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Giant Photoamplification in Indirect-Bandgap Multilayer
MoS, Phototransistors with Local Bottom-Gate Structures

Junyeon Kwon, Young Ki Hong, Gyuchull Han, Inturu Omkaram, Woong Choi,*

Sunkook Kim,* and Youngki Yoon*

Recently, there has been a growing interest in transi-
tion metal dichalcogenides, such as molybdenum disulfide
(MoS;), due to their intriguing electrical and optical proper-
ties.'™” Thin-film transistors (TFTs) using single layer or
multilayer MoS, have shown promising switching behaviors
including high on/off current ratio (I,/Iog = 10%), low sub-
threshold swing (SS = 70 mV decade™) and high field-effect
mobility (peg > 100 cm? V-1 s71).10-15] [n addition, they also
exhibited higher responsivityl'®!l than that of graphene
TFTs in phototransistors,? presenting great potential for
photodetector applications. The responsivity, defined as the
ratio of photocurrent flowing in a detector to incident optical
power, is a primary figure of merit in photodetectors. To
enhance the responsivity of MoS, phototransistors, various
approaches have been suggested including the improvement
of mobility,'¥ contact resistance,l'®l and interfacial quality of
MoS, phototransistors,'! or the use of multijunction hetero-
structures with amorphous silicon?!! or graphene.2223 As
a result, the responsivity of single layer MoS, phototran-
sistors has been drastically increased from 7.5 mA W16l
to 880 A WLI8 Meanwhile, the responsivity of multilayer
MoS, phototransistors (=100 mA W~1)[17] has remained much
lower than that of single layer MoS, photodevices, mainly due
to the indirect nature of the bandgap in multilayer MoS,.

In principle, multilayer MoS, can be more advantageous
than single layer MoS, for a variety of photodetector applica-
tions due to the higher density-of-states'] and the wider spec-
tral response from ultraviolet (UV) to near-infrared (NIR).['/!
Therefore, in this work, we focus on the optoelectronic design
of multilayer MoS, phototransistors to enhance photocurrent
and demonstrate an alternative approach to obtain high photo-
responsivity using indirect-bandgap multilayer MoS,. Unlike
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the previous multilayer MoS, phototransistors with global
bottom-gate structures, our multilayer MoS, phototransistors
are fabricated in a patterned local bottom-gate TFT configura-
tion to achieve giant improvement in photoresponse. For the
light with the wavelength of 532 nm, our phototransistor based
on mechanically exfoliated MoS, flakes exhibits high respon-
sivity (up to 342.6 A W' at 2 mW cm™) and linear relationship
between photocurrent and incident power density over a wide
range of optical power. In particular, the inclusion of ungated
region in the MoS, channel increases responsivity by 3 orders
of magnitude as compared to that of global-gate multilayer
MoS, phototransistors from the previous study.l'”] We further
describe our experimental results with comprehensive simula-
tions based on optical absorption, transmission probability, and
transistor current equations.

Figure 1a shows the 3D section view of a phototransistor
with a local bottom gate on a glass substrate. This phototran-
sistor has a similar configuration to that of a commercially used
bottom-gate inverted-staggered device. The typical structure
contains gate metal underneath the active layer and source/
drain contacts on the top. However, unlike the conventional
structure, the gate length is shorter than the channel length as
shown in the optical microscope image (Figure 1b). This “local”
bottom-gate structure leads to a gate underlap, which is a non-
overlapped (ungated) region between the gate and the channel
(black area in the image). Figure 1c is the 3D atomic force
microscope (AFM) image of the same device, which depicts the
local bottom-gate structure more clearly. Figure 1d shows the
AFM line scan profile (along the red line in Figure 1c) with a
schematic diagram of the phototransistor, where gate underlap
can be observed at both edges of the gate electrode. They can
act like series resistors in dark state since gate modulation will
be ineffective in the underlap regions.

Before analyzing the optoelectronic behavior of a multilayer
MoS, phototransistor under incident light, we first measure cur-
rent-voltage (I-V) characteristics of a local bottom-gate MoS,
TFT (channel length L = 11.2 pm, device width W = 31.0 pum,
and gate length ~ 8.8 pm) in dark state. The thickness of mul-
tilayer MoS, channel and gate oxide thickness (t,,) are 80 nm
and 100 nm, respectively. Figure 2a shows the measured
transfer (Igs — Vi) characteristics in logarithmic scale and the
extracted mobility value of the TFT. The maximum transcon-

_ 9 of 4.38 pS, a field-effect mobility
Vg

ductance

Vas=1V

(Mett = Lgm/(WCyy Vi) of 25.55 cm? V=1 571 and I,/ of =103
are observed. Here, an atomic layer deposited aluminum oxide
(Al,03) gate insulator exhibits excellent insulating properties
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Figure 1. Multilayer MoS, phototransistor in a local bottom-gate structure. a) 3D schematic figure of a local bottom-gate MoS, phototransistor.
b) Optical microscopy image and c) 3D AFM topographic image of the device, showing ungated MoS, channel regions (gate underlap) between the
gate and the source/drain electrodes. d) Topological analysis of line profile data obtained along red line in Figure Tc. (Inset) Cross-sectional view of

the device.

(leakage current = =50 pA at Vi = 5 V) and offers well-con-
trolled electrostatic potential with a relatively small gate-bias
modulation. Figure 2b shows the output (Ig — V) characteris-
tics of the same device. Titanium/gold (Ti/Au) source and drain
electrodes provide excellent ohmic contacts to the multilayer
MoS,, resulting in the linear behavior at low drain voltages,
and the fully saturated current at high Vg, Although our local
bottom-gate MoS, phototransistor shows the device character-
istics of conventional n-type long-channel TFTs in dark state,
its performance is not as good as that of other reported global-
gate multilayer MoS, TFTs due to the underlap in the local-gate
geometry.

In general, good contact properties are essential to ensure
large drive current, especially for the transistors with signifi-
cant gate underlap regions. We have estimated the degradation
of current due to the gate underlap as:

local bal _ == underlap
I = 152" X Tr (1)

where I%% and I%%" are dark current for local-gate and global-

gate structure, respectively, and Tr™ ™ the average transmis-
sion probability through the underlap region, is introduced to
consider current degradation due to the gate underlap. First,
1899 =3.00x 10~ Ais obtained from the current equation for the
conventional long-channel devices in the linear region with the
following parameters: field-effect mobility of 100 cm? V-1 s71,[11]
oxide capacitance of 6.20 X 10™* F m™2, device width of
31.0 pm, channel length of 11.2 ym at V,, = Vg = 6.5 V

(threshold voltage, Vy, = 4.75 V) and Vg = 1 V. Since the

Adv. Mater. 2015, 27, 2224-2230

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

measured current value of our local-gate device structure at the
same bias condition (Vg = 6.5V and Vys =1V with Vy, =4.75V)
is 3.31 X 10 A, we estimate Tr"“™® to be 0.1 and the cur-
rent is smaller than that of an ideal global-gate TFT by roughly
1 order of magnitude. In order to understand this current deg-
radation, we calculated transmission probability through the
gate underlap at on state assuming two different contact con-
ditions as shown in Figure 3a. First, we defined a relatively
large Schottky barrier height (®g, = 100 meV) and calculated a
transmission probability through the triangular tunnel barrier
in the gate underlap region by varying the length of underlap
from 1 A to 1 um (squares in Figure 3b). Our simulation result
shows that transmission probability becomes zero at a 1-pm
gate underlap, which clearly indicates that current cannot flow
through the large Schottky barrier if the underlap length is sig-
nificant as in our device (1.41 pm). Obviously, this is not the
case that we have observed in our experiment. Next, we defined
a small Schottky barrier (@g, = 10 meV) assuming that carrier
transport is near-thermionic rather than tunneling as illustrated
at the bottom in Figure 3a. The transmission probability is cal-
culated again at the top of the barrier for the same range of
gate underlap. Our result shows that, under this condition, the
current decreases gradually as the underlap length increases,
but will not be completely diminished even with 1-pm gate
underlap. This indicates that a normal TFT operation is still
possible with our local-gate structure even though current level
will be reduced as compared to that of global-gate TFTs. There-
fore, our analysis, along with the linear I3~V behavior at low
drain voltages, implies that the Schottky barrier height of our
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Figure 2. a) Transfer characteristic (45— V) curve and field-effect mobility
of the local bottom-gate multilayer MoS, phototransistor at Vg =1 V.
b) Output characteristic (I4—Vys) curves of the same device with different
gate biases (Vgs —Vin=14,5,6,7,8, and 9 V).

local bottom-gate MoS, TFT is negligibly small and ohmic con-
tact has been achieved.

Figure 4a shows how transfer characteristics of the local
bottom-gate MoS, TFT are influenced by incident light for the
various power densities (Pj,) from 2 to 64 mW cm™2 at a wave-
length of 532 nm and drain voltage of 1 V. Under the illumina-
tion of light at 64 mW cm™2, the current has been increased
by 3 orders of magnitude in the off state and by 2.5 times in
the on state, respectively. While photoresponsive characteristics
are demonstrated only at the off state in the previous multilayer
MoS, TFT with a conventional global-gate geometry,'’l our
local-gate device shows the significant enhancement of current
with light both at on and off states. Figure 4b presents photo-
currents (I, = Igs — Iqan) as a function of power density at off
(Vgs = 0 V) and on state (Vg =8 V). Our device shows the excel-
lent linear response of photocurrent to the logarithmic change
of optical power, indicating that the local bottom-gate TFT can
be used for sensing photons. We also calculated responsivity,
R = I,/ Pync, and the maximum value of 342.6 A W~! is obtained
at 2 mW cm™ in the on state (Figure 4c). Note that this is
remarkably higher by more than 3 orders of magnitude than
the previously reported value for multilayer MoS, TFTs. The
large enhancement of photoresponsivity can be also observed

in Figure 4d, where photocurrent is plotted for different optical
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Figure 3. a) Tunneling (top) and near-thermionic emission (bottom)
through the gate underlap with a large and a small Schottky barrier
height (SBH), respectively, at the metal-MoS, interface. i is the chemical
potential at the source and E. is the conduction band edge of MoS,.
b) Transmission probability at various lengths of gate underlap for tun-
neling (squares) and near-thermionic emission (circles). If current is
observed in the device with a gate underlap of 1 pm, it means that ther-
mionic emission is dominant since tunneling would be impractical.

power densities (open symbols) and dark current is also shown
as a reference (dashed line). Unlike the previous multilayer
MoS, phototransistors, the photocurrent of our device in the
on state is as comparably large as the dark current, which is
achieved by using the local bottom-gate structure.

To characterize the photoswitching behavior of the local
bottom-gate MoS, TFT, we measure the time-resolved photore-
sponse as shown in Figure 4e. The measurement was carried
out at Voo =-5V and Vg =1V under 638 nm laser at three dif-
ferent incident power densities (2, 4, and 6 mW cm™). As the
illuminating light is switched on and off at an interval of 20 s
(a period of 40 s), photocurrent is generated and recombined in
accordance with the illumination. A nearly identical response is
observed for multiple cycles, exhibiting the reproducibility and
the robustness of our local bottom-gate transistors. Figure 4f
shows photocurrent measured during one cycle of light mod-
ulation in linear scale. Although an accurate response time
is not measurable within our experimental setup, the overall
photoswitching characteristics demonstrate the potential of our

Adv. Mater. 2015, 27, 2224-2230
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Figure 4. Photoresponsive behavior of a multilayer MoS, local bottom-gate phototransistor. a) Comparison of transfer characteristics (lgs — V)
under dark (solid symbol) and light condition (open symbols) with various incident optical power densities (Ae, = 532 nm, P, = 2, 4, 8, 16, 32, and
64 mW cm™2). b) Photocurrent (I, = lys — lqar) and c) responsivity as a function of incident power in logarithmic scale, obtained in off (Vy, = 0 V) and
on (Vg = 8 V) region. d) Photocurrent at various gate voltages for the same conditions of illumination as in Figure 4a (open symbols). Dark current
is also shown as a reference (dashed line). (e) Log-scale photoswitching behavior at three different light intensities (2, 4, and 6 mW cm™2) at a wave-
length of 638 nm (Vs =5V and Vg4, =1 V). Photocurrent modulation is induced by the laser, which is switched on and off every 20 s. f) Linear-scale
photocurrent in (e) during one cycle of light illumination at 6 mW cm™2.
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Figure 5. a) Photocurrent at various drain voltages. (Inset) Energy band diagram in the off state. b) (Top) Energy band diagram showing significant
accumulation of holes due to the large gate underlap, which reduces the potential barrier for electrons from dashed to solid lines, resulting in the
increase of thermionic current. (Bottom) Energy band diagram at an increased gate voltage where the barrier for the hole will become smaller as V,q
increases, leading to larger photocurrent. c) Dark current (left axis) and photocurrent (right axis) as a function of gate-underlap length. d) Simulated
(blue dashed line) and measured (red squares) photoresponsivity distribution for 14 multilayer MoS, phototransistors with various lengths of gate
underlap (1.1-3.3 pm). Photoresponsivity distribution for 14 multilayer MoS, global-gate phototransistors (black square) shows standard deviation of
25.1% for the normalized responsivity of 0.29 A W~ at a power density of 20 mW cm2.

local bottom-gate MoS, TFTs for highly sensitive photodetector
applications.

Next, to understand the photoresponse amplification using
the local-gate structure in MoS, TFTs, we have plotted photo-
current at 2 mW cm™ at Vg = 0 V (Figure 5a), which shows
a non-linear behavior to the applied V. If the gate underlap
is negligibly small or a global-gate structure is used, it would
show a linear response to Vj, (e.g., see Figure 4c in ref.”)) fol-
lowing the current equation based on optical absorption as:

pinc (1 - eiad )

I, =2e
o h

W
TU— Vs 2
H 7 Ve 2)
where e is elementary charge, o and d are absorption coef-
ficient and thickness of multilayer MoS,, respectively, hv is
energy of incident photon, 7 is average carrier lifetime, and p

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

is mobility of carriers. However, in our local bottom-gate MoS,
TFT, such linearity is broken due to the asymmetric barrier in
the underlap region as illustrated in the inset of Figure 5a. In
particular, holes generated by illuminating light encounter the
large tunnel barrier imposed by the gate underlap and they
must overcome that large barrier to reach the source (dashed
arrow in the inset) whereas electrons can move toward the
drain relatively unhampered. Therefore, holes are trapped in
the channel region and this local accumulation of holes can
reduce the potential barrier for electrons (the top in Figure 5b),
resulting in the significant increase of thermionic current even
with a relatively small optical power (also see Figure 4a). In fact,
I, of our local-gate MoS, TFT in the off state is significantly
larger than that of a global-gate structure by more than 2 orders
of magnitude for the similar conditions. Moreover, I, becomes
even larger at higher gate voltages (Figure 4d). This is due to the

Adv. Mater. 2015, 27, 2224-2230
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fact that, as V,, increases, the barrier for the holes will be grad-
ually decreased (as shown in the bottom in Figure 5b). In addi-
tion, the dark on current of local-gate TFTs can be smaller than
that of global-gate devices for the same channel length due to
the series resistance that we have discussed earlier. To sum up,
(i) enhanced Iy, in the off state, (ii) reduced barriers at larger
gate voltages, and (iii) suppressed dark on current are all sup-
portive of photoresponsivity in the on state in our local bottom-
gate MoS, TFT and, thereby, the large value of 342.6 A W!
could be obtained using our unique device structure.

It might be instructive to investigate how the length of gate
underlap affects photoresponsivity in the local-gate MoS, TFTs.
We have performed comprehensive simulations, which show
that, while dark on current can be gradually reduced with gate
underlap following Equation (1) (Figure 5c with the left axis),
photocurrent will increase significantly as shown in Figure 5c
with the right axis. In this simulation, the photocurrent is cal-

culated as:
eAV, F
off 3
exp( mkpT ) G)

where Igyp is the current due to the generation/recombination
of electron-hole pairs by illuminating light, I%™ is the dark cur-
rent at off state with global-gate geometry, eAV,g/m is the poten-
tial energy lowering due to the hole accumulation under the illu-
mination of light, m is the body-effect coefficient, kg is the Boltz-
mann constant, T is the temperature, and the factor of 2 comes
from our experimental observation to treat the increase of photo-
current in the on state (see Figure 4d) for a fixed optical power.
As the gate underlap increases, holes will be accumulated more
and the barrier will be reduced, resulting in larger eAV,g. Photo-
responsivity is calculated from this photocurrent at 20 mW cm™2
in Figure 5d, which exhibits the trend that the responsivity sig-
nificantly increases with the gate underlap for the length longer
than 10 nm. Statistical distribution of our experimental photo-
responsivities for 28 representative multilayer MoS, phototran-
sistors is also shown by solid symbols, which is close to the
simulation result. Therefore, our experimental data and simula-
tion results provide comprehensive pictures on giant photoam-
plification in indirect-bandgap multilayer MoS, phototransis-
tors based on local bottom-gate multilayer MoS, system.

We presented multilayer MoS, phototransistors with local
bottom-gate structures, in which a gate-controlled region
was connected in-series to gate underlap (ungated) regions.
Compared with the conventional global bottom-gate struc-
ture, our local-gate MoS, phototransistor showed outstanding
photoresponse. Specifically, the significant enhancement of
photocurrent was observed in both on and off states, and
the maximum responsivity of 342.6 A W~! was achieved at
2 mW cm™2. Our experiment and simulation revealed that the
gate underlap region plays an essential role in enhancing the
optoelectronic behavior of indirect-bandgap multilayer MoS,
phototransistors. We expect that the same strategy can also be
applicable to other material systems including monolayer MoS,
for photoresponsivity amplification through proper engineering
of Schottky barrier and gate underlap. The excellent photo-
responsive characteristics of our devices suggest that high-gain
photodetectors based on multilayer MoS, can be realized by

lobal
Ioh = Tgpp + 2155°
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engineering optoelectronic device design. Combined with
large-area synthesis of MoS,, the unique architecture in the
local bottom-gate multilayer MoS, phototransistors can enrich
optoelectronic applications such as touch screen panel, image
sensor, and communication devices.

Experimental Section

Fabrication: Ti/Au (10/100 nm) for the gate electrode was patterned
by conventional photolithography and lift-off process. After patterning
the gate electrode, a 100-nm-thick amorphous aluminum oxide (Al,O3)
of gate insulator was deposited on the substrate through atomic layer
deposition with trimethylaluminum (UP Chemical Co. Ltd., South Korea)
and H,O as a precursor and a reactant, respectively.l'’? Multilayer MoS,
for an active channel was mechanically exfoliated from bulk MoS, by
using a scotch-tape method and transferred onto the gate insulator. In
order to form source and drain electrodes, Ti/Au layer was deposited
with the thickness of 10/300 nm and patterned. After the fabrication
process, the phototransistor was thermally annealed in a vacuum tube
furnace with H, environment at 200 °C for 2 h to improve the contact
resistance.

Physical features of the MoS, phototransistor were measured by
an optical microscope (BX51M, Olympus Co., Japan) under white
light illumination (100 W halogen lamp, U-LH100-3) using bright field
imaging modes and 50x objectives. 3D topological image and its line
profile data of the MoS, phototransistor was investigated by using AFM
(XE7 Atomic Force Microscope, Park Systems, South Korea) in the
same region as the optical microscope image. The electrical properties
of a local bottom-gate MoS, phototransistor were investigated by the
semiconductor characterization system (Keithley 4200 SCS) with a probe
station at room temperature in atmospheric environments.

Simulation: Transmission probability was calculated by using the non-
equilibrium Green’s function (NEGF) method within the effective mass
approximation.?!l Coherent transport is assumed as the length and the
width (W/L) are treated in the classical current equation. The effective
mass of 0.5 was used for multilayer MoS,.%1 A Schottky barrier height
(Pg, = 100 meV) is assumed for tunneling where the transmission
probability is calculated at the energy level of 10 meV below the top of
the Schottky barrier. The same is also calculated with a relatively small
barrier height of 10 meV for near-thermionic emission at the energy level
of 10 meV above the chemical potential of the source (ys). The energy
level of the largest contribution to the current is carefully selected by
comparing transmission probability weighted by (f; — f;) where f;, are
the Fermi function at source and drain, respectively. For the ungated
channel region, linear potential drop is assumed.l?%l

For photocurrent, off current of the global-gate transistor (IE]'C?ba') is
calculated by the current equation for the conventional long-channel
devices in the subthreshold region with the following parameters: pg =
100 cm? V7' s71, C, = 6.20 X 107* F m=2, W =31.0 ym, L =11.2 ym at
Vo = Vgs = =1V (Vi = 4.75 V) and Vg, = 1 V. The body-effect coefficient
of the device is calculated from the measured subthreshold swing (SS)
as m = (55/2.3) x (e/kgT) = 21. Igyp is treated invariant for different gate
voltages at a given optical power and Igyp = 5000/82% is assumed. The
effect of potential barrier lowering is treated by eAVOﬂ:/m where AV g is
changed from 0 to 8 V as the length of gate underlap increases from
1Ato3 pm.
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