerable help to those attempting
to understand the photocurrent mechanism as well as

the origin of the improved high photocurrent in these
types of devices.
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