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ABSTRACT

Zinc oxide thin film transistor (ZnO) based sensors have been fabricated to detect ozone
(O3 ) for ranges around hundreds part per billion (ppb) with < 1 µW power consumption. The
sensor works by ZnO surface depletion due to charge trapping adsorbates from O3 (i.e. O 2 -). The
low power consumption of these sensors is due to a 25 milliseconds recovery via ultraviolet (UV)
light pulse per 40 seconds on a light-emitting diode (LED) of 365 nm wavelength which desorbs
charge traps, removes the surface depletion and resets the sensor to its baseline current. Reliable
properties for optimum sensor performance include good sensitivity for small concentration ranges
of target gas, good electrical stability when unexposed to target gas, and good target gas selectivity.
In addition to showing very good sensitivity, these sensors show very good electrical stability after
post-deposition annealing of ZnO and partial-contact passivation, leaving the ZnO sensing area
open to ambient, which also shows negligible hysteresis and improves the electrical charge
transport of the as-deposited ZnO. Finally, a path to attain gas selectivity is via the use of an
organic film, such as indigo dye, as a filter deposited over the gas sensors is demonstrated. Due to
its low power sensor operation, it provides a path for energy harvesting applications.
Among other types of materials with potential transistor based sensor applications are
transition metal dichalcogenides such as molybdenum disulfide (MoS 2 ) and tungsten disulfid e
(WS2 ). Due to the bandgap’s number of layer dependence with these materials, much of the interest
in is optoelectronics oriented. A reliable etching process is shown via reactive ion etching (RIE)
towards layer-by-layer etching, where the etch rate of both chemical vapor deposition (CVD)
grown and exfoliated TMDs differ significantly. By taking advantage of the knowledge of device
preparation for ZnO thin film transistors (TFT) and the etch rate recipe of TMDs, device
iii

fabrication of TMD based transistors can be reliably prepared by patterning the TMD film and
acquiring the desired TMD film thickness for device performance. The RIE process consists of
using argon (Ar): tetrafluoromethane (CF4 ) plasma, which is useful for fast patterning, and O2
plasma, which is primarily beneficial for slow and controllable layer-by-layer thinning of the TMD
film after patterning. Using the Ar: CF 4 plasma, variations were observed for CVD grown with
respect to the exfoliated material, where O 2 plasma showed no variation between CVD and
exfoliated. The patterning and thinning of TMDs provides a pathway to a controllable and
reproducible process towards fabrication of TMD based devices such as transistors, which is the
first step in moving

towards the material’s

potential applications

for electronics

and

optoelectronics.
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1. INTRODUCTION

1.1 Metal Oxide-Based Sensors
Metal-oxide semiconductors are known to be among the materials with high sensitivity
useful for gas sensing applications in the low ranges, ~ hundred parts per billion (ppb).
Commercially available bulk metal-oxide based semiconductors, such as SnO 2 , InO 2 , ZnO, and
TiO2 are widely used for industrial and automotive applications [2]. These materials can also be
found in their thin-film form and operate for temperatures between room temperature to >400
°C [3-5]. Although these sensors show reliable sensitivity, response time and discrete operating
temperatures provide gas selectivity, the large power consumption of ~1 W makes these sensors
undesirable for health monitoring wearable sensors in energy harvesting applications [6]. Lowpower consumption sensor operation (<1 µW) would be more desirable for energy harvested
self-powered applications [7]. Most of this work focuses on optimizing electrically stable devices
in air, at room temperature; we also strive to have the devices be sensitive to our target gas, O3,
and reset with minimum power consumption for potential wearable gas monitor applicatio ns.
This work is based on an extension of the project of fellow colleague Israel Ramirez and his
work on zinc oxide (ZnO) based thin-film transistor (TFT) O3 sensors.

1.2 Good Quality Sensor Properties
Good sensing application materials must have good electrical stability when unexposed
to the target gas, good sensitivity for the target gas, and good selectivity towards the target gas.
Although often overlooked, fabrication process is strongly correlated with a sensor’s electrica l
stability, which, if not properly controlled, may lead to a low yield of optimal sensor
performance. For good sensitivity, uniform thin film ZnO (10 nm thick) shows a larger surfaceto-volume ratio than bulk metal oxides and typical nanorods (200 nm thick rods) used for gas
sensing applications; ZnO also has a large area deposition via a plasma enhanced atomic layered
deposition (PEALD) system [9]. Finally, using organic film coating over the sensors as filters
can help provide good selectivity to finalize the sensing application of the device [10].
The ZnO TFT fabrication will be discussed in Chapter 2. ZnO thin–film deposition is
done via PEALD, allowing large area and good uniformity deposition. Later, PEALD is also
optimized to deposit good quality alumina (Al2 O3 ) for the TFT dielectric later. Later, the
optimization of the ZnO TFT performance by post-deposition annealing is discussed. Fabrication
is then finalized by deposition of source-drain contacts and compared with different postdeposition annealing temperatures as well as no post-deposition annealing. Optimization of the
ZnO TFT performance is finalized by partially passivating the device with Al2 O 3 which brings
significant electrical stability to the device, as well as maintaining its usefulness as a gas sensor.
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1.3 Pulsed UV Light and Organic Films as Filters
Chapter 3 demonstrates an ultra-low power ZnO TFTs O3 gas sensing setup.
Demonstration of the ZnO TFT O 3 sensors at room temperature with an average power < 1 µW
is shown. Unlike device annealing in previous works, pulsed ultraviolet (UV) was implemented
to reset and achieve low power consumption of the O 3 sensors. The UV light short time exposure
used to reset the ZnO TFT sensor to its baseline current in place of sensor annealing allows low
power consumption operation, opening its pathways for suitable and wearable energy harvesting
self-power applications. The O 3 concentration could be determined by extracting the ∂I / ∂t after
each UV reset pulse for O3 content concentration as low as 110 ppb.
To provide gas selectivity, the use of organic films as a filter, such as indigo dye for O3,
is demonstrated. An organic film provides a pathway to achieve good gas selectivity while
maintaining the power consumption at a minimum. An indigo dye film is evaporated on the ZnO
TFT, and the sensor response results are compared to the sensor without indigo dye as a filter.

1.4 Layer-by-layer Etching of Transition Metal Dichalcogenides
After establishing a good ZnO TFT based gas sensor, we looked into transition metal
dichalcogenides (TMDs) as potential materials for gas sensing applications. TMDs are among the
leading candidates for 2D based devices with a large variety of applications for optoelectronic s
and even flexible devices in the near future [20]. One of the initial main challenges of fabricatin g
TMD based sensors is acquiring reproducible results from device-to-device on the same sample
for both exfoliated and chemical vapor deposition (CVD), primarily grown due to differe nt
thicknesses of the TMD film [20-22]. Another challenge for TMD based transistors is reliably
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acquiring the desirable thickness of the TMD film, as its device performance is layer dependent
[22]. This work shows a reactive ion etching (RIE) recipe for both patterning and thinnin g
techniques that can work reliably in a TMD based transistor process.
Chapter 4 will briefly demonstrate how CVD grown and exfoliated TMDs are deposited
and characterized with Raman Spectroscopy. This chapter will also show the patterning process
for the TMD films and the thinning recipe with etching gases such as tetrafluoromethane (CF 4 ),
oxygen (O 2 ), and argon (Ar). The etching dependence of the RIE parameters such as pressure, selfbias, plasma power and etching gas used will be briefly illustrated. Finally, a TMD transistor
fabrication process is shown using the patterned TMD to shine light on future steps for a controlled
fabrication process in need of optimization.
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2. ZnO THIN-FILM TRANSISTORS

2.1 Fabrication of ZnO Thin-Film Transistors (TFTs)
The ZnO TFT gas sensors used in this work have a staggered, bottom-gate structure and
have been fabricated on both glass and oxidized silicon substrates. 100-nm thick Cr deposited
by sputtering was used as the gate layer and patterned by wet etching. Next, a 32 nm thick Al2 O3
layer as gate dielectric and a 10 nm thick ZnO layer as the active channel material were deposited
at 200 °C by plasma-enhanced atomic layer deposition (PEALD) [1].

Figure 1: Schematic of PEALD system which can handle substrates up to 10 cm long.

2.2 Electrical stability: Unpassivated, Passivated and Open-active Region
After patterning the gate dielectric and active layer by wet etching with phosphoric acid
diluted 1:4000 in water, 100 nm thick Ti source and drain contacts were deposited by sputtering
and patterned by lift-off, after which the device can operate as a TFT. The cross-section
schematic can be seen in Figure 2 (top). This section will focus on the fabrication process
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towards achieving good electrical stability for the gas sensor. The ZnO TFT I DS-VGS plot, for
constant VDS = 0.5 V, is shown in Figure 3 (left) where a hysteresis of 0.2 V is for the device
labeled as unpassivated, and which demonstrates poor electrical stability of the device. The
sensor was then applied a constant VDS and VGS bias and the sampled current shows significa nt
drift of IDS by 31% in 1800 seconds, as shown in Figure 3 (left), possibly caused by contact
oxidation. As an attempt to have electrical stability, a 30 nm passivation layer Al2 O 3 via ALD
over the ZnO TFT, (see schematic in Figure 2 (center)), as this has been demonstrated to improve
TFT electrical stability [1,5]. The passivated ZnO TFT IDS-VGS plot, for constant VDS = 0.5 V,
shows a noticeable negative shift of turn-on voltage (VON) 2.5 V possibly due to changes in the
backing interface of ZnO with the Al2 O3 passivation layer, an increase of the ION, and a smaller
hysteresis than the unpassivated device in Figure 3 (left). The electrical stability of the device is
shown to significantly improve to only a 4.5% IDS drift, as shown in Figure 3 (right). In this
fabrication step, the passivated ZnO by the alumina deposition does not have ZnO exposed to
the gas, rendering the device not useful as a sensor. After this step, the device fabrication process
was proceeded by pH-controlled selective wet etching Al2 O3 with a selectivity of >1:400 for
Al2 O 3 over ZnO in order open an active area [7]. This device is shown in Figure 2 (bottom) with
the IDS-VGS plot showing the negative shift of 2.5 V from the unpassivated TFT and some
improvement over unpassivated TFT in electrical stability, with 20% current drift as shown in
Figure 3 (right). The improvement in device performance after partial passivation may be due to
the Al2 O 3 protecting the Ti contacts from oxidation at its interface with ZnO, where oxidation of
Ti contacts can lead to an increase in contact resistance. The device, however, is not electrically
stable enough for the desired sensing applications.
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Drain Current (A)

Figure 2: Cross-sectional schematic of ZnO TFT structures (top) prior to passivation layer
deposition. (center) After passivation layer deposition (bottom) contacts passivated with the
active area exposed to the ambient.
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Figure 3: (left) ID-VGS curve for unpassivated, passivated and open active device drain current
as a function of time for ZnO TFTs: (black curve) unpassivated, (red) passivated, and (blue)
partially passivated. Measurements were done at same current density for comparison.
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2.3 Electrical stability: Post ZnO Deposition Annealing
Due to insufficient electrical stability improvement by contact passivation of these
sensors, the device is still not a useful gas sensor, and post-deposition annealing served as an
additional step. Reports have shown that post deposition annealing on metal oxides, such as ZnO
films, can further improve its electrical stability due to the reduction of trapping sites [4, 7].
Electrical stability as a function of annealing temperature measurements were done for postdeposition ZnO thin films annealed in air at 200 °C, 400 °C, and 600 °C for 1 hour after ZnO
PEALD deposition. The ZnO TFT microscope image is shown in Figure 4 (left) with the openactive area structure. Figure 4 (right) shows electrical stability improvement after annealing.
Literature claims metal oxide annealing reduces trapping states and improves the electrica l
stability for the device contacts [1,7,8,9]. There have also been proposed mechanisms of
structural changes in ZnO as a function of annealing temperature such as zinc interstitials (Zni )
and oxygen vacancies (VO) diffuse to equilibrium positions in the lattice. [1, 17, 18].
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Figure 4: (left) Top view of fabricated ZnO TFT with open active area region. (right) Drain
current percentage change as function of time for ZnO TFTs shows better stability at higher
annealing temperatures.
The plot showing the constant bias at the same current density for devices post-deposition
shows great stability for annealing temperatures of 400 °C and 600 °C, whereas 200 °C shows
poor electrical stability for devices with open active region. The annealing was done post ZnO
deposition and prior to Ti contacts sputtering. The electrical stability improvement drift after the
post deposition annealing for both 400 °C and 600 °C annealing temperatures are good enough
for the sensing applications used in this work. Films annealed at 400 °C are used for the
remainder of this project in order to maintain a low temperature fabrication process for more
versatility in applications for substrates with low temperature requirements.
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3. ZnO TFT BASED O3 SENSOR
3.1 ZnO Sensor Low-Power Consumption Reset: Ultraviolet Light
Once operating, the sensor response is attributed to adsorption of charge trapping groups
from the O 3 gas, where the adsorbates must desorb from the ZnO surface to continually monitor
the O 3 content. In order to reduce the power consumption for an operational gas sensor, the sensor
requires a different approach form device annealing to reset the sensor to its baseline current. A
novel method to reset the sensor is shown via photoconductivity by using an above bandgap light
to desorb any adsorbates on the ZnO surface. The use of ultraviolet (UV) light has been shown to
desorb the adsorbates at the surface due to electron-hole pair generation of the UV light, where the
hole discharges the charge trapping groups and removes them from the ZnO surface, while the
electron contributes to the charge transportation. [28]

3.2 O3 Sensor Setup
The ZnO TFT is then set up for the O3 gas sensing application. The O 3 sensing setup is
shown in Figure 5 (left). The chamber was made out of polytetrafluoroethylene (PTFE), where
we used a UV photometric O 3 calibrator TECO 49PS from Thermo Environmental Instrume nts
Inc, to generate O 3 at our desired concentrations through the inlet. An industrial O 3 analyzer is
connected to the chamber outlet, displaying the O 3 concentration after the gas has flown through
the chamber. Figure 5 (right) shows the ZnO TFT with UV LED light of 365 nm wavelength
aligned right over the ZnO TFTs.
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Inlet

Outlet

Figure 5: (left) Gas sensor chamber setup and (right) TFT wire-bonded to dual-in-line package
with UV (365 nm) LED over the TFT devices.

3.3 O3 Gas Sensor Reset via UV light
ZnO TFTs wire bonded to a dual-in-line package are biased at a constant voltage from
drain-to-source and VGS is held at 0 V. The devices were tested with the same initial current
density for all O 3 concentrations, as the O 3 content is held constant at 110 ppb, 170 ppb, 370
ppb, and 550 ppb in dry air. The results of the measurements show a slope decrease, where the
differential slope is dependent on the O 3 concentration as shown in Figure 6 (left) and (right)
below, where 25 milliseconds of UV light was pulsed every 40 seconds in order to reset the
sensor to its baseline current. The advantage of using this method to determine the O3
concentration is its rapid approach to give a good estimate of the O 3 concentration at very low
ranges. The differential showed reproducible results even at different current levels, allowing
the possibility of reducing the total power consumption to ~1 µW.
ZnO TFTs that have very good sensitivity for O3 gas, good electrical stability when
nothing is to be sensed, and which are therefore useful for low power consumption, has so far
been demonstrated. However, these devices are still not reliably stable against other weaker
oxidants that may interfere with O 3 , such as N 2 O, H2 O, O 2 , CO, and CO 2, all of which are
commonly found at high concentration in ambient conditions.
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Figure 6: (left) Differential slope of O3 sensing response at different concentrations (right)
differential slope dependence of O3 concentration plot.

3.4 Towards Gas Selectivity (Indigo dye)
Various approaches toward gas selectivity in metal oxide based sensors such as external
heaters with sensitivity variations at respective temperatures above 100 °C, show very large power
consumption for sensor operation [3, 4, 6]. An alternate approach toward gas selectivity while
maintaining device low power consumption operation is through the use of organic filters, such as
indigo dye for O 3 . Indigo dye has been used to detect O 3 in aqueous solutions where the pigmented
color blue of indigo fades in the presence of O3 in the solution [26]. The crystal structure of indigo
dye, as in the case of organic molecules, has large spaces in between each molecule, which may
allow diffusions of other oxidants through the indigo dye while O 3 binds to the surface of the
indigo dye, unable to reach the surface of the ZnO.
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The indigo dye is thermally evaporated over the ZnO TFT, acting as a passivatio n layer
and filter; a microscope image is shown in Figure 7 (left). Figure 7 (right) below shows that the
device performance before and after depositing indigo dye is relatively unchanged with a slight
negative shift of 3 mV of magnitude and no change in ION/IOFF current.

Figure 7: (left) Microscope image of ZnO. (right) ZnO TFT remained unchanged before and
after indigo film deposition

The indigo-coated (InCo) ZnO TFTs, (schematic shown in Figure 8 (left)), are then wirebonded to dual-in-line package and mounted in the chamber for O 3 gas sensing at 110 ppb, 170
ppb, 370 ppb, 550 ppb, and 1 ppm O 3 content. The sensitivity response is shown for InCo ZnO
TFT which is much more attenuated than the uncoated ZnO TFT results in Figure 8 (right). This
result suggests that using organics as filters to coat the devices the sensor sensitivity can be altered
controllably.
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Figure 8: (left) Schematic of cross section ZnO TFT after indigo deposition. (right) Sensing
response to O3 are attenuated after indigo deposition over ZnO TFT.

The advantage of using the organic film as a filter is the potential of finding an ideal filter,
where it would either (i) block O 3 and diffuse all other gases or (ii) diffuse O 3 and block all other
gases. The former (i) would set up a system where a sensor without a filter is in the same ambient
as the filtered sensor and the O 3 content can be extracted by mathematically subtracting the
differential response to both sensors. The latter (ii) would effectively complete the sensor since
it would have provided perfect selectivity for O 3 . The potential gases that can be used to test the
sensor sensitivity include common oxidizers found in ambient, such as O 2 , CO, and CO2 , among
others.

A low-power (~1µW) O 3 sensor fabrication process has been demonstrated with reliable
sensitivity of O 3 content above 100 ppb. Electrical stability of the device has been shown by
increasing post-deposition annealing temperature and contact passivation with open-active area,
both of which serve as good sensor properties. Short UV light pulses reset the O3 sensor to its
baseline current with power consumptions lower than 1µW. The sensing response was measured
14

by maintaining a constant bias with a constant O 3 concentration flow, and measuring the
differential slope, repeated after resetting the sensor with the UV light pulse. The sensor is then
coated with indigo dye to act as an organic filter for O 3 attenuating the sensor’s response. This
low-power ZnO sensor can have application for wearable sensor electronics where the battery
lifetime of the sensor is extended.
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4. CONTROLLED ETCHING FOR
TRANSITION METAL DICHALCOGENIDES

4.1 Transition Metal Dichalcogenide Layer Dependent Properties
Materials such as transition metal dichalcogenides (TMDs) have drawn interest among the
scientific community for their 2D optoelectrical properties dependent on their number of layers.
Given that from monolayer to multilayer, the bandgap goes from direct to indirect while behaving
as a semiconductor, the TMDs been used for fabricating thin-film transistors where the device
performance has been shown to vary [20-22]. The reactive ion etching (RIE) is used to etch the
TMD materials, and by controlling parameters such as carrier gas, process pressure and self-bias
voltage which affects the TMD etching speed. The TMD materials used for etching in this process
are MoS2 and WS2, both in mechanically exfoliated and grown via chemical vapor deposition
(CVD).
Although etch rates were established for MoS 2 and WS2 in the exfoliated and the CVD
grown method, this chapter will mainly focus on the characterization of the CVD grown WS 2 films
after patterning and thinning. Later, the focus will shift towards the electrical characterization of
the exfoliated MoS2 by fabricating a transistor.

4.2 Chemical Vapor Deposition Growth of TMDs
The TMD growth was done by Dr. Tanushree Choudhury from Dr. Joan Redwing’s group
from The Pennsylvania State University using a cold-wall CVD system. Since it has been well
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reported that CF4 etches Si and SiO 2 , the substrate used for this process is sapphire (α-Al2 O3 ) or
alumina deposited on SiO 2 /Si substrate [23, 24]. A sapphire or Al2 O3 /SiO 2 /Si substrate of 2 cm
edge is placed in the quartz tube where the induction heating coil is located, shown below in Figure
9. The process consists of a constant pressure of 50 mTorr and constant flow rate of 200 sccm into
the CVD chamber. The temperature used for growth is at 800 ºC, heated via RF power supply,
with molybdenum carbonyl or tungsten carbonyl, used in the example for Figure 9, (M(CO)6 or
W(CO)6 ) as the metal precursor and diethyl sulfur (DES) as the sulfide precursor for 30 minute s.
The result of the CVD grown film is a large area grown film in a variety of thicknesses > 40 nm.

Figure 9: Schematic of CVD system used for growth of the MoS 2 and WS2
The exfoliated process is done on a Si/SiO 2 substrate with PEALD deposited alumina,
where kapton tape is used on molybdenite or tungstenite and is placed on the substrate. Following
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this, the substrate is then placed in dichloromethane for 20 minutes, which helps to weaken the
adhesion between the TMD and the kapton tape. The TMD is then deposited on the substrate after
simply removing the kapton tape from the substrate. Afterwards, the substrate is rinsed with DI
water.

4.3 The Reactive Ion Etching Chamber
The RIE chamber schematic can be seen in Figure 10, showing an inlet gas flowing in the
chamber where a constant pressure is maintained and the bottom electrodes get a radio frequency
signal generating a plasma with a self-bias voltage due to the inlet gas flowing in the chamber.
The etching process that takes place is typically a combination of both chemical etching, if the
product reaction is volatile at the given pressure conditions, and physical etching, if sufficiently
high enough energy of the inlet gas knocks off the material. The inlet carrier gases used for this
project are tetrafluoromethane (CF 4 ), oxygen (O2 ), and argon (Ar).

Figure 10: RIE schematic showing Ar:CF 4 gas flow as example for the dry etching process
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𝑒−

𝐶𝐹4 → 𝐶𝐹3+ + 𝐹 + 2𝑒 −
𝑒−

𝑂2 → O2+ + 2e−
𝑒−

𝐴𝑟 → 𝐴𝑟+ + 2e−
𝑒−

𝐶𝐹4 → 𝐶𝐹3 + 𝐹 + 𝑒 −
𝑒−

𝑂2 → 2𝑂 + 𝑒 −

(1)

(2)

(3)

(4)

(5)

Equations 1-5: Decomposition of CF4 , Ar, and O 2 under plasma [23-24]
The by-product of the inlet gas in the plasma is shown in Equations 1-5, as it decomposes
into (1) dissociative ionization (1), (2-3) simple ionization, and (4-5) radical formation) [23-24].
The formation of radical fluorine (F) is responsible for the chemical etching taking part in the dry
etching process, by forming products such as WF 6 , SF4 , SF6 and MoF6 , all volatile compounds at
room temperature [23].

4.4 Transition Metal Dichalcogenide Patterning
Both the CVD grown and the exfoliated TMD films’ patterning process are shown in
Figure 11. We begin by spin-coating 1811 photoresists over the TMDs. We expose with the mask
aligner for the desired TMD patterned, then develop. After developing, the remaining photoresist
is used as a mask for the TMD while it is placed in the RIE for the dry etching process. The RIE
parameters used are 100 standard cubic centimeter (sccm) with a 4:1 Ar:CF 4 ratio gas flow from
the inlet at a pressure of 100 mTorr. The self-bias voltage used for the patterning is 100 V for 3
minutes. Afterwards, the substrate is removed from the RIE chamber and rinsed with acetone and
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isopropyl alcohol to remove the photoresist. The result is shown in Figures 12 and 13 for both
exfoliated films and CVD grown, respectively. In some cases, where the exfoliated film deposited
from the kapton tape is too thick (> 1 µm), double layer photoresist can be used such as 1811/poly
(methyl methacrylate) (PMMA) to easily coat the exfoliated TMD film.

This process can be

replicated with exfoliated WS 2 and CVD grown MoS2 .

Figure 11: Schematic of process flow to pattern TMDs using (1) WS 2 as example on a sapphire
substrate. (2) The photoresist is spin coated on the surface of the TMD (3) and exposed and
developed to the desired pattern. (4) The photoresist acts as a mask for the TMD when placed in
the RIE for Ar:CF4 4:1 ratio dry etching for 3 minutes. (5) The photoresist is then rinsed off with
acetone and IPA. This process is identical for the exfoliated MoS 2, and no variations were found
by using other substrates, such as Si/SiO 2
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Figure 12: Top view of microscope image for the exfoliated MoS 2 flakes (left) before and (right)
after patterning using the RIE.

Figure 13: Image from microscope of patterned CVD grown WS2 at (left) 20X magnification
and (right) 5X magnification

The substrate will have an array of patterned TMD films uniformly distributed, which to
the best of our knowledge has not been demonstrated before for either exfoliated or CVD grown
TMDs. The thicknesses of all the patterned films were measured using a profilometer; this data
was used as the reference for the initial thickness. All the films have a variety of thicknesses in the
exfoliated case, whereas the CVD grown thicknesses are very uniform, < 1%. The surface
morphology before patterning is shown in Figure 14 (left), where it shows that it remains
unchanged. Figure 1414 (center and right) shows after patterning
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Figure 14: SEM images of CVD grown WS2 films (left) before and (center and right) after
patterning. All images shown at different magnifications

4.5 Transition Metal Dichalcogenide Thinning
In order to get a more controllable etching process to thin down the TMD, the RIE
parameters were adjusted to pressure ranges between 30-50 mTorr and self-bias voltage to below
100 V,The Ar:CF4 ratio was increased to 19:1 in order to dilute the CF 4 concentration. The
patterned films are then placed on the RIE for a variety of minutes and the etching rate is averaged
in nanometers per minutes (nm/min) vs self-bias voltage, which is shown in Figure 15 (left), for
CVD grown and exfoliated films. These results show that etch rates can be varied from 6 nm/min
to sub-30 nm/min for CVD grown TMDs and 30 nm/min to ~180 nm/min for exfoliated TMDs by
varying RIE parameters such as pressure while self-bias voltage.
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Figure 15: (left) Etch rate of exfoliated MoS2 (red) and WS2 (blue) compared with CVD grown
MoS2 (dashed red) and WS2 (dashed blue) vs self-bias (right) and vs plasma power (left).

Although this work shows how controllable the etching rate is by adjusting RIE parameters,
a better indicator of plasma ion generation in the chamber is the plasma power. By plotting the
etching rates with respect to the plasma power generated in the RIE, we can see in Figure 15 (right)
that there is more of a linear dependence. The slope of the dependency is similar for both CVD
grown WS2 and MoS2 ; similarly, for exfoliated MoS 2 and WS2 there is a similar etching rate
response, yet it is larger than CVD grown TMD. The etch rates for the exfoliated material is
noticeably larger than the CVD grown TMDs, and, while not yet well understood, it is possibly
due to impurities from the precursors of the CVD grown TMDs delaying most of the chemica l
etching. There is significant carbon impurity found in the CVD due to the precursors used for the
growth process, as shown on the Raman Spectroscopy in Figure 16, possibly delaying most of the
chemical etching of the CVD film in contrast to the exfoliated TMD from mineral rocks.
However, the etch rate for very low plasma power and low plasma pressure is still too high
for a desirable layer-by-layer etch for a few layers deposited by CVD or exfoliation. This fast
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etching, even at very low plasma power, may also be due to high surface mobility of the F radicals
on the substrate.

Figure 16: Raman Spectroscopy of WS2 after patterning showing before thinning with Ar:CF4
plasma in blue and after thinning in red with a 514.5 nm excitation wavelength

Using Ar:CF4 plasma to thin the TMDs increased the possibility of lateral etching due to
the surface mobility of the F radicals on the surface of the substrate. A microscope image is taken
for the TMDs after patterning before, as shown in Figure 17 (left), and after, as shown in Figure
17 (right) thinning, where the external regions of the TMD film are etched at a faster rate than the
central regions of the film. An AFM image of the WS2 after thinning, as shown in Figure 18, also
reveals some perforated regions or holes after the thinning process using Ar:CF 4 , which can cause
discontinuity of the film, undesirable for thin-film transistor fabrication process.
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Figure 17: Patterned WS2 film shown (left) before and
(right) after thinning using Ar:CF4 plasma

Figure 18: AFM of WS2 films after thinning with Ar:CF4 plasma. (top) The image shows
perforation on the film. (Bottom) The film height is around 1.2 nm.

The possibility of fast chemical etching by the presence of CF 4 , O 2, and Ar, by lacking any
volatile products formed with the TMDs may slow the etching rate via purely physical etching.
The RIE parameters for either O 2 or Ar inlet gas are 100 V self-bias voltage and at 100 mTorr
pressure for 10 minutes. The result of this etching process, compared with Ar:CF4 in Table 1,
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shows a relatively controllable etching rate of around 1 nm/min for Ar and 1.2-1.5 nm/min for O2
with no variation between MoS2 or WS2 in either the exfoliated or CVD grown state.

Table 1: Comparison of etch rates for TMD dry etching with O 2 and Ar plasma versus Ar:CF4
plasma. The etching rate speed is noticeably larger for Ar:CF 4 than Ar or O 2 plasma

The thinning process for patterned is done for WS2 films where the microscope image is
shown for before, as shown in Figure 19 (left), and after, as shown in Figure 19 (right), O 2 plasma.
The Raman Spectroscopy in Figure 20 shows the same peaks at a slightly lower intensity,
correlating to the low amount of etched film. Subsequently, the TMD thinning process was shown
to be reliable by depositing thick films, ~300 nm, of exfoliated MoS 2 and was thinned down to the
few layer thickness of ~5 nm by first using the RIE etching recipe of Ar:CF 4 plasma and then O2.
This can be seen in Figure 21.
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Figure 19: CVD grown WS2 films before and after O 2 plasma

Figure 20: Raman Spectroscopy of WS2 after patterning, showing before thinning with O 2
plasma (in blue) and after thinning (in red) with a 488 nm excitation wavelength
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Figure 21: Patterned exfoliated MoS2 thinning by using etching recipe for
Ar:CF4 plasma and O 2 plasma

4.6 Exfoliated MoS 2 Transistor Fabrication
After reliably using the patterning techniques for TMD materials, transistors can be
fabricated with proper alignment, as the TMD film distribution is similar to the fabrication of the
ZnO TFTs. Using a rigid substrate such as Si/SiO 2 or glass, a patterned gate transistor is fabricated
by sputtering 100 nm Cr and patterned, for the gate contact. The process is followed by PEALD
deposition of 30 nm Al2 O 3 , followed by exfoliated MoS2 deposition and patterned with RIE using
an Ar:CF4 ratio of 4:1. The transistor S/D contacts used were deposited by sputtereing100 nm Ti,
and patterned by lift-off. The device schematic and top view image is shown in Figure 22 (a) and
a cross section schematic can be seen in 22 (b). The IDS-VGS and IDS-VDS characteristics of the
exfoliated-MoS2 transistor is shown in Figure 22 (c) and 22 (d), where it is shown that the device
contacts are poor, possibly due to the carbon-fluorine deposited in the RIE process.
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Figure 22: (a) Top view of a patterned gate exfoliated MoS 2 transistor. (b) Schematic cross
section of MoS2 transistor. (c) IDS-VGS curves for VDS = 0.5 V and (d) IDS-VDS for -8 V < VGS <
8V with 2V step

Running an x-ray spectroscopy (XPS) on the films before, (see Figure 23 (a), (b) and (c)),
and after, (see Figure 24 (a), (b) and (c)), the RIE thinning process, F peak signals increased by an
order of magnitude, while the metal (W for WS2 ) and sulfur signals attenuates by 1-2 orders of
magnitude. This result is also found for MoS 2 among our studies and others [27]. The Raman
Spectroscopy suggests that the material is still a TMD before and after RIE; therefore, the fluorine
appears to be at the surface of the TMD film and has no effect on the vibration modes of the TMD.
The RIE process, while etching the TMD, also deposits a thin, ~ < expected 1 nm, fluorocarbo n
film over the TMD film [23-24]. A potential method to remove the fluorocarbon film is to use a
1 min O 2 RIE plasma due to the formation of volatile compounds such as CF 3 O [23-24].
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Figure 23: (a) XPS data of CVD grown WS2 after patterning and before thinning. (b)
Signal strength of W at ~34 eV above 10 3 in intensity and (c) F peaks are shown to be less
intense than the W peak at ~686 eV.

Figure 24: (a) XPS data of CVD grown WS2 after patterning and after thinning. (b)
Signal strength of W below 103 in intensity and (c) F peaks are 104 in intensity.
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A reliable and successful etching recipe has been established by adjusting pressure, selfbias voltage, and inlet gas for patterning and thinning techniques of TMD films of MoS2 and WS2,
both in the CVD grown method and in the exfoliated method. This project also showed that
transistors can be fabricated in a controllable process. Exfoliated films showed a faster etching
rate than CVD grown films, which suggests that the films grown are very different from the
exfoliated films. Future works need to be done include fabricating TMDs in a variety of
thicknesses in transistors in order to confirm and determine what device parameters are ideal for
the optimal transistor function. By fabricating TMD films deposited by exfoliation and the CVD
method, we could assess both films in the hopes of understanding the device performance and
whether it correlated to its deposition process. This project may give some consistency in
understanding whether the device properties change drastically depending on the TMD thickness ,
and hopefully, we can better determine whether these are the best materials to work with, moving
forward.
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5. CONCLUSION

In conclusion, this project investigated the properties of materials such as ZnO and TMDs
such as MoS2 and WS2 with a different set of goals, respectively. ZnO TFTs were fabricated by
means of a controllable process for optimal operation for sensing applications. The parameters of
the ZnO TFTs that were improved were electrical stability and selectivity, since the ZnO
sensitivity is already good enough for sensing applications. By demonstrating a novel method to
reset the ZnO sensor using a low-power technique, this project further expanded the potential for
this sensor to be used in real-world applications. As for the TMDs, the goal was to demonstrate a
controlled process of a transistor fabrication. Both the CVD grown method used for large area
growth of TMDs and the exfoliated films with sporadic deposition uniformity with an etching
recipe dependent on the process conditions were established. By determining the ideal parameters
of the film thickness and transistor dimensions in future works, real applications of TMD films in
the exfoliated and CVD grown regime, such as gas sensors, can possibly become more tangible.
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APPENDIX A: LIST OF SYMBOLS

IDS

drain current

VGS

gate voltage

VDS

drain voltage

VON

turn on voltage

μ

field-effect mobility

VT

threshold voltage
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APPENDIX B: ELEMENT COMPOUNDS

ZnO

zinc oxide

O3

ozone

O2

oxygen

Al2 O 3

aluminum oxide

Cr

chromium

Ti

titanium

SiO2

silicon dioxide

Si

silicon

MoS2

molybdenum disulfide or molybdenite

WS2

tungsten disulfide or tungstenite

CF4

tretrafluoromethane

Ar

Argon
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APPENDIX C: ABBREVIATIONS

TFT

thin film transistors

PEALD

plasma-enhanced atomic layer deposition

CVD

chemical vapor deposition

ALD

atomic layer deposition

LED

light emitting diode

UV

ultra violet

ppb

parts per billion

sccm

standard cubic centimeter per minute

TMD

transition metal dichalcogenide
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