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Abstract

Optoelectronic characteristics of MoS;
phototransistors with organic or van der

Waals heterostructures

Jinsu Pak
Department of Physics and Astronomy

Seoul National University
In this thesis, the optoelectronic characteristics of MoS, phototransistors are
mainly studied. The major reason of exploring the optoelectronic characteristics of
2D materials-based phototransistors, not of photodiodes, during my doctorate course
is because 2D materials cannot absorb significant amount of light and they have
considerably high exciton binding energy, originating from their atomically thin
thickness. These features suppress the optoelectronic performance in the perspective
of 2D materials-based photodetectors. However, the phototransistor can amplify the
photodetection capability by employing the external electric fields, such as drain-
source voltage and gate-source voltage.
After introduction of my thesis work in Chapter 1, in Chapter 2 [ will summarize
a research result of improving photosensitivity of MoS, phototransistors conducted
in 2014 as my first research topic. I demonstrated that a surface treatment with
organic materials on MoS; could improve the photoresponsivity and photoswitching
characteristics. In addition to the exploration for improving optoelectronic
performance, I became interested in the intrinsic optoelectronic characteristics of 2D
materials during my doctorate course. In Chapter 3, I summarize the intrinsic

optoelectronic characteristics of fully transparent MoS, phototransistors employing
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a van der Waals heterostructure. And, in Chapter 4, the effects of p-doping on
optoelectronic characteristics of WSe» phototransistors are explained.

Because of the nature of phototransistors using external electric fields for
amplifying the optoelectronic performance, [ studied the electrical and
optoelectronic phenomena of 2D-based phototransistors under the high electric
fields. I have discovered the interesting electrical phenomena in MoS; transistors
under the high electric fields in the process of arranging for the experimental setup
for studying optoelectronic characteristics. However, I could not finish this research
on the optoelectronic characteristics under the high electric fields due to the
insufficient time. I summarized the thickness-dependent avalanche breakdown
phenomena and charge trapping dynamics under the high electric fields in Chapters

5 and 6.

Keywords: Two dimensional materials, Transition metal dichalcogenides,
Molybdenum disulfide, Optoelectronic characteristics, Internal responsivity,
Avalanche breakdown, High electric field

Student Number: 2013-22988
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Chapter 1. Introduction

1.1. Brief introduction of TMDs and MoS;

Beginning with extensive research on graphene, selected as 2010 Nobel Prize in
Physics, the emergence of a new class of atomically thin two-dimensional (2D)
materials has opened up a new era for fundamental scientific studies and the next
generation of electronics.'™ Figure 1.1.1 shows the diverse 2D materials and
corresponding their band gap energy. Among the various transition metal
dichalcogenides (TMDs) 2D materials, molybdenum disulfide (MoS) has been
widely researched as a 2D-based field-effect transistors (FETs) and has exhibited
outstanding electrical properties.® In contrast to graphene which lacks an intrinsic
band gap, MoS: has a thickness-dependent band structure (a direct band gap of 1.9
eV as amonolayer and an indirect band gap of 1.2 eV as a bulk MoS,). This existence
of an intrinsic band gap enables the MoS, to be employed as a salient component of
various applications such as FETs,> memories,® logic circuit devices,’ sensors,® and

photodetectors’.
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Figure 1.1.1. Introduction of various 2D materials covering a broad spectral range.
(a) Applications that utilize the different spectrum ranges are introduced in the top
portion of the panel. The schematics of #-BN, MoS,, BP, and graphene. (b-¢) Band
structures of monolayer 2-BN, MoS,, BP, and graphene.

1.2. Optoelectronic characteristics of MoS: and a MoS:-based

heterostructure for enhancing photosensitivity

Especially appropriate band gap energy of MoS: in the visible spectrum region,
high photodetection capability,'’ outstanding electrical stability!' and flexibility'?
suggest that its high potentiality for realizing ideally transparent and flexible
photodetectors. Recently beyond the researches on the sole MoS,-based
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photodetectors, its heterostructures with organic materials'>!'* or other 2D

materials!>-17

have been designed to enhance photodetection and photoswitching
abilities. The mechanism of enhancing photodetection capabilities by employing a
heterostructure is as following: when a MoS, forms the heterostructure with other
materials, the photogenerated carriers can be separated easily due to the different
energy band structures, thus this can lead to improved photocurrent with suppressing
the disappearance of photogenerated carriers via recombination processes. In this
thesis, a facile and effective method for improving photoresponsive and

photoswitching characteristics by stacking an organic material with thermal

evaporation system will be discussed in Chapter 2.

1.3. Intrinsic optoelectronics of MoS: phototransistors

Although numerous researches of the optoelectronic performance of 2D-based
photodetectors heterostructured with organic materials or other 2D materials, from
now on, the intrinsic optoelectronic characteristics of MoS; has not been investigated.
This is because most previous researches have employed opaque substrates, for
example most commonly used heavily-doped Si with SiO; for the convenience from
a manufacturing perspective. The opaque substrates cause the multiple reflections of
incident light resulting in the generation of additional photogenerated carriers. In
addition, this unintended interference causes a strong photogating effect due to the
trapping of photogenerated holes at the low-quality interface, which can
overestimate the ability of the photoresponsivity of MoS,. For a better understanding

of MoS,, the systematic investigation of the intrinsic optoelectronic characteristics

b i 211 |
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of monolayer MoS, was highly required without effects caused by external
interference such as reflected or refractive light. These intrinsic optoelectronic

results of the MoS, phototransistor will be introduced in Chapter 3.
1.4. Electrical characteristics of MoS; under high electric fields

In this thesis, the electrical characteristics of MoS; FETs under high lateral electric
fields were also dealt with as a subtopic. During my doctorate course, this subtopic
regarding the electrical characteristics of MoS, under the high electric field is also
substantially significant, because a terminal goal of my doctorate course was the
exploration of the optoelectronic phenomena beyond only electrical studies of TMDs
under the high electric fields. Unfortunately, I could not finish the research on
optoelectronic characteristics of 2D materials-based phototransistors under the high
electric fields due to the insufficient time. However, | have discovered the interesting
electrical phenomena in MoS; FETs under the high electric fields in the process of
arranging for the experimental setup for studying optoelectronic characteristics.
Therefore, we systematically explored the avalanche breakdown phenomena in
MoS; FETs, which is highly dependent on the thickness of MoS; layer. Interestingly,
this thickness-dependent electrical behavior under the high electric fields had not
been explained in 2D system before we did. This research will be discussed in
Chapter 5. Furthermore, charge trapping and detrapping phenomena at the interface
between MoS; and SiO,/Si substrate were observed, and it was found that those
phenomena can be modulated by the range of the applied lateral electric fields. This

charge trapping phenomenon is dealt with in Chapter 6.
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1.5. Outline of this thesis

This thesis mainly focuses on the optoelectronic characteristics of MoS,
phototransistors. The major reason of exploring the optoelectronic characteristics of
2D materials-based phototransistors, not of photodiodes, during my doctorate course
is because 2D materials could not absorb an amount of light and they have the
considerably high exciton binding energy originating from their atomically thin
thickness. Both factors can suppress the high optoelectronic performance in the
perspective of photodetectors. However, in spite of the low light absorption and high
exciton binding energy of 2D materials, the optoelectronic characteristics can be
amplified by the applied external electric fields, such as drain-source voltage (Vps)
and gate-source voltage (Vgs).

In Chapter 2, the researches on enhanced optoelectronic characteristics of MoS;
phototransistors via the surface treatment with organic material (copper
phthalocyanine (CuPc)) are discussed. Through this facile surface treatment by
thermal evaporator system, not only photoresponsivity and but also photoswitching
characteristics can be improved. In Chapter 3, beyond the perspective of
optoelectronic performances, the intrinsic optoelectronic characteristics of MoS;
phototransistors were investigated, such as internal responsivity, internal quantum
efficiency, and internal detectivity. Besides, similar to MoS,, the effects of p-doping
on electrical and optoelectronic characteristics of WSe, phototransistors are
discussed in Chapter 4. Furthermore, the interesting phenomena of MoS, FETs under
the high lateral electric fields, such as thickness-dependent avalanche breakdown

and charge trapping dynamics at the interface of MoS,/SiO; are introduced in

b i 211 |
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Chapter 5 and 6, respectively. In fact, I wished to investigate the optoelectronic
characteristics of 2D materials-based phototransistors under high electric field as an
ultimate research topic of my doctorate course, but I could investigate only the
electrical properties under the high electric fields due to the insufficient time.
However, [ believe I partially established the foundation for exploring optoelectronic
characteristics under high electric fields, and convinced there is going to be an

interesting phenomenon at the end of this study.
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Chapter 2. Optoelectronic characteristics of MoS:
phototransistors via vertical heterostructure with

organic material

In this Chapter. the optoelectronic characteristics of MoS-> phototransistors when

stacking a p-type organic semiconductor (CuPc) layver on the MoS> surface are

introduced. The CuPc/MoS> hybrid devices exhibited better performance as

photodetectors compared with the pristine MoS> FETs that did not contain CuPc

layers, due to the transfer of photo-generated charge carriers from the CuPc to the

MoS;. Furthermore, we observed that the photoresponsive properties of the
CuPc/MoS: devices depended on the thickness of the CuPc layer. The device with a
relatively thinner CuPc layer exhibited a better photodetection performance than
that with a relatively thicker CuPc layer, which can be explained by the CuPc layer
thickness-dependent interlayer recombination processes across the CuPc/MoS:
interface. We found that the 2 nm-thick CuPc/MoS; device presented the highest
photodetection performance. Besides, photoswitching response times (rise and
decay times) of CuPc/MoS: heterostructure were also improved, which was
attributed to the passivation effect preventing the absorption of oxygen on the surface
of the MoS: channel. This researches may provide a promising route for ultra-thin

and highly sensitive MoS:-based photodetectors.
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2.1. Introduction

Recently, transition metal dichalcogenide (TMDs) two-dimensional (2D)
materials have gained considerable interest as a candidate for next-generation
nanoelectronic devices.'® TMDs 2D materials have demonstrated several
advantageous features, such as a thickness-dependent electronic band structure, high
photoconductivity, high transparency, and flexibility in fabricating nanoelectronic
devices. Among the various TMDs materials, MoS, has been widely researched as a
2D FET and has exhibited outstanding electrical properties, including a low
subthreshold swing value, a high on/off ratio, and good carrier mobility.”® In contrast
to graphene which lacks an energy band gap, MoS; has a direct band gap of 1.8 eV
as a single layer and an indirect band gap of 1.2 eV as a bulk material.'®'* Therefore,

15-18

many studies have used MoS; to fabricate transistors,'*"'8 memory,'*?° logic circuit

21,22 23,24

devices,*'"* sensors,”?* and phototransistors.??’ > Graphene has also been studied
for phototransistors for application in photosensitive devices, but graphene-
transistor-based photodetectors have a limited photoresponsivity (~6 mAW ') due

to graphene’s low light absorption coefficient and the fast photoinduced carrier
recombination rate.?® In contrast, photodetectors made with MoS, have exhibited
excellent photoresponse properties. For example, devices based on single- and
multilayer MoS; films have demonstrated photoresponsivities up to 880 AW ™! (ref.

27) and ~0.1 AW ',282 respectively. Beyond the structures of MoS, FET alone, it

has been demonstrated that through stacking of other materials, MoS;-based
heterostructures can result in higher photoresponsivity.*** For example, Kufer et al.
demonstrated that the photoresponsivity of MoS, was enhanced by stacking p-type

PbS quantum dot materials on an MoS; surface due to the photo-generated charge

3 ) 211 g
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transfer from the stacked p-type PbS quantums to MoS,.** If p-type materials are to
be used for heterostructure MoS,-based photodetectors, organic materials can be a
good choice because p-type organic semiconductor layers have been extensively
studied and can be easily stacked on 2D films by spin-coating or deposition systems,
and the thickness of the organic layer on 2D films can be accurately controlled.
Among organic materials, CuPc is a p-type organic semiconductor that has been
widely used in organic and hybrid optoelectronic devices.*® The structural properties
of the CuPc layer on the MoS; surface have been studied. For example, molecular
orientation properties of the CuPc layer on the MoS, were studied using angular
resolved ultraviolet photoemission spectroscopy or atomic force microscopy,®’ and
a Raman enhancement effect of the CuPc/MoS, was reported.*® However, the effects
of the CuPc hybrid structures on the MoS-based phototransistors have not yet been
examined. Importantly, as the device consisted of a heterostructure with n-type MoS»
and p-type CuPc materials, the efficiency of photoresponse can strongly depend on
the thickness of the organic layer. In this study, we have characterized the electrical
and photoresponsive properties of MoS, FET-based photodetectors. We investigated
and compared the photodetection characteristics of MoS: FETs before and after the
devices were stacked with p-type organic semiconductor (CuPc) layers on the MoS;
surface. By varying the thickness of the CuPc layers, we found an optimized
condition for achieving higher photoresponsivity in the CuPc/MoS; hybrid device

structures.
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18 -':lﬂ-."i —7- | !



2.2. Experiments

2.2.1. Device fabrication process

Figure 2.1 shows the device fabrication processes. First, MoS; flakes were
mechanically exfoliated from a bulk MoS: crystal purchased from SPI
Supplies. Then, the MoS; flakes were transferred on 270 nm-thick SiO on a
highly doped p++ Si Wafer (resistivity ~5x10 Q/cm) that can be used as a
back gate. Proper MoS: flakes were located with an optical microscope and
the height of selected MoS: flakes were measured with atomic force
microscope (NX 10 AFM system, Park Systems). To make electrode patterns,
we spin-coated methyl methacrylate (9% concentration in ethyl lactate) and
PMMA 950K (5% concentration in anisole) at 4000 rpm. After the spin-
coating of each layer, the sample was baked at 180 °C for 90 s on a hot plate.
We used an electron beam lithography system (JSM-6510, JEOL) to pattern
electrodes. Development of patterns was performed with a MIBK/IPA (1:3)
solution for 50s. Electrodes was made by depositing Ti with an e-beam
evaporator (KVE-2004L, Korea Vacuum Tech). Finally, the CuPc was
deposited on fabricated MoS; field effect transistor (FET) devices by a

thermal evaporator (GVTE1000, GV-Tech).

—_—

Preparing substrate MosS, transfer ER spin-coating I
”

Deposition of CuPc Removing ER Deposition of electrodes Development

Figure 2.1. Schematic of fabricating processes of MoS, FET
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2.3. Results and discussions

2.3.1. Electrical characteristics of MoSz FETs

Figure 2.2a shows the optical images of a MoS; flake and its device fabrication
into a MoS, FET. Here, MoS; flakes were mechanically exfoliated from a bulk MoS,
crystal and transferred onto a 270 nm-thick SiO, layer on a heavily doped p++ Si
substrate that can be used as a back gate of FETs. Then, Ti metal (30 nm thick)
patterns were made into the source and drain electrodes using electron-beam
lithography to form ohmic contacts. Since Ti electrode has a relatively lower work

function (~4.3 eV) than the work function of MoS; (4.5 to 5.2 eV), it can form

ohmic contact with MoS,.%” Figure 2.2b displays an atomic force microscopy (AFM)
image of a MoS; FET. The thickness of the MoS, flake channel was found to be ~
3.2 nm, corresponding to 5 layers of the MoS; film (the thickness of a single-layer
MoS; film is 0.65 nm). We fabricated MoS; FETs using 3 to 6 nm-thick MoS: flakes,
corresponding to 5 to 9 layers. After fabricating the MoS; FETs, the CuPc organic
material was deposited on the MoS; surface using a thermal evaporator. Figure 2.2¢c
illustrates the schematics of a CuPc/MoS, photodetector illuminated by a visible
light laser. The molecular structures of the MoS; and CuPc are also shown in Figure

2.2c.
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Figure 2.2. (a) Optical images of a MoS; flake before (left) and after (right) Ti
electrodes were deposited. (b) AFM image (left) of a fabricated MoS, FET using the
MoS; flake shown in (a, b). A cross-sectional topographic profile (right) indicated
by the blue line shown in the AFM image. Dashed line indicates the MoS2 flake. (c)
Schematic of CuPc/MoS:; device illuminated by a laser. The molecular structures of

the MoS; and CuPc are also shown.

First, we examined the stacking of CuPc layers on MoS2 flakes by Raman
spectroscopy. We observed that the MoS2 flakes exhibited two Raman characteristic
bands at 383 and 405 cm—1 , corresponding to out-of-plane (Alg mode) and inplane
(E2g mode) vibrations of MoS2 atoms, respectively (see Figure 2.3). For CuPc, the
most intense Raman bands were observed at 1144, 1345, 1454, and 1531 cm—1 for
the pyrrole groups, phthalocyanine, the C—N bond, and the C—C bond, respectively

(Figure 2.3).
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Figure 2.3. Raman spectroscopy data of (a) pristine MoS; and (b) CuPc/MoS,.

2.3.2. Modulation of threshold voltage via a heterostructure

Figure 2.4 shows the transfer characteristics (i.e., drain—source current versus gate
voltage, Ips—Vc) of a MoS2 FET device upon which CuPc layers with different
thicknesses, varying from 1 to 10 nm, were deposited. The thickness of the CuPc
layer was accurately controlled by a thermal evaporator with few angstroms error.
The data were measured at a fixed source—drain voltage (¥ps) of 0.1 V in a vacuum
(~107* Torr) at room temperature. The pristine MoS, FET (labeled with w/o CuPc,
the device before the CuPc layers were coated) exhibited n-type FET behavior. In
our work, the room temperature mobility (i) of the MoS, FET was found to be as

low as ~1.67 cm?V~'s™!, Here, the mobility was estimated by using the formula p
= (dIps/dVe)X[L/A(WCiVps)], where W (—4.3 um) is the channel width, L (~2.4 um)
the channel length, and C; = gie/d ~ 1.3x10™* Fm™? the capacitance between the
MoS; and p++ Si back gate per unit area. Here, € is the vacuum permittivity, & (~

3.9) is the dielectric constant of the SiO; dielectric, and d is the thickness (270 nm)

of the SiO; layer. The on/off current ratio of this pristine MoS; FET was found to be
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Figure 2.4. (a) Ips—Vs curves on the semilogarithmic scale of the MoS, devices
without (labeled with “w/o CuPc”’) and with CuPc layers of various thicknesses (1,
2,3,4,5,and 10 nm) measured at a fixed Vps= 0.1 V. Inset is a linear plot of Ips—V¢
curves for a pristine MoS2 device without a CuPc layer and a 10 nm-thick
CuPc/MoS; hybrid device. Arrows indicate shifts in threshold voltages and currents.
(b) The contour plots of Ips as a function of Vi and Vps for a (left) pristine MoS,
device and (right) 10 nm-thick CuPc/MoS; devices. (c) The threshold voltage and
electron carrier concentrations for a pristine MoS: device and CuPc/MoS; devices as
a function of the thickness of the CuPc layers. (d) Schematics of energy band
alignment of CuPc/MoS, (left) before and (right) after stacking on each other.

The low mobility of MoS; FETs is mainly due to the charge traps or adsorbates at
the interface between the substrate and the MoS; layer.!” It should be noted that the
CuPc layer was coated on the MoS; layer after Ti/MoS; ohmic contacts were formed,
and we measured the electrical properties of the devices in a vacuum (~ 10~* Torr).

These indicate that the lower mobility is not due to the contact properties of Ti/MoS»,
instead we suspect that low mobility of our devices was mainly attributed to the

charge traps or adsorbates at the interface between the SiO, substrate and_the M082
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layer. The transfer characteristics of the same MoS, FET after the CuPc layers were
deposited on the MoS; surface are also plotted in Figure 2.4a. When the CuPc layer
was deposited, the channel currents at the positive gate voltages decreased, and the
threshold voltage shifted towards the positive gate voltage direction compared with
the case prior to the CuPc coating and as the thickness of the CuPc layer increased
(see inset graph in Figure 2.4a). Throughout the process, we measured the transfer
characteristics of the MoS, FETs systematically each time we coated the CuPc layers
to increase their thickness. For example, the threshold voltage of the pristine MoS»

FET was ~0.45 V, and it shifted from 5.91 to 12.84 V when the thickness of the

CuPc layers increased from 1 nm to 10 nm. The channel current of the pristine MoS,
FET was 1.46 x 1077 A measured at V=40V and Vps= 0.1 V. The channel current
decreased from 1.25 x 1077 to 1.09 x 1077 A when the thickness of the CuPc layers
increased from 1 nm to 10 nm. Note that we also studied the MoS, FET by stacking
thicker CuPc layers (from 10 to 30 nm), and we observed consistent results, i.e., the
current at the positive gate voltage range decreased, and the threshold voltage shifted
towards the positive gate voltage direction (see Figure 2.5).
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Figure 2.5. (a) Ips—V¢ curves and (b) Ips—Vps curves of CuPc/MoS, hybrid FETs
with different CuPc thickness (5, 10, 20, and 30 nm). (c) Threshold voltage and

electron carrier concentration for the CuPc/MoS; hybrid FETs.

Additionally, it was observed that the current in the negative gate Voltage range
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(for example, at V¢ = —40 V) increased upon increasing the thickness of the CuPc
layers. The threshold voltage shift and current change in the MoS, FETs after the
CuPc treatment can be seen more clearly in the contour plots of the current. Figure
2.4b displays the contour plots of the channel current as a function of V¢ and Vps for
the MoS, FET. These plots were obtained from the transfer characteristic curves
measured within the range of 0.1 to 1 V for Vps and —40 to 40 V for V' before (left)
and after (right) the 10 nm-thick CuPc layer stacking. Here, one can clearly see that
the channel current decreased at the positive gate voltages and that the threshold
voltage shifted in the positive gate voltage direction with increasing thickness of the
CuPc layer. The right panel of Figure 2.4b representing the channel current of the
CuPc/MoS; device also shows the hole conducting region near the high negative gate
voltage. These phenomena are due to charge diffusion at the interface between the
MoS; and CuPc layer. The mechanism of these phenomena will be explained in detail
later. Figure 2.4c summarizes the threshold voltage values of all the MoS, FET
devices that were characterized with and without CuPc layers of different thickness.
The error bars in this plot indicate the standard deviations of the threshold voltages
from at least four different MoS, FET devices at each CuPc layer thickness. One can
see that the threshold voltages shifted in the positive gate voltage direction with
increasing thickness of the CuPc layers. We estimated the electron -carrier
concentration of all the MoS, FETs, and the results are also plotted in Figure 2.4c.
Here, the electron concentration (n.) was calculated by using the formula n, = Q/e =
Cg % [Vo—Vrhl|/e, where C, is the capacitance of the SiO, dielectric layer, and e is the
elementary charge. In the calculation, we arbitrarily chose the gate voltage Vi =20
V, at which none of the transfer characteristics were in the off condition. The electron

concentration at Vg =20 V and Vps= 0.1 V decreased with increasing thickness of

b i 211 |
25 .':l'\-\."i —— I I. o

-
7|



the CuPc layers. The observation of the threshold voltage shift and the current
decrease in the positive gate voltage range can be explained by the effect of CuPc on
MoS,. CuPc is known to show a p-type organic semiconductor characteristic.
Therefore, when a p-type CuPc layer is stacked on an n-type MoS,, the electrons in
MoS; can recombine with holes in the CuPc layer at the interface. In case of stacking
the CuPc thicker, more electrons can recombine, which is responsible for the
threshold voltage shift and the current decrease in the positive gate voltage range
(see Figure 2.4d). Such carrier recombination at the interface between MoS, and
CuPc layers results in a reduction of the electron carrier concentration in the MoS,
channel layer and threshold voltage shift in the FET. At the same time, the current
increased in the negative gate voltage range due to the hole conduction through the
p-type CuPc layer between the source and drain electrodes. This charge transfer
behavior will become more significant when the thickness of the CuPc layer

increases on the MoS; film.

2.3.3. Enhancement of photoresponsive characteristics

We studied the photoresponsive characteristics of the CuPc/MoS, hybrid devices
under different light intensity (the power of the laser source) conditions (0.03, 0.05,
10, 25, 35, and 40 mW), and the results are shown in Figure 2.6a. In this figure, the
data in black (labeled as Dark) were obtained in the dark without laser illumination.

Because the energy of the incident light (~2.38 eV, 520 nm wavelength) is greater
than the band gap energy of the multilayer MoS, (—~1.2 e¢V) and the CuPc layer

(~1.7 eV), it can be absorbed and can generate electron—hole pairs in both the
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Figure 2.6. (a) Ips—Vs curves of pristine MoS; and 2 nm-thick CuPc/MoS;

photodetectors measured at a fixed Vps=0.1 V under dark and illuminated conditions

(wavelength = 520 nm) at different laser intensities. (b) Photocurrent of pristine

MoS; and CuPc/MoS; photodetectors measured at Vg =—40 V and Vps=0.1 Vasa

function of the laser intensity. (c) Ips—V curves of pristine MoS, and CuPc/MoS,

photodetectors measured under dark and light illumination conditions at different

wavelengths and a fixed laser intensity (40 mW). (d) Photocurrent,

()

photoresponsivity and detectivity, and (f) external quantum efficiency (EQE) of

pristine MoS; and CuPc/MoS; photodetectors as a function of the wavelength of the

illumina

tion.

CuPc layer and the MoS; channel film. In the case of a pristine MoS, FET without
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the CuPc layer, the incident light is absorbed by the MoS; film, and the photo-
generated electron—hole pairs contribute to the increasing current in the MoS, FETs.
On the other hand, in the case of hybrid CuPc/MoS, FETs, the incident light is
absorbed by both the CuPc layer and the MoS; film. The photo-generated electron—
hole pairs in the CuPc layer are separated at the interface between the p-type CuPc
layer and the n-type MoS,. Then, the electrons migrating from the CuPc layer to the
MoS; contribute additional current. Note that to check whether the electron— hole
pairs can be generated in the CuPc layer by the incident light, we measured the
photoconductive properties of the CuPc-only FET without the MoS; film in the
device structure. From the experimental results (Figure 2.6), we observed two main
phenomena. First, the photoinduced current level increased with increasing light
intensity for both the pristine MoS; and hybrid CuPc/MoS, FETs. This result is
simply due to a greater generation of electron—hole pairs by the more intense light.
Additionally, the photoinduced current in the CuPc/ MoS, FET was higher than that
in the pristine MoS; FET due to the photo-generated electrons in the CuPc layer
transferring from the CuPc layer to the MoS,, producing additional current. These
phenomena are summarized in Figure 2.6b, where we plotted the photoinduced
current of the pristine MoS; and CuPc/MoS; FETs measured at Vg =—40 V and Vps
=0.1 V in the dark and under 520 nm laser illumination at different laser intensities.
For example, the photocurrent (38.1 nA) of the CuPc/MoS; FET was approximately
an order of magnitude higher than that (3.13 nA) of the pristine MoS; FET at 40 mW
laser illumination at V¢ =—40 V. Figure 2.6¢c shows the photoresponsive data of the
pristine MoS; and CuPc (2 nm-thick layer)/MoS; FETs measured at V¢ =—40 V and
Vps= 0.1V in the darkness and under laser illumination with different wavelengths

and a fixed intensity of 40 mW. Four different laser wavelengths (405, 520, 658, and
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780 nm) were used for this experiment, and all of them exceeded the band gap energy
values of the multilayer MoS, and CuPc. The photoinduced current increased as the
wavelength of the incident light became shorter, indicating that the incident light
having energy larger than the energy gap of the CuPc and MoS; can create electron—
hole pairs more easily. Moreover, similar to the results of Figures 2.6a and 2.6b, we
observed that the photocurrent from the CuPc/MoS; hybrid device was higher than
that of the pristine MoS; device by an order of magnitude throughout the wavelength
ranges (Figure 2.6d). The performances of photodetectors are often evaluated using
photoresponsivity, detectivity, and external quantum efficiency. The
photoresponsivity (R) can be estimated from the formula R = Ipy/Ppigni, Wwhere Ipy is
the photocurrent and Py is the intensity of incident light. In the calculation, we
only considered the active area of the incident flux of laser illumination (with a laser
spot radius of 0.5 x 1073 m). The calculated photoresponsivity values for the pristine
MoS; and CuPc (2 nm-thick layer)/MoS, phototransistors are plotted in Figure 2.6e.
One can see that the photoresponsivity increased with shorter wavelengths of the
illuminating light and was higher for the CuPc/MoS: than the pristine MoS; devices.
Moreover, the detectivity (D") parameter can be estimated using D° =
(RAp"?)/(2elp)"?, where Ap is the effective detection area, Ip is the unilluminated
current, and e is the elementary charge (1.6x107° C). The determined detectivity
values of the CuPc/ MoS; and pristine MoS, photodetectors are plotted in Figure
2.6e. The results in Figure 2.6e indicate that both the photoresponsivity and
detectivity of the MoS; devices increased by roughly an order of magnitude with
stacking of the CuPc layer on the MoS; surface. From the photocurrent values, we
estimated the external quantum efficiency (EQE), which is the efficiency of

converting electrons according to incident photons (Figure 2.6f). The EQE is defined

b i 211 |
29 .':l'\-\."i -';"_- 1_ I. (=Y

-
7|



as EQE = (Ipw/e)/(Prigh/hv), where hv is the photon energy. The pristine MoS,
photodetectors displayed an R of 0.25 AW, a D" of 1.49 x 10'° Jones (measured at
Ve=—40V and Vps=1V), and an EQE of 5.36 % under 405 nm illumination at 40
mW intensity (measured at Vo =0 V and Vps =1 V). In contrast, the CuPc/MoS;

hybrid photodetectors exhibited an R of 1.98 AW™', a D" of 6.11 x 10'° Jones, and an

EQE of 12.57% under the same measurement conditions as the pristine MoS, devices.

With these photodetection results shown in Figure 2.6, we can confirm that the
CuPc/MoS; hybrid devices exhibited a better photodetection capability than the
pristine MoS, devices in the broad wavelength and optical intensity ranges. In
addition, we investigated the gate voltage dependence of the photoresponsive
characteristics (see Figure 2.7). We found that the photoresponsive properties
increased as the increasing gate voltage, which results in the increase of electron

carriers in the MoS; layer and the reduction of charge recombination.
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Figure 2.7. Gate voltage dependence of the photocurrent and the photoresponsivity

Figure 2.8a shows the photo-switching data before and after the MoS, FET devices

were deposited with CuPc layers of different thicknesses (1, 2, 3, 4, 5, and 10 nm).

30 .__:Ix_s _'q.;:-' T



Note that in order to clearly compare and emphasize differences in the time-
dependent photocurrent behavior, the photocurrents were normalized, i.e., the light-
off currents in the dark of each curve were shifted by an equal distance (15 nA) in
the y-axis. The white areas represent the light-off current of the devices (labeled
“light off”), and the cyan areas indicate the light-on current of the devices under 520
nm illumination (labeled “light on). We observed that there are striking differences
in the photocurrent ratio (a photocurrent-to-dark condition ratio) as a function of the
thickness of the CuPc layer while the light turns off and on. From Figure 2.8b, it is
clearly seen that the photocurrent and photoresponsivity of the CuPc/MoS, hybrid
devices strongly depended on the thickness of the CuPc layers on the MoS,, and in
particular the device conditions with the 2 nm-thick CuPc layer showed the largest
photocurrent and photoresponsivity. This indicates that the high efficient
performance between the light absorption and photodetection in the CuPc/MoS»
heterostructures can be obtained by optimizing the appropriate thickness of a p-type
organic layer due to the increase of charge recombination at the interface with
increasing hole carriers in the CuPc layer. The photo-generated electrons in the CuPc
layer can assist the increase of photocurrent in the hybrid device. However, the
increase of hole carrier density in the thicker CuPc layer than 2 nm leads to the
increase of recombination with electrons in the MoS, layer at the interface (see
Figure 2.4), which can cause the reduction of photoresponsivity. After the thin MoS2
and CuPc layers form a junction, the excitons from the CuPc layer are generated
upon light illumination. The photo-generated electrons in the lowest unoccupied

molecular  orbital (LUMO) level of the CuPc move to the
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Figure 2.8. (a) Normalized photo-switching data of pristine MoS; and CuPc/MoS;
photodetectors with different CuPc layer thicknesses (1, 2, 3, 4, 5, and 10 nm)
measured at Vg = —40 V and Vps = 0.1 V while a light (wavelength = 520 nm,
intensity = 40 mW) was on and off. (b) Photocurrent and photoresponsivity of
devices versus the CuPc layer thickness. (c, d) Energy band diagrams of (c) a
relatively thinner CuPc/MoS; device and (d) a relatively thicker CuPc/MoS; device.
Blue lines and red lines indicate SHR and Langevin recombination processes,

respectively.

interface and then transfer to the MoS; layer (black arrows in Figures 2.8c and 2.8d)
due to the energy alignment (i.e., LUMO of the CuPc is higher than the conduction
band minimum of the MoS;). In contrast, the photo-generated holes in the highest
occupied molecular orbital (HOMO) level of the CuPc could not move to MoS; due
to the larger barrier. Here, the interlayer recombination processes can occur at the
interface between the thin MoS, and CuPc layers. These processes are described as

trap-assisted recombination (known as Shockley—Read—Hall recombination) by
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inelastic tunneling of carriers into trap states in the forbidden gap (marked by the
blue arrows in Figures 2.8c and 2.8d) and as Langevin recombination of the electron—
hole carriers via the Coulomb interaction (marked by the red allows in Figures 2.8c
and 2.8d) across the interface.** Both interlayer recombination processes are
proportional to the density of the major charge carriers in the MoS, and CuPc
layers.*** Interestingly, in Figure 2.4a the current in the negative gate voltage range
for the CuPc/MoS; hybrid and CuPc-alone FETs increased with increasing thickness
of the CuPc layers, so that the p-type behavior became stronger. This indicates that
as the thickness of the CuPc layer increases, the density of hole carriers in the CuPc
layer increases, which results in the decrease in the energy difference between the
Fermi level and HOMO level of the CuPc (Figures 2.8c and 2.8d) with increased
CuPc layer thickness. Therefore, the thickness dependence of the density of hole
carriers can strongly affect the interlayer recombinations for the CuPc/MoS; devices.
Compared with the smaller energy difference (4Eman) of thicker CuPc (Figure 2.8d),
the total number of majority carriers that cause interlayer recombinations is relatively
smaller due to the larger energy difference (4F) in the case of the junction
between the MoS; and the relatively thinner CuPc layer, leading to the stronger
enhancement of photodetection performance (Figure 2.8¢c). In addition, when the

CuPc layer is much thicker than the exciton diffusion length (~ 1.6 nm),* the photo-

generated electron and hole pairs will recombine before they separate and will not
contribute to the photocurrent. Therefore, as an overall effect, such as the
contribution of photo-generated electrons in the CuPc¢ layer, recombination processes,
and exciton diffusion length, the relatively thinner CuPc/MoS; devices (near the 2
nm CuPc) exhibited higher photoresponsivity than the relatively thicker CuPc/MoS,

devices. ArE
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2.2.4. Improved photoswitching characteristics

In addition, the photoswitching rise (Tsisc) and decay (Tdecay) times of the pristine
and CuPc treated MoS, FETs were investigated. Here, .. is defined as the time
required for the current change from 10% to 90% of the maximum amplitude, and
Tdecay 18 the time at which the amplitude decreases to 1/e times from its initial value,
where e is the constant based on the natural logarithm. Figure 2.9 shows a plot of the
normalized photoswitching data, demonstrating the rise and decay dynamics under
520 nm laser irradiation under ambient conditions for 20 s, measured at Vgs = — 40
V and Vps=0.1 V. After depositing a 2 nm-CuPc layer on the MoS, channel, the rise
and decay times decreased from 12.87 s to 5.07 s and from 3.57 s to 0.18 s,
respectively. In particular, the decay time was drastically shortened to almost 5% of
the original value after the CuPc surface treatment. We also investigated the CuPc
thickness dependence of the rise and decay times, represented by blue and red
symbols, respectively, in Figure 2.10. This result showed that the rise and decay
times decreased rapidly up to 2 nm CuPc deposition and then became saturated as
the CuPc thickness was further increased. These improved photoswitching response
times by the CuPc surface treatment can be explained by the relationship between
free carriers and absorbed oxygen at the surface. The photoswitching mechanisms of

the pristine and CuPc treated MoS; FETs are described in Figure 2.11.
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Figure 2.9. Normalized photoswitching results of (a) pristine and (b) 2 nm CuPc¢
treated MoS; FETs at Vgs=—-40V and Vps=0.1 V.
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nm. The symbols and error bars indicate average values and standard deviations from

three measurements.
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Figure 2. 11. Photoswitching processes and band diagram (a-d) before the CuPc

treatment and (e-h) after the CuPc treatment.

For the pristine MoS; FETs, oxygen molecules are attached on the MoS; surface
with trapping electrons [O2 + e — O], which causes a significant reduction of the
MoS; channel conductance, as shown in Figure 2.11a. Under laser irradiation,
adsorbed oxygen can be detached due to the recombination between trapped
electrons and photogenerated holes [O2”+ h — O], which results in an increase in

the conductance of the MoS: channel (Figure 2.11b). In contrast to photogenerated
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holes, which move to the surface to recombine with trapped -electrons,
photogenerated electrons mainly contribute additional current unless they are
trapped again by oxygen adsorbed on the surface (Figure 2.11b). These
photogenerated electrons accumulate in the MoS, channel gradually until the
adsorption and desorption processes of oxygen molecules reach the equilibrium state,
which explains why the drain current continuously increased until the saturation
region during laser irradiation (see Figure 2.11a). In this manner, the pristine MoS;
FETs have a long rise time through repeated absorption and desorption processes
until reaching the equilibrium state during laser irradiation. If light irradiation is
turned off, much more electrons remain than holes because many holes have already
recombined with the trapped electrons by oxygen molecules at the MoS, surface.
Although holes can recombine with electrons right after turning off laser irradiation,
electrons which are not recombined still remain in the MoS; channel. In other words,
unpaired electrons are gradually trapped at the surface and impede the fast
photoswitching decay process, as shown in Figure 2.11c. These results are consistent
with a previous report, in which the authors showed that absorbed oxygen can
destroy the ratio of electrons and holes and lead to a long decay time.*’ Figure 2.11d
shows the energy band diagram with oxygen molecules adsorbed on the MoS,
surface, which results in band bending near the surface by the reduced electron
density. Due to the band bending near the surface, the electron-hole pairs are
separated and cannot recombine well, which results in a long decay time. In summary,
the absorbed oxygen molecules cause long photoswitching rise and decay times in
the untreated MoS; FET because oxygen molecules trap electrons, leading to less
recombination after the irradiation is turned off.

On the contrary, oxygen molecules cannot be adsorbed on the MoS, surface in

Fa 11
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the CuPc treated MoS, FET. Note that the major carriers of each layer can recombine
at the interface in the dark state due to the difference of carrier concentrations, as
shown in Figure 2.11e. During laser irradiation, the drain current can reach the
saturation region rapidly because of negligible absorbed oxygen molecules on the
MoS; channel, which results in a short rise time (see Figure 2.9b). Then, additional
photogenerated electrons and holes accumulate continuously during laser irradiation,
which means that the number of remaining electrons is comparable to that of the
remaining holes during laser irradiation. Therefore, the electrons and holes can
recombine quickly upon turning off irradiation due to the comparable numbers of
electrons and holes, resulting in a fast decay time (Figure 2.11g). Moreover, fast
recombination is allowed by the band to band recombination in each layer of the
CuPc and MoS, as well as Langevin recombination between the CuPc and MoS»
layers, as shown in Figure 2.11h. From these analyses, the CuPc surface treatment,
working as a passivation layer, can be an effective method for shortening

photoswitching response times against oxygen.

Conclusion

We examined the photodetection and photoswitching response times of MoS;
FETs by stacking a CuPc layer. By depositing a CuPc layer on the MoS; channel, we
observed enhanced photoresponsivity compared to pristine MoS; FETs. In particular,
the photoswitching rise and decay characteristics of the CuPc-treated MoS, FETs
were noticeably improved. In particular, the decay time was shortened from 3.57 s
to 0.18 s at Vps=0.1 V and Vg =—-40 V after introducing a 2 nm-thick CuPc layer

on the MoS; channel. The CuPc surface treatment created a p-n vertical interface
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with the MoS, channel layer, resulting in enhanced photoresponsivity, and this
treatment also played a role in creating a passivation layer against oxygen, which
induced fast photoswitching response times. Our results may provide a promising

route for ultra-thin and highly sensitive MoS, photoswitching applications.

Figure captions

Figure 2.1. Schematic of fabricating processes of MoS, FET

Figure 2.2. (a) Optical images of a MoS; flake before (left) and after (right) Ti
electrodes were deposited. (b) AFM image (left) of a fabricated MoS, FET using the
MoS; flake shown in (a, b). A cross-sectional topographic profile (right) indicated
by the blue line shown in the AFM image. Dashed line indicates the MoS2 flake. (¢)
Schematic of CuPc/MoS; device illuminated by a laser. The molecular structures of

the MoS; and CuPc are also shown.
Figure 2.3. Raman spectroscopy data of (a) pristine MoS; and (b) CuPc/MoS;.

Figure 2.4. (a) Ips—V curves on the semilogarithmic scale of the MoS, devices
without (labeled with “w/o CuPc”’) and with CuPc layers of various thicknesses (1,
2,3,4,5, and 10 nm) measured at a fixed Vps= 0.1 V. Inset is a linear plot of Ips—V¢
curves for a pristine MoS2 device without a CuPc layer and a 10 nm-thick
CuPc/MoS; hybrid device. Arrows indicate shifts in threshold voltages and currents.
(b) The contour plots of Ips as a function of Vi and Vps for a (left) pristine MoS,
device and (right) 10 nm-thick CuPc/MoS; devices. (c) The threshold voltage and
electron carrier concentrations for a pristine MoS, device and CuPc/MoS; devices as
a function of the thickness of the CuPc layers. (d) Schematics of energy band
alignment of CuPc/MoS, (left) before and (right) after stacking on each other.

Figure 2.5. (a) Ips—Ve curves and (b) Ips—Vps curves of CuPc/MoS; hybrid FETs
with different CuPc thickness (5, 10, 20, and 30 nm). (c) Threshold voltage and

electron carrier concentration for the CuPc/MoS; hybrid FETs.
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Figure 2.6. (a) Ips—Vg curves of pristine MoS; and 2 nm-thick CuPc/MoS;
photodetectors measured at a fixed Vps=0.1 V under dark and illuminated conditions
(wavelength = 520 nm) at different laser intensities. (b) Photocurrent of pristine
MoS; and CuPc/MoS; photodetectors measured at Vg =—40 V and Vps=0.1 Vasa
function of the laser intensity. (c) Ips—V¢ curves of pristine MoS, and CuPc/MoS;
photodetectors measured under dark and light illumination conditions at different
wavelengths and a fixed laser intensity (40 mW). (d) Photocurrent, (e)
photoresponsivity and detectivity, and (f) external quantum efficiency (EQE) of
pristine MoS, and CuPc/MoS, photodetectors as a function of the wavelength of the

illumination.
Figure 2.7. Gate voltage dependence of the photocurrent and the photoresponsivity

Figure 2.8. (2) Normalized photo-switching data of pristine MoS, and CuPc/MoS;
photodetectors with different CuPc layer thicknesses (1, 2, 3, 4, 5, and 10 nm)
measured at Vg = —40 V and Vps = 0.1 V while a light (wavelength = 520 nm,
intensity = 40 mW) was on and off. (b) Photocurrent and photoresponsivity of
devices versus the CuPc layer thickness. (c, d) Energy band diagrams of (c) a
relatively thinner CuPc/MoS; device and (d) a relatively thicker CuPc/MoS; device.
Blue lines and red lines indicate SHR and Langevin recombination processes,

respectively.

Figure 2.9. Normalized photoswitching results of (a) pristine and (b) 2 nm CuPc¢
treated MoS; FETs at Vgs=—-40V and Vps=0.1 V.

Figure 2. 10. Decay (Tdecay) and rise times (Trise) versus CuPc thicknesses from 0 to 5
nm. The symbols and error bars indicate average values and standard deviations from

three measurements.

Figure 2. 11. Photoswitching processes and band diagram (a-d) before the CuPc

treatment and (e-h) after the CuPc treatment.

3§ 53 17
40 N = - TH



References

1.

10.

11.

K. Novoselov, D. Jiang, F. Schedin, T. Booth, V. V. Khotkevich, S. V. Morozov
and A. K. Geim, Proc. Natl. Acad. Sci. U. S. A., 2005, 102, 10451.

D. Jariwala, V. K. Sangwan, L. J. Lauhon, T. J. Mark and M. C. Hersam, ACS
Nano, 2014, 8, 1102.

R. Mas-Balleste, C. Gomez-Navarro, J. Gomez-Herrero and F. Zamora,
Nanoscale, 2011, 3, 20.

Q. H. Wang, K. Kalantar-Zadeh, A. Kis, J. N. Coleman and M. S. Strano, Nat.
Nanotechnol., 2012, 7, 699.

S. Lei, F. Wen, B. Li, Q. Wang, Y. Huang, Y. Gong, Y. He, P. Dong, J. Bellah, A.
George, J. Lou, N. J. Halas, R. Vajtai and P. M. Ajayan, Nano Lett., 2015, 15,
259.

W. Park, J. Baik, T.-Y. Kim, K. Cho, W.-K. Hong, H. J. Shin and T. Lee, ACS
Nano, 2013, 8, 4961.

B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti and A. Kis, Nat.
Nanotechnol., 2011, 6, 147.

H. Liu, A. T. Neal and P. D. Ye, ACS Nano, 2012, 6, 8563.

S. Kim, A. Konar, W.-S. Hwang, J. H. Lee, J. Lee, J. Yang, C. Jung, H. Kim, J.-
B. Yoo, J.-Y. Choi, Y. W. Jin, S. Y. Lee, D. Jena, W. Choi and K. Kim, Nat.
Commun., 2012, 3, 1011.

A. M. Goldberg, A. R. Beal, F. A. Levy and E. A. Davis, Philos. Mag., 1975, 32,
367.

K. F. Mak, C. Lee, J. Hone, J. Shan and T. F. Heinz, Phys. Rev. Lett., 2010, 105,

136805.

3§ 53 17
41 -"-\."i —7 - T _H



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

A. Splendiani, L. Sun, Y. Zhang, T. Li, J. Kim, C.-Y. Chim, G. Galli and F. Wang,
Nano Lett., 2010, 10, 1271.

H. S. Lee, S.-W. Min, Y.-G. Chang, M. K. Park, T. Nam, H. Kim, J. H. Kim, S.
Ryu and S. Im, Nano Lett., 2012, 12, 3695.

L. Yang, X. Cui, J. Zhang, K. Wang, M. Shen, S. Zeng, S. A. Dayeh, L. Feng and
B. Xiang, Sci. Rep., 2014, 4, 5649.

S. Chuang, C. Battaglia, A. Azcatl, S. McDonnell, J. S. Kang, X. Yin, M. Tosun,
R. Kapadia, H. Fang, R. M. Wallace and A. Javey, Nano Lett., 2014, 14, 1337.
Y. Zhang, J. Ye, Y. Matsuhashi and Y. Iwasa, Nano Lett., 2012, 12, 1136.

H. Li, Z. Yin, Q. He, H. Li, X. Huang, G. Lu, D. W. H. Fam, A. 1. Y. Tok, Q.
Zhang and H. Zhang, Small, 2012, 8, 63.

K. Cho, W. Park, J. Park, H. Jeong, J. Jang, T.-Y. Kim, W.-K. Hong, S. Hong and
T. Lee, ACS Nano, 2013, 7, 7751.

K. Roy, M. Padmanabhan, S. Goswami, T. P. Sai, G. Ramalingam, S. Raghavan
and A. Ghosh, Nat. Nanotechnol., 2013, 8, 826.

S. Bertolazzi, D. Krasnozhon and A. Kis, ACS Nano, 2013, 7, 3246.

B. Radisavljevic, M. B. Whitwick and A. Kis, ACS Nano, 2011, 5, 9934.

H. Wang, L. Yu, Y.-H. Lee, Y. Shi, A. Hsu, M. L. Chin, L.-J. Li, M. Dubey, J.
Kong and T. Palacios, Nano Lett., 2012, 12, 4674.

B. Liu, L. Chen, G. Liu, A. N. Abbas, M. Fathi and C. Zhou, ACS Nano, 2014,
8, 5304.

D. Sarkar, W. Liu, X. Xie, A. C. Anselmo, S. Mitragotri and K. Banerjee, ACS
Nano, 2014, 8, 3992.

Z.Yin, H. Li, H. Li, L. Jiang, Y. Shi, Y. Sun, G. Lu, Q. Zhang, X. Chen and H.

Zhang, ACS Nano, 2011, 6, 74.
42 A 21H



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

T. Mueller, F. Xia and P. Avouris, Nat. Photonics, 2010, 4, 297.

O. Lopez-Sanchez, D. Lembke, M. Kayci, A. Radenovic and A. Kis, Nat.
Nanotechnol., 2013, 8, 497.

W. Choi, M. Y. Cho, A. Konar, J. H. Lee, G. B. Cha, S. C. Hong, S. Kim, J. Kim,
D. Jena, J. Joo and S. Kim, Adv. Mater., 2012, 24, 5832.

D.-S. Tsai, K.-K. Liu, D.-H. Lien, M.-L. Tsai, C.-F. Kang, C.-A. Lin, L.-J. Li and
J.-H. He, ACS Nano, 2013, 7, 3905.

D. Jariwala, V. K. Sangwan, C.-C. Wu, P. L. Prabhumirashi, M. L. Geier, T. J.
Marks, L. J. Lauhon and M. C. Hersam, Proc. Natl. Acad. Sci. U. S. A., 2013,
110, 18076.

Y. Li, C.-Y. Xu, J.-Y. Wang and L. Zhen, Sci. Rep., 2014, 4, 7186.

J. Schornbaum, B. Winter, S. P. Schief3l, F. Gannott, G. Katsukis, D. M. Guldi,
E. Spiecker and J. Zaumseil, Adv. Funct. Mater., 2014, 24, 5798.

S.H. Yy, Y. Lee, S. K. Jang, J. Kang, J. Jeon, C. Lee, J. Y. Lee, H. Kim, E. Hwang,
S. Lee and J. H. Cho, ACS Nano, 2014, 8, 8285.

W. Zhang, C.-P. Chuu, J.-K. Huang, C.-H. Chen, M.-L. Tsai, Y.-H. Chang, C.-T.
Liang, Y.-Z. Chen, Y.-L. Chueh, J.-H. He, M.-Y. Chou and L.-J. Li, Sci. Rep.,
2014, 4, 3826.

D. Kufer, I. Nikitskiy, T. Lasanta, G. Navickaite, F. H. L. Koppens and G.
Konstantatos, Adv. Mater., 2015, 27, 176.

Z. Bao, A. J. Lovinger and A. Dodabalapur, Appl. Phys. Lett., 1996, 69, 3066.
K. K. Okudaira, S. Hasegawa, H. Ishii, K. Seki, Y. Harada and N. Ueno, J. Appl.
Phys., 1999, 85, 6453.

X. Ling, W. Fang, Y.-H. Lee, P. T. Araujo, X. Zhang, J. F. Rodriguez-Nieva, Y.

Lin, J. Zhang, J. Kong and M. S. Dresselhaus, Nano Lett., 2014, 14, 3033.
=



39

40.

41.

42.

43.

44,

45,

. Q. Hao, P. Lijia, Y. Zongni, L. Junjin, S. Yi and W. Xinran, Appl. Phys. Lett.,
2012, 100, 123104.

M. A. Green, Solar cells: operating principles, technology, and system
applications, Prentice-Hall, Kensington, Australia, 1982, Ch. 3.

N. Greenham and P. A. Bobbert, Phys. Rev. B: Condens. Matter, 2003, 68,
245301.

G. Wetzelaer, M. Kuik, H. T. Nicolai and P. W. M. Blom, Phys. Rev. B: Condens.
Matter, 2011, 83, 165204.

C.-H. Lee, G.-H. Lee, A. M. van der Zande, W. Chen, Y. Li, M. Han, X. Cui, G.
Arefe, C. Nuckolls, T. F. Heinz, J. Guo, J. Hone and P. Kim, Nat. Nanotechnol.,
2014, 9, 676.

R. Signerski and G. Jarosz, Photonics Lett. Pol., 2011, 3, 107.

Y. Li, F. D. Valle, M. Simonnet, I. Yamanda and J.-J. Delaunay, App!. Phys. Lett.,

2009, 94, 023110.

44 -':I'-\._E "'::' 1..5



Chapter 3. Intrinsic optoelectronic characteristics of
MoS: phototransistors via a fully transparent van der

Waals heterostructure

In the last decade, intensive studies on monolayer MoS>-based phototransistors
have been carried out to achieve further enhanced optoelectronic characteristics.
However, the intrinsic optoelectronic characteristics of monolayer MoS: have not
still been explored until now because of unintended interferences, such as multiple
reflections of incident light originating from commonly used opaque substrates. This
leads to overestimated photoresponsive characteristics inevitably due to the

enhanced photogating and photoconductive effects. In this Chapter, we reveal the

intrinsic photoresponsive characteristics of monolayer MoS,, including its internal

responsivity _and _quantum__efficiency, in_fully transparent monolayver MoS,

phototransistors employing a van der Waals heterostructure. Interestingly, as

opposed to the previous reports, the internal photoresponsive characteristics do not
significantly depend on the wavelength of the incident light as long as the electron-
hole pairs are generated in the same k-space. This study provides a deeper
understanding of the photoresponsive characteristics of MoS. and lays the

foundation for two-dimensional materials-based transparent phototransistors.
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3.1. Introduction

Beginning with extensive research on graphene, the emergence of a new class of
atomically thin two-dimensional (2D) materials has opened up a new era for
fundamental scientific studies and the next generation of electronics.'™ In this group
of 2D materials, especially molybdenum disulfide (MoS,) has been extensively
studied as a promising candidate for realizing 2D materials-based flexible
photodetectors due to its outstanding optoelectronic properties, such as intrinsic
bandgap, high photodetection capability, high carrier mobility, good electrical
stability, and mechanical flexibility.>!® Recently, MoS»-based 2D heterostructures
have been designed to enhance photodetection and photoswitching abilities, which
is attributed to the high-quality interfacial properties between 2D materials held
together by the weak van der Waals (vdW) interaction without covalent bonds. For
instance, vdW heterostructured MoS: photodiodes made with tungsten diselenide
(WSe>), molybdenum ditelluride (MoTe>), and black phosphorus have been realized
to improve photoresponsive characteristics.!'”'> Also, MoS, phototransistors with
hexagonal boron nitride (4-BN), graphene, and tin diselenide (SnSe») in a vertical
vdW heterostructure have shown enhanced responsivity or faster photoswitching
behaviors.!!® Although numerous results of the optoelectronic properties of vdW
heterostructured photodetectors have been reported, to date, the intrinsic
optoelectronic characteristics of atomically thin MoS, have not been explored
because most previous studies have employed opaque substrates, typically heavily-
doped Si with SiO», due to the convenience from a manufacturing perspective. The
opaque platforms allow multiple reflections of incident light, which results in the

generation of additional electron-hole pairs at the MoS,/SiO; and SiO,/Si
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interfaces.!” Furthermore, this unintended interference causes a strong photogating
effect due to the trapping of photogenerated holes at the low-quality interface,?’?!
which can overestimate the ability of the photoresponsivity of MoS,. For a better
understanding of MoS,, in this regard, the systematic investigation of the intrinsic
optoelectronic characteristics of monolayer MoS; is highly desirable without effects
caused by external interference such as reflected or refractive light.

Here, we report the intrinsic optoelectronic characteristics of monolayer MoS»
phototransistors via a fully transparent vdW heterostructure with #-BN (as a
dielectric layer) and graphene (as a gate electrode). The 2D /-BN dielectric provided
a near-ideal interface with MoS; enabling low-voltage operation. To investigate the
intrinsic photoresponsive properties of MoS,, we compared the characteristics of the
MoS:; phototransistors fabricated on transparent polyethylene naphthalate (PEN) and
opaque Si0O,/Si substrates. From the results, it turned out that the MoS,
phototransistors fabricated on the opaque SiO»/Si substrate showed higher
photoresponsive  performances due to the enhanced photogating and
photoconductive effects caused by multiple reflections of the incident light. From
the MoS: phototransistors fabricated on the transparent PEN substrate, the intrinsic
photoresponsive properties were revealed; specifically, an internal responsivity of
3.2 x 10> A/W and internal quantum efficiency (IQE) of 7.1 x 10° % were achieved.
Interestingly, unlike the external photoresponse determined by the incident photons
that shows the wavelength-dependent characteristics, the internal photoresponse
determined by absorbed photons in the MoS; channel did not significantly depend
on the wavelength of the incident light. Furthermore, we found out that the intrinsic
photoresponsive characteristics of MoS: could be dependent on the locations where

photogeneration occurred in k-space and the consequent alteration of the effective
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mass.

3.2. Experiments

3.2.1. Device fabrication process

Figure 3.1 illustrates the fabrication processes of the transparent molybdenum
disulfide (MoS;) field-effect transistors (FETS). First, monolayer graphene (Gr) layer
grown on copper foil by chemical vapor method (CVD) method was transferred onto
SiO./Si substrate (Figure 3.1b). Next, hexagonal boron nitride (h-BN) was stacked
on Gr layer to be used as a dielectric layer (Figure 3.1c). After transferring CVD-
grown monolayer MoS; onto h-BN (Figure 3.1d), the source, drain, and gate
electrodes of Au (30-nm thick) were formed by using an electron beam lithography
(JMS-6510, JEOL) and an electron beam evaporator system (KVE-2004L, Korea
Vacuum Tech.). Fabricated van der Waals (vdW) heterostructured MoS; FET was
coated by PMMA to maintain its device structure during the transfer process to
polyethylene naphthalate (PEN) substrate. The vdW heterostructured MoS; FETSs
were coated by PMMA immersed in the 50% potassium hydroxide solution and then
annealed at 70 °C for etching the SiO/Si substrate. After etching the SiOJ/Si
substrate, the vdW heterostructures were transferred onto a 125-um-thick PEN
substrate by scooping method (Figure 3.1f). Lastly, the fabricated fully transparent
MoS; FETs were annealed at 80 °C in vacuum for 2 h to by eliminating the residues

on MoS; surface.
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Transfer of vdW heterostructures on Deposition of electrodes Transfer of CVD-grown MoS,
PEN substrate

Figure 3.1. Schematics of the fabrication processes for transparent MoS, FETs.

3.2.2. Electrical and optical characterizations

The electrical properties of the transparent MoS, FETs were measured using a
semiconductor parameter analyzer (Keithley 4200-SCS) in vacuum. Transmittance
and reflectance data for the vdW heterostructure were obtained by using a
UV/Vis/NIR Microspectrometer (CRAIC, QDI-1000). Raman spectra, PL spectra,
and PL mapping of vdW materials were characterized using an XperRam 200
(Nanobase, Inc.) instrument using a 532 nm laser as the excitation source with a
diffraction-limited laser spot size (~1 um spot radius). In addition, an
electroluminescence measurement system (Nanobase, Inc.) was used to investigate

the optoelectronic characteristics of the transparent MoS; phototransistors.

3.3. Results and discussions

3.3.1. Structure and electrical characteristics of transparent MoS:
phototransistors
For the realization of transparent MoS, phototransistors, ready-made MoS, field-
effect transistors (FETs) on a SiO»/Si substrate were transferred to a PEN substrate
19 2 M E g
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via the transfer method using potassium hydroxide etching solution. To enhance the
reproducibility of MoS, phototransistors, chemical vapor deposition (CVD)-grown
monolayer MoS, was used as a channel layer in 2D vdW heterostructured FETs. In
addition, by employing CVD-grown monolayer graphene as a gate electrode and
mechanically exfoliated multilayer #-BN (41-nm thick) as a gate dielectric on a
transparent PEN substrate (125-um thick), good transparency of over 80 % in the
visible range was achieved. Figure 3.2a shows a schematic illustrating the vertically
stacked vdW heterostructure on a PEN substrate. After the realization of the 2D
heterostructure using a micro-manipulator system (AP-4200GP, UNITEK), no
drastically degraded transparency was observed in the optical image (Figure 3.2b).
Raman frequency difference (20 c¢m™) (upper panel, Figure 3.2¢) and a
photoluminescence (PL) mapping image displaying uniform bandgap energy (1.86
eV) (Figure 3.2d) support the fact that the CVD-grown MoS; used for the channel
was a uniform monolayer.?* In addition, the Raman peak observed for the multilayer
h-BN at 1364 cm™!' is assigned to the in-plane vibration (E,; mode).”* The large
intensity of the 2D-band relative to the G-band, which can only be observed in
monolayer graphene due to a triple-resonance process, shows that monolayer
graphene film was well grown via the optimized CVD process (lower panel, Figure
3.2¢).2* All Raman spectra in Figure 3.2¢ were measured before transfer to a PEN
substrate for observing the distinct spectrum.

Figures 3.2e and 1f show the transfer curve (drain-source current versus gate
voltage, Ips—Ves) and the output curve (drain-source current versus drain voltage,
Ios—Vps) for the transparent CVD-grown monolayer MoS, FET measured in vacuum

(~10* Torr) at room temperature. Arising from the thin h-BN dielectric layer, a low
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operation voltage ranging from -4 V to 5 V was achieved. The field-effect mobility

(1) was determined to be 12.2 cm?/V-s, as calculated using the formula

w=(EE)wm ®

oVgs/ W CiVps
with a channel width = 8.56 um, channel length L = 5.05 pm, and unit capacitance
for the A-BN dielectric C;= 0.756 mF/cm? (thickness of 41 nm and dielectric constant
of 3.5 for h-BN were considered®*-®). Figure 3.2g shows the logarithmic scale plot
for Ips—Vps measured at Vgs ranging from 0 V to 5 V. The extracted average y
(linearity parameter in the output curve) value of 1.01 in the output characteristics

indicates ohmic contacts between the MoS, channel layer and Au electrodes.
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Figure 3.2. (a) The schematic of the vdW heterostructure on a PEN substrate. (b)
Optical image of a fabricated fully transparent MoS;, phototransistor. (¢) Raman
spectra for the CVD-grown monolayer MoS; and graphene (denoted as Gr), and
mechanically exfoliated multilayer h-BN. Scale bar = 5 um. (d) PL mapping image
with a 1.86 eV peak intensity. Scale bar =5 um. (e) Ips—Vas and (f) Ios—Vps curves
for the fully transparent MoS; phototransistor. (g) Logarithmic scale plot for Ips—Vps

with an average y value of 1.01.
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3.3.2. Spectroscopic characteristics of the transparent MoS:2
phototransistors

Figure 3.3a shows the transmittance and reflectance of the device as stacking the
individual layers; transparent substrate (PEN), CVD-grown monolayer graphene
(denoted as Gr)/PEN, A-BN/Gr/PEN, and CVD-grown monolayer MoSy/h-
BN/Gr/PEN. Negligible absorption in the visible range for Gr and multilayer #-BN
were verified through the observation of unchanged transmittance values after
stacking the Gr and A#-BN layers onto a PEN substrate. The absorbance of CVD-
grown monolayer MoS; was determined by subtracting the reflectance of the MoS,
layer from the diminished transmittance after stacking the MoS, layer onto an
underlying #-BN/Gr/PEN layer (Figure 3.3b). The extracted absorbance of the MoS»
layer was used as a reference to investigate the internal optoelectronic characteristics
by absorbed photons, not incident photons in the MoS, channel. In Figure 3.3b, the
resonance peaks A and B correspond to excitonic transitions split by spin-orbit
coupling at the K point in k-space.”?” The strong resonance peak C is ascribed to the
parallel bands in the density of states even for excitation energy far exceeding the
bandgap of MoS;; this is called the band-nesting effect, which leads to a divergence
in the joint density of states.?®?° By employing transparent layers of Gr, MoS,, #-BN,
and PEN, fully transparent MoS; phototransistors were implemented with high
transparency, as shown in Figure 3.3c. Also, the incident laser-light fully penetrated
through the fully stacked MoS, phototransistors without reflection or dispersion

(right, Figure 3.3c).
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Figure 3.3. (a) Transmittances (solid lines) and reflectances (dashed lines)
corresponding to each heterostructure. (b) Absorbance of the CVD-grown monolayer
MoS; indicating three resonance peaks: A, B, and C. (c) Photographic images
displaying high transparency.

3.3.3. Comparision of the optoelectronic characteristics of MoS:2
phototransistors on transparent and opaque substrates

To investigate the effects of the unintended photoresponsive characteristics, which
are attributed to the use of an opaque substrate, CVD-grown monolayer MoS;
phototransistors were fabricated with a h-BN dielectric on both a transparent PEN
substrate (MoS,/h-BN/Gr, denoted as MhG) and an opaque 100-nm-thick SiO./Si
substrate (MoSa/h-BN/heavily-doped silicon, denoted as MhS), as depicted in

Figures 3.4a and 3.4b, respectively. The photoresponsive characteristics for MhG
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and MhS were investigated under various illumination conditions with different light

intensities ranging from 15 nW to 1180 nW at a fixed wavelength of 450 nm and
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Figure 3.3. The schematics for () MhG and (b) MhS. The thickness for the
multilayer h-BN was 41 nm and 28 nm for MhG and MhS, respectively. The range
of Ecs (0.6 MV/cm) corresponds to an applied Vgs of 2.46 V and 7.68 V for MhG
and MhS, respectively. (c-f) The photoresponsive characteristics of MhG and MhS
under various illumination conditions with light intensity ranging from 15 nW to
1180 nW at a fixed wavelength of 450 nm, and wavelength ranging from 780 nm to
450 nm at a fixed intensity of 3 uW. (g) Erw variation versus illumination intensity
and h) the wavelength-dependent responsivity of MhG and MhS at a fixed Vps of 0.5
V and Egs of 0 MV/cm.

with different wavelengths ranging from 780 nm to 450 nm at a fixed light intensity
of 3 uW in ambient air at room temperature (Figures 3.4c-3.4f). Note that the
diameter of laser spot was ~1 um, smaller than the channel area dimension, so that

the entire laser-light was focused within the MoS, channel area. As shown in Figures
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3.4c¢-3.4f, the photoinduced current steadily increased in both types of devices, MhG
and MhS, as the illumination intensity became stronger at a fixed wavelength
(Figures 3.4c and 3.4e) and also as the wavelength of the incident light became
shorter at a fixed illumination intensity (Figures 3.4d and 3.4f). As shown in Figures
3.4d and 3.4f, the electron-hole pairs could be created by illumination with laser
photon energy (1.59 eV and 1.80 eV, corresponding to 780 nm and 688 nm,
respectively) smaller than the optical bandgap energy of MoS, (1.9 eV)* via the
excitation of carriers localized in band tail states. For a more accurate comparison,
the gate electric field (Egs) instead of Vs was used as the x-axis in Figures 3.4c¢-3.4f
because of the different thicknesses of the dielectric layers in MhG and MhS. There
were two noticeable distinctions in the photoresponsive characteristics for MhG and
MhS: 1) the amount of change in the threshold electric field (AEt4) in MhS due to
illumination was larger than that in MhG (Figure 3.49), and 2) the responsivity (R)
of MhS was higher than that of MhG (Figure 3.4h). To understand the difference in
the photoresponsive properties between MhG and MhS, the components of the
photoinduced current should be classified.

To date, various mechanisms for the photoinduced current in MoS; have been
proposed, such as the photoelectric (PE), photothermoelectric (PTE), photogating
(PG), and photoconductive (PC) effects. Typically, the PE and PTE effects dominate
in the photoresponse in cases without an electric field; therefore, the PG and PC
effects dominantly determine the photoconductivity in phototransistors when an
electric field is applied.? The PG effect is attributed to structural defects in MoS;
itself or to disorder caused by the imperfect interface with the substrate at which the
photogenerated electrons or holes can be trapped, playing the role of a local gate

electric field. In n-type MoS,-based FETSs, a negative shift in the threshold voltage
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(V) is typically observed due to the PG effect via the trapped photogenerated
holes.?® In contrast, the PC effect corresponds to the contribution of increased
channel current due to the photogenerated carriers in the channel, which influence

Vru less. So, the total photocurrent (Iyn) can be expressed as

w
Ipp = Ipnpc + Ipnpc = Gm|AVry| + (T) Vpsha , (2)

where g,, = Z‘I/‘;z is the transconductance and Ao = qu,An is the change in

conductivity due to the photogenerated carriers. Although the proportion between
the PG and PC effects differs depending on the device structure, typically, the PG
effect is more dominant in vdW materials.? If photogenerated minority carriers are
trapped with a certain spatial distribution, their lifetime becomes prolonged;
therefore, this can produce an additional gate electric field until they disappear
through recombination.®-32 When the majority carriers pass through the channel for
contributing to the photocurrent, additional majority carriers should be injected into
the channel to preserve charge neutrality until the trapped photogenerated holes
disappear.®*®? Therefore, the photoresponsive characteristics in vdW materials-
based phototransistors can be amplified by trapping photogenerated minority carriers
as well as by applied electric fields for accelerating the movement of the majority
carriers.

In this regard, the higher value of |AE;y,| for MhS in the low illumination
intensity regime than that for MhG (blue area in Figure 3.49) indicates that the PG
effect in MhS was stronger than that in MhG in the low illumination intensity regime.
This behavior is due to the influence of the reflected light from the SiO,/Si substrate
along with the PG effect. In our study, the PG effect arises dominantly from the
trapped holes at the intrinsic defects such as sulfur vacancies in MoS2,® but not at
7]
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the interface trap sites because the underlying inserted h-BN layer provided a near-
ideal interface with MoS;. Therefore, the reflected light from the SiO,/Si substrate
in MhS can generate more trapped photogenerated holes, which leads to the
enhanced PG effect in MhS in the low illumination intensity regime. However, in
the high illumination intensity regime, most trap sites can be occupied by sufficient
photogenerated holes in both MhS and MhG. Thus, the values for |AE;| for MhS
and MhG became comparable in the high illumination intensity regime (red area in
Figure 3.49q).

Figure 3.4h shows the responsivity for MhS and MhG as a function of
wavelength measured at a fixed Vps of 0.5 V, Egs of 0 MV/cm, and illumination
intensity (P) of 3 uW. Note that the maximum power for the illumination intensity
was restricted up to 3 uW to prevent any undesirable physical damage to the
atomically thin monolayer MoS; channel. The responsivity (R) is an important
parameter for evaluating the performance for photodetector applications, which is

defined as

R=—1 (3

~ PLight
where Pp;gp is the illumination intensity. We observed a higher responsivity for
MhS than that for MhG under various wavelengths ranging from 780 nm to 450 nm
at a fixed intensity of 3 uW, as shown in Figure 3.4h. This result is also attributed to
the light reflected from the SiO./Si substrate along with the PC effect. Because the
PG effects in MhS and MhG are comparable under high intensity illumination, the
reason for the higher responsivity of MhS is attributed to the stronger PC effect in
MhS, which originates from additional carrier creation by the reflected light from
the SiO./Si substrate (Figure 3.4h). In addition, the responsivity under the various
7]
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illumination intensities ranging from 15 nW to 1180 nW at a fixed wavelength of
450 nm is indicated in the inset of Figure 3.4h. Due to the stronger PG effect in MhS
in the low illumination intensity regime, a much higher responsivity was observed
in MhS than in MhG; then, the responsivity values became comparable between MhS
and MhG as the illumination intensity was increased (inset of Figure 3.4h). As the
illumination intensity increased, the responsivity of MhS was reduced, whereas a
nearly constant responsivity was observed for MhG. The decline of the responsivity
for increasing illumination intensity for MhS can be explained in terms of restricted
trap sites. In the low illumination intensity regime, a substantial portion of the
photogenerated holes can be trapped and act as a positive gate electric field, leading
to increased responsivity. On the other hand, in the high illumination intensity
regime, the possibility for trapping becomes lower due to a sufficient number of
photogenerated holes being more than the number of trap sites, which results in
reduced responsivity (inset of Figure 3.4h). Similar phenomena have been reported
in MoS; phototransistors.®*3® Therefore, the photoresponsive characteristics in MoS;
phototransistors fabricated on opaque substrates are overestimated, which cannot be

regarded as the intrinsic optoelectronic characteristics of monolayer MoS..

3.3.4. Intrinsic optoelectronic characteristics of transparent MoS:2
phototransistors under visible light

To explore the intrinsic optoelectronic properties of MoS;, the dependencies of
the optoelectronic characteristics of transparent MhG on Vgs and wavelength were
investigated (Figure 3.5). The contour plots indicating external and internal

responsivities as a function of Vgs and wavelength measured at a Vps of 0.5 V are
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Figure 3.5. (a) Contour plots indicating external (upper panel) and internal (lower
panel) responsivities as a function of Vgs and wavelength at a fixed Vps of 0.5 V and
illumination intensity of 3 uW. (b) The external and internal responsivities at a fixed
wavelength of 600 nm. (c) Contour plots comparing EQE (upper panel) and 1QE
(lower panel) at a fixed Vps of 0.5 V and illumination intensity of 3 uW. The
wavelength-dependent (d) EQE and (e) IQE values (colored circle symbols)
corresponding to each Vgs. Absorbance for a CVD-grown MoS; monolayer is

indicated as a red solid line in (d).

displayed in Figure 3.5a. Because the internal and external responsivity values are
defined as the photocurrent per watt of the absorbed and incident illumination
intensity, respectively, the internal responsivity is calculated by dividing the external
responsivity by the absorbance of the MoS; layer (Figure 3.3b). In other words, the
values for the internal responsivity are higher than those for the external responsivity
under the entire range of wavelengths (Figure 3.5a). To achieve the maximum
responsivity in phototransistors, low illumination intensity, high Vps, and high Ves
are required. Under optimum measurement conditions, a maximum external
responsivity of 16.8 A/W and maximum internal responsivity of 3.2 x 102 A/W were

achieved (Figure 3.6). Figure 3.5c exhibits contour plots comparing the external
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quantum efficiency (EQE) and internal quantum efficiency (IQE) versus Vgs and
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Figure 3.6. Vps-dependent photoresponsive characteristics of transparent MoS»
phototransistor.

wavelength for a transparent MoS; phototransistor measured at Vps of 0.5 V and
illumination intensity of 3 puW. EQE and IQE are defined as the number of carriers
detected per incident photon and absorbed photon, respectively, as defined by the

following formula:

EQE (%) = —21° x 100  and IQE (%) = —2"° x 100

Pinc/hv Paps/hv ' (4)
where Pp,., Psps, @and hv are the incident illumination intensity, absorbed
illumination intensity, and photon energy, respectively. Similar to the dependency

of the responsivity on Vgs (Figure 3.5b), EQE and IQE also increased with increasing

Ves at a fixed Vps of 0.5 V (Figure 3.5c). For an in-depth understanding of the
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quantum efficiency dependence on the wavelength of the light, the EQE values
extracted from the contour plot of Figure 3.5c¢ are exhibited in Figure 3.5d. Note that
the condition of Vgs > Vry ranging from 2 V to 5 V was taken into account in Figures
3.5d and 3.5e in which photogenerated carriers can contribute to the photocurrent
efficiently. An abrupt increase in EQE was observed at a wavelength of around 620
nm due to the A- and B-excitonic transitions represented as the resonance peaks in
the absorbance of MoS; (red line curve in Figure 3.5d). Higher EQE was also
observed near the strong resonance peak at ~440 nm corresponding to the C-
excitonic transition induced by the band-nesting effect.?82°

In contrast, the IQE values by the C-excitonic transition were lower than those
by the A- or B-excitonic transition, as shown in Figure 3.5e. Previous studies of the
C-excitonic transition in MoS; reported that the photogenerated electrons and holes
in the band-nesting region are well separated in k-space to their immediate band
extremum.?®**® Because the photogenerated electrons and holes in the band-nesting
region move quickly to the A valleyand T hill,282°% respectively, on an extremely
fast intraband relaxation time scale of C-exciton (< 500 fs),3” a more enhanced
photodetection ability could be expected under the C-excitonic transition due to the
suppression of direct band-to-band recombination.®® However, contrary to this
anticipation, the photogenerated carriers excited by the A- or B-excitonic transition
produced a higher IQE than that produced by the C-excitonic transition (Figure 3.5¢).
Note that a similar consequence was observed in the internal responsivity Figure 3.7.
These phenomena can be explained by the different effective masses of the carriers

located at different positions in k-space. For the photodetection ability in n-type
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Figure 3.7. The wavelength-dependent external and internal responsivities (colored
circle symbols) corresponding to each Vgs. Absorbance of monolayer MoS, layer is

indicated as a red solid line.

MoS; phototransistors, the effective mass of the electron is typically a more
significant parameter because majority carriers (electrons) are accelerated by applied
electric fields, thus contributing to the photocurrent, while minority carriers (holes)
are trapped with a long lifetime. However, regardless of the types of carriers, the
effective mass of the electron (hole) located at the A valley (I hill) created by the C-
excitonic transition is heavier than that created by the A- or B-excitonic transitions
at the K point.®®3° In this manner, although the electron-hole pairs photogenerated
by the C-excitonic transition can be easily separated without extinction by
recombination, the IQE values under illumination at 450 nm (C-excitonic transitions)
were 58% of those under illumination at 600 nm (B-excitonic transition), as extracted
from the results measured at Vgs from 2 V to 5 V (Figure 3.5e). Interestingly, in

contrast to the EQE and external responsivity, the IQE and internal responsivity did
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not exhibit a significant dependence on the wavelength of visible light. In addition,
the IQE can also be amplified up to 7.1 x 10° % by the applied electric fields (Ves

and Vps) under low illumination intensity (Figure 3.6).

3.3.5. Time-resolved photoresponse characteristics in transparent MoS:2
phototransisotrs

We investigated the temporal evolution of the photoresponse of MhG measured
ataVpsof 1.0V and 0.1V and at a fixed Vgs of —2 V (illuminated by a laser with a
wavelength of 620 nm and an intensity of 20 nW), as shown in Figure 3.8a. After
illuminating the MoS; channel for 100 s, the decay process for the photoinduced
current was examined after turning the laser off. The decay process followed an
exponential decay function with two different decay constants (7; and t,)
according to the time range.*® Even though high-quality MoS; phototransistors with
avdW heterostructure were realized, a long-lasting photoconductivity was inevitably
observed after turning the laser off (Figure 3.8).162%% The origin for the long-lasting
photoconductivity in the decay has been described as being due to the influence of
random local potential fluctuations (RLPF) in the band structure*4? and influence
of the trapped photogenerated minority carriers that hinder recombination in the
forbidden gap of MoS,.2%31-3% The confined carriers can escape the potential even
after the laser is turned off and then contribute to the photocurrent, resulting in a long
decay time. In addition, the trapped photogenerated holes in MoS; consistently
induce the injection of electrons for charge neutrality until they disappear through
the recombination process. In this regard, the increase in Vps from 0.1 V to 1.0 V

promoted the release of confined carriers in RLPF and reduced the lifetime of the
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trapped photogenerated holes, so the t: (t2) value decreased from 66.8 s (86.5 s) to
14.0 s (56.3 s), as shown in Figures 3.8a and 3.8b. Figure 3.8c shows the time-
resolved photoresponse under illumination with different intensities of 1150 nW and
40 nW measured at a fixed Vs of —2 V and Vps of 1 V (illuminated by a laser with
a wavelength of 620 nm). Because the high illumination intensity created more
photogenerated electron-hole pairs, which leads to increased carrier confinement in
RLPF or in the trap sites in the forbidden gap, the 1 (t2) value increased from 20.2

5 (53.8 s) t0 24.9 s (60.9 s) as the illumination intensity was increased from 40 nW

to 1150 nW (Figure 3.8d).
(a) _ _ - (b) . _ B} _
@A=620nm, P=20nW, Vg =-2V @A=620nm, P=20nW, V=2V 90
0
Laser (;N VDS (V) 20l @
0.3f I, =1405 “ ég o ° 10
O
= : L @
g _ 60 o ° {70 -
%02 © S
- =40 @ o ls0 =
@
o1 50
20 * .,
0 T, =66.85 NIRRT
0 100 200 300 400 500 600 0 0.2 0.4 0.6 0.8 1.0
Time (s) Vs (V)
(c) (d) B _ _
@A=620nm, Vg =—2V, Ve =1V 24@,LE»ZDnm,\/Gsf—ZV,\/DSf1\/ 0
5l Laser ON P (nW) @
o o 22r
Al © 1150 ° les
040
, =249 L
=3} SRR s _ 22 s . -
{= T— - —_—
= g =20 o a 60
B 1,=53.8s | °
1 1,=609s 18 1°°
= @
ot T,=20.25 16r o
0 100 200 300 400 500 600 10° 10°
Time (s) Illumination intensity (NW)

Figure 3.8. (a) Photoswitching characteristics of a fully transparent MoS;
phototransistor under illumination of the MoS, channel for 100 s at different Vps

conditions of 1.0 V (red open circle symbols) and 0.1 V (blue open circle symbols)
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ata fixed Vs of —2 V. The solid lines are lines fitted by an exponential decay function.
(b) 7, and T, versus Vps ranging from 0.1 V to 1.0 V. (c) Photoswitching
characteristics at different illumination intensities of 1150 nW (red open circle
symbols) and 40 nW (blue open circle symbols) at a fixed Vpsof 1 V. (d) 74 and 7,

versus the illumination intensity ranging from 40 nW to 1150 nW.

Conclusion

This work explores, for the first time, the internal optoelectronic characteristics of
monolayer MoS; in fully transparent phototransistors by employing a 2D vdW
heterostructure. From the systematic comparison of the optoelectronic
characteristics between transparent and opaque MoS; phototransistors, it turns out
that the photoresponsive characteristics of MoS; are overestimated due to enhanced
photogating and photoconductive effects originating from the use of opaque
substrates. In addition, we found that a maximum internal responsivity of 3.2 x 10?
A/W and IQE of 7.1 x 10° % were yielded in a fully transparent MoS; phototransistor,
which can be regarded as the intrinsic optoelectronic characteristics of CVD-grown
monolayer MoS;. Interestingly, in contrast with the external photoresponse, which
was highly wavelength-dependent, the internal photoresponse did not significantly
depend on the wavelength of the incident light. Furthermore, relatively lower IQE
values at the C-excitonic transitions than those at the A- or B-excitonic transition
show different optoelectronic properties depending on the locations of the
photogenerated carriers in k-space due to their different effective masses. Our study
will shed on light the understanding of the intrinsic optoelectronic characteristics of
CVD-grown monolayer MoS,, and it will provide a deep insight into the realization

of 2D materials-based transparent optoelectronics.
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Figure captions

Figure 3.1. Schematics of the fabrication processes for transparent MoS, FETs.

Figure 3.2. (a) The schematic of the vdW heterostructure on a PEN substrate. (b)
Optical image of a fabricated fully transparent MoS, phototransistor. (c) Raman
spectra for the CVD-grown monolayer MoS; and graphene (denoted as Gr), and
mechanically exfoliated multilayer h-BN. Scale bar =5 pm. (d) PL mapping image
with a 1.86 eV peak intensity. Scale bar =5 um. (e) los—Ves and (f) los—Vps curves
for the fully transparent MoS; phototransistor. (g) Logarithmic scale plot for Ips—Vps

with an average y value of 1.01.

Figure 3.3. (a) Transmittances (solid lines) and reflectances (dashed lines)
corresponding to each heterostructure. (b) Absorbance of the CVD-grown monolayer
MoS; indicating three resonance peaks: A, B, and C. (¢) Photographic images
displaying high transparency.

Figure 3.4. The schematics for (a) MhG and (b) MhS. The thickness for the
multilayer h-BN was 41 nm and 28 nm for MhG and MhS, respectively. The range
of Egs (0.6 MV/cm) corresponds to an applied Vgs of 2.46 V and 7.68 V for MhG
and MhS, respectively. (c-f) The photoresponsive characteristics of MhG and MhS
under various illumination conditions with light intensity ranging from 15 nW to
1180 nW at a fixed wavelength of 450 nm, and wavelength ranging from 780 nm to
450 nm at a fixed intensity of 3 uW. (g) Er+ variation versus illumination intensity
and h) the wavelength-dependent responsivity of MhG and MhS at a fixed Vps of 0.5
V and Egs of 0 MV/cm.

Figure 3.5. (a) Contour plots indicating external (upper panel) and internal (lower
panel) responsivities as a function of Vgs and wavelength at a fixed Vps of 0.5 V and
illumination intensity of 3 uW. (b) The external and internal responsivities at a fixed
wavelength of 600 nm. (c) Contour plots comparing EQE (upper panel) and IQE
(lower panel) at a fixed Vps of 0.5 V and illumination intensity of 3 pyW. The
wavelength-dependent (d) EQE and (e) IQE values (colored circle symbols)
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corresponding to each Vgs. Absorbance for a CVD-grown MoS; monolayer is

indicated as a red solid line in (d).

Figure 3.6. Vps-dependent photoresponsive characteristics of transparent MoS,

phototransistor.

Figure 3.7. The wavelength-dependent external and internal responsivities (colored
circle symbols) corresponding to each Vgs. Absorbance of monolayer MoS; layer is

indicated as a red solid line.

Figure 3.8. (a) Photoswitching characteristics of a fully transparent MoS;
phototransistor under illumination of the MoS, channel for 100 s at different Vps
conditions of 1.0 V (red open circle symbols) and 0.1 V (blue open circle symbols)
ata fixed Vgsof —2 V. The solid lines are lines fitted by an exponential decay function.
(b) 7, and 7, versus Vps ranging from 0.1 V to 1.0 V. (c) Photoswitching
characteristics at different illumination intensities of 1150 nW (red open circle
symbols) and 40 nW (blue open circle symbols) at a fixed Vpsof 1 V. (d) 7; and 1,

versus the illumination intensity ranging from 40 nW to 1150 nW.
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Chapter 4. Effect of facile p-doping on electrical and
optoelectronic characteristics of ambipolar WSe: field-

effect transistors

In this Chapter, beyond MoS, material, the effects of p-doping on electrical and

optoelectronic characteristics of ambipolar WSe> phototransistors were explored.

WOs layers formed by the annealing introduced p-doping to WSe» FETS, resulting in the shift
of the transfer curve to the positive gate voltage direction. We achieved considerably
improved photoswitching response characteristics of WSe; FETs after the annealing. X-ray
photoelectron spectroscopy, photoluminescence, and photoswitching experiments were
performed to investigate the origins of the changes in the electrical and optoelectronic
properties. From these analyses, it was found that long-lasting photoconductivity after
turning off light irradiation on WSe; FETs could be explained by additional charge injection
induced by trapped photogenerated minority carriers. Furthermore, disorder originated from
the WO3/WSe; interfaces acted as non-radiative recombination sites, leading to significantly

improved photoswitching response time characteristics.
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4.1. Introduction

2D materials have attracted considerable interest as promising candidates for next-
generation electronics and optoelectronic devices. !> Although graphene is one of the
most well-studied 2D materials, it lacks an intrinsic bandgap, restricting its wide
application. Meanwhile, 2D TMDs, such as MoS,, MoSe,, WS,, and WSe,, are
advantageous in that they can be used as a channel material of FETs due to their
intrinsic bandgap properties, good carrier mobility, and high on/off ratio.>* Hence,
TMDs have been widely used in various devices, such as transistors,*® sensors,’
logic circuits,® memory devices,’ field-emission devices,'® and photodetectors.!!!?

In particular, FETs based on WSe; have demonstrated great performance
characteristics such as high effective hole mobility, outstanding photoresponsive
properties, excellent mechanical flexibility, and durability.!*!5 Nevertheless, doping
WSe; is required to further improve field-effect mobilities or contact properties
which are essential in diverse electronic applications.'»'® WO; has been
demonstrated as an efficient p-type dopant since it can be formed by simply
oxidizing WSe; via oxygen or ozone treatment.'”!* With this method, enhancement
of the electrical properties of WSe, FETSs has been reported. For example, Liu ef al.
thermally annealed WSe; films in ambient without use of additional substances to
dope the films in the p-type manner and improved the hole mobility to 83 cm? V! s
! with employing hexagonal boron nitride substrate.!” However, thorough studies on
the optical and optoelectronic characteristics of WSe; doped by WOs3 are desired for
the optoelectronic applications such as phototransistors, photodiodes, and light-
14,15,20,21

emitting diodes.

In this work, we studied the electrical, optical, and optoelectronic properties of
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ambipolar WSe, FETs before and after thermal annealing in ambient. The oxidized
layer (WOs3) generated at the WSe, surface during the annealing introduced p-doping
to the WSe; FETs, leading to a shift of the transfer curve to the positive gate voltage
direction. Interestingly, long-lasting photoconductivity, which is a phenomenon of
the conductance’s being retained after the light irradiation is turned on, disappeared
after the annealing at a fixed gate voltage. We also performed various experiments,
such as X-ray photoelectron spectroscopy (XPS), photoluminescence (PL)
spectroscopy, Raman spectroscopy, and photoswitching characterization at various
gate voltages to investigate the origin of the changes in the electrical and

photoswitching characteristics of the WSe, FETs.

4.2. Experiments

Figure 4.1 shows a process of WSe, FET abrication. First, we prepared 270 nm-
thick SiO, layer on a heavily doped p++ Si wafer (resistivity ~5x10~ Q c¢cm) which
was used as a common back gate. And, WSe, flakes were mechanically exfoliated
from a bulk WSe; crystal (purchased from SPI Supplies). Then, the WSe; flakes were
transferred from a scotch tape to the SiO» surface. After finding locations of the target
WSe: flakes using an optical microscope, thickness of the WSe; flakes was measured
by an atomic force microscope (NX 10 AFM, Park Systems). Next, we spin-coated
poly(methyl methacrylate) (PMMA) 495K (11% concentration in anisole) at 4000
rpm as an electron resist layer. The samples were baked on a hot plate at 180 °C for
90 s after the spin coating. The patterns of the electrodes were made by an electron
beam lithography (JSM-6510, JEOL), and the exposed PMMA regions were

developed with a methyl isobutyl ketone/isopropyl alcohol (1:3) solution for 120 s.
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Finally, Ti metal (30 nm-thick) used as the electrodes was deposited with an electron-
beam evaporator system (KVE-2004L, Korea Vacuum Tech). The deposited Ti was

lifted off by an acetone with lift-off time of 300 s.

siO. siO,

S10, (270 nm-thick)/p++ Si wafer Transfer mechanically Spin coating of PMMA layer
exfoliated WSe,

- |\ %‘iﬁ;

E-beam lithography and Deposition of Ti electrodes
development

Figure 4.1. Schematics of fabricating WSe; FET.

4.3. Results and discussions

4.3.1. Change of electrical and photoswitching characteristics

Figure 4.2(a) shows the optical images of a WSe; flake and a FET fabricated from
this WSe, flake. The WSe; flake was mechanically exfoliated from a bulk WSe>
crystal (purchased from SPI Supplier, USA) and transferred on a 270 nm-thick SiO;
surface on a heavily doped p++ Si wafer that was used as the back gate of the FET.
Next, Ti metal (30 nm-thick) patterns used as source and drain electrodes were
deposited on the WSe; surface. A schematic of the fabricated WSe, FET is shown in
Figure 4.2(b). All the electrical and photoswitching properties of WSe, FETs were

measured in vacuum (~3.5 x 107 Torr) since the oxygen and water molecules in the
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air can affect the properties of the WSe, FETs. For instance, it has been reported that
WSe, FETs can change from n- to p-type by air exposure.”> An atomic force
microscopy (AFM) image of the WSe, flake shown in Figure 4.2(a) is displayed in
Figure 4.2(c) with the topographic cross-sectional profile. The measured thickness
of the WSe, flake across the blue line was found to be ~1.2 nm (inset graph in Figure
4.2(c)), corresponding to bilayer WSe: (the thickness of a WSe, monolayer is ~0.7
nm)."® Please note that only a part of the WSe; flake where the surface was flat was
used as a channel of the FET. Figure 4.2(d) displays the Raman spectrum of a WSe»
flake showing two clear peaks (the peak at 520 cm™ is assigned to the Si substrate).
The Raman peak at 245 cm™! corresponds to the in-plane (E';; mode) or out-of-plane
(A1 mode) vibrations of WSe», and the Raman peak at 308 cm™! corresponds to the
B3, mode that only appears in multilayer WSe, due to the additional interlayer
interaction.” This finding ensures the good quality of the WSe, flake used in these
experiments. The E!5; and A, peaks of WSe, could not be distinguished by the
Raman spectroscopy instrument in this study because they are nearly degenerate.?*
Figure 4.2(e) shows the transfer curve (source-drain current versus gate voltage;
Ips—Vgs curve) of the WSe, FET. Typical ambipolar characteristics were observed.
Such an ambipolar transport behavior of the WSe; FET with a bilayer WSe; channel
is in agreement with the previous studies which reported that the carrier type of the

WSe, FETs could be modulated by the changes in the thickness of the WSe» flakes.?
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Figure 4.2. (a) Optical images of a WSe; flake (left) and fabricated WSe; FET
(right). (b) An AFM image of the WSe, flake. The thickness of the WSe; flake (along
the blue line) was found to be ~1.2 nm. (c) Raman spectra of a WSe; flake. (d)
Schematic of the fabricated WSe; FET with Ti contacts. (e) los—Ves curves of the
WSe; FET.

Figure 4.3(a) shows the Ips—Ves curves of the WSe, FET before and after a thermal
annealing in ambient at 200 °C for 1 h. Several points are noted here. First, the
voltage at which the type of the majority carriers changes (Vnoyp) shifted from -15 V
to -5 V after the annealing in ambient (represented by the green arrow in Figure
4.3(a)). Second, the Ips increased significantly at the Vs where the majority carriers
are holes (Ves < Vhop) and decreased at the Ves where the majority carriers are
electrons (Ves > Vnop) after the annealing (represented by the blue arrows in Figure
4.3(a)). This behavior is attributed to the WOs3 layer formed by the annealing that
introduces p-doping into the WSe, FETs.}” Third, after the annealing, the hole
mobility increased from 0.13 cm? V1 s to 1.3 cm? V1 s%, and the electron mobility
decreased from 5.5 cm? V1 s1t0 0.69 cm? V1 s, We used the formula u = f‘dlpsldves)
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x [L/(WCiVps)] to calculate the carrier mobility, where L (~1.5 pum) is the channel
length, W (~2.8 um) is the channel width, and Ci = goer /d = 1.3 x 10* F m2 is the
capacitance between the WSe; and the p++ Si wafer per unit area. Here, & (~3.9) is
the dielectric constant of SiO. and d (270 nm) is the thickness of the SiO; layer.
These changes in the electrical properties after the annealing can be observed more
clearly in the contour plots that show the Ips as a function of Vgs and Vps before (top)
and after (bottom) the annealing in ambient (Figure 4.3(b)). These contour plots were
made based on a lot of Ips—Ves curves measured in the Vgs range from -70 V to 70
V with a 1.25 V step and Vps range from 3 V to 6 V with a 0.25 V step. The blue
regions in the contour plots shifted toward the positive Vs direction after the
annealing. This shift is consistent with the transfer curve shift shown by the green
arrow in Figure 4.3(a). The change in the color at the positive and negative Vgs
(Figure 4.3(b)) after the annealing indicates the change in the channel current of the
WSe; FET (Figure 4.3(a)). Other WSe; FETSs also showed the same change in the
electrical properties after annealing in ambient (see supplementary material, Figs. S3
and S4). Besides, the change of electrical characteristics by the annealing the WSe;
FET in vacuum (~4.5 x 10 Torr) at 200 °C for 1 h were investigated (Figs. 2(c)
and 2(d)). In contrast with the results of the FET annealed in ambient, the Ips
increased at both Vs conditions of Vs > Vihop and Ves < Vaop. The increased lps
obtained by annealing in vacuum is attributed to the improved WSe,-Ti
contacts without formation of WQ3.26 From the comparison results, it can be
anticipated that p-doping was introduced by interaction with the oxygen molecules
during the annealing in ambient. The origins of the change in the electrical

characteristics are discussed in more detail via the analysis of XPS data afterward.
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Figure 4.3. (a) Ips—Vgs curves on the semilogarithmic scale of a WSe, FET before
annealing and after annealing in ambient at 200 °C for 1 h. (b) Contour plots of Ips
as a function of Vs and Vps before annealing (top) and after annealing in ambient
(bottom) at 200 °C for 1 h. (¢) Ips—V s curves on the semilogarithmic scale of a WSe»
FET before annealing and after annealing in vacuum at 200 °C for 1 h. (d) Contour
plots of Ips as a function of Vs and Vps before annealing (top) and after annealing

in vacuum (bottom) at 200 °C for 1 h.

Next, we measured the photoswitching characteristics of the WSe, FET before
and after the thermal annealing in ambient. The laser was irradiated onto the WSe;
FET and was turned off when the source-drain current appeared to become saturated.
Note that the photoswitching experiments were performed at fixed Vs = 0 V, Vps =
10 V, the laser wavelength of 405 nm, and the laser intensity of 0.73 nW.
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Figure 4.4. Photoswitching responses of the WSe, FET (a) before annealing and (b)
after annealing in ambient at 200 °C for 1 h measured at Vgs=0V and Vps=10 V.

Figures 4.4(a) and 4.4(b) show the photoswitching characteristics before and after
the annealing in ambient, respectively. In this study, the rise time constant (zrise) iS
defined as the time required for the photocurrent (difference between the currents
measured in the dark and under irradiation, i.e. Iph = lirra — ldark) to change from 10%
to 90% of the maximum, and the decay time (tdecay) iS the time at which the
photocurrent decreases to 1/e of its initial value. The purple regions in Figs. 3(a) and
3(b) indicate the time under the laser irradiation. We observed a dramatic change in
the photoswitching response times of the WSe, FET after the thermal annealing.
Both zrise and 7qecay decreased from 92.2 s and 57.6 s to less than 0.15 s and 0.33 s,
respectively (corresponding to the decrease of more than 610 times and 170 times,
respectively). Note that ziise and aecay after the annealing could not be measured
precisely due to instrument limitations. To verify that the change in the
photoswitching response times is due to the effect of the oxidation of the WSe layers,
we compared the photoswitching behavior of the WSe, FET before and after thermal

annealing in vacuum (~4.5 x 10 Torr) at 200 °C for 1 h. Contrary to the dramatic
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decrease of the photoswitching response times for the FET annealed in ambient, a
relatively small change was observed for the sample annealed in vacuum. This result
signifies that the oxidation of the WSe; surface by annealing in ambient is crucial
for the fast photoswitching response. The origins of the dramatically decreased

photoswitching response times by annealing in ambient are discussed in detail below.
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Figure 4.5. (a) W and (b) Se peaks in XPS spectra of WSe; flakes before annealing
(labeled as pristine) and after annealing in ambient at 250 °C for 1 h and 5 h. (c)
Schematics of the structural changes in the WSe; flake due to thermal annealing in
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4.3.2. XPS analysis

XPS analyses were performed to investigate the changes in the elemental
composition of the WSe, flakes by the thermal annealing in ambient, with the results
being shown in Figs. 4(a) and 4(b). Although the annealing at 200 °C for 1 h was
sufficient to alter both the electrical and photoswitching characteristics as shown in
Figs. 2 and 3, these annealing temperature and time were not enough to observe the
change in the elemental composition of the WSe». Thus, the WSe; flakes were
annealed at 250 °C for 1 h and 5 h in ambient for XPS analyses as shown in Figs.
4(a) and 4(b). It should be noted that intensities of the two tungsten peaks (labeled
as W® in Figure 4.5(a)) at the binding energies of 35.5 eV and 37.8 eV gradually
increased with increased annealing time, whereas no changes were observed in the
intensities of the selenium peaks. The tungsten peaks of W®" generated by the
thermal annealing indicate the formation of WOs3 due to the reaction of WSe; with
oxygen in air during the annealing.'”?” On the other hand, the formation of selenium
oxides, such as Se,Os, was not noticeable (Figure 4.5(b)). Schematics of the
microscopic structure during the WSe; oxidation are shown in Figure 4.5(c) and were
drawn based on the actual geometric structures of WSe; and cubic WO (W-Se bond
length of 2.53 A, Se-Se bond length of 3.34 A, and W-O bond length of 1.93 A ).17:28:29
Since WSe; has a hexagonal structure, while WO3 has a cubic structure, the WSe,-
WO; structure is a quilted in-plane heterojunction, as shown in Figure 4.5(c).!’
Therefore, the origin of the changed electrical properties after the annealing in
ambient (Figs. 2(a) and 2(b)) can be explained by the formation of WO3. The formed
WQO; can serve as an acceptor due to the difference between the work functions of
WSe; (~4.4 eV) and WO;3 (~6.7 eV) that gives rise to the increased Ips in the negative

Ves region (Ves < Vnop) and the decreased Ips in the positive Ves region (Ves >

83 A



Viop). 1393 Similar to our results, there have been several reports that a WOs3 layer
which is either deposited on or embedded in a WSe; sheet introduced p-doping into
a WSe, FET.Y® Furthermore, the transfer curves shifted toward the positive gate
voltage direction due to the p-doping effect introduced by WOs, which is consistent

with our obtained results shown in Figs. 2(a) and 2(b).

4.3.3. Photoluminescence analysis

To determine the changes in the band alignment after the formation of WOs3, we
performed PL spectroscopy experiments. Figures 4.6(a) and 4.6(b) show the optical
microscopy image and PL mapping images, respectively, of a monolayer WSe; flake
(labeled as Sample 1). Figures 4.6 and 4.6 display the change of the maximum PL
intensity and optical bandgap of the WSe; flakes as the annealing time increased. In
this instance, the WSe: flakes were annealed for 30 min and 60 min at 250 °C in
ambient. Interestingly, the PL intensity of the WSe, flake decreased as the annealing
time increased, as shown in Figs. 5(b) and 5(c). A similar phenomenon was observed
in the MoS; treated by oxygen plasma.3? These results can be explained as follows.
Since WO; has an indirect bandgap, the band structure of the WSe; flakes may be
partially changed to that with an indirect bandgap, decreasing the PL intensity.?
Additionally, the lattice mismatch between the WSe; and WOj; structures provides
traps and recombination sites in the bandgap of WSe; that can affect the electrical
and optical characteristics of the WSe,. For instance, disorder, defects, and sulfur
vacancies can produce shallow or deep trap sites in the MoS; layers, giving rise to
the recombination process.**® Therefore, as the annealing time increased, the degree

of disorder and the defects originating due to the lattice mismatch of the WSe,-WO3
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structure leads to non-radiative (Shockley-Read-Hall) recombination,® decreasing
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Figure 4.6. (a) Optical image of a monolayer WSe, flake (labeled as Sample 1). (b)
PL mapping images of the Sample 1 before annealing (left) and after annealing in
ambient at 250 °C for 30 min (middle) and 60 min (right). Change of (c) maximum
PL intensity and (d) optical bandgap of the WSe; flakes due to the annealing.

The optical bandgaps of the WSe, flakes changed slightly as the annealing time
increased, as shown in Figure 4.6(d). The optical bandgaps of the WSe; flakes were
estimated from the peak point of the PL spectra. While the optical bandgap of the
Sample 1 was measured as ~1.60 eV before the annealing corresponding to the
bandgap of monolayer WSe,,* the bandgap value changed to ~1.61 eV after the
annealing for 60 min. Although the increase (~10 meV) of the optical bandgap is
slight, this phenomenon can be explained by the formation of the WSe,-WOs3 in-

plane heterojunctions and the dielectric screening effect. Since WOs3 has a larger
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bandgap of 2.75 eV compared to WSe; (1.60 eV for a monolayer),*® the optical
bandgap of the monolayer WSe; flakes increased through the annealing in ambient.
Furthermore, the formation of WO; on WSe; can generate a stronger dielectric
screening effect due to the larger dielectric constant of WOz (~90) compared to that
of WSe; (~22).353” Consequently, the stronger dielectric screening effect leads to the
diminished exciton binding energy and slightly increased the optical bandgap during
the thermal annealing.® The distinct change of the Raman peaks was not observed
after the annealing, which suggests that only a little of WSe, were transformed into
WOQO; during the annealing. This observation is in accordance with very slight change
(increase by ~10 meV) of the bandgap of WSe; films after annealing in ambient
(Figure 4.6(d)).

The long-lasing photoconductivity in the WSe, FET observed in Figure 4.4(a)
originates from the trapped photogenerated minority carriers with long life time (the
type of minority carrier in ambipolar WSe, FETs can be decided by the applied Ves
which determines the location of Fermi level). The trapped photogenerated minority
carriers can produce the additional gate electric field, and also demand the additional
charge injection for charge neutrality even after turning off the light irradiation,
which is so-called photogating effect.3*3%-4* This charge injection model was
verified by the additional photoswitching experiments at various Vgs in which
the amount of trapped minority carriers was controlled by the applied Vgs. The
charge injection model can help to explain the improved photoswitching
characteristics of WSe; FETs after thermal annealing in ambient, for detailed
explanation of the charge injection model). Regarding zgecay, there are two factors
which can reduce long-lasting photoconductivity by WO3; formation. First, the p-

doping by annealing in ambient locates Fermi level towards the valence band, which
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induces weak photogating effect. Thus, less carriers are injected to satisfy charge
neutrality after turning off the irradiation, thereby leading to the fast photoswitching.
Second, WOs layers on a WSe; channel can act as non-radiative recombination sites,
which was verified by the reduced PL intensity (Figure 4.6). The recombination
processes can be promoted, resulting in fast zgecay. In terms of zrise, Since less carriers
are injected after the annealing, time to reach the steady state during the irradiation
through the scattering processes of photogenerated carriers with free carriers can be
shortened. On the other hands, non-radiative recombination sites induced by WOs3
layers decrease the life time of photogenerated carriers. This could prolong the time
necessary to reach the steady state after turning on the irradiation, thereby leading to
longer zise. According to the result of shortened zise (Figure 4.4), we think that the
first factor (p-doping) was more dominant than the second one (induced non-

radiative recombination sites).

Conclusion

In conclusion, we fabricated WSe, FETs and studied the electrical properties and
photoswitching responses before and after thermal annealing in ambient. We
observed that the WSe, FETs were doped in the p-type manner and that the
photoswitching responses became considerably faster after the ambient thermal
annealing. The XPS and PL studies demonstrated that the WO3 layer formed on the
WSe; surface can play the roles of a p-doping layer and non-radiative recombination
sites. Besides, through the analysis of Vgs-dependent photoswitching characteristics,
we proposed that the photoswitching characteristics of the WSe, FETs can be

improved by the annealing in ambient and those phenomena were explained by the
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continuous charge injection model. This study may provide an insight into the
mechanism of the photoswitching behaviors in the WSe, FETSs for the realization of

improved WSe-based optoelectronic applications.

Figure captions

Figure 4.1. Schematics of fabricating WSe, FET.

Figure 4.2. (a) Optical images of a WSe; flake (left) and fabricated WSe, FET (right).
(b) An AFM image of the WSe; flake. The thickness of the WSe, flake (along the
blue line) was found to be ~1.2 nm. (c) Raman spectra of a WSe; flake. (d) Schematic
of the fabricated WSe, FET with Ti contacts. (€) Ibs—Vgs curves of the WSe, FET.

Figure 4.3. (a) los—Ves curves on the semilogarithmic scale of a WSe, FET before
annealing and after annealing in ambient at 200 °C for 1 h. (b) Contour plots of Ips
as a function of Vgs and Vps before annealing (top) and after annealing in ambient
(bottom) at 200 °C for 1 h. (c) lbs—Ves curves on the semilogarithmic scale of a WSe,
FET before annealing and after annealing in vacuum at 200 °C for 1 h. (d) Contour
plots of Ips as a function of Vs and Vps before annealing (top) and after annealing
in vacuum (bottom) at 200 °C for 1 h.

Figure 4.4. Photoswitching responses of the WSe; FET (a) before annealing and (b)
after annealing in ambient at 200 °C for 1 h measured at Vgs=0V and Vps=10 V.

Figure 4.5. (a) W and (b) Se peaks in XPS spectra of WSe; flakes before annealing
(labeled as pristine) and after annealing in ambient at 250 °C for 1 h and 5 h. (c)
Schematics of the structural changes in the WSe, flake due to thermal annealing in

ambient.

Figure 4.6. (a) Optical image of a monolayer WSe; flake (labeled as Sample 1). (b)

PL mapping images of the Sample 1 before annealing (left) and after annealing in



ambient at 250 °C for 30 min (middle) and 60 min (right). Change of (¢) maximum
PL intensity and (d) optical bandgap of the WSe; flakes due to the annealing.
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Chapter 5. Thickness-dependent avalanche breakdown
phenomena in MoS: field effect transistors under high

electric fields

In this Chapter, the electrical characteristics of MoS: FETs under the high electric
fields. As 2D transition metal dichalcogenides electronic devices are scaled down to
the sub-um regime, the active layers of these materials are exposed to high lateral
electric fields, resulting in electrical breakdown. In this regard, understanding the
intrinsic nature in layer-stacked 2D semiconducting materials under high lateral
electric fields is necessary for the reliable applications of their field-effect transistors.
Here, we explore the electrical breakdown phenomena originating from avalanche
multiplication in MoS; field-effect transistors with different layer thicknesses and
channel lengths. Modulating the band structure and bandgap energy in MoS: allows
the avalanche multiplication to be controlled by adjusting the number of stacking
layers. This phenomenon could be observed in transition metal dichalcogenides
semiconducting systems due to its quantum confinement effect on the band structure.
The relationship between the critical electric field for avalanche breakdown and
bandgap energy is well fitted to a power law curve in both monolayer and multilayer

MOSZ.
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5.1. Introduction

Ultrathin 2D nanosheets of TMDs have attracted much attention as post-silicon
semiconducting materials because of their outstanding mechanical flexibility,
transparency, high surface to volume ratio, and the absence of dangling bonds.!3
Among the TMDs, layered MoS; has been intensively researched due to its excellent
electrical characteristics and thickness-dependent band structure (changing from
indirect energy bandgap of 1.2 eV to direct bandgap of 1.8 eV as the number of layer
decreases).*” MoS; offers promising opportunities to realize emerging electronics,
such as ultra-thin transparent FETs,®® logic circuits,'>* and sensor applications.'22®
For a use of MoS; in spatial integrated electronic design and applications, the channel
length of FETSs should be scaled down to sub-pum regimes. Consequently, it could be
exposed to high lateral electric fields (E-fields), which can result in electrical
breakdown. In addition, an electrical breakdown is affected by the electronic band
structure and bandgap energy of semiconductors. Accordingly, the electrical
breakdown in MoS; FETs will be determined by the thickness of MoS; channel layer
due to its quantum confinement, which allows the tunable band structure and
bandgap energy. Therefore, a more thorough understanding of the origin of electrical
breakdown in MoS; semiconducting systems under high E-fields is highly desirable.
To date, however, very little has been reported on the electrical characterization of
MoS; under high E-fields because the atomically thin MoS; channel layer shows a
limited thermal energy dissipation capability, which leads to thermal breakdown. 6"
Also, high thermal resistance of its insulating interface materials such as SiO, and

polymer dielectrics accelerates this phenomenon.® From these reasons, most
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electrical measurements in MoS; FETs have been performed in the linear regime
with  low source-drain bias to prevent thermal breakdown by Joule heating.

Here, we studied the electrical breakdown in MoS; FETs with different bandgap
energies using MoS; channels of different thicknesses. The observed electrical
breakdown of MoS; FETs in high E-fields is attributed mainly to impact ionization
in MoS; channel, which is called avalanche multiplication. The critical electric field
(Ecr) and impact ionization rate (o), which are defined as the minimum E-field
needed for avalanche multiplication and the number of electron-hole pairs generated
per unit distance traveled by a hot carrier, respectively, were carefully investigated
in MoS; with different thicknesses. In particular, a strong dependence of Ecr and o
on the thickness of MoS; layer was closely related to its quantum confinement effect
observed in 2D systems. Also, we performed thermal simulation with COMSOL
Multiphysics to investigate the thermal effect by Joule heating and heat dissipation
on the electrical breakdown. Although it is well known that the transport mechanism
of MoS; is charge-hopping transport,*® both monolayer and multilayer MoS, FETs
in this work have Ecr—bandgap relationships similar to those of three-dimensional

semiconductor FETS.

5.2. Experiments

5.2.1. Device fabrication process

Figure 5.1 illustrates the MoS, FETs fabrication processes. To prepare MoS:
channel layers, MoS, flakes were transferred from a bulk MoS, crystal on a 270 nm-
thick SiO,/Si substrate using a micromechanical exfoliation method. Onto the

transferred MoS; channels, we spin-coated the double electron resistor layers with
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methyl methacrylate (MMA) (9% concentration in ethyl lactate) and polymethyl
methacrylate (PMMA) 950K (5% concentration in anisole) at 4000 rpm, sequentially.
Each layer was baked at 180 °C for 90 s on a hot plate. After the source and drain
electrodes patterns were defined using electron beam lithography (JSM-6510, JEOL),
Ti (5 nm) and Au (30 nm) were deposited using an electron beam evaporator (KVE-
2004L, Korea Vacuum Tech.) sequentially for the source and drain electrodes
formation. The fabricated MoS, FETs were annealed at 200 °C in Ar atmosphere for
2 h to achieve better electrical performances by eliminating residues on the surface

of the MoS, channels.

Preparing substrate ER layer coating

Lift-off ER layer Deposition of electrodes E-beam lithography

Figure 5.1. Schematics of the process flow for the MoS, FET fabrication.

5.2.2. Electrical and optical characterizations

The electrical properties of the MoS, FETs were measured using a semiconductor
parameter analyzer (Keithley 4200-SCS) under various temperatures. Raman spectra,
PL spectra, and PL mapping of MoS, were characterized using an XperRam 200

(Nanobase, Inc.) instrument with a 532 nm laser as the excitation source. The laser
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poser was 11.3 uW, with a diffraction-limited laser spot size (~1 um spot radius).

5.3. Results and discussions

5.3.1. Structure and electrical characteristics of MoS2 FETs

Figure 5.2a shows the optical images (upper panels) and atomic force microscopy
(AFM) images (lower panels) of a mechanically exfoliated monolayer MoS flake
and a fabricated MoS; FET. A schematic of the MoS; FET is shown in Figure 5.2b.
Here, the back-gated MoS, FETs were fabricated on 270-nm-thick SiO2 grown on a
heavily doped Si substrate. The MoS; layer thickness (~0.8 nm) measured by AFM,
together with photoluminescence (PL) spectra (Figure 5.2c), PL mapping exhibiting
uniform bandgap energy at 1.82 eV (Figure 5.2d), and Raman frequency difference
(20 cm™) data (Figure 5.2e), indicate that the prepared MoS; channel layer was a
uniform monolayer.?2! In Figure 5.2c, the positions of peaks A (~1.82 eV) and B
(~2.0 eV) correspond to the direct band-to-band transitions with the energy split from
the valence band by spin-orbital coupling.?* In addition, with an increasing number
of MoS; layers, the PL intensity of the peaks decreased, and the peak positions
redshifted, which was caused by the transition of the band structure from direct
bandgap to indirect bandgap.??

Figures 5.2f and 5.2g show the transfer curve (i.e., drain-source current versus

gate voltage, lps—Ves) and the output curve (i.e., drain-source current versus drain

voltage, Ips—Vps) of the monolayer MoS, FET measured in vacuum (~10~* Torr) at

97



room temperature. Typical n-type semiconductor behaviors with the on/off current
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Figure 5.2. (a) Optical images (upper panels) and an AFM image (lower panel) of a
monolayer MoS; flake and fabricated MoS; FET. (b) The schematic of the fabricated
MoS; FET with Au/Ti contacts. (c) PL spectra, (d) PL mapping image, and (e)
Raman spectra of a mechanically exfoliated MoS; channel layer. (f) Representative
transfer and (g) output curve of a monolayer MoS; FET. (h) The output curve
exhibiting electrical breakdown in high Vps regime over 70 V. The Ips increased
linearly in low E-field regime (plotted with red line), whereas it increased abruptly

in the high E-field regime (plotted with blue line).

ratio over 10" were observed. The mobility (x) of this representative device was
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with a channel length L = 1.6 um, channel width W = 4.7 um, and unit capacitance
Ci = 13 nF/cm? From the lps—Vgs characteristics shown in Figure 5.2f, the
transconductance (G,,, = dIps/dV,s) can be derived with different Vps. As shown
in Figure 5.2h, we clearly observed an abrupt increase of the channel current
(measured at Ves = 10 V) in the high Vps regime (Vos > 70 V), resulting in electrical
breakdown. Note that this electrical breakdown was also observed in MoS; FETs
with ohmic-contacts, and most of Vps drop occurred across the MoS; channel layer,
not at the contact region due to the much higher channel resistance than the contact
resistance. These results indicate that electrical breakdown was dominantly from the
MoS; channel layer under high E-fields, not from the contact properties such as
Schottky barriers. Also note that the electrical measurements were stopped before
permanent device failures occurred by Joule heating, so reversible breakdown In
general, there are three possible mechanisms for electrical breakdown in FETS:
breakdown by drain induced barrier lowering (DIBL), thermal runaway, and
avalanche multiplication.? For these, it has been reported that a negligibly small
DIBL (~10 mV/V) was observed in 2D semiconducting systems due to their
excellent electrostatics, even for MoS; FETs with an extremely short channel length
of 75 nm.2* To explore the origin of the electrical breakdown in MoS, FETS,
thorough investigations on MoS, FETs with different channel lengths, carrier
concentrations, bandgap energies, and in particular on the thermal effect by Joule

heating are necessary.



5.3.2. Effects of lateral electric field, thermal stress caused by Joule
heating, and carrier concentration on electrical breakdown in MoS:
FETs

To investigate the effect of lateral E-fields on the electrical breakdown, we
fabricated MoS; FETs with various channel lengths (~1.49, 1.95, 3.42, and 4.97 pum)
using a common trilayer MoS; flake (thickness of ~2.4 nm) (see Figure 5.3a). Note

that the MoS, FETs had the uniform channel width of 2.2 um. The electrical

(a) © § 4

- 120+ @ Vg5 =0V )
520 i ’
%1-5 4100 ", 3 gm
s s e, 2. E
B 10 ol 5
2108 ; 60 .
Eosly | g i
S “ ‘ ’
5 : a0l .4

ols v + l

0 30 60 S0 120 1 ’

2 3 4
Channel length (um)
—air — vacuum

(@) Yos )

—— air-O—vacuum

- 92000 296.0
x> vl — — |
3 295.5 =1 A___A' 2957 2955 A
£ £ 1500+ - 0 -
£ 2950 5 2832 = 2850
£ 5 1000f ,c_Ev 294.5
:—‘: 294.5¢ E This work
= 3 500+ | 2540 MoS, channel D
3 294.04 & ,

1 1000 TR 01 9355380 600 500 12001500

Channel current {A) Displacement from source (nm)

107 6
107® =4
S g
g 1077k 4 =
Z10% " 5
g 2 kS
107 Z
10-10 =

o

o

Figure 5.3. (a) An optical image of multilayer MoS, FETs (MoS; thickness of ~2.4
nm) with different channel lengths of 1.49, 1.95, 3.42, and 4.97 um (labeled from 1
to 4, respectively) made on a common trilayer MoS; flake (thickness of ~2.4 nm).
(b) The normalized Ips—Vps characteristics for the MoS, FETs measured at fixed Vs
=0V. Colordashed lines indicate the breakdown voltages depending on the lateral
E-fields. (c) The Ves and Ecr values versus the channel length of MoS; FETS,
100 2 M E g

e



represented as black and blue symbols, respectively. (d) Peak channel temperatures
corresponding to the MoS, FETs indicated in (a). An inset image shows a 2D thermal
simulation result of the MoS; FET with a channel length of 1.49 um. (e) Calculated
peak MoS; channel temperature versus channel current in our device structure. An
inset image indicates 3D thermal simulation result of the MoS, FET with a channel
length of 1.49 pum. (f) Heat distribution of the MoS, channel along the dashed line in
(e). (g) The Ips—Vps characteristics at various gate voltages ranging from 10 V to 40
V with astep of 5V. An optical image of the multilayer MoS, FET is included in
inset (scale bar = 3 um). (h) The Veg and Alps/AVps values versus the gate voltage,

represented as black and blue symbols, respectively.

characteristics were measured in air. It should be noted that the adsorbed air
molecules on MoS; damp down the vibration of the out of plane phonons, which
leads to reduced energy loss by electron-phonon scattering. Examination of the
normalized lps—Vps characteristics shows that the initial voltages of electrical
breakdown (Ves), with an abrupt increase of the channel current, shifted to the
positive Vps direction as the channel length increased (see Figure 5.3b). Importantly,
the values of Veg, which are indicated with dashed lines, showed a linear relationship
to the channel length (black symbols and dashed fitting line in Figure 5.3c). Then,
the critical electric field (Ecr), which allows free electrons to have sufficient kinetic
energy for creating electron-hole pairs (blue symbols and dashed fitting line in
Figure 5.3c) of the MoS; FETs, was determined to be 2.66 MV/cm, on average, with
a standard deviation of 0.15 MV/cm.

To investigate the thermal effect by Joule heating on the electrical breakdown, the
temperature increase and heat dissipation were analyzed with COMSOL
Multiphysics. Interestingly, the calculated peak temperatures caused by Joule eating

of all the MoS, FETs in Figure 5.3a were too low to affect the device operation (peak
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temperatures versus the channel length are shown in Figure 5.3d). Note that due to
the lower channel current in the long-channel device, the peak temperature on MoS;
deceased as the channel length increased. This negligible temperature increase by
Joule heating in the MoS, channel is attributed to the low channel current as shown
in Figure 5.3e (a current range of ~puA when the electrical breakdown occurred). The
previous research paper including the thermal simulation results by finite element
modeling (FEM) reported that the temperature of the MoS; channel increased up to
approximately its melting temperature at the channel current of a few milliamperes.®
In our simulation model, it is consistent that the channel temperature also
significantly increases over 1000 K if the channel current increases over 1 mA (see
Figure 5.4), but as aforementioned, pA-range currents cannot generate lots of heat
that affects the electrical breakdown. Therefore, these results support that the
electrical breakdown phenomena of MoS; FETs in high E-fields are primarily
attributed to avalanche multiplication, not thermal effects by Joule heating.
Furthermore, the reversible Ips—Vps behaviors including the electrical breakdown
under the multiple Vs sweeps at fixed Vs also support that the MoS; channel was
not damaged after the reversible electrical breakdown by thermal stress originated
by Joule heating. Figure 2f shows the heat distribution in the MoS, FET (device 1 in
Figure 5.3a) with the channel current of 1.8 pA at fixed gate bias (Ves = 0 V). Due
to the much higher thermal conductivity of the Ti/Au electrodes, the generated heat
dissipated drastically near the contact regions, which indicates short-channel MoS;
FETs have an advantage to relieve thermal stress via highly conductive contacts
although there is a trade-off with heat-generation by the channel current. This result
also indicates that the heat generated by Joule heating also increased the peak

temperature of contact region, but it could not be efficiently dissipated in vacuum,
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resulting the higher peak temperature at the contact regions in vacuum compared to
that calculated in air. Therefore, the temperature difference between the contact
region and the channel region was relatively smaller in vacuum compared to the case
in air. Also, the dominant place of heat generation was located at the MoS; channel,
not on the contact region, because the channel resistance was much higher than the

contact resistance at fixed Ves =0 V.
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Figure 5.4. Calculated peak temperature at the MoS; channel and contact region

versus the channel current at fixed Rcomac;, and 2D simulation result in the two

different devices.

For further investigation, the effect of carrier concentration (which is modulated
by gate electric field) on the abrupt increase of the channel current was investigated
by adjusting the gate voltage. Figure 5.3g shows the Ips—Vps characteristics of a
multilayer MoS, FET with a channel thickness of ~12 nm measured at various gate

voltages ranging from 10 V to 40 V, plotted on a semi-logarithmic scale. We
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observed that Veg, the starting point of the electrical breakdown, shifted in the
positive drain-source voltage direction from 28.8 VV to 41.5 V as the gate voltage was
increased (black symbols and dashed fitting line in Figure 5.3h). The origin of the
higher Veg is attributed to the increased electron-electron scattering with increasing
accumulated carrier concentration in the MoS; channel. Therefore, a higher E-field
is needed to observe electrical breakdown for compensating the energy loss by the
electron-electron scattering. The increase of the gate bias also affects the number of
generated electron-hole pairs such that the increase of the channel current per unit
drain-source voltage change (Alps/AVps) increases drastically, from 0.07 pA/V to
6.14 pA/V, when increasing the gate bias from 10 V to 40 V (blue symbols and
dashed fitting line in Figure 5.3h). In other words, the electrical breakdown in the
bias range over Veg is accelerated proportionately with the number of free carriers.
These results indicate that avalanche multiplication is the primary origin of the
observed electrical breakdown of MoS; FETSs in high E-fields. Note that if thermal
runaway is the main mechanism for breakdown, then a larger current would produce
an earlier breakdown phenomenon due to the Joule heating effect associated with a

higher current, which is inconsistent with our observations (see Figure 5.3g).

5.3.3. Unique thickness dependency of MoS2 on avalanche multiplication

The mechanism of avalanche multiplication is explained with the energy band
diagram presented in Figure 5.5a. To generate an electron-hole pair, free carriers
should be accelerated with sufficient kinetic energy that can take out an electron
from its bound state (in the valence band) to a state in the conduction band.
Additionally, the generated electron-hole pair can be accelerated in high E-fields,

and the pair can generate other electron-hole pairs. This process is called the _
104 H =T
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avalanche multiplication or impact ionization process.? In this manner, a higher Ecr
is needed to observe the avalanche multiplication for semiconductors with wider
bandgaps. Therefore, we can expect that Ecr can be dependent on the number of
MoS; layers (i.e., MoS; film thickness) because MoS, has a layer-thickness-
dependent bandgap energy. Note that in the avalanche multiplication in n-type

semiconductors such as MoS,, electron-hole pairs are generated mostly by
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Figure 5.5. (2) The mechanism of avalanche multiplication phenomena. (b) The Ecr
values versus the number of MoS, layers. The error bars indicate the standard
deviations of Ecr extracted from 3-7 different MoS; FET devices for each condition.
(c) The a values as a function of inverse E-field for the MoS; FETs with different
numbers of MoS; layers. (d) The maximum « and calculated g values versus the
number of layers of the MoS; channel, represented by black and blue symbols,
respectively. The energy band structures for avalanche multiplication process in (g)
monolayer and (f) multilayer MoS; FETSs.

accelerated electrons because of the larger impact ionization rate by an electron (a,)

than by a hole (a;,).%®
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Figure 5.5b summarizes the Ecr values for MoS, FETs with different MoS; layer
thicknesses. For monolayer, bilayer, trilayer, and multilayer MoS, FETS, the Ecrwas
statistically determined as 4.33 MV/cm, 2.78 MV/cm, 2.14 MV/cm, and 1.22
MV/cm, respectively. These E-field ranges are comparable with those in the
previously reported studies on electrical characteristics of short-channel MoS; FETSs.
Note that the thickness of multilayer MoS; flakes ranged from 2.4 nm to 50.4 nm,
corresponding to the variation from 4 layers to 72 layers. The Ecr decreased as the
thickness of MoS; increased because the bandgap energy of MoS; increased with
decreasing MoS; thickness, as shown in Figure 5.5b.

We investigated the impact ionization rate (<) expressed by the following
equation:

=@ =n®GE) - o
where n, v,;, and K are the electron concentration, electron drift velocity, and
surface current density, respectively. The o values for MoS, FETs with monolayer,
bilayer, trilayer, and multilayer MoS, channels were extracted by observing the
relationship between the channel current and time. Figure 5.5¢ shows the plot of o
versus 1/E (E is electric field) for different layer thickness MoS, FETs. The results
were fitted with a Shockley form, @ = @y exp(— B/E), where a, and f denote the
constant extracted by an extrapolation method and the ionization parameter

depending on the local E-field, respectively.?”-®

Specifically, as the thickness of
MoS; increased from monolayer to multilayers, the maximum o values decreased
drastically from 52.5 cm™! to 1.6 x 10® cm™!, and the calculated S values decreased
from 9.6 x 10° V/cm to 1.4 x 10° V/cm, as summarized in Figure 5.5d. The strong

thickness-dependence of the  and f values in MoS; FETs can be explained through
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the energy band diagrams showing its the energy band structure transition (indicated
in Figures 5.5¢ and 5.5f). As shown in Figures 5.5¢ and 5.5f, the electron-hole pair
can be created by a collision with a hot electron. The energy conservation equation
for the avalanche multiplication in monolayer MoS, with a direct bandgap energy
can be written as?

%m;ViZ =Eg + %"@1”31 + %mZZUezz + %mzvﬁ - @

Here, Eg is the bandgap energy and m;,, ., are the effective masses of the
incident electron before the collision (i), incident electron after the collision (el),
the created electron (e2), and the created hole (h), respectively. Similarly, v; o1 ¢2p
are the velocities of the incident electron before the collision (i), incident electron
after the collision (el), the created electron (e2), and the created hole (h),
respectively. Equation (2) means that only kinetic energy above the bandgap energy
is sufficient for creating an electron-hole pair via impact ionization.

In contrast, as the number of MoS, layers increases, the conduction band
minimum and valence band maximum become more separated in k-space (see Figure
5.5f). The energy conservation equation for avalanche multiplication in multilayer
MoS; with an indirect bandgap energy is expressed as

%mfvlz =E; +Ep +%m21v621 +%m22v32 +%m;‘lv,zl : (3)

Here, +Ep denotes absorption and emission energies, respectively, of phonons
with the wave vector equal to the wave vector difference between the created
electron and hole (momentum conservation). Therefore, for multilayer MoS; FETs,
the additional help of phonons is needed to create an electron-hole pair to fulfill both
energy and momentum conservation, reducing the possibility of electron-hole pair
creation. For this reason, the monolayer MoS, FETs showed higher a and f values

3 ) 211
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than did multilayer MoS, FETs. These results indicate that avalanche multiplication
in MoS; FETs is extremely sensitive to the number of MoS; layers corresponding to
the thickness of the channel. Therefore, it is possible to easily optimize o and § values
by adjusting the number of MoS, layers in MoS, applications exploiting avalanche

multiplication.

5.3.4. Temperature dependence of avalanche multiplication in MoS2
FETs

We also measured Ips—Vps of a multilayer MoS; FET (~17-nm-thick) at a fixed
Ves of 0 V under temperatures ranging from 80 K to 300 K to investigate the effect
of temperature on avalanche multiplication. As shown in Figure 5.6a, the normalized
Ips increased rapidly to its saturation current as the temperature increased in the low
E-field regime because the thermal energy provided to the electron overcomes the
Schottky barrier at the interface between the electrode and MoS; channel (see Low
E-field region in Figure 5.6a). In the high E-field regime, the electrons had sufficient
energy to flow over the Schottky barrier and start to interact with optical phonons.
Therefore, the normalized Ips decreased due to the energy loss caused by the
scattering with optical phonons as temperature increases (see high E-field region in
Figure 5.6a). The Ecr values at the start of avalanche multiplication were also
sensitive to the temperature because a higher E-field was required to compensate for
the energy loss by electron-phonon scattering as the temperature increased (Figures
5.6a and 5.6b). For the same reason, the o values were decreased significantly over
one order of magnitude as the temperature increased from 80 K to 400 K in the entire
E-field range (Figures 5.6¢ and 5.6d). These results strongly support the effect of

temperature-dependent  electron-phonon scattering on the electron-hole  pairs _
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generation. Interestingly, the S values of multilayer MoS, were insensitive to
temperature (opened blue symbols in Figure 5.6d). This behavior is attributed to two
compensating effects: a higher temperature increases electron-phonon scattering
(negative effect for impact ionization) and reduces the bandgap energy of MoS,,*

leading to increased electron concentration (positive effect for impact ionization).
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Figure 5.6. (a) The normalized /ps as a function of E-field for various temperatures
ranging from 80 K to 300 K measured at Vgs= 0 V. (b) The Ecz values depending on
temperature extracted from the result of (a). (¢) The a values under different £-fields
at various temperatures. (d) The a and f values at different temperatures under a

fixed E-field (0.88 MV/cm), represented by black and blue symbols, respectively.
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5.3.5. Comparision of critical electric field with conventional
semiconductor materials

Because the bandgap structure and bandgap energy of MoS; is sensitively
thickness-dependent, the key parameters of avalanche multiplication including Ecg,
a, and g could be adjusted by its number of layers. It is well-known that the Ecr is
proportional to bandgap energy to the power of 2.5 (Ecrk o< Eg?®) for direct bandgap
semiconductors, whereas the Ecr of indirect semiconductors is proportional to the
square of bandgap energy (Ecr ¢ Eg?).3132 Here, we compared the Ecr of MoS;
FETs with the different number of layers to various conventional three-dimensional
(3D) semiconductors. Figures 5.7a and 5.7b show that the Ecr values of monolayer
MoS; with a direct bandgap energy and multilayer MoS; (from 2 layers to 72 layers)
with an indirect bandgap energy were well fitted to the given power law dependences
of Ecr o Eg?® and Ecr o< Eg? respectively. These results support that the
avalanche multiplication phenomena observed in MoS; flakes are in good agreement
with those of conventional 3D semiconductors and that their properties could be

easily controlled by stacking the MoS; layers.
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Figure 5.7. The Ecr values for monolayer, bilayer, trilayer, and multilayer MoS; as
well as those of conventional semiconductors. The solid green lines indicate that the
Ecr of monolayer, bilayer, trilayer, and multilayer MoS, FETs were well-fitted to the
given power law dependence of (a) Eck < Eg*° (direct bandgap) and (b) Ecz o<

Eg? (indirect bandgap). The Ecr values of the semiconductors were obtained from
references; InSb,*! InAs,*' GaSb,*! GaAs,*' GaN,*' Si,’! SiC,*! diamond,’! InP,*
CdS,** Ge,» and GaP.*

Conclusion

We investigated electrical breakdown phenomena in MoS; FETs under high E-
fields. The effects of lateral E-fields and carrier concentration on the electrical
breakdown indicated that avalanche multiplication is the origin of the electrical
breakdown in MoS, FETs. The avalanche multiplication phenomena depended on
the thickness of MoS; channel layer. In particular, the Ecz and a of avalanche
multiplication in MoS, FETs decreased with an increasing number of MoS; layers
due to the thickness-dependent tunable band structure and bandgap energy of the 2D
MoS; layers. The effect of electron-phonon scattering and the power law fitting of
the relationship between Ecz and bandgap energy showed that the avalanche
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multiplication behaviors in MoS, were consistent with those in 3D semiconductors.
Our study helps understand the electrical breakdown phenomena in MoS, under high
E-fields. Furthermore, it will provide insight for the future achievement of
controllable avalanche multiplication characteristics that are currently only feasible

in thickness-dependent 2D layered MoS; and other transition metal dichalcogenides.

Figure captions

Figure 5.1. Schematics of the process flow for the MoS, FET fabrication.

Figure 5.2. (a) Optical images (upper panels) and an AFM image (lower panel) of a
monolayer MoS; flake and fabricated MoS, FET. (b) The schematic of the fabricated
MoS; FET with Au/Ti contacts. (c) PL spectra, (d) PL mapping image, and (e)
Raman spectra of a mechanically exfoliated MoS; channel layer. (f) Representative
transfer and (g) output curve of a monolayer MoS, FET. (h) The output curve
exhibiting electrical breakdown in high Vps regime over 70 V. The Ips increased
linearly in low E-field regime (plotted with red line), whereas it increased abruptly

in the high E-field regime (plotted with blue line).

Figure 5.3. (a) An optical image of multilayer MoS, FETs (MoS; thickness of ~2.4
nm) with different channel lengths of 1.49, 1.95, 3.42, and 4.97 um (labeled from 1
to 4, respectively) made on a common trilayer MoS; flake (thickness of ~2.4 nm).
(b) The normalized Ips—Vps characteristics for the MoS, FETs measured at fixed Ves
=0V. Colordashed lines indicate the breakdown voltages depending on the lateral
E-fields. (c) The Ves and Ecr values versus the channel length of MoS; FETS,
represented as black and blue symbols, respectively. (d) Peak channel temperatures
corresponding to the MoS, FETs indicated in (a). An inset image shows a 2D thermal
simulation result of the MoS; FET with a channel length of 1.49 um. (e) Calculated
peak MoS; channel temperature versus channel current in our device structure. An

inset image indicates 3D thermal simulation result of the MoS, FET with a channel
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length of 1.49 um. (f) Heat distribution of the MoS, channel along the dashed line in
(e). (g) The Ips—Vps characteristics at various gate voltages ranging from 10 V to 40
V with a step of 5V. An optical image of the multilayer MoS; FET is included in
inset (scale bar = 3 um). (h) The Veg and Alps/AVps values versus the gate voltage,
represented as black and blue symbols, respectively.

Figure 5.4. Calculated peak temperature at the MoS, channel and contact region
versus the channel current at fixed Reomac, and 2D simulation result in the two

different devices.

Figure 5.5. (2) The mechanism of avalanche multiplication phenomena. (b) The Ecr
values versus the number of MoS; layers. The error bars indicate the standard
deviations of Ecr extracted from 3-7 different MoS; FET devices for each condition.
(c) The a values as a function of inverse E-field for the MoS; FETs with different
numbers of MoS; layers. (d) The maximum « and calculated g values versus the
number of layers of the MoS; channel, represented by black and blue symbols,
respectively. The energy band structures for avalanche multiplication process in (€)

monolayer and (f) multilayer MoS; FETSs.

Figure 5.6. (a) The normalized /ps as a function of £-field for various temperatures
ranging from 80 K to 300 K measured at Vgs=0 V. (b) The Ecr values depending on
temperature extracted from the result of (a). (¢) The a values under different £-fields
at various temperatures. (d) The a and £ values at different temperatures under a

fixed E-field (0.88 MV/cm), represented by black and blue symbols, respectively.

Figure 5.7. The Ecr values for monolayer, bilayer, trilayer, and multilayer MoS; as
well as those of conventional semiconductors. The solid green lines indicate that the
Ecr of monolayer, bilayer, trilayer, and multilayer MoS, FETs were well-fitted to the
given power law dependence of (a) Eck o< Eg*° (direct bandgap) and (b) Ecz o<
E&* (indirect bandgap). The Ecx values of the semiconductors were obtained from
references; InSb,*! InAs,’! GaSb,’! GaAs,’!' GaN,’! Si,*' SiC,*' diamond,*' InP>
CdS,** Ge,* and GaP.3¢
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Chapter 6. Trapped charge modulation at the
MoS2/SiO: interface by lateral electric field in MoS:

field-effect transistors

Controlling trapped charges at the interface between a 2D material and SiO; is
crucial for the stable electrical characteristics in FETs. Typically, gate-source bias
has been used to modulate the charge trapping process with a narrow dielectric layer

with a high gate electric field. Here, we observed that charge trapping can also be

affected by the lateral drain-source voltage (Vps) in the FET structure, as well as by

the gate-source bias. Through multiple Vps sweeps with increasing measurement Vps

range, we demonstrated that the charge trapping process could be modulated by the
range of the applied lateral electric field. Moreover, we inserted hexagonal boron
nitride (h-BN) layer between the MoS: and SiO: layer to explore the charge trapping
behavior when a better interface is formed. This study provides a deeper
understanding of controlling the electrical characteristics with interface-trapped

carriers and lateral electrical fields in 2D materials-based transistors.
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6.1. Introduction

Atomically thin 2D materials such as MoS», MoSe», WS,, and WSe; have attracted
tremendous attention as innovate nanoelectronic materials [1-4]. Among the 2D
materials, MoS; is an excellent channel material for realizing 2D-based FETs due to
its outstanding electrical characteristics [5, 6] and intrinsic band gap feature (~1.9
eV for monolayer and 1.2 eV for bulk MoS,) [7, 8]. In addition to having these
advantages, the MoS; FET shows good electrical stabilities from thermal [9, 10] and
mechanical [11, 12] alterations, which are essential requirements for FETs. In spite
of the innate stabilities of MoS,, unstable electrical characteristics could be observed,
caused by extrinsic sources. For example, trapped charges existing at the interface
between MoS; and a gate dielectric layer (such as SiO) have been considered one
of the dominant sources incurring electrically unsteady states [13, 14]. Occasionally,
deliberate charge trapping at the interface between MoS; and SiO; or charge injection
into SiO; has been used for materializing 2D materials-based memory devices [15,
16]. Typically, to control trapping or detrapping electrons, gate-source bias has been
used with a thin gate dielectric layer where a high gate electric field can be built [15,
16]. In our study, we observed that the charge trapping process in MoS, FETs could
also be controlled by the measurement range of lateral drain-source voltage (Vps).
Understanding of altering electrical characteristics by the Vps sweep range is
considerably important for the realization of the stable electrical performance as
FETs.

In addition to having advantage, trapped charges can function as Coulomb
scattering sites and provide an effective gate-source bias, which can lead to

fluctuating conductance [13, 14]. Therefore, large hysteresis in MoS; FETSs induced
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by trapped charges can be an obstacle to practical applications in electronic devices.
To avoid such obstacles, inserting a hexagonal boron nitride (h-BN) layer between
MoS; and SiO; has been proposed to improve the interface condition due to its
atomically flat surface without dangling bonds [17, 18]. Then, high carrier mobility
was successfully achieved in 2D materials-based FETs with such an h-BN buffer
layer [17, 18].

Here, charge trapping and detrapping processes at the interface between MoS; and
SiO, layers in MoS, FETs were investigated through multiple Vps sweeps with
increasing measurement range of Vps. We observed that electrons became trapped at
the MoS»/SiO; interface in the Vps measurement range of up to 105 V, and then
trapped electrons started to be withdrawn by a lateral electric field of ~67.3 kV/cm.
Moreover, we fabricated a MoS; FET by inserting an h-BN buffer layer between the
MoS; and SiO» layers and compared the electrical characteristics of this MoS, FETs
with those of MoS, FETs without an h-BN layer. The carrier mobility of the MoS»
FET with the h-BN layer showed a higher value (~52.7 ¢cm?/Vs) than those of all
MoS;, FETs without the h-BN layer characterized in this work (ranging from 0.5
cm?/V-s to 46.0 cm?/V-s), and the hysteresis disappeared when a better interface was

formed between the semiconductor and gate dielectric layer.

6.2. Experiments

6.2.1. Device fabrication process

Figure 6.1 illustrates the fabrication processes for MoS; field-effect transistors
(FETs). MoS; films were transferred from a bulk MoS; crystal on a 270 nm-thick

Si0,/Si substrate by mechanical exfoliation method. To pattern the drain and source
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electrodes by using electron beam lithography, the electron resistor layer
(poly(methyl-methacrylate) (PMMA) 950 K 11% concentration in anisole) was spin-
coated at 4000 rpm, and then it was annealed at 180 °C for 90 s on a hot plate. After
drain and source patterns were made by an electron beam lithography system (JSM-
6510, JEOL), Ti (5 nm) and Au (30 nm) were deposited using an electron beam
evaporator (KVE-2004L, Korea Vacuum Tech.) sequentially.

(a)

Preparing substrate MoS, transfer ER layer coating

8

Lift-off ER layer Deposition of electrodes E-beam lithography

Figure 6.1. The schematics indicating the fabrication processes for MoS, FET.

6.2.2. Electrical characterizations

The electrical properties of the MoS, FETs were measured using a semiconductor
parameter analyzer (Keithley 4200-SCS) under various temperatures. Raman spectra
of MoS, were characterized using an XperRam 200 (Nanobase, Inc.) instrument with

a 532 nm laser as the excitation source.

6.3. Results and discussions

6.3.1. Structure and electrical characteristics of MoS2 FETs
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Figure 6.2(a) shows a schematic of the multilayer MoS, FET device and the
molecular structure of MoS,. An optical image of a fabricated MoS, FET is shown
in figure 6.2(b). The thickness of the mechanically exfoliated MoS; film (~3.8 nm)
was measured by atomic force microscopy (AFM). The Raman peak positions of
E',, and A'; correspond to the in-plane and out-of-plane lattice vibrations,
respectively, and the value of the frequency difference (~24 cm™!) indicates an
uncontaminated multilayer MoS, sheet (figure 6.2(¢c)) [19]. Figures 6.2(d) and 6.2(e)
exhibit the transfer curve (drain-source current versus gate-source voltage, Ips—Ves)
and the output curve (drain-source current versus drain-source voltage, /ps—Vps) of a
multilayer MoS; FET measured in vacuum (~10~* Torr) at room temperature. These
data showed good n-type semiconductor behavior with a high on/off ratio of over
10° and a carrier mobility of 29.3 cm?/V-s. Note that all the mobility values in this
work signify the maximum values measured at Vpg in the linear region. The carrier
mobility (u) was calculated by the formula u = (d/ps/ dVes) x [L / (WCiVps)], where
W (~25 pm) is the channel width, L (~15.6 um) is the channel length, and C; = &.&./d
=1.3 x 10*F-m is the capacitance between the MoS, and heavily doped Si back
gate per unit area. Here, ¢, is the vacuum permittivity, &. (~3.9) is the dielectric

constant of the SiO, dielectric, and d is the thickness (270 nm) of the SiO, layer.
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Figure 6.2. (a) Schematic of MoS, FET and the molecular structure of MoS,. (b) An
optical image of a MoS, FET and an AFM profile indicating the thickness of the
MoS; film (~3.8 nm). (¢) Raman spectrum of a multilayer MoS,. (d) /ps—V¢s and (e)
Ips—Vps curves of the multilayer MoS, FET.

6.3.2. Charge trapping and detrapping phenomena depending on the Vps
measurement range

To investigate the trapped charge effect on electrical characteristics, we applied a
finite gate-source voltage pulse (denoted as Vs pefore) 0f =40 V or 40 V for one second
before the actual measurement and then examined the output curve at a zero gate-
source voltage (Vgs = 0). Figure 6.3(a) indicates that two different electrical
configurations were observed: one with a higher saturation current (represented by

filled circular symbols) and another with a lower saturation current (represented by

.
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open circular symbols), which are controlled by Vs refore (figure 6.3(a)). The origin
of the two separate configurations can be explained by the effect of trapped electrons
induced by Vispeore. Because the MoS; channel and SiO, dielectric form an
incomplete interface, trapped electrons could exist at the interface of MoS,/SiO,,
which influences the channel current flow. This result is consistent with previous
studies in which Vs was used to control charge trapping by taking advantage of a
narrow dielectric layer (a few hundred nanometers) with a high gate electric field
[13, 14]. In order to classify two different configurations markedly, we applied the
strong voltage of Vs pefore (40 V or 40 V). As shown in figure 6.3(b), when Vs pefore
=40V was applied, the trapped electrons escaped from the trap sites at the interface
to the MoS; channel. On the other hand, when Vgspeore = 40 V was applied, some
free electrons were trapped at the trap sites at the interface. These two electrical
configurations are denoted as unoccupied-traps state and occupied-traps state,
respectively (figures 6.3(a) and 6.3(b)). The trapped electrons induced by Vs sefore
caused Coulomb scattering with the free carriers (conduction electrons) in the MoS»
channel and acted as a negative gate-source bias during the measurement even at a
fixed value of Vs= 0V, leading to reduced conductivity in the MoS; channel (figure

6.3(a)).
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Figure 6.3. (2) Ips-Vps curves of the multilayer MoS, FET illustrating two different

electrical configurations (occupied-traps state and unoccupied-traps state) measured
at Vs =0V controlled by initial gate-source voltage pulse (Vgs, pefore). (b) Schematic
band diagrams illustrating the two different electrical configurations when Vgspefore

=-40 V or 40 V is applied.

Similar to the above method using a gate-source voltage, trapped charges can also
be controlled by a lateral electric field. Figure 3(a) shows the output curves of a
multilayer MoS; (12 nm-thick) FET under a series of Vps sweeps with an increasing
measurement range from 40 V to 130 V at a fixed Ves= 0 V. Each Vps sweep with
increasing measurement ranges was performed in sequence without interval time.
We fixed Vgs = 0V, so that the channel current does not flow too much in the MoS,
channel, even at high Vps range, which avoids a permanent breakdown phenomenon
by the Joule heating effect. When the measurement range increased from 40V (from
0V to 40 V, black filled circular symbols) to 105V (from 0 V to 105 V, violet filled

circular symbols), the saturation current gradually decreased from ~130nA to~30

nA, as shown in figures 3(a) and (b). In contrast, the saturation current continuously
increased in Vps sweeps from the measurement range of above 110 V (from 0 V to
110V, gray open circular symbols). The decreased saturation current during the Vps
sweeps up to the measurement range of 105 V is ascribed to the charge trapping

process because the free electrons can be trapped in the trap sites at the MoS./SiO-
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interface, and so the trapped electrons negatively affect the saturation current on the
next Vps sweep measurement (represented by the trapping process shown in figure
3(b)). After the Vps sweep of 105 V (violet filled circular symbols), the trapped
electrons started to be detrapped out of the trap sites owing to the strong lateral drain
source electric fields, which resulted in an increased saturation current in the next
Vbs sweep measurement ranges from 110 V to 130V (represented by the detrapping
process shown in figure 3(b)). To calculate the energy levels of trap sites, we utilized
the simplified Poole—Frenkel model in which the trapped charge can begin to escape
the potential barrier via thermionic-field emission at Vps = 105 V. From the
calculation, it was determined that the trapped electrons in trap sites would be located
more than 72 meV away from the conduction band, which is in accordance with a
previous study [20] (see figure S3 for details in the supplementary information). Note
that the abrupt increase in the channel current above 110 V is due to the avalanche

breakdown process under strong lateral electric fields [21].
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Figure 6.4. (a) Ips—Vps curves under multiple Vps sweeps with increasing
measurement Vpg range from 40 V (from 0 V to 40 V) to 130 V (from 0 V to 130 V)
at Vgs=0 V. (b) Saturation current as a function of the measurement Vpg range at Vs
=0 V. Black, red, blue, green, magenta, orange, dark green, and violet filled circular
symbols correspond the Vps sweep range of 40, 50, 60, 70, 80, 90, 100, and 105 V,
respectively, for trapping process. Gray, pink, cyan, light pink, and navy open
circular symbols correspond the Vps sweep range of 110, 115, 120, 125, and 130 V,

respectively, for detrapping process.

6.3.3. Charge detrapping processes by the multiple Vps sweeps

To clearly identify whether the origin of the change in saturation current in
response to the different Vps sweep ranges is due to trapped charges, we further
investigated and compared the saturation currents obtained from the repeated
measurements under the occupied-traps state or unoccupied-traps state. Before the
actual measurement, the occupied-traps or unoccupied-traps states were formed by
applying Vespeore = 40 V or —40 'V, respectively (figures 6.5(a) and 6.5(b)). In the
occupied-traps state (after applying Vs sere = 40 V), the saturation current gradually
increased and became saturated during the multiple Vps sweeps from 0 V to 105 V
ata fixed value of Vgs =0V, as shown in figure 6.5(a). This phenomenon is attributed
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to the detrapping process by the high lateral drain-source electric field (~67.3 kV/cm).
Note that quite a high Vps over 105 V was required for detrapping process due to the
long channel length (~15.6 pm) of our FET, and the range of Vps depends on the
channel length of each device. The electrons escaped from the trap sites by the
multiple Vps sweeps, which gradually changed from the occupied-traps state to the
unoccupied-traps state. On the other hand, in the unoccupied-traps state (after
applying Vs peore =—40 V), the saturation currents did not change during the multiple
Vps sweeps because of a lack of electrons in the trap sites at the interface, as shown
in figure 6.5(b). Figure 6.5(c) summarizes the values of the saturation currents during
multiple Vps sweeps in the occupied-traps and unoccupied-traps states. The
difference in saturation current after the six repeated measurements between the
occupied-traps state (~38 nA) and unoccupied-traps state (~67 nA) signifies the

influence of the trapped electrons remaining after repeated measurements.
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Figure 6.7. Ips—Vps curves of the MoS, FET under repeated Vps sweeps at Vs =0
V after (a) Vespefore =40V or (b) Vs petore =—40. (¢) Saturation current versus number
of repeated measurements for the two different electrical configurations (occupied-

traps state and unoccupied-traps state).
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6.3.4. The inflence of h-BN buffer layer inserted between MoS: channel

and SiO: interfaces

As mentioned in the introduction, understanding of controlling trapped electrons
is required for the stable electrical characteristics of MoS,-based transistors or
memory devices. In particular, a better interface between MoS; and the dielectric
layer should be formed to avoid fluctuating conductance by trapped charges. In this
manner, we inserted the h-BN layer between MoS, and SiO; to form an ideal
interface without dangling bonds. Figures 6.6(a) and 6.6(b) show the schematics of
the multilayer MoS, FETs without and with h-BN between the MoS, and SiO; layers.
The thicknesses of the multilayer MoS, for the data of figures 6.6(a) and 6.6(b) were
found to be ~12 nm and ~18 nm, respectively. We could not use the same MoS»
thickness to compare the charge trapping behavior in figure 6.6. Note that the
electrical characteristics can be dependent on the MoS; thickness [22, 23], but the
influence of charge trapping by the difference of the MoS, thickness has been
reported to be unclear and disputable [24-27]. So, a further study exploring charge
trapping behavior with diverse MoS, thicknesses is needed to investigate the
accurate thickness-dependency of charge trapping. The thickness of the h-BN layer
for the data shown in figure 6.6(b) was ~19 nm. Figures 6.6(c) and 6.6(d) indicate
the transfer curves of the MoS, FET without and with the h-BN layer measured in
vacuum (~107* Torr) at room temperature. The mobility for the MoS, FET without
the h-BN layer (figure 6.6(a)) and with the h-BN layer (figure 6.6(b)) was determined
to be ~46.0 cm?/V's and 52.7 cm?/V -s, respectively. Here, a dielectric constant of 3.5
was used for the h-BN layer for the estimation of mobility values [4]. Note that the
mobility of the MoS; FET with the h-BN layer showed a higher value than those of

all the MoS; FETs without the h-BN layer (ranging from 0.5 cm?/ Vs to 46.0 cn_lf/VS?:
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characterized in this work. More importantly, hysteresis was not observed in the
MoS; FET with the h-BN layer in contrast with the MoS, FETs without the h-BN
layer because the h-BN layer forms a nearly ideal interface without dangling bonds
and trap sites, as shown in figure 6.6(d). Note that in the hysteresis comparison
between the two devices, we did not apply the same Vpg (figures 6.6(c) and 6.6(d)),
but the charge trapping process is dominantly affected by Vs rather than Vps in our
device because the electric field by Vs is much stronger than that by Vps. Therefore,
the electrical characteristics did not change in the MoS, FETs with the h-BN layer
regardless of whether Vs petore =40 V or =40 V (figure 6.6(f)), whereas the electrical
characteristics changed for Vgspefore =40 V compared to that for Vespefore=—40 V for
the MoS; FETs without the h-BN layer (figure 6.6(¢e)). For these reasons, inserting
the h-BN layer between SiO> and MoS: is desirable for realizing the stable electrical

characteristics in MoS; FETs.
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Figure 8.6. (a,b) Schematics and (c,d) Ips—Vss curves exhibiting the degree of
hysteresis in MoS, FET (a,c) without and (b,d) with an h-BN layer. /ps—Vps curves
at Vos=0V after Vispepore =40V (black lines) and Vs pefore = —40 (red lines) in MoS»
FET (f) without and (e) with the h-BN layer.

Conclusion

In summary, we studied the influence of a lateral electric field on the charge
trapping and detrapping dynamics at the interface between the MoS, and SiO; layers.
From the results of multiple Vps sweeps with increasing measurement ranges of Vps,
it was found that saturation current initially decreased in the low Vps sweep range
and then started to increase with a larger Vps sweep range over 110 V. We

T
-

133 2 M E g



demonstrated that this phenomenon was due to the charge trapping and detrapping
processes originating from the imperfect interface between the MoS; and SiO;
dielectric. In addition, we inserted an h-BN buffer layer between MoS; and SiO; to
investigate the charge trapping effect after forming a near-ideal interface.
Consequently, the hysteresis caused by trapped charges at the interface disappeared,
and the trapped charge effect on electrical characteristics by Vgsperore Was also
eliminated. This study provides a better understanding of the effect of interface
trapped carriers and controlling electrical characteristics by the lateral electrical field

in 2D materials-based transistors.

Figure captions

Figure 6.1. The schematics indicating the fabrication processes for MoS, FET.

Figure 6.2. (a) Schematic of MoS, FET and the molecular structure of MoS,. (b) An
optical image of a MoS, FET and an AFM profile indicating the thickness of the
MoS; film (~3.8 nm). (¢) Raman spectrum of a multilayer MoS,. (d) /ps—V¢s and (e)

Ips—Vps curves of the multilayer MoS; FET.

Figure 6.3. (a) Ips—Vps curves of the multilayer MoS; FET illustrating two different
electrical configurations (occupied-traps state and unoccupied-traps state) measured
at Vs =0V controlled by initial gate-source voltage pulse (Vs pefore). (b) Schematic
band diagrams illustrating the two different electrical configurations when Vs pefore

=—40 or 40 V is applied.

Figure 6.4. (a) Ips—Vps curves under multiple Vps sweeps with increasing
measurement Vpg range from 40 V (from 0 V to 40 V) to 130 V (from 0 V to 130 V)
at Vos=0V. (b) Saturation current as a function of the measurement V'ps range at Vs
=0 V. Black, red, blue, green, magenta, orange, dark green, and violet filled circular
symbols correspond the Vps sweep range of 40, 50, 60, 70, 80, 90, 100, and 105 V,
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respectively, for trapping process. Gray, pink, cyan, light pink, and navy open
circular symbols correspond the Vps sweep range of 110, 115, 120, 125, and 130 V,

respectively, for detrapping process.

Figure 6.5. /ps—Vps curves of the MoS, FET under repeated Vps sweeps at Vs =0
V after (a) Vaspefore =40 V or (b) Vs petore =—40. (¢) Saturation current versus number
of repeated measurements for the two different electrical configurations (occupied-

traps state and unoccupied-traps state).

Figure 6.6. (a,b) Schematics and (c,d) Ips—Vgs curves exhibiting the degree of
hysteresis in MoS, FET (a,c) without and (b,d) with an h-BN layer. /ps—Vps curves
at Vgos= 0V after Vispefore =40V (black lines) and Vs pefore = —40 (red lines) in MoS»
FET (f) without and (e) with the h-BN layer.
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Chapter 7. Summary

This thesis mainly focuses on the optoelectronic characteristics of MoS,
phototransistors. As a first research topic, the researches on enhanced optoelectronic
characteristics of MoS, phototransistors via the surface treatment with organic
material (copper phthalocyanine (CuPc)) were conducted. Through this facile
surface treatment by electron beam evaporator system, not only photoresponsivity
and but also photoswitching characteristics can be improved. Furthermore, beyond
the perspective of optoelectronic performances, the intrinsic optoelectronic
characteristics of MoS, phototransistors were investigated, such as internal
responsivity, internal quantum efficiency, and internal detectivity. Similar to MoS,,
the effects of p-doping on electrical and optoelectronic characteristics of WSe»
phototransistors were discussed. Furthermore, the interesting phenomena of MoS»
FETs under the high lateral electric fields, such as thickness-dependent avalanche
breakdown and charge trapping dynamics at the interface of MoS,/SiO, are
introduced in Chapter 5 and 6, respectively. Indeed, I wished to investigate the
optoelectronic characteristics of 2D materials-based phototransistors under high
electric field as an ultimate research topic of my doctorate course, but I just could
investigate the electrical properties under the high electric fields due to the
insufficient time. However, I believe I partially established the foundation for
exploring optoelectronic characteristics under high electric fields, and convinced

there is going to be an interesting phenomenon at the end of this study.
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