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ABSTRACT
Zinc oxide thin film transistor (ZnO TFT) technology can be applied to the integrated
circuits (ICs) of high-performance large-area electronics. In this dissertation, innovations
in device structure, fabrication process, and circuitry are made to overcome the original
limitations of the technology and to improve the performance of ZnO TFTs and their
circuits. The contents include research on double-gate TFTs, tri-layer TFTs, double-gate
tri-layer TFTs, selective etching of Al2O3 over ZnO, and TFT-based digital/analog
circuits. Additionally, self-aligned vertical ZnO TFTs for low-cost device scaling are
studied with physics-based modeling.

ZnO TFTs with the active layers deposited by a plasma enhanced atomic layer deposition
(PEALD) system are used as the baseline devices in this research. These devices are nchannel TFTs of high mobility >10 cm2/Vs, large on-off ratio >107, and negative turn-on
voltage. Due to the lack of stable p-channel TFTs, NMOS-only circuitry is one choice for
ZnO TFT-based circuits. A double-gate ZnO TFT structure is developed, which allows
tuning of the turn-on voltage of the TFTs by biasing the top gate electrode.
Characterization circuits in enhancement-depletion mode with high gain >100 and large
noise margin are achieved with double-gate TFTs. Digital circuits including logic gates,
full adders, flip-flops, and frequency dividers and the corresponding design method are
developed. A low-power low-input-voltage active rectifier as an analog circuit are also
customized and realized. The research lays the foundation for using double-gate ZnO
TFTs to build complex digital/analog electronic systems on a large scale.
iii

To obtain a more positive turn-on voltage, which reduces the static power consumption of
TFT circuits, tri-layer ZnO TFT and double-gate tri-layer ZnO TFT structures with insitu PEALD Al2O3 passivation are developed. Selective etching of the Al2O3 passivation
layer without hurting the ZnO active layer for metal contacts is accomplished with pHcontrolled selective etchants, which is the critical process to realize these structures and is
developed with in-depth study. Alkaline aqueous solutions with pH between about 9 and
12 are found to etch Al2O3 at a useful rate with minimal attack of ZnO. High selectivity
>400:1 and an Al2O3 etch rate of ∼50 nm/min are obtained using a pH 12 etch solution at
60 °C. Near-zero turn-on voltage and improved bias-stress stability are obtained with the
tri-layer structure due to the in-situ protected back surface of the ZnO channel layers.

Vertical TFTs (VTFTs) with ZnO channel layers deposited with spatial ALD (SALD) are
studied, which achieves sub-micrometer channel length and increased drive current using
only low-resolution patterning. A physics-based model is developed using the Synopsys
Sentaurus drift-diffusion simulator. Acceptor-like traps above and below the conduction
band minimum are needed to model the semiconductor behavior of SALD ZnO. By
producing the asymmetric I–V characteristics with simulations, the role of the ungated
ZnO region near the foot of the VTFT is understood, which has a more significant effect
on charge injection than on charge extraction. Good agreement with experimental
characteristics is obtained in modeling VTFTs with different ungated region lengths.
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Chapter 1
Introduction
1.1 Overview
The thin film transistor (TFT) is the essential fundamental component of large-area
electronics. Composed of thin films of thickness on the scale of 10 to 100 nanometers,
the device structure of TFTs is suitable for additive fabrication onto extrinsic substrates
or existing systems. Years of continuous development in deposition methods and
lowering of process temperature has enlarged the range of possible applications for TFTs
on various substrates and contributed to the emergence of the new concepts, such as
transparent electronics [1], flexible electronics [2], and wearable electronics [3-5], etc.
Free of the constraints of the substrate’s material and quality, thin film electronics have
the potential to be fabricated over large distances on inexpensive substrates to achieve
high throughput and low cost (for example, roll-to-roll) [6]. TFTs reveal their
advantageous features and unique benefits over conventional single-crystal bulk Si and
III-V devices and circuits for large-area applications.

Since TFTs found their primary applications in the flat panel display (FPD) industry in
the 1970s to 1980s [7-8], extensive research has been carried out based on various
material systems. Both organic and inorganic semiconductors are researched for making

the active channel layer of TFTs. Organic semiconductors are attractive because of the
low process temperature in their solution-based deposition. They can be printed for the
purpose of low-cost patterning, and the field-effect mobility of organic TFTs varies in a
useful range from 0.1 to 10 cm2/Vs. However, their performance is coupled with processdependent variations and issues of long-term reliability, including air-stability and biasstress stability. Currently, organic TFTs are mostly used for lower-end flexible
applications [9]. In contrast, inorganic semiconductors are more advantageous for the
mass production of backplanes in the display industry. Hydrogenated amorphous silicon
(a-Si:H) TFTs were first recognized as the most suitable devices for large-area displays
[10]. With plasma enhanced chemical vapor deposition (PECVD) at a routine process
temperature of ~300 ºC, a-Si:H can be deposited on glass substrate with high throughput.
A moderate mobility between 0.1 and 1 cm2/Vs and uniform performance over a large
area are achieved with a-Si:H as the TFT channel layer [11]. This performance has no
problem supporting the FPD industry in developing TV screens of a diagonal dimension
larger than 50 inches [12]. However, the large leakage current induced by the StaeblerWronski effect [13] and the electrical bias-stress instability [14-15] are the drawbacks of
a-Si:H TFTs. For the new generations of high-definition displays with high scan
frequency (i.e., >120 Hz), the mobility of a-Si:H TFTs starts to become inadequate [16].

To meet the requirement of higher performance TFTs, low temperature polycrystalline
silicon (LTPS) technology is developed. A high mobility of 50 to 100 cm2/Vs is achieved
with a trade-off of the fabrication cost and process complexity. The reasonable
crystallization temperature to fabricate LTPS TFTs on glass substrates (300 ºC to 400 ºC)
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is realized by replacing high-temperature annealing with excimer laser scanning, which
increases cost and undermines throughput [17]. Nonuniformity in TFT performance is
also seen due to the large grain size (approaching TFT channel length) in the
polycrystalline structure of LTPS TFT channel layers [18-20].

Oxide semiconductors are one of the alternatives to fabricate TFTs with high-mobility
performance. In the 1960s, the research on II-VI compound semiconductors of cadmium
sulfide (CdS) [21], tin oxide (SnO2) [22], and zinc oxide (ZnO) [23] demonstrated
devices with mediocre transistor-like performance and mobility of ~1 cm2/Vs. For the
last decade, the need for high mobility in the FPD industry has brought researchers’
attention back to oxide semiconductors. Forty years’ development of modern deposition
and fabrication methods assisted a rapid improvement in performance and realized the
possibility of using oxide semiconductors for large-area applications. Among these oxide
semiconductors, ZnO and their ternary, quaternary alloys have made the most significant
progress toward high-performance large-area electronics. 110 cm2/Vs is the highest value
of field-effect mobility in ZnO TFTs demonstrated so far, which was obtained with
polycrystalline ZnO deposited by pulsed laser deposition at 350 ºC [24]. High mobility in
the range from 10 to 50 cm2/Vs can also be obtained with polycrystalline ZnO deposited
by plasma enhanced atomic layer deposition (PEALD) or sputtering at a temperature
lower than 300 ºC or even at room temperature [25-26]. The deposition temperature is
compatible with plastic substrates and is suitable for the applications of flexible
electronics. Besides polycrystalline structure, amorphous structure can be generated with
sputtering of ZnO-based ternary, quaternary alloys such as InZnO [27-28], GaInZnO [293

30], ZnSnO [31-32], and so on. With these films, high mobility >10 cm2/Vs can be
obtained, and the amorphous structure is beneficial for large-area uniformity in TFT
performance. With passivation on the channel layers, ZnO TFTs show long-term and
bias-stress stability better than a-Si:H and even comparable with LTPS [25, 33].

ZnO TFTs are strong candidates not only for high-performance display backplane
technology, but also for the integrated circuits (ICs) of large-area electronics. Some
unique properties of ZnO-based semiconductors bring additional values to the new
formats of large-area electronics. Due to their large bandgap of 3.4 eV, ZnO-based
semiconductors are transparent in the visible spectrum. Combined with transparent
conductive electrodes, they can be used to construct transparent electronics [34]. The
metal-oxygen-metal ionic bonds in these films are insensitive to disorders, and the carrier
transport in ZnO TFTs is insensitive to deformation of the substrates; the low deposition
temperature is also compatible with low-cost flexible plastic substrates. These properties
make ZnO TFTs attractive for various applications in the field of flexible electronics
[35].

ZnO TFTs are all n-channel transistors. Without introducing other semiconductors to
increase the fabrication complexity and cost, NMOS-only circuits need to be used.
Recent progress in the development of logic circuits and radio frequency identification
based on ZnO TFTs [36-37] shows the great opportunities for circuit applications, except
that the basic NMOS-only circuits suffer from large static power consumption, low gain
in the voltage transfer curve, and small noise margins. Innovation of device structure and
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circuitry to improve the performance is gaining increasing interest. One of the key factors
that affect the performance of individual TFTs and the whole circuits is the threshold
voltage of the TFTs. Positive or negative threshold voltage can make TFTs totally
different in function or usage in circuit configurations. The possibility of using dualthreshold or multiple-threshold circuits will add great flexibility to the circuit designs.
The corresponding design methodology based on various TFT performances may seem
different from bulk-silicon IC and require further study for practical applications. Being
able to realize sophisticated digital and analog circuits will enlarge the field of
applications of ZnO TFTs for large-area electronics.

1.2 Objectives and Dissertation Organization
This work will describe the research on novel device structures, processes, and circuitry
of ZnO TFTs with an emphasis on the current challenges of integrated circuit
applications in the field of high-performance large-area electronics. PEALD ZnO TFTs
with low deposition temperature and high device performance are used as the baseline
devices in this research. They are suitable for various large-area applications including
flexible electronics and embedded systems. Issues of NMOS-only circuitry, power
consumption-related device characteristics, and device scaling are addressed through
various paths. Digital/analog circuits for practical applications and the relevant design
methods for each circuit type are developed based on the new device structures.
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Chapter 2 will describe the PEALD process and the setup of the customized deposition
system used for the fabrication of ZnO TFTs in this research. The characteristics of the
PEALD ZnO active layer and PEALD Al2O3 gate dielectric will be shown as the
foundation of the TFTs’ high field-effect performance. Typical device structure,
fabrication process, and electrical performance of bottom-gate top-contact PEALD ZnO
TFT will be demonstrated as the baseline for the development and improvement of the
technology. The passivated ZnO TFTs are of negative turn-on voltages, which makes
their electrical behavior similar to depletion-mode n-channel transistors.

Chapter 3 will describe the novel device structure and the high-performance digital and
analog circuit designs of double-gate ZnO TFTs. The double-gate TFT structure is
developed based on the passivated ZnO TFTs and allows tuning the turn-on voltage of
the TFT by biasing the top gate electrode. Enhancement-depletion mode circuits with
high gain and large noise margin can be achieved based on double-gate ZnO TFTs.
Methods of TFT-based digital circuit design will be demonstrated by prototyping logic
gate and flip-flop circuits as the basic building blocks for combinational and sequential
digital logic systems. Hierarchical design method and the library of layout cells are
applied for designing full adders and frequency dividers of larger complexity. For analog
circuits, a low-voltage, low-power active rectifier customized for motion and vibration
energy harvesting systems will be demonstrated. These circuit designs will be the
foundations for using double-gate ZnO TFTs to build complex digital/analog electronic
systems for large-area electronics.
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Chapter 4 will address the issue of the negative turn-on voltage of the ZnO TFTs in
saturation-load circuits. The tri-layer ZnO TFT structure and its critical process of
selective etching Al2O3 over ZnO will be described as one solution for obtaining nearzero turn-on voltage. The development of the selective etching process will be elucidated
with details of selectivity characterization and compatibility for practical applications.
Improvement in characteristics and simple circuits will be demonstrated with tri-layer
ZnO TFTs. Furthermore, double-gate tri-layer ZnO TFT structure will be described,
which combines the advantages of both double-gate and tri-layer structures and achieves
positive turn-on voltage in device performance.

Chapter 5 will present the physics-based modeling of self-aligned vertical ZnO TFTs for
the prospect of low-cost device scaling in large-area electronics. The self-aligned vertical
TFT structure allows sub-micrometer channel length and increased drive current to be
accomplished with only simple low-resolution patterning. The structure is developed by
Eastman Kodak Company based on their spatial atomic layer deposition (SALD), which
deposits ZnO with performance comparable to PEALD ZnO. The model of the SALD

ZnO built with the Synopsys Sentaurus drift-diffusion simulator will be presented. The
unique electrical behaviors of vertical TFTs will be reproduced in the simulation,
including the asymmetric I–V characteristics when interchanging source/drain electrodes.
The role of the ungated ZnO region at the foot of the vertical TFT and other nanometerscale features will be explored. This modeling will provide insight for performance
analysis and guidance for structure/process optimizations.
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Chapter 6 will conclude the dissertation and provide suggestions for future work. The
directions of circuit designs based on double-gate ZnO TFTs will be discussed.
Suggestions for device research on p-channel TFTs to be integrated with ZnO TFTs for
complimentary MOS (CMOS) circuit applications will be described. Dinaphtho-thienothiophene (DNTT) organic TFTs (OTFTs) are a strong candidate of p-channel TFTs.
Encapsulation of DNTT OTFTs with Al2O3 films by ALD/PEALD and thermal annealing
after encapsulation will be demonstrated. Improvement in performance and fabrication of
the DNTT OTFTs can be further studied for realizing DNTT-ZnO hybrid CMOS.
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Chapter 2
ZnO Thin Film Transistors with Plasma Enhanced
Atomic Layer Deposition
2.1 Plasma Enhanced Atomic Layer Deposition
Thin films of ZnO used as the TFT channel layers can be deposited by a variety of
deposition methods including pulsed laser deposition (PLD) [24], RF magnetron
sputtering [38], atomic layer deposition (ALD) [39-40], and solution-based deposition
[41]. Different performance of ZnO TFTs is obtained with different deposition methods.
Among all the deposition methods, PLD with TFT substrates heated at 350 ºC and
annealing at 400 ºC, which requires high-temperature tolerance of the substrates, has
shown the highest field-effect mobility ( >100 cm2/Vs ) of ZnO TFTs. Sputtering, ALD,
and solution-based deposition have lower deposition temperatures that can be compatible
with low-cost glass and plastic substrates. The obtained mobility is generally in the range
from 1 to 100 cm2/Vs. We have used plasma enhanced atomic layer deposition (PEALD)
at ~ 200 ºC to deposit ZnO and achieve ZnO TFTs with mobility > 20 cm2/Vs.

PEALD inherits the excellent uniformity and conformability from the self-limited halfreactions of ALD and provides accurate thickness control and uniform electrical
properties even on substrates with coarse surfaces. Compared with conventional thermal
ALD, PEALD uses plasma to provide additional energy besides the thermal energy from

the heating of the substrate to start the surface reaction between the metal organic
precursors and oxidant. PEALD is expected to deposit films with higher quality at the
same deposition temperature as thermal ALD or to achieve similar quality with lower
temperature. In this research, the ZnO deposited by PEALD has a lower concentration of
residual free electrons than the ZnO deposited by ALD, which can be explained by the
reduced amount of native defects such as zinc interstitials and oxygen vacancies [42] or
hydrogen impurity [43-44]. We also use PEALD to deposit Al2O3 as the gate dielectric
for ZnO TFTs, and the PEALD Al2O3 shows improved quality, such as a larger
breakdown field, than ALD Al2O3 at the same deposition temperature.

2.1.1 PEALD Process
ALD-based deposition methods rely on the self-limiting surface reactions of gas-phase
precursors to generate solid-phase reaction products for the deposition of thin films.
Typically, two gas-phase precursors including one metal-organic reactant and one
oxidant are used for metal oxide deposition. For ZnO deposition, diethylzinc (DEZ) is
usually used as the source of Zn. For Al2O3 deposition, trimethylaluminum (TMA) is
usually used as the source of Al. In PEALD, using plasma allows low-reactivity oxidants
such as N2O and CO2 to be used, in contrast with thermal ALD, which uses oxidants of
higher reactivity such as water (H2O), oxygen (O2), and ozone (O3). PEALD ZnO as the
TFT channel layer is typically deposited with N2O as the oxidant. PEALD Al2O3 is
typically deposited with CO2 as the oxidant. The low-reactivity oxidants don’t react with
the metal organic precursor until the plasma is active. Thus when the plasma is off, they
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can serve as purge gases that purge out the extra precursors or reaction by-product. The
corresponding operation sequence of one cycle of ZnO deposition is shown in Figure 2-1
as an example of PEALD using low-reactivity oxidants.

Figure 2-1. Diagram of operation sequence in one cycle of PEALD ZnO deposition and
corresponding schematic of each step in the sequence.
At the beginning of each cycle, DEZ of a constant volume is admitted into the chamber
of the PEALD reactor and absorbs onto the surface of the sample substrate inside the
chamber as shown in Figure 2-1 Step 1. The excess DEZ that doesn’t form physisorption
with the solid surface is purged out of the chamber by the N2O, leaving one uniform
monolayer of DEZ on the solid surface as shown in Figure 2-1 Step 2. So far, N2O works
as a purge gas, and there is no reaction between DEZ and N2O. When RF power is
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applied through the electrodes inside the chamber, N2O plasma is generated and provides
energy to start the reaction between DEZ and N2O as shown in Figure 2-1 Step 3. The
DEZ monolayer is oxidized to one monolayer of ZnO, and then the plasma power is
turned off. The reaction byproducts are at last purged out by N2O as shown in Figure 2-1
Step 4. This cycle is repeated with a controlled growth rate of thinness until the desired
final thickness is reached.

2.1.2 PEALD System Setup
The PEALD system was designed and constructed for a deposition area of 4.5-inches
diameter. Figure 2-2 (a) shows the schematic of the deposition chamber cross-section.
The chamber space is cylindrical with an inner diameter of 6 inches and a height of 3
inches. The sidewall is made of stainless steel and has openings to two tubes with
different diameters. The 1-inch diameter tube is used for gas inlet and the 2-inch diameter
tube is used for gas outlet. A 4.5-inch-diameter pedestal heater is centrally mounted to the
bottom stainless steel plate and is raised above the surface of the bottom plate by 1.5
inches. This configuration keeps the heated surface in the spatial center of the chamber,
which can be beneficial for reactant delivery and heat isolation from other metal parts.
The heater surface is kept at 200 ºC during deposition and determines the maximum
deposition area. A 4.5-inch diameter RF electrode is mounted onto the top lid and
connected through an impedance matching box to an RF power generator. The top lid is
made of polycarbonate for isolation between the RF electrode and the rest of the
chamber. Both the sidewall and the bottom plate are connected to the earth. All parts are
12

fixed by bolts except for the top lid, which is left unbolted for loading samples. O-rings
between each part provide enough sealing to reach a base vacuum pressure lower than
100 mTorr with a rough pump of 27-cubic-feet-per-minute capacity.

(a)

(b)

Figure 2-2. Schematic of the PEALD system setup. (a) Cross-sectional schematic of the
deposition chamber. (b) Schematic diagram of the precursor/purge gas lines and
evacuation setup. The pneumatic valves on the path of the gases are controlled by the
LabVIEWTM program through solenoid blocks.

During the deposition of Al2O3 and ZnO, the pressure in the chamber is kept at ~ 600
mTorr with CO2/N2O flowing. Plasma is started with the help from a >2 kV high voltage
supply feedthrough installed next to the gas inlet of the chamber and sustained by the RF
(13.65 MHz) AC power applied on the RF electrode. The RF power density is kept at ~
0.16 W/cm2.

Figure 2-2 (b) shows the schematic diagram of the precursor/purge gas lines and
evacuation setup connected to the chamber. All the pneumatic valves on the path of the
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gases are activated by solenoid blocks, which are controlled by the LabVIEWTM program.
In addition to DEZ and TMA, the source of H2O vapor is included in the system for thermal
ALD deposition of Al2O3 and ZnO. Each precursor line has two pneumatic valves

controlled by two complimentary output terminals from one solenoid valve block. This
specific configuration uses the tube volume between the two valves to keep the amount of
admitted precursor constant during every deposition cycle. Because the flow of the
precursor from the tubes into the chamber is not laminar, the system runs based on a soak
and purge behavior. After admission of the precursors, the gate valve is closed to allow
the precursors to diffuse all over the deposition area, which is called the soak step. After
the soak, the gate valve is opened and the CO2/N2O purge out the extra precursors.

After the PEALD system was set up and run for depositions, several modifications were
carried out on the initial design of the system to improve its reliability. Because there are
delays in the action of the complimentary valves, a flow through may happen during
switching. This will consume a larger amount of precursors than the original design
intended. Thus instability of the system is increased and the lifetime of the system is
shortened. One solution to this issue can be controlling the complimentary valves
individually and inserting time intervals with both of the valves closed between
switching. This process sequence, based on a strategy to not increase the total duration of
each cycle, is developed as shown in Figure 2-3. In the process, the soak step and purge
step are used to provide enough time for closing both of the valves and waiting for the
following step to open one of the valves for precursors to refill the tube or flow into the
chamber.
14

Figure 2-3. Process sequence for the PEALD system with individually controlled
complimentary pneumatic valves.

Another modification is moving the control valves on the H2O vapor line far from those
of the other precursors. The original design uses one pneumatic valve block to
accommodate the H2O vapor, DEZ, and TMA close to each other. Because H2O vapor
can react with TMA and DEZ without plasma, this increases the chance of unwanted
reactions that make the control valves leaky. A positive feedback between the leaking
valves and unwanted reactions can destroy the system. Figure 2-4 shows a picture of the
PEALD system setup after modification. The H2O vapor line is separated from the
pneumatic valve block and only meets the TMA and DEZ lines at the inlet port of the
chamber.

15

Figure 2-4. Picture of the PEALD system with the H2O line separated from the metal
organic precursor lines.

2.1.3 PEALD Thin Film Characteristics
PEALD ZnO deposited at 200 ºC is polycrystalline. Figure 2-5 (a) shows a strong peak at
the diffraction angle for the (002) crystal orientation in the grazing incidence x-ray
diffraction (GIXRD) result of a 40-nm thick ZnO thin film. This crystal orientation is
also seen in the ZnO with high field-effect mobility deposited by PLD [45] and sputtering
[26]. The surface roughness of this ZnO thin film is ~1.5 nm, as shown in the inset of
Figure 2-5 (a). The transmission electron microscope (TEM) image of PEALD ZnO on
PEALD Al2O3 with silicon as the substrate is shown in Figure 2-5 (b), where ZnO is seen
to grow as columnar grains with crystalline continuity from the Al2O3 surface. The grain
size is estimated to be ~15 to 20 nm. This relatively small grain size can be beneficial for
TFT performance related to macroscopic uniformity in the polycrystalline structure.

(a)

(b)
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Figure 2-5. (a) GIXRD result of a 40-nm thick PEALD ZnO thin film. Inset: AFM scan
image of the PEALD ZnO. [46] (b) TEM image of PEALD ZnO and PEALD Al2O3
deposited on a silicon substrate. [47]

High resistivity is obtained with the PEALD ZnO directly after deposition at 200 ºC.
There is no conduction current without gating. The resistivity of the PEALD ZnO is
larger than 104 Ω·cm, while ALD ZnO deposited at 200 ºC in the same chamber is
relatively more conductive with a resistivity of ~0.1 Ω·cm. ZnO films with high
resistivity are useful as the channel layers of ZnO TFTs that can be easily turned off.

Al2O3 deposited by ALD and PEALD are high-quality, high-k dielectrics. The relative
dielectric constant of both ALD and PEALD Al2O3 is between 7 and 8. The self-limiting
reactions of both processes provide high uniformity and accurate control of growth rate
and thickness. The typical growth rate is 1.07 Å/cycle for PEALD Al2O3 and 1.0 Å/cycle
for ALD, both at 200 ºC. To deposit films on the scale of 10s of nanometers is in the
sweet spot of these types of deposition. Compared with silicon oxide and silicon nitride
deposited by plasma enhanced chemical vapor deposition (PECVD) of similar thickness
and similar temperature (200 ºC), the ALD-based Al2O3 films have a lower density of
defects like pinholes. Low mobile charge density and high breakdown field are observed
in these films. Figure 2-6 (a) shows the results of the capacitance-voltage measurement
on a metal-insulator-semiconductor (MIS) capacitor structure of PEALD Al2O3 before
and after a 12-hour negative bias stress test with a modest field of 2.2 MV/cm. The
positive shift in the curves is used to extract the mobile charge density, which is as small
as 1011 cm-2. As shown in Figure 2-6 (b), leakage currents are measured on metal17

insulator-metal (MIM) capacitor structures based on PEALD and ALD Al2O3. The
leakage current density of a 30-nm thick PEALD Al2O3 is smaller than or equal to 10-8
A/cm2 up to the field strength of 5 MV/cm. Hard breakdown doesn’t occur till the range
of field strength up to 7-8 MV/cm. ALD Al2O3 also shows a large breakdown field but
one lower than that for PEALD Al2O3. The leakage current density starts to increase
when the field strength reaches 3-4 MV/cm. These characteristics can benefit the TFT
performance in the aspects of operation voltage and device reliability.

(a)

(b)

Figure 2-6. (a) Capacitance-voltage measurement results for 22 nm PEALD Al2O3
(Si/Al2O3/Al, device area 100 x 220 µm) in an MIS capacitor structure before and after a
negative bias stress test with an electric field of 2.2 MV/cm for 12 hours. [47] (b)
Leakage current density as a function of electrical field for 30-nm thick PEALD and
ALD Al2O3 in an MIM capacitor structure.

2.2 ZnO Thin Film Transistors
Thin film transistors (TFTs) are one format of the metal-insulator-semiconductor fieldeffect transistors (MISFET). Typically, the devices have three terminals—namely gate,
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source, and drain—and the gate terminal is used to control the carriers’ transport between
the source and drain terminals. The operation is similar to common silicon-based metaloxide-semiconductor field effect transistors (MOSFETs). However, TFTs, with their
active material deposited as thin films, have their own unique structural features, process
flow, and performance.

Depending on the location of the terminals of source, drain, and gate relative to the active
channel layer, the diversity of TFT architectures can be classified into four combinations
of top/bottom gate and top/bottom contact as shown in Figure 2-7. When the gate and
source/drain are on the same side of the active channel layer, the configuration is
specified as having staggered electrodes. Otherwise, when the gate and source/drain are
on different sides, this configuration is called coplanar electrodes. The suitable
architectures are chosen specifically for different thin-film semiconductors deposited
with various deposition methods. For PEALD ZnO TFTs, the bottom-gate top-contact
architecture is typically used.
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Figure 2-7. Four types of TFT device architectures: (a) top-gate, bottom-contact; (b) topgate, top-contact; (c) bottom-gate, top-contact; and (d) bottom-gate, bottom-contact. [48]

2.2.1 Device Structure of ZnO TFTs
The cross-section of PEALD ZnO TFTs with the bottom-gate top-contact structure is
shown in Figure 2-8. This is also called an inverted staggered structure. Typically, 30- to
50-nm-thick PEALD Al2O3 is used as the high quality dielectric of the gate insulator, and
10- to 30-nm-thick PEALD ZnO is used for the active channel layer. An oxidationresistive metal such as Cr is chosen for the bottom gate electrode to avoid degradation of
conductivity during the PEALD deposition with the process temperature at 200 ºC and
weak oxidant plasma. Ti or Al, with their work function similar to the electron affinity of
ZnO (4.1 eV), are found to work well for the source/drain contact metal. A passivation
layer with 30-nm-thick ALD Al2O3 is used to protect the device and to eliminate
hysteresis in the current-voltage characteristics. The related details about passivation and
alternative processes will be further discussed in Chapter 4.
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Figure 2-8. Cross-sectional schematic of bottom-gate top-contact PEALD ZnO TFT.

The inverted staggered structure has been widely used for a-Si:H TFTs in
commercialized products. It is shown to have improved performance compared to a
coplanar structure for PEALD ZnO TFTs and a-Si:H TFTs without an effective
source/drain doping process. The improved performance can be due to the effective
contact barrier lowering with the larger area of contact under control of the gate electrode
in a staggered structure.

Because PEALD ZnO has a grain size of ~10 nm, it is possible to use it in TFTs with
submicrometer channel length in the aspect of device scaling, while considering the
uniformity over its grain boundaries in the polycrystalline structure. Involving a highquality PEALD Al2O3 dielectric with nanometer-scale thickness, high dielectric constant,
and high breakdown voltage in the ZnO TFTs provides advantages for device
performance. PEALD Al2O3 has fewer pinholes than SiO2 or SiN deposited by PECVD at
similar temperature and improves yield. Furthermore, both the Al2O3 and ZnO can be
deposited in one run in the same system, which eliminates the chance of contamination
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and degradation of the dielectric-semiconductor interface and ensures repeatability
between runs of fabrication.

2.2.2 Fabrication Process of ZnO TFTs
Prototypes of PEALD ZnO TFTs with inverted staggered structure can be fabricated on
rigid substrate and flexible substrate. The highest temperature in the whole process is no
more than 200 ºC and is compatible with plastic substrates like polyimide [49]. The
process flow is shown in Figure 2-9.

(a)

(b)

(c)

(d)

(e)
Figure 2-9. Fabrication process flow of bottom-gate top-contact PEALD ZnO TFTs. (a)
Bottom-gate Cr sputtering and patterning. (b) PEALD of Al2O3 and ZnO. (c) ZnO and
Al2O3 patterning. (d) Ti contacts sputtering and patterning. (e) Passivation with ALD
Al2O3.
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Starting from a rigid substrate such as borosilicate glass or plastic mounted on top of a
rigid carrier, Cr is deposited by sputtering and patterned by lithography and wet etching
with ceric ammonium nitrate-based etchant to fabricate gate electrodes. After removal of
the photoresist, Al2O3 and ZnO are deposited in sequence by PEALD at 200 ºC without
breaking the vacuum. The Al2O3 is deposited with TMA and CO2 as precursors, and the
ZnO is deposited with DEZ and N2O as precursors. Then, ZnO is patterned by
lithography and wet etching with weak acid at room temperature. For electrical
connections in the device measurement afterwards, vias through Al2O3 are patterned with
another round of lithography and etched with strong acid such as 85% phosphoric acid at
90 ºC. To fabricate source/drain electrodes, double-layer photoresists with Shipley
1811® on top of poly(methyl methacrylate) (PMMA) are applied. After a short time of
oxygen plasma in the equipment of reactive ion etching (RIE) making the ZnO of the
contact area less resistive, Ti is deposited by sputtering onto the patterned double-layer
photoresists, and lift-off is performed in warm acetone to form the source/drain
electrodes. So far, a PEALD ZnO TFT without passivation is completed. For passivation,
Al2O3 is deposited onto the TFT by ALD at 200 ºC with TMA and H2O as precursors.

2.2.3 Characteristics of ZnO TFTs
PEALD ALD ZnO TFTs are n-channel transistors. The passivated TFTs show linearregion field-effect mobility larger than 10 cm2/Vs with gate voltage at 8 V as shown in
Figure 2-10 (a). There is no hysteresis in the drain current versus gate voltage
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characteristics when the gate voltage is swept from low regime to high regime and back
to low regime. The current density is larger than 1 mA/cm in a TFT with a channel length
of 20 µm and drain voltage at 0.5 V. The current on-off ratio is larger than 108 and the off
current is smaller than 10-12 A. Figure 2-10 (b) shows the drain current versus drain
voltage for different gate voltages. No crowding of curves appears in the lower regime of
drain voltage, which is performance similar to ohmic metal-semiconductor contact.
Reasonable current saturation shows in the higher regime of drain voltage.

(a)

(b)

Figure 2-10. Typical electrical characteristics of PEALD ZnO TFTs. (a) Linear-region
log (ID) and differential linear mobility versus VGS for VDS = 0.5 V (W/L = 200 µm/20
µm, tox = 32 nm). (b) ID versus VDS for VGS from 2 V to 8 V with steps of 1V.

As shown in Figure 2-10 (a), the mobility of ZnO TFTs is dependent on the gate voltage.
It is a differential mobility extracted from the curve with the equation below, and the
calculated value is not related to threshold voltage definition.
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Equation 1
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Other than threshold voltage, turn-on voltage is defined for ZnO TFTs as the gate voltage
that induces a drain current of 10-11 A. This is because the conventional current equation
for a crystalline Si transistor with constant mobility as shown below doesn’t fit the
electrical behavior of ZnO TFTs.
 =  




( ( −   −







Equation 2

where Cox is the capacitance density of the gate dielectric and µ is the constant mobility
of the carriers. The typical turn-on voltage of the passivated PEALD ZnO TFT is ~ -3 V.
Because the turn-on voltage is negative and there is a conductive channel formed by
electrons with the gate voltage at 0 V, the electrical behavior of PEALD ZnO TFTs is
similar to the depletion-mode transistors.
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Chapter 3
Double-Gate ZnO Thin Film Transistors and Circuits
3.1 Background and Objectives
PEALD ZnO TFTs are of high performance and great potential for the applications of
integrated circuits (ICs) beyond the field of switch arrays in display backplanes. Being
able to build high-quality digital and analog circuits is the foundation for ZnO TFTs to
become the circuit components of large-area electronics. Complimentary MOS (CMOS)
configuration is the most common style used in the current single-crystalline silicon ICs
and is also attractive in the field of TFT circuits. However, ZnO TFTs are all n-channel
TFTs, and there is no established doping method to generate stable p-channel TFTs with
performance on the same level. Without increasing the process complexity and cost by
introducing depositions of other thin-film semiconductors, one option is to use all-NMOS
circuits.

One straightforward development direction in the configurations of all-NMOS circuits is
to use the diode-connected saturation-load configuration for digital circuit applications.
The saturation-load inverter as one typical example is shown in Figure 3-1 (a). Instead of
using p-type transistors for the pull-up devices, one TFT with the gate electrode
connected to the drain electrode is used as the load, a method that is also widely applied

for n-channel organic TFTs. Previous efforts have been made to use the PEALD ZnO
TFTs to build inverters in the saturation-load configuration [50]. Figure 3-2 (b) shows the
voltage transfer curve of an inverter with a β ratio of 5. The β ratio and the gain of the
circuit are defined as follows.
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Equation 4

The voltage gain of the inverter is ~2.2, which is proportional the square root of the β
ratio of this type of inverter (√5). The voltage gain is much lower than the range of
conventional CMOS circuits (>10) and results in a small noise margin <1V for a voltage
supply of 8 V. Also, the inverter is of large static current consumption. When the input
voltage is at the voltage level of digital logical high, the current consumption equals the
saturation current of the load TFT that is fully turned on. The current of a ZnO TFT with
W/L= 100 µm/10 µm can approach 1 mA. The heat generated from this high current is
dangerous for TFTs on heat-resistive substrates like plastic. On the other hand, the high
pull-up current is beneficial for the frequency response of the inverter. Ring oscillators
are built to characterize the frequency response where an odd number of inverters are
connected in series as a circular chain and self-stimulated oscillations are generated. So
far, all the fastest ring oscillators with an average delay of sub-10 to ~10 ns/stage were
built with a saturation-load configuration [51] or its modification [52]. The short delay
time is a trade-off from the oscillators’ high power consumption.
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(a)

(b)

Figure 3-1. (a) Schematic of the inverter of PEALD ZnO TFTs in diode-connected
saturation-load circuit configuration. (b) Voltage transfer curve of the saturation-load
inverter of PEALD ZnO TFTs with β ratio of 5. [50]

To achieve high gain and large noise margin, another catalog of the all-NMOS circuits
can be used, which is enhancement-depletion mode circuits. These circuits are widely
used in all-NMOS circuit design for single-crystalline silicon ICs where dual threshold
voltages are available from the doping process. The schematic of an inverter in the
enhancement-depletion mode is shown in Figure 3-2, where the drive device is an
enhancement-mode transistor and the load device is a depletion-mode transistor with the
gate electrode connected to the source electrode. The depletion load has high output
resistance and boosts the gain of the inverter to approach that of CMOS configuration.
Considering the body effect in silicon ICs, which decreases the output resistance of the
depletion load, using PEALD ZnO TFTs with an ultra thin floating body may provide
additional benefits for the circuit’s gain.
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(a)

(b)

Figure 3-2. (a) Circuit schematic of the enhancement-depletion mode inverter. (b)
Schematic of double-gate ultrathin-body SOI MOSFETs. [53]

Having dual threshold voltages or turn-on voltages with PEALD ZnO TFTs is the
prerequisite for building enhancement-depletion mode circuits. However, without the
extrinsic doping processes like diffusion and ion implantation, the turn-on voltage of ZnO
TFTs is difficult to adjust accurately without adding complexity to the depositions. One
solution to this issue is introducing a second gate electrode onto the backside of the
channel over the passivation layer, which results in a double-gate ZnO TFT structure.
The second electrode is used to provide accurate control over turn-on voltage. Similar
strategies and electrical behaviors are seen in the field of double-gate ultrathin-body
silicon-on-insulator (SOI) MOSFETs with control of active-mode and standby-mode for
sub-50 nm technology nodes [53].
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3.2 Double-Gate ZnO Thin Film Transistors
Double-gate ZnO TFT structure is developed based on the passivated ZnO TFT structure.
The ALD Al2O3 passivation layer is used as the dielectric layer for the secondary gate
terminal. The top gate electrode is made of patterned metal on top of the passivation layer
overlapping with the channel area of the TFT. Analogous to double-gate SOI MOSFETs
and FinFETs [54], the double-gate structure provides better control over the electric field
and potential distribution in the channel layer, compared with single gate control. When
using the top gate as a secondary bias separately from the bottom gate, the voltage on the
top gate electrode can be used to tune the turn-on voltage of the TFT.

Due to historical reasons of the availability of metal deposition tools in my lab, two
structures with Cr and Ti as the top gate metal are used in the research of the device and
circuits. The corresponding device performances are accordingly different, but not only
due to the different work function, surface roughness, and stress of the metal, but also due
to the breakdown and rebuilding of the PEALD system. Figure 3-3 shows the cross
section of the double-gate ZnO TFTs with different top gate metals. Generally, structure
1 with the Cr top gate has better device performance, including higher mobility. The
session of a single device characterization and simple circuit characterization, such as the
inverter and ring oscillator, will mainly use the data gathered with this structure.
Structure 2 with the Ti top gate (and rougher bottom gate metal of Cr) comes later in the
history and is the device structure used in the fabrication of the digital and analog circuit

designs. The corresponding fabrication processes are slightly different between the
structures and will be explained in detail as follows.

(a)

(b)

Figure 3-3. Cross-sectional schematic of the double-gate ZnO TFTs. (a) Structure 1 with
Cr as top gate metal. (b) Structure 2 with Ti as top gate metal

3.1.1 Fabrication Process of Double-Gate ZnO TFTs
The fabrication of Structure 1 of double-gate ZnO TFT as shown in Figure 3-3 (a) starts
from the deposition of 100-nm-thick Cr by ion-beam sputtering onto a borosilicate glass
substrate. This metal was found to have small RMS surface roughness (<1 nm) and good
adhesion to the surface of glass and Al2O3 films. Wet chemical etching was used to
pattern the Cr into bottom gate electrodes. Next, a 32-nm-thick layer of Al2O3 as gate
dielectric and 10 nm thick layer of ZnO as channel layer were deposited by PEALD at
200 °C. TMA and CO2 were the precursors for Al2O3 deposition. DEZ and N2O were the
precursors for ZnO deposition. The ZnO layer was etched using a diluted solution of HCl.
After that, vias were formed by etching through the Al2O3 with heated phosphoric acid to
expose the bottom gate electrode for probing. Next, 100-nm-thick Ti as source/drain
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contacts was deposited by DC sputtering and patterned by double lithography and lift-off.
Then, a 30-nm-thick layer of Al2O3 was deposited by ALD with TMA and H2O as
precursors at 200 °C. Again vias were formed by etching though Al2O3 to contact pads
with heated phosphoric acid. At last, 100-nm-thick Cr was deposited by ion-beam
sputtering and patterned with wet etching to form the top gate electrode. A top-view
microscope image of the double-ZnO TFT is shown in Figure 3-4. The layout was
designed with 200 µm × 200 µm metal pads for the purpose of probing.

Figure 3-4. Top-view microscope image of double-gate ZnO TFTs after fabrication. The
large metal pads in the layout are designed for probing. The bottom gate electrode and
top gate are separate. [55]

In Structure 2 of the double-gate ZnO TFT, 100-nm-thick Cr was deposited by DC
sputtering and patterned by wet etching to form the bottom gate electrode, and 100-nmthick Ti was deposited by DC sputtering and patterned by lift-off to form the top gate
electrodes. Other steps in the fabrication of Structure 2 are the same as for Structure 1.
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3.1.2 Characteristics of Double-Gate ZnO TFTs
Drain current and field-effect mobility versus gate voltage are characterized for doublegate ZnO TFTs in two configurations. One configuration involves sweeping the bottom
gate voltage while biasing the top gate at 0 V. The other involves having the top gate
connected to the bottom gate and sweeping them together. As shown in Figure 3-5 (a), at
the gate voltage of 8 V, the differential mobility and subthreshold slope is ~ 25 cm2/Vs,
~300 mV/decade for the sweeping-bottom-gate configuration and is ~32 cm2/Vs, ~140
mV/decade for the sweeping-both-gates configuration. The double-gate structure
provides stronger constraint on the electric potential in the active channel layer, which
results in larger mobility, a steeper subthreshold slope, and more positive turn-on voltage
in the sweeping-both-gates configuration. Larger on-currents are obtained in the
sweeping-both-gates configuration, as shown in the drain current versus drain voltage
plot in Figure 3-5 (b). In both configurations, reasonable current saturations are obtained.

Figure 3-5. (a) Linear-region log(ID) and mobility versus VGS for double-gate ZnO TFT
with VGSbottom varied and VGStop = 0 V, and VGSbottom = VGStop varied. (b) ID versus VDS for
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bottom-gate only varied and both gates connected and varied with VG = 0, 3, 6 V (W/L =
200 µm /20 µm, toxbottom = toxtop =32 nm). [55]
Figure 3-6 shows using the voltage on the top gate electrode to tune the characteristic of
the bottom gate sweeping of double-gate ZnO TFTs. The turn-on voltage is tuned from -2
V to -7 V when the top gate voltage is biased from 3 V to -3 V, as shown in the log-scale
plot of drain current versus gate voltage in Figure 3-6 (a). The linear-region on-current
and saturation current are also tuned by the top gate voltage, as shown in the linear-scale
plots of drain current versus gate voltage and drain voltage in Figure 3-6 (a) and (b).

Figure 3-6. (a) Linear-region log(ID) and ID versus VGSbottom with VGStop = -3 to 3 V in 1 V
steps. (b) ID versus VDS with VGSbottom = 3, 6, and 9 V and VGStop = -1, 0, 1 V. [55]

The characterization results of double-gate ZnO TFTs in Structure 2 used in the digital
and analog circuit design are shown in Figure 3-7. Although the field-effect mobility is
~12 cm2/Vs in this structure, the tuning of the turn-on voltage with top gate voltage is
effective. The good current saturation and large differential output resistance with
different combinations of the bottom gate voltage and top gate voltage as shown in Figure
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3-7 (b) are the foundation for the high-gain performance of the enhancement-depletion
mode circuits.

(a)

(b)

Figure 3-7. Characterization results of the double-gate ZnO TFT in Structure 2. (a)
Linear-region log(ID) and ID versus VGSbottom with VGStop = 0 to -4 V in 1 V steps. (b) ID
versus VDS with VGSbottom = 2, 4, and 6 V and VGStop = -1, 0, 1 V.

3.2 Characterization Circuits of Double-Gate ZnO TFTs
Simple characterization circuits of double-gate ZnO TFTs, including inverters and ring
oscillators, are built to work in the enhancement-depletion mode. The schematic of the
inverter circuit of double-gate ZnO TFTs is shown in Figure 3-8 (a). For the depletion
load, both the bottom gate terminal and the top gate terminal are connected to the source
terminal. For the enhancement-mode drive device, the bottom gate terminal is used for
the input of the inverter, and the top gate terminal is biased at a negative voltage to make
the turn-on voltage relatively more positive than that of the load device. Figure 3-8 (b)
shows the voltage transfer curves of the inverter with β ratio of 5 (Ldrive = Lload = 5 µm,
35

Wdrive = 50 µm, Wload = 10 µm) working under the 5 V voltage supply. When the top gate
voltage is biased at -3 V, the logic transfer point is at 1 V, which is inside the range of the
logical voltage levels (0 V and 5 V). This is the mode in which the inverter can be
directly used as part of a digital logic circuit system. Without double-gate structure, some
other circuit designs of depletion-load inverters in the literature require additional level
shifting circuits.

(a)

(b)

Figure 3-8. (a) Schematic of the inverter of double-gate ZnO TFTs. (b) Logic transition
curve for the inverter of double-gate ZnO TFTs with VDD = 5 V with VGStop = -3, -1, 1, 3
V (Ldrive = Lload = 5 µm, Wdrive = 50 µm, Wload = 10 µm, β = 5). Inset: top-view
microscope image of the inverter. [55]

The logic switching point of the inverter is related to the turn-on voltage of the drive
device, which can be controlled by the top gate voltage. As shown in Figure 3-8 (b), the
logic switching point is adjusted from 1 V to -3 V when the top gate voltage is changed
from -3 V to 3 V. For all four cases of the top gate biased at -3 V, -1 V, 1 V and 3 V, the
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gain extracted is larger than 100. The flexibility of the logic switching point control
makes it possible for the inverter to work with supply voltage lower than 5 V.

15-stage ring oscillators are built with the double-gate ZnO TFT inverters as the
components. Figure 3-9 (a) shows the diagram and the microscope image of the doublegate ZnO TFT ring oscillator. 15 inverters with β ratio of 5 are connected into a ring, and
one additional inverter is used as the output buffer. All the top gate electrodes on the
drive devices in the inverters are connected together and biased at -5 V. The ring
oscillator works with the supply voltage as low as 1.2 V. The waveform of the output
signal from the ring oscillator with a 1.2 V voltage supply is shown in Figure 3-9 (b).
With 2 µm overlaps between the bottom gate electrode and the source/drain electrodes,
the oscillator reaches a frequency of 15.9 kHz with an average current consumption of 32
µA. The delay per stage is 2.1 µs.

(a)

(b)

Figure 3-9. (a) Microscope image of a 15-stage ring oscillator of double-gate ZnO TFTs.
(b) 15-stage ring oscillator output signal for VDD = 1.5 V (Ldrive = Lload = 5 µm, Wdrive =
50 µm, Wload = 10 µm, βratio = 5, 2 µm source/gate and drain/gate overlap). [56]
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3.3 Combinational and Sequential Logic of Double-Gate ZnO
TFTs
Digital logic electronic systems are divided into two categories: combinational logic
systems and sequential logic systems. From complex microprocessors to simple handhold
calculators, all the digital systems in the field of ICs fall into these two categories.
Normally, digital ICs are built with silicon MOSFETs on chips. For some specific cases
in large-area electronics, using double-gate ZnO TFTs to build digital ICs can provide
additional benefits compared to Si chips like low-cost and easy integration.

Before shooting for complex systems, elementary circuits for the combinational logic and
sequential logic need to be developed with double-gate ZnO TFTs. Figure 3-10 shows the
block diagram of the sequential logic system, which can be realized with double-gate
ZnO TFTs. It is composed of state registers and combinational logic. The elementary
units for the state registers are the flip-flops. The elementary units for the combinational
logic are logic gates. Based on the enhancement-depletion mode circuitry, flip-flops,
logic gates, and their related circuit prototypes are developed for double-gate ZnO TFTs.
They can be strong candidates for the controller and peripheral circuitry of embedded
systems such as micro-electromechanical systems (MEMS) and sensor arrays.
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Figure 3-10. Block diagram of the basic architecture of the sequential logic that can be
realized with double-gate ZnO TFT circuits.

3.3.1 Logic Gates of Double-Gate ZnO TFTs
The development of the basic logic gates of double-gate ZnO TFTs starts from the 2input NAND gate and 2-input NOR gate. Theoretically, any combinational logic can be
realized with either one of these two types of gates in hand, so the logic gates are
important steps towards complex logic systems.

First of all, the electrical behaviors of the double-gate ZnO TFTs are reproduced by
modeling in the AIM-SPICETM software. The characteristics of the drain current versus
bottom gate voltage in both the linear region and the saturation region with top gate
biased at different voltages are used as the main fitting subjects. The drain current versus
drain voltage at different combinations of bottom gate voltage and top gate voltage are
used as the secondary subjects for verification. One set of the simulated device
performance compared with experimental data is shown in Figure 3-11, where the top
gate is biased at 0 V and the voltage on the bottom gate and the drain electrode is varied.
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The parameters of the corresponding model are listed in Table 3-1. The parameters for
the gate dielectric such as thickness (tox) of 32 nm, and the relative dielectric constant
(epsi) of 8 are decided from the ellipsometry and the capacitance-voltage measurement
on Al2O3 capacitors described in the previous section. Contact resistance (rs, rd) of 200 Ω
is decided from transmission line measurement [57]. Other parameters are decided by
fitting the simulated curves of device performance to the experimental data.

(a)

(b)

Figure 3-11. (a) Linear-region log(ID) versus VGSbottom with VGStop = 0 from experimental
data and simulation. (b) ID versus VDS with VGSbottom = 0, 2, 4, 6 and 8 V and VGStop = 0 V
from experimental data and simulation.

Table 3-1. Parameter set in the SPICE model of double-gate ZnO TFTs.
Parameter Value Parameter Value Parameter Value Parameter Value
alphasat
0.3
gamma
0.9
rd
200
vfb
-5.88
efo
2.65
min
1e+23
rs
200
vgsl
7
delta
5
iol
2e-14
sigmao
1e-013
vmin
0.3
emu
0.02
kvt
-0.01
tnom
27
vo
0.49
el
0.1
lambda
0.0001
tox
3.2e-8
vto
-0.075
eps
11
m
2.42
vaa
18.8
CGDO
5e-9
epsi
8
muband 0.0017
vdsl
7
CGSO
5e-9
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With the models of double-gate ZnO TFTs, the device dimensions of TFTs in the circuit
design can be determined with simulation before the fabrication of prototypes. To
determine the general β ratio for the logic gates, the schematic of a NOT gate is first
used, which is the inverter schematic demonstrated in the previous section. The NOT
gates with β ratio of 5, 2, and 1 were simulated. The voltage supply is 5 V and the top
gate of the drive device is biased at -5 V. The corresponding voltage transfer curves are
shown in Figure 3-12 (a). With the same top gate voltage, the logic transfer point of the
NOT gate is related to the β ratio. To get the largest noise margin for digital applications,
the logic switching point is better to be located at the middle point of the input range.
Thus, the β ratio of 1 with the logic switching point at ~ 2.3 V is chosen for the general β
ratio for the prototypes of the logic gates. A NOT gate with β ratio of 1 (W/Lload
=W/Ldrive =60 µm/30 µm) was fabricated. Figure 3-12 (b) shows the voltage transfer
curve of the fabricated NOT gate, whose logic switching point is at around the center of
the input range as simulated.
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(a)

(b)

Figure 3-12. (a) Simulated voltage transfer curve of the double-gate ZnO TFT NOT gate
with β ratios of 5, 2, and 1. (b) Voltage transfer curve of the double-gate ZnO TFT NOT
gate with β of 1 from the experimental data.

The circuit schematics of the 2-input NAND gate and 2-input NOR gate of double-gate
ZnO TFT are shown in Figure 3-13 (a) and (d). The depletion-enhancement mode circuit
configuration is applied. The ratio of between W/L of the depletion load device and the
effective W/L of the drive devices are kept at 1, where the two TFTs are in series in the
NAND gate and in parallel in the NOR gate. The top gate electrodes on the drive devices
are connected together to the top gate bias. The layouts of the logic gates are shown in
Figure 3-13 (b) and (e). The circuit areas are in the center of the layouts. For future
application, the layouts are designed as a cell library with consideration of signal delivery
and interconnections. The power supply and the ground line are designed in the format of
bus lines, which lie around the active devices. Input and output of the signals are placed
on different side of the cells. The large metal pads around the central circuit area are
designed for probing and don’t have to be preserved when the cell is used as a building
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block of digital systems. There are two pads for inputs and two pads for voltage supply
and ground. One additional pad not included in conventional NAND and NOR gates is
for the top gate voltage bias.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 3-13. (a) Circuit schematics, (b) layout design and (c) top-view microscope image
of a double-gate ZnO TFT NAND gate. (d) Circuit schematics, (e) layout design and (f)
top-view microscope image of a double-gate ZnO TFT NOR gate.

Samples of the NAND gates and NOR gates are fabricated on the glass substrate. The
top-view microscope images are shown in Figure 3-13 (c) and (f). The DC voltage
transfer characteristics of the gates are tested with HP 4156B precision semiconductor
parameter analyzer with the voltage supply of 3 V and top gate biased at -4 V. The
voltage transfer curves of a fabricated 2-input NAND gate are shown in Figure 3-14. The
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voltage of 3 V is defined as the input logical high represented by the digital “1”, and the
voltage of 0 V is defined as the input logical low represented by the digital “0”. Thus the
input patterns on the terminals of Vin1 and Vin2 are represented by two-digit binaries.
When the input pattern switches among “00” and “01” and “10”, the output voltage is 3
V without changes in Figure 3-14 (a) and (b), and the current consumption in the circuit
is on the order of sub-1 nA. When the input pattern is switched to “11” as shown in
Figure 3-14 (c) and (d), the output voltage decreases to ~0 V and the current consumption
increases from sub-1 nA to the saturation current of the depletion-load TFT, which is
~100 nA. This saturation current is much smaller than those of diode connected
saturation-load circuits, i.e., the saturation-load inverter shown in Figure 3-1. The logic
switching point of the NAND gate is ~ 1.4 V, which provides a large noise margin.
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(a)

(b)

(c)

(d)

Figure 3-14. Voltage transfer curves of the double-gate ZnO TFT NAND gate fabricated
on glass substrate. (Vdd= 3 V, Vtop= -4 V). (a) Varying Vin1 from 0 V to 3 V with Vin2
at 0 V. (b) Varying Vin2 from 0 V to 3 V with Vin1 at 0 V. (c) Varying Vin1 from 0 V to
3 V with Vin2 at 3 V. (d) Varying Vin2 from 0 V to 3 V with Vin1 at 3 V.

Figure 3-15 shows the voltage transfer curves of a fabricated 2-input NOR gate with the
voltage supply of 3 V and the top gate biased at -4 V. Differently from the NAND gates,
when the input pattern switches from “00” to “01” and “10”, the output voltage changes
from 3 V to close to 0 V as shown in Figure (a) and (b). The logic switching point is ~1.6
V, which provides a large noise margin. The maximum current consumption is limited to
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around 100 nA by the depletion load. When the input pattern switches among “01”, “10”,
and “11”, the output voltage remains close to 0 V as shown in Figure 3-15 (c) and (d).

(a)

(b)

(c)

(d)

Figure 3-15. Voltage transfer curves of the double-gate ZnO TFT NOR gate fabricated on
glass substrate. (Vdd= 3 V, Vtop= -4 V). (a) Varying Vin1 from 0 V to 3 V with Vin2 at
0 V. (b) Varying Vin2 from 0 V to 3 V with Vin1 at 0 V. (c) Varying Vin1 from 0 V to 3
V with Vin2 at 3 V. (d) Varying Vin2 from 0 V to 3 V with Vin1 at 3 V.
The functionality of the 2-input NAND and NOR gates is correct. They are suitable for
building digital logic systems. In some circuit designs, it is more efficient to use logic
gates of more than two input terminals. It is necessary to check the capability of building
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multiple-input logic gates with double-gate ZnO TFTs. Particularly, for the NAND gate
with the drive TFTs in series, the circuit’s current drive capability is affected by the
number of inputs. A 3-input NAND gate is designed and fabricated for the verification of
this capability. Figure 3-16 shows the circuit schematic, layout design, and microscope
image of the 3-input NAND gate. The DC transfer characteristics are measured and
verified to be correct for the cases of all input patterns. The study of logic gates has laid
the foundation for developing the larger-scale circuit design described in the following
section.

(a)

(b)

(c)

Figure 3-16. (a) Circuit schematics, (b) layout design and (c) top-view microscope image
of double-gate ZnO TFT 3-input NAND gate.

3.3.2 8-bit Full Adder of Double-Gate ZnO TFTs
Adder is one typical combinational logic circuit widely used in digital circuit systems.
With the design methods developed in the study of logic gates, adders can be
accomplished with double-gate ZnO TFTs. N-bit full adders can be easily built with 1-bit
full adders in the configuration of ripple-carry adder (RCA). For 1-bit full adders, various

47

designs can be used based on various Boolean logics or utilizing transmission gates. In
this research, the design of 1-bit full adder of double-gate ZnO TFTs is derived from the
mirror adder configuration used in silicon CMOS technology.

The circuit schematic of 1-bit full adder of double-gate ZnO TFTs used in the Cadence
Virtuoso® software is shown in Figure 3-17. It is composed of the sum circuit and the
carry circuit as sub-circuits, and the two sub-circuits are interconnected to handle adding
two input 1-bit binary numbers and one carried value. Double-gate ZnO TFTs of different
top gate voltages are imported from AIM-SPICETM software into the PMOS and NMOS
models in Virtuoso and the symbols are therefore simply used in Virtuoso’s graphic user
interface. The PMOS symbols in the schematic are used to distinguish the TFTs used as
the depletion loads. The typical dimensions of the TFTs in the circuit are 30 µm for the
channel length and 60 µm for the channel width. For 8-bit full adders, 8 blocks of the 1bit full adders are connected in series in the RCA configuration.
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(a)

(b)

Figure 3-17. Circuit schematic of 1-bit full adder of double-gate ZnO TFTs in Cadence
VirtuosoTM software. (a) Schematic of the carry circuit. (b) Schematic of the sum circuit.

The functionality of the full adders is verified by the simulations of transient response to
a set of input sequences with Synopsys HSPICE® software. Due to the large number of
possible input patterns, the DC transfer curve analysis is not efficient for functionality
verification. The simulation results of the 8-bit full adder in RCA configuration for the
verification are shown in Figure 3-18. The functionality is correct for all the possible 8bit input patterns. This is a good example of designing a ZnO-TFT-based combinational
logic system with functions more complex than those of individual logic gates. The
manufacturability for this type circuit with more than 100 TFTs was further proved by the
layout and fabrication of the flip-flop and frequency divider circuits in the following
sections.
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Figure 3-18. Functionality verification of 8-bit full adder of double-gate ZnO TFTs in the
simulation with Synopsys HSPICE software.

3.3.3 Flip-Flops of Double-Gate ZnO TFTs
Flip-flops are one of the basic elements of the state registers in sequential logic circuits.
They are the memory used for the circuits to remember previous states. Typical types of
flip-flops include SR, JK, D, and T flip-flops with different logic functions. With doublegate ZnO TFTs, a D flip-flop circuit is developed with simulation and demonstrated by
prototyping. The symbol and the typical electrical behavior of D flip-flops, which can be
realized with double-gate ZnO TFTs, are shown in Figure 3-19. Except for the terminals
of voltage supply, the flip-flops have three terminals for data input, data output, and
clock. As shown in Figure 3-19 (b), the flip-flop is triggered by the positive edge of the
clock signal and stores the data value at the moment of triggering. The data output
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terminal (Q) will hold the stored value until the next positive edge of the clock signal
arrives.

(a)

(b)

Figure 3-19. (a) Symbol and (b) cartoon of electrical behavior of a D flip-flop.

The circuit schematics of the D flip-flop design to be simulated based on double-gate
ZnO TFT models in Cadence VirtuosoTM software are shown in Figure 3-20. Hierarchical
design method is applied to handle the complexity. As shown in the top-level schematic
in Figure 3-20 (a), the D flip-flop circuit is composed of one inverter on the path of the
clock signal and two blocks of the “Block1” cells. The Block1 cell is a five-input, oneoutput logic circuit, with the transistor-level schematic shown in Figure 3-20 (b). The
channel length of the TFTs is 6 µm. The channel width is 12 µm for a standard inverter
and is scaled as needed for the drive capability inside the design. The five inputs of each
Block1 cell are connected to the signals according to the Boolean logic expressions
shown as follows:
7 = 7̅ 9 (7 9 :
: = ;̅ 9 (; 9 :

Equation 9
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where D is the input signal, C is the clock signal, Z is the intermediate output inside the
circuit, and Q is the output of the flip-flop. This specific design possesses surplus logic
components to stabilize the signal delivery and has capability to tolerate low-quality
clock signals.

(a)

(b)
Figure 3-20. Circuit schematic of the D flip-flop of double-gate ZnO TFTs in Cadence
VirtuosoTM software. (a) Top-level hierarchical schematic of the D flip-flop. (b)
Transistor-level schematic of the Block1 cell.

The transient response of the double-gate ZnO TFT-based D flip-flop is simulated. Figure
3-21 shows the waveforms at the clock, input, and output terminals with a voltage supply
of 5 V and the top gate biased at -5 V. With a clock signal of 5 Vp-p at 50 kHz and an
input signal varying from 0 V to 5 V, the output terminal stores the input signal correctly
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at the positive edge of the clock signal. After the functionality is verified, the delay of the
circuit is extracted. Without considering the parasitic resistance and capacitance in real
layouts, the rise delay is 2.2 µs, and the fall delay is 2.4 µs. To get a realistic prediction of
the frequency response, more parameter extraction on the layout level is needed.

Figure 3-21. Simulated transient response of the double-gate ZnO TFT-based D flip-flop
design with a clock signal of 5 Vp-p at 50 kHz. (VDD = 5 V, VSS= 0 V, Vtop= -5 V).

Figure 3-22 shows the layout design of the D flip-flop. Following the strategy of
designing a cell library for double-gate ZnO TFTs, the interconnections inside the circuit
and power/ground lines are designed in the style of bus lines. Input and output terminals
are placed on different side of the circuits. As an inheritance from the design of the logic
gates, the circuit components inside the D flip-flop are drawn in the same style and
follow the signal flow direction of the whole circuit.
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(a)

(b)

Figure 3-22. (a) Layout design of double-gate ZnO TFT-based D flip-flop. (b) Top-view
microscope image of double-gate ZnO TFT-based D flip-flop after fabrication.
The top-view microscope image of a D flip-flop circuit fabricated with double-gate ZnO
TFTs on the borosilicate glass substrate is shown in Figure 3-22 (b). We reconfigure this
= ) to the data input
circuit into a T flip-flop by connecting the inverted output terminal (Q
terminal, as shown in Figure 3-23 (a), and the transient response of the circuit can be
easily characterized with one function generator as the signal source and one oscilloscope
for monitoring. The transient response of the T flip-flop to a periodical clock signal is
simulated and shown in Figure 3-23 (b). The output voltage level is inverted at every
positive edge of the clock signal. For the 1-kHz clock signal, the simulated output is
roughly a square wave with a frequency of 500 Hz.
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(a)

(b)

Figure 3-23. (a) Reconfiguration of D flip-flop to T flip-flop. (b) Simulated transient
response of the T flip-flop to a periodical clock signal of 5-Vp-p amplitude at the
frequency of 1 kHz.

The corresponding layout design of the T flip-flop based on double-gate ZnO TFTs and
the microscope image of the circuit after fabrication are shown in Figure 3-24 (a) and (b).
By probing onto the large metal pads, the circuit is powered with the supply voltage of
VDD = 3 V and VSS= 0 V. The top gate electrode is biased at -4 V. A clock signal with the
magnitude of 3 V and various frequencies are applied. The voltage levels used in the real
samples are chosen to be lower than the simulation due to the larger chances of dielectric
breakdown with higher voltage during sample handling.

(a)

(b)

Figure 3-24. (a) Layout design of double-gate ZnO TFT-based T flip-flop. (b) Top-view
microscope image of double-gate ZnO TFT-based T flip-flop after fabrication.
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The waveforms of the input clock signals and output signals measured from a T flip-flop
fabricated on glass substrate are shown in Figure 3-25. The circuit is tested at different
frequencies. In the low frequency range (i.e., < 1000 Hz), the output waveforms are
almost ideal square waves with half of the frequencies of the clock signals. The circuit
performance is stable for very low frequency (i.e., < 100 Hz) without losing the stored
voltage levels. In the high frequency range (i.e., 1800 Hz), the response from the output
is limited by the rise and fall delay. The maximum operation frequency of the T flip-flop
is ~ 1800 kHz. These results prove the correct functionalities of T flip-flops and D flipflops based on double-gate ZnO TFT technology. The prototypes can therefore be used
for building sequential logic circuits of larger complexity for practical applications.

(a)

(b)

(c)

(d)

Figure 3-25. Waveforms of the input (clock) and output of the double-gate ZnO TFTbased T flip-flop with 3-Vp-p clock signals of at different frequencies. (a) Frequency =
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100 Hz. (b) Frequency = 500 Hz. (c) Frequency = 1000 Hz. (d) Frequency = 1800 Hz.
(VDD = 3 V, VSS= 0 V, Vtop= -4 V)

3.3.4 Frequency Dividers of Double-Gate ZnO TFTs
Digital frequency dividers can be built with flip-flops. Frequency divider circuits with the
function of power-of-2 integer division are built with double-gate ZnO TFT-based flipflops. To achieve a divide-by-256 frequency divider, 8 blocks the D flip-flops are
reconfigured into T flip-flops and connected in series, as shown in the block diagram in
Figure 3-26 (a). The output from the previous flip-flop stage is used to trigger the current
stage through the clock terminal. This circuit can also be used as 8-stage binary counters.
The simulated transient response of an 8-stage frequency divider is shown in Figure 3-26
(b). There are 8 output terminals corresponding to the nth stage for the divide-by-2n
output. The functionality of each output terminal is correct with a clock signal of 5 Vp-p at
50 kHz in the simulation. The output (Q0) of one-stage T flip-flop can also be described
as a divide-by-2 frequency divider.
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(a)

(b)

Figure 3-26. Function verification of an 8-stage frequency divider based on double-gate
ZnO TFTs with simulations. (a) Top-level hierarchical schematic of the 8-stage
frequency divider in Cadence VirtuosoTM software. (b) Simulated transient response of
the 8-stage frequency divider with a clock signal of 5 Vp-p at 50 kHz. (VDD = 5 V, VSS= 0
V, Vtop= -5 V).

The layout design of the 8-stage frequency divider is shown in Figure 3-27 (a). It is based
on the library cells built for double-gate ZnO TFT-based D flip-flops and T flip-flops.
The bit-slice approach for circuit layout is applied in the current design. It can be a
demonstration of the bit-slice design concept of larger-scale digital systems based on
ZnO TFTs. Currently, 8 stages are in the divider, but more stages can be extended
without much effort.
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(a)

(b)
Figure 3-27. (a) Layout design of a double-gate ZnO TFT-based 8-stage frequency
divider. (b) Top-view microscope image of the 8-stage frequency divider after
fabrication.

Figure 3-27 (a) shows the microscope image of the 8-stage frequency divider fabricated
on glass substrate. A total of 144 transistors are in the circuit, and all of them need to
work properly to generate the correct output. The supply voltage of VDD = 3 V and VSS=
0 V and a clock signal of 3-Vp-p are sent into the circuit through probes on the large metal
pads. The real time output waveforms are recorded by a digital oscilloscope. Different
frequencies are tested and the maximum working frequency is found to be 500 Hz for the
current prototype. The frequency can be improved by reducing parasitic capacitance in
the circuit. As shown in Figure 3-28, with a clock signal of 500 Hz, the output waveform
is a stable square wave with the period 256 times larger than the clock signal. The input
frequency is successfully divided by 28 through the frequency divider. All the TFTs in the
circuits are working properly. It is therefore possible to use double-gate ZnO TFTs to
building digital electronic systems in large scales.
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Figure 3-28. Waveforms of the input (clock) and output of the double-gate ZnO TFTbased 8-stage frequency divider with 3-Vp-p clock signals of at the frequency of 500 Hz.

3.4 Low-Voltage Low-Power Active Rectifier of Double-Gate
ZnO TFTs
Active rectification is commonly used in electronic systems where energy efficiency of
converting alternative current (AC) to direct current (DC) is critical. With a combination
of actively controlled switches and high-gain amplifiers used as comparators, active
rectifiers provide reduced turn-on voltage compared to p-n diodes or Schottky diodes.
Active rectifiers are widely used for various power systems in the formats of discrete and
integrated circuits [58-61]. In recent years, microelectronics of high-efficiency active
rectifiers are drawing more attention as important components of motion and vibration
energy harvesting systems, where the AC output of the harvesters needs to be rectified
for energy storage. Owing to the growing interest in using energy harvesters as the
solutions for wireless power supplies for portable, distributed, or difficult-accessible
micro-systems [62], active rectifier microelectronics are widely involved in applications
such as wearable biomedical electronics [63], autonomous sensor systems [64-65], and
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implant devices [66]. In these applications, the rectifiers need to have low power
consumption and be capable of handling low input amplitude—for an extreme instance,
100 mV—depending on the energy harvesting principles [65, 67-68]. Silicon MOS
transistor circuits are mostly studied to meet these requirements [63-66]. Discrete chips
carrying circuits can be connected to the master system by mounting or wire bonding [69]
for the purpose of integration. However, a significant amount of connections and wires
will be required for systems needing individual rectification for each elemental cell. The
possibility of direct fabrication onto master systems exists for micro-electromechanical
systems (MEMS). Nevertheless, the process becomes complicated in order to avoid
jeopardizing the original thermal budget and device performance. For such cases, TFT
technology seems comparably attractive. The low-temperature process and compatibility
with various substrates, including flexible plastics, make TFTs suitable for direct
fabrication on top of master systems to provide interconnection and active rectification
for distributed elements [70]. Low integration cost can be achieved within reasonable
performance margins.

For this section, the possibility of realizing low-power full-wave active rectifiers with
double-gate ZnO TFTs is explored. Double-gate TFT structure allows tuning of the
device turn-on voltage and threshold voltage by biasing the top gate electrode [56]. We
are able to implement analog circuits in enhancement/deception-mode configuration with
high gain and low power consumption.
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3.4.1 Circuit Design, Layout, and Fabrication
The circuit of a full-wave active rectifier was designed and simulated with SPICE.
Models were built by matching simulated I-V characteristics with experimental
characteristics for individual double-gate TFTs. Figure 3-29 (a) shows the schematic of
the circuit, which is partitioned by a dashed line according to block functions. Three
blocks are included: comparator, inverter, and switch bridge. The comparator contains
three customized amplifier stages to provide enough gain for small input signals with low
self power consumption. For each amplifier, double-gate TFTs with bottom gate and top
gate both connected to source are used as load devices. Because the TFTs have a turn-on
voltage of < 0 V with Vgstop= 0 V, as shown in Figure 3-7 (a), they act as depletion-mode
loads. This type of load provides high output resistance to facilitate high gain and
effectively limits the maximum current in each amplifier circuit. For the goal of ~100 nW
power consumption, the saturation currents are designed at the order 10 nA, which is
achieved with appropriate channel width to length ratios shown in Table 3-2. For drive
devices, double-gate ZnO TFTs are used with the top gate connected to one terminal Vtop
and with the bottom gate as the input terminal. By biasing the top gate differently, the
operation point of the amplifiers and the overall switching point of the comparator can be
adjusted with minimal impact on the circuit gain. The inverter block receives a control
signal from the comparator and generates a complimentary control signal for the switch
bridge. Switches in the bridge are double-gate ZnO TFTs with both gates connected
together. Figure 3-29 (b) shows the microscope image of a completed active rectifier on
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glass substrate. Sparsely distributed TFTs and large contact pads in the layout are
designed for easy probing and testing.

(a)

(b)
Figure 3-29. (a) Schematic of the double-gate ZnO TFT full-wave active rectifier circuit
and (b) microscope image of the ZnO circuit fabricated on a glass substrate.
Table 3-2. Transistor channel width to length ratios in the active rectifier
Transistor

W/L (µm/ µm)

M1

4/100

M2

35/100

M3, M5, M7

20/500

M4, M6, M8

4/500

M9, M10, M11, M12

600/4
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3.4.2 DC Characteristics
The DC response characteristic of the active rectifier was measured with the 4156B
precision semiconductor parameter analyzer. As labeled in Figure 3-29 (b), 5 V to -1 V
were applied to terminals Vdd and Vss. Top gate bias is connected to the terminal Vtop.
Voltage between the input terminals of Vin and Vgnd was swept and rectified voltage was
measured at the output terminals Vout+ and Vout- with two types of loads: one is an open
circuit, and the other is a 10 kΩ load. Figure 3-30 (a) and (b) show measurement results
for inputs swept from -1 V to 1 V and -100 mV to 100 mV. With output terminals opencircuit, the output voltage is nearly ideal. The maximum difference between the
amplitude of input voltage and output voltage is 18 mV for 1 V input and <1 mV for 100
mV input. For a 10 kΩ load, the maximum difference increases to 0.193 V for 1 V input
and 21 mV for 100 mV input, due to the voltage consumed by ZnO TFTs in the switch
bridge. The calculated on-resistance of the TFTs is 1 kΩ.

(a)

(b)

Figure 3-30. DC characteristics of the active rectifier. (a) Open circuit and 10 kΩ load
characteristics for -1 V to 1 V input voltage, (b) open circuit and 10 kΩ load
characteristics for -0.1 V to 0.1 V input voltage.
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3.4.3 AC Characteristics
Figure 3-31 shows the AC rectification characteristics for the two halves of the full-wave
bridge corresponding to sinusoidal input waveforms at 1 Hz. Transient AC response in
output-terminal configurations of an open circuit and a 10 kΩ load were recorded with a
digital oscilloscope. Figure 3-31 (a) and (b) show the characteristics for a 2 V peak-topeak input, and Figure 3-31 (c) and (d) show the characteristics for a 0.2 V peak-to-peak
input. The AC signals were successfully rectified for both cases. The rectified power for
an output load of 10 kΩ is 40 uW for 2 Vp-p input and 300 nW for 0.2 Vp-p input. The fullwave active rectifier made with ZnO TFTs is suitable for low-power and low-inputvoltage applications for AC energy harvesting systems.
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(a)

(b)

(c)
(d)
Figure 3-31. Transient AC response of the active rectifier for 1 Hz sinusoidal input
waveforms with the amplitude of 2 Vp-p in output-terminal configurations of (a) an open
circuit and (b) a 10 kΩ load, and with the amplitude of 0.2 Vp-p in output-terminal
configurations of (c) an open circuit and (d) a 10 kΩ load.

The voltage overshoot at the switching points (~0 V) of the waveforms in Figure 3-31 is a
result of delay in the active rectifier circuit. Table 3-3 shows the theoretical estimation of
the delay and the related capacitance components of the four existing poles in the circuit,
which are numbered in sequence from input node to output node. For pole 1 and pole 2,
large percentages of parasitic capacitance are due to the reserved margin in the layout of
the TFTs, which is designed to be 5 µm for an inter-mask alignment error of 2.5 µm. As
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can be seen from Table 3-2, the minimum dimension including channel width and length
of the TFTs is 4 µm, which results in relatively large intrinsic or extrinsic capacitance.
These dimensions are due to the limitations of the capability of low-cost mask shooting
and lithography in the lab, and the consideration of yield for substrates with large
deformation such as flexible substrates. When a better processing capability is available,
the delay can be readily improved with device channel length scaling. Another concern is
interlayer capacitance of wiring over high-k PEALD/ALD Al2O3 dielectric in our simple
fabrication process. However, according to the values in Table 3-3, the interlayer
capacitance for wiring is not a dominating factor in the current circuit.

Table 3-3. Theoretical estimation of capacitance components and delay
Pole #

Capacitance
Area (µm2)

Intrinsic
(Cint)

Extrinsic
(Cext)

Parasitic
(Cpara)

Wiring
(CW)

Delay
(ms)

Pole 1

7770

9.52%

19.69%

70.79%

0.00%

15.54

Pole 2

7490

6.14%

20.43%

73.43%

0.00%

7.49

Pole 3

43000

1.07%

81.70%

14.09%

3.14%

43

Pole 4

37270

1.23%

90.15%

2.58%

6.04%

37.27

3.4.4 Power Consumption Analysis
Self power consumption of the active rectifier was characterized by monitoring current
flowing inside the circuit. The components of current are categorized into the useful
current, which flows into the input terminal Vin and reaches output terminals in the
output-terminal configuration of a 10 kΩ load, and the rectifier current, which flows into
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the voltage supply terminal Vdd and powers up the comparator and inverter blocks. Figure
3-32 (a) and (b) show the measured currents for swept input voltage from -1 V to 1 V and
from -100 mV to 100 mV. The useful current is ~ 85 µA for 1 V input and ~ 9 µA for
100 mV input. The rectifier current shows a peak value of ~25 nA at the comparator
switching voltage ~0V. The top gate bias doesn’t have static current flow and power
consumption. The self-power consumption with a voltage supply of 5V/-1V is smaller
than 150 nW.

(a)

(b)

Figure 3-32. Useful current and current consumption of the active rectifier (comparator
and inverter blocks) for (a) -1 to 1 V input voltage and (b) -0.1 to 0.1 V input voltage.

3.4.5 Active Rectifier with Scaled Devices and Improved Performance
The total area of the active rectifier layout was 3.7 mm2 (4510 µm × 824 µm). We scaled
down the layout design to smaller dimensions by pushing the limit of the capability of the
mask shooting and photolithography in our lab and changing device geometries. With
smaller dimensions, active rectifiers will take less space in imbedded systems, which is a
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benefit for integration process. Moreover, devices with smaller dimensions can improve
circuit performance (i.e. frequency response).

Mann 3600 Pattern Generator with the minimum flash dimension of 4 µm was used to
shoot photolithography masks for the active rectifier circuits. Although the resultant
minimum feature size on the masks was 4 µm, we relied on the positioning of the
source/drain electrode patterns to achieve 2-µm channel length of ZnO TFTs in the scaled
design. These TFTs with small channel lengths will be used in the switch bridge, which
gives benefits such as smaller area and improved frequency response. The minimum
dimension of the width of the TFTs is still 4 µm.

The reserved margin in the layout of the scaled design was reduced to 2 µm by pushing
the inter-mask alignment error of the photolithography to <1 µm. Also, the size of
overlaps between the bottom gate electrodes and the source/drain electrodes was
designed to be 2 µm. Both modifications reduce the capacitance in the circuit and
improve frequency response. To further shrink the area of the circuit, the TFTs were
densely arranged. To reduce the aspect ratio of device layout, geometries of interdigitated
source/drain electrodes and channel regions in serpentine shapes were implemented for
the TFTs with W/L >100 and W/L<0.01, respectively. The layout design of the
interdigitated and serpentine double-gate ZnO TFTs are shown in Figure 3-33.
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(a)

(b)

Figure 3-33. (a) Layout design of double-gate ZnO TFTs with interdigitated source/drain
electrodes. (b) Layout design of double-gate ZnO TFTs with channel regions in
serpentine shapes.

With all the new features applied in the scaled design, the length and width of the circuit
area were reduced to 363 µm and 347 µm respectively. The resultant area is ~0.1 mm2,
which is much smaller than the original design with an area of 3.7 mm2. A comparison of
the area of the circuits before and after scaling is shown in Figure 3-34.

Figure 3-34. Comparison of the area of the double-gate ZnO TFT active rectifier circuits.
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Figure 3-35 shows the microscope image of the scaled design of the double-gate ZnO
TFT active rectifier fabricated on a glass substrate. The circuit structure is kept the
similar as the original design with three blocks of comparator, inverter and switch bridge.
The circuit schematic in Figure 3-9 (a) can be also used to describe the structure of the
scaled design. Supply voltage and transistor dimensions are adjusted to reduce the circuit
area and accommodate the performance of the scaled devices. The transistor width to
length ratios as listed in Table 3-4.

Figure 3-35. Microscope image of the scaled design of the double-gate ZnO TFT active
rectifier circuit fabricated on a glass substrate.
Table 3-4. Transistor channel width to length ratios in the scaled active rectifier
Transistor

W/L (µm/ µm)

M1

4/100

M2

14/20

M3, M5, M7

4/70

M4, M6, M8

4/500

M9, M10, M11, M12

300/2
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Figure 5-36 (a) and (b) show the DC response characteristic of the scaled design of the
active rectifier for inputs swept from -1 V to 1 V and -100 mV to 100 mV. The input
voltage was applied through the terminals of Vin and Vgnd labeled in Figure 3-35. The
rectified voltage was measured at the output terminals Vout+ and Vout- with two types of
loads: one is an open circuit, and the other is a 10 kΩ load. 5 V to -1.5 V were applied to
terminals Vdd and Vss. The terminal Vtop was biased at -2.5 V. With output terminals
open-circuit, the output voltage is nearly ideal. The difference between the amplitude of
input voltage and output voltage for both 1 V input and 100 mV input is smaller than 1
mV. With a 10 kΩ load connected to the output terminals, the maximum difference
becomes 0.219 V for 1 V input and 22 mV for 100 mV input. The difference is consumed
by ZnO TFTs in the switch bridge. The on-resistance of the TFTs is calculated to be ~1
kΩ.

(a)

(b)

Figure 3-36. DC characteristics of the scaled active rectifier. (a) Open circuit and 10 kΩ
load characteristics for -1 V to 1 V input voltage, (b) open circuit and 10 kΩ load
characteristics for -0.1 V to 0.1 V input voltage.
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Figure 3-37 shows the AC rectification characteristics of the scaled active rectifier
corresponding to sinusoidal input waveforms at 1 Hz. Two output-terminal
configurations, an open circuit and a 10 kΩ load, were characterized. Figure 3-37 (a) and
(b) show the characteristics for a 2 V peak-to-peak input, and Figure 3-37 (c) and (d)
show the characteristics for a 0.2 V peak-to-peak input. In all cases, AC signals were
successfully rectified. Compared with the AC characteristics of the original design (in
Figure 3-31), the voltage overshoot at the switching point (~0 V) is significantly reduced
with the scaled design. The rectified power for an output load of 10 kΩ is ~40 uW for 2
Vp-p input and ~300 nW for 0.2 Vp-p input.

73

(a)

(b)

(c)
(d)
Figure 3-37. Transient AC response of the scaled active rectifier for 1 Hz sinusoidal input
waveforms with the amplitude of 2 Vp-p in output-terminal configurations of (a) an open
circuit and (b) a 10 kΩ load, and with the amplitude of 0.2 Vp-p in output-terminal
configurations of (c) an open circuit and (d) a 10 kΩ load.

We also characterized the possible maximum operation frequency of the scaled active
rectifier. As shown in Figure 3-38 (a) and (b), for sinusoidal inputs of 2 V peak-to-peak
amplitude at 10 Hz and for both cases of an open circuit and a 10 kΩ load at the output
terminals, the scaled active rectifier generates output waveforms of good quality. The
duration of the overshoot in the waveforms is smaller than one fourth of the half period,
which implies correct functionality of the rectifiers at 10 Hz if used for applications of
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energy harvesting. For sinusoidal inputs of 0.2 V peak-to-peak amplitude at 4 Hz and for
both cases of an open circuit and a 10 kΩ load at the output terminals, the rectifier has
correct functionality, as shown in Figure 3-38 (c) and (d). The possible maximum
operation frequency is above 4 Hz and may reach the frequency of 10 Hz.

(a)

(b)

(c)
(d)
Figure 3-38. Transient AC response of the scaled active rectifier for 10 Hz sinusoidal
input waveforms with the amplitude of 2 Vp-p in output-terminal configurations of (a) an
open circuit and (b) a 10 kΩ load. Transient AC response of the scaled active rectifier for
4 Hz sinusoidal input waveforms with the amplitude of 0.2 Vp-p in output-terminal
configurations of (c) an open circuit and (d) a 10 kΩ load.
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Self power consumption of the scaled active rectifier was characterized by monitoring
current flowing inside the circuit. Figure 3-39 (a) and 4 (b) show the measured currents
for swept input voltage from -1 V to 1 V and from -100 mV to 100 mV. The useful
current and rectifier current were defined in previous section. The useful current of the
scaled design is ~ 85 µA for 1 V input and ~ 8 µA for 100 mV input. The rectifier current
of the scaled design shows a peak value of ~33 nA at the comparator switching voltage
~0 V and ~18 - 24 nA in the most other parts of the input ranges. The average self-power
consumption with a voltage supply of 5V/-1.5V is smaller than 150 nW.

(a)

(b)

Figure 3-39. Useful current and current consumption of the scaled active rectifier
(comparator and inverter blocks) for (a) -1 to 1 V input voltage and (b) -0.1 to 0.1 V input
voltage.
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Chapter 4
Tri-Layer ZnO Thin Film Transistors and Selective
Etching of ZnO over Al2O3
4.1 Background and Objectives
Passivation is one critical issue for ZnO TFTs, especially for the bottom-gate TFT
structure, of which the active layers are exposed to the atmosphere if without passivation.
Including the amorphous ZnO-based semiconductors such as indium-gallium doped ZnO,
InZnO, and ZnSnO, ZnO is well known to be vulnerable to acid solutions [71-74];
instability or degradation in its chemical properties and transistor performance can be
induced by environmental species such as moisture and oxygen. During back-end-of-line
processing and integration, the characteristics of the ZnO active layer can be affected by
chemicals and plasma-based processes. Passivation is needed to provide strong
mechanical and chemical protection for the ZnO TFTs.

Additionally, passivation is needed to improve the status of the back surface of the
channel layer during electrical operation. Because the channel layer thickness of ZnO
TFTs is in the range of 10’s to 100’s nm, the device performance is largely affected by
fixed charges and defects like traps on the back surface of the channel. These problems
can be generated by the reactions between ZnO and atmospheric species when the TFTs
are powered up and contribute to the degradation of stability [75]. As shown in Figure 4-

1, the drain current versus gate voltage curves of PEALD ZnO TFTs without passivation
have hysteresis > 0.5 V when the gate voltage is swept from the low regime to high
regime and back. After the passivation with 32-nm-thick ALD Al2O3 at 200 ºC with
TMA and H2O as precursors, the hysteresis becomes negligible. Simultaneously, the turnon voltage is changed from ~0 V to -3 V. This is due to the additional fixed charges
generated at the interface between the ZnO channel layer and the ALD Al2O3 passivation
layer [76]. Similar phenomena are seen when depositing high-quality inorganic dielectric
materials (HfO2, SiN, SiO2, etc.) to passivate amorphous ZnO-based semiconductor TFTs
with the limit of temperature at <250 ºC [77-78].

Figure 4-1. Linear-region log(ID) versus VGS for PEALD ZnO TFT before passivation,
with passivation of 32-nm-thick ALD Al2O3, and with passivation of 32-nm-thick
PEALD Al2O3 at 200 ºC. (VDS = 0.5 V,W/L = 200 µm/20 µm) [79]

Negative turn-on voltage of the passivated ZnO TFTs causes non-negligible current
consumption when the TFT is turned off with a gate voltage of 0 V. This current
consumption is not ideal for logic level definition and power consumption for circuit
applications. To achieve a more positive turn-on voltage, efforts are taken by trying
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different passivation materials and annealing besides using double-gate structure.
Although annealing at a temperature of >300 ºC is effective and popular for amorphous
doped ZnO TFTs [77-78, 80], an annealing at temperature up to 400 ºC has no effect on
the turn-on voltage polycrystalline PEALD ZnO TFTs. Thus ALD Al2O3 passivation with
a reasonable negative turn-on voltage at ~-3 V was accepted for PEALD ZnO TFTs.

On the other hand, PEALD Al2O3, with a higher breakdown field and lower leakage
current than ALD, is still one of the highest quality options at the low process
temperature of 200 ºC, which receives continuous attention. However, when the PEALD
Al2O3 is used to passivate the ZnO TFTs, the turn-on voltage is shifted to more negative
than -10 V. In this case, it is difficult to turn off the device and inconvenient for circuit
applications. Although it seems impossible to use PEALD Al2O3 for ZnO TFT
passivation, one later discovery retrieves the possibility and even provides a solution for
getting turn-on voltage close to 0 V for ZnO TFTs. It is that the additional ZnO-Al2O3
interface charges, which induce turn-on voltage shifting during passivation, are not
intrinsic. Instead, they may be related to exposing the ZnO back channel to air and the
fabrication process before passivation. This conclusion is generated from the deposition
experiments of Al-doped ZnO with ALD and PEALD. Figure 4-2 (a) shows the
schematic drawing of the material structure of Al-doped ZnO deposited by ALD and
PEALD, where n-cycle deposition of ZnO is followed by 1-cycle deposition of Al2O3,
and this sequence is repeated till the desired thickness is reached. The corresponding
process sequence of PEALD of Al-doped ZnO is shown in Figure 4-2 (b). At the standard
temperature of 200 ºC, 37-nm-thick ALD films are conductive with resistivity of ~ 10-3
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Ω·cm. In contrast, the PEALD films are insulating. This contrast is a sign that there is no
significant generation of intrinsic interface charges between the PEALD ZnO films and
PEALD Al2O3 films. Turn-on voltage shifting can be avoided when there is no process
between ZnO deposition and the PEALD passivation.

(a)

(b)

Figure 4-2. (a) Schematic drawing of the material structure of Al-doped ZnO deposited
by ALD and PEALD. (b) Process sequence of PEALD Al-doped ZnO with DEZ, TMA,
and N2O as precursors at 200 ºC.

Following this conclusion, the idea of a tri-layer ZnO TFT structure is developed as
shown in Figure 4-3. PEALD Al2O3 is used as passivation layer in such a way where a
tri-layer composed of a bottom Al2O3 dielectric layer, a ZnO active layer, and a top Al2O3
passivation layer are deposited by PEALD in one deposition system loading without
breaking the vacuum. Then, to make the tri-layer into a transistor, gate electrode and
source/drain electrodes are added on the different sides of the tri-layer. In this conceptual
structure, the back surface of the ZnO active layer is protected from exposure to the air,
chemicals, and plasma species in the fabrication process. The ZnO should be insulating
without gating. In other words, the turn-on voltage of the TFT should be close to 0 V.
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Besides, the device performance such as subthreshold slope and bias-stress stability
should be improved due to the protected back surface of the active layer, with reference
to the performance improvement of the etch stopper (ES) structure versus back channel
etch (BCE) structure in the mass-produced Ga-In-Zn-O TFTs [81-82].

Figure 4-3. Development of the idea of a tri-layer ZnO TFT structure.

To make the concept into a real functional tri-layer ZnO TFT, one essential barrier in the
fabrication is how to make metal contacts through the Al2O3 passivation layer to the ZnO
active layer. The capability of etching through-vias in the Al2O3 passivation layer without
damage on the ZnO is required, which is illustrated in Figure 4-3. A selective etching of
Al2O3 over ZnO is developed for this purpose, and the tri-layer ZnO TFT with improved
performance is realized.

4.2 Selective Etching of Al2O3 over ZnO
Al2O3 is widely used as a high-k gate dielectric and passivation material in the fabrication
of ZnO TFT [76, 83-85] and for other ZnO device structures such as light emitting diodes
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[86], chemical sensors [87], and surface acoustic wave biosensors [88]. For many
applications, it would be useful to etch Al2O3 selectively with respect to ZnO.

A selective etch for Al2O3 over ZnO would allow vias to be opened for contacts after
passivation or windows in the passivation layer to be opened for sensors. However, the
selective etch is not trivial to achieve. Al2O3 deposited with ALD or PEALD is robust
and is commonly wet etched in strong acids such as phosphoric or hydrofluoric acid [89].
In contrast, ZnO can be readily etched in a range of solutions. For acidic etches, even
very dilute solutions can provide useful etching. For example, it is common to pattern
ZnO using HCl with water dilution of 1000:1 or greater. The recipes of Al2O3 etching
attack ZnO and have etch rates for ZnO much larger than for Al2O3.

To achieve a selective etch of Al2O3 over ZnO, the Pourbaix diagrams provide a hint.
They show the stable phase of certain elements in an aqueous system on a map with
voltage potential and pH as coordinates. Figure 4-4 shows the Pourbaix diagrams of Al
and Zn at 25 ºC when the soluble species is at 10−6 M concentration [90-91], where EH is
the voltage potential with respect to the standard hydrogen electrode (SHE). In an
aqueous solution without external biasing voltage connected, the EH equals 0 V. The two
vertical lines in both diagrams label the boundaries of the pH range for Al2O3 and ZnO to
exist in aqueous solutions. It can be seen in the diagram that in the range from pH 8 to 13,
ZnO should be insoluble in aqueous solutions while Al2O3 should be etched. This range
leaves the possible path towards selective etching of Al2O3 over ZnO. A series of
experiments of etching at different pH and temperature with various solution components
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are carried out [92]. A controllable and repeatable process of pH-based selective etching
is developed.

(a)

(b)

Figure 4-4. (a) Pourbaix Diagrams of Al at 25 ºC when the soluble species is at 10−6 M
concentration. (b) Pourbaix Diagrams of Zn at 25 ºC when the soluble species is at 10−6
M concentration. Recreated from [90-91].

4.2.1 Setup for Etching Characterization
The Al2O3 and ZnO thin films used in this work were deposited on oxidized silicon
wafers by ALD or PEALD at 200 °C. To facilitate etch rate measurements, a
parameterized optical model with bulk and surface roughness layers was developed for
the ZnO and Al2O3 from measurements of as-deposited samples with a J.A.Woollam RC2
VASE spectroscopic ellipsometer with a spectral range of 0.7 - 5.15 eV at four angles of
incidence (50°, 60°, 70°, 80°). The surface roughness layer was modeled by a Bruggeman
effective medium approximation (EMA) with 50% void and 50% underlying material.
The modeling for ellipsometry was done by Dr. David B. Saint John. For etch rate
measurements, the fitted thickness included the bulk film thickness and half of the
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surface roughness layer thickness. During the etching experiments, the films before and
after etching were measured using a J.A.Woollam M-2000V spectroscopic ellipsometer
with a spectral range of 1.24-3.34 eV at a single angle of incidence (75°). Only the bulk
film and surface roughness thicknesses were allowed to vary while the parameterized
optical model was fixed to that determined using the wider spectral range and multiple
incident angles.

The measurements of etch rate at different pH conditions were done for solutions with pH
ranging from 7 to 13. Tetramethylammonium hydroxide (TMAH) and water were the
main components for the solutions with high hydroxide ion concentration (pH 12 to pH
13). For pH from 7 to 11, sodium phosphate (Na3PO4), monopotassium phosphate
(KH2PO4), sodium carbonate (Na2CO3), and sodium bicarbonate (NaHCO3) were added
to the solutions as buffers to stabilize the pH during etching. The total amount of the
buffer used was controlled to keep the anion concentration around 0.1 mol/L.

The schematic of the setup for etching characterization at different pH and temperature is
shown in Figure 4-5 (a). The solutions are heated within containers on the Digital
Hotplate/Stirrer PMC 720 with an RTD thermal probe inside the solutions to feedback
control the solution temperature. A magnetic stirring bar is placed in the solutions during
etching to improve heat and ion distribution. Figure 4-5 (b) shows a photograph of the
setup for etching characterization. Plastic sample holders are added into the setup for
handling samples of different sizes.
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(a)

(b)

Figure 4-5. (a) Setup for etching characterization at different pH and temperature. Digital
Hotplate/Stirrer PMC 720 with RTD thermal probe inside the solutions is used to provide
feedback control of the solution temperature. (b) Photograph of the setup for the etching
characterization.

4.2.2 Etch Rate and Selectivity of Al2O3 over ZnO
Figure 4-5 shows the measured etch rate of Al2O3 and ZnO as a function of pH for etch
temperatures of 20, 47, 55, and 60 °C. As shown in Figure 4-5 (a), the etch rate of Al2O3
increases with both pH and temperature. The measured etch rate of ZnO in the range
from pH 9 to pH 12 is less than 0.4 nm/min and changes little with temperature as shown
in Figure 4-5 (b). Examination of the two-layer ellipsometry fitting results indicates that
the small apparent ZnO etch rate in the pH 9 to pH 12 range is mainly caused by
increasing ZnO surface roughness.
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(a)

(b)

Figure 4-6. (a) Etch rate of Al2O3 versus pH for etch temperatures of 20, 47, 55, and 60
°C. For pH > 8 the etch rate increases rapidly with pH and temperature. (b) Etch rate of
ZnO versus pH for etch temperatures of 20, 47, 55, and 60 °C.

Figure 4-7 shows the etch selectivity for Al2O3 with respect to ZnO as a function of pH
for etch temperatures of 20, 47, 55, and 60 °C. At 20 °C the ratio of Al2O3 to ZnO etch
rate is less than 10. Because the Al2O3 etch rate is strongly temperature activated while
the ZnO etch rate changes little with temperature, the etch rate ratio of Al2O3 to ZnO
increases with increasing temperature. For a pH 12 etch solution at 60 °C, the ratio of the
Al2O3 to ZnO etch rate is larger than 400 (49.2 ± 3.4 nm/min over 0.12 ± 0.04 nm/min).
The error bars shown in Figure 4-7 are for the ellipsometry measurement of the Al2O3
etching, and the etch rate ratio was found using the mean of four ZnO etch tests at each
pH and temperature. As pH and temperature are increased, the etch rate for Al2O3
increases, and it becomes more difficult to precisely determine etch selectivity using our
technologically relevant thin films. The data in Figure 4-7 shows the trends, but the
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detailed ordering of etch selectivity with temperature for ~11 < pH < ~12, where the
etchant is most selective, is less certain.

Figure 4-7. Etch selectivity for Al2O3 with respect to ZnO versus pH for etch
temperatures of 20, 47, 55, and 60 °C. Because the etch rate for ZnO is very small and
~independent of temperature for 9 < pH ≤ 12 the etch selectivity at elevated temperature
is large in this range.

To confirm that the selective etching is pH-based, an etch solution using 0.25 mol/L
sodium hydroxide (NaOH) was also characterized. The pH of the solution was set to 10.5
using a Na2CO3/NaHCO3 pH 10 buffer commercially available as Hydrion® buffer. The
etch rates of Al2O3 and ZnO at 60 ⁰C in the NaOH-based etchant were 19.2 ± 2.1 nm/min
and 0.16 ± 0.06 nm/min, similar to that of the TMAH-based etchant (Al2O3 20.8 ± 2.1
nm/min and ZnO 0.16 ± 0.03 nm/min), which supports the conclusion that hydroxide ions
are responsible for Al2O3 etching. Although the selective etch is pH-based, some care is
required in choosing the alkaline agent. For example, ammonium hydroxide (NH4OH) is
a convenient base. But ammonium hydroxide is able to chelate ZnO, and the etch
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selectivity for NH4OH-based etch solutions is reduced compared to TMAH-based or
NaOH-based etch solutions.

The reaction between Al2O3 and hydroxide ions is:
Al OB 9 2 OH E → 2 AlOE
 9 H O

Equation 5

This is a heterogeneous reaction between a solid phase and ions in a liquid phase. The
main factors influencing reaction rate are hydroxide ion concentration, bond energy of
the Al-O bonds, and temperature. The rate equation is:
Rate = k × LOH E MN = k × 10QRS – UV×N
= k × expQln10 × QpH – 14V × nV Equation 6
where k is the rate coefficient and n is the order of the reaction [93]. For this simple
model, the etch rate of Al2O3 should increase exponentially with increasing pH value.
Accordingly, an exponential function in the form of y = A+B* exp(C*x) was used to fit
the curves of the etch rates at each temperature. The resulting equations and curves are
shown in Figure 3. In Table 1, the rate equations are expressed as a function of OH ion
concentration, and the characteristic parameters are extracted. The rate coefficient k is a
function of temperature, and the relationship is given by an Arrhenius equation [93],
[

k(T = A × exp – ]^\ #

Equation 7

where A is the pre-exponential factor, Ea is the activation energy, and R is the ideal gas
constant. Fitting the rate coefficient k as a function of temperature, the activation energy
Ea is calculated to be 8.0 x 104 J/mole.
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Figure 4-8. Exponential fitting equations and curves for the data of Figure 4-6 for etch
rates of Al2O3 versus pH at temperature 20 °C, 47 °C, 55 °C, and 60 °C.

Table 4-1. Rate equations and extracted parameters for Al2O3 etching
Reformed equation

n

k

20 °C Rate=1.82 x [OH-] 0.135 – 0.297

0.135 1.82

47 °C Rate=32.9 x [OH-] 0.134 – 4.722

0.134 32.9

55 °C Rate=60.8 x [OH-] 0.132 – 8.725

0.132 60.8

60 °C Rate=108.7 x [OH-] 0.123 – 18.57 0.123 108.7

To provide a simple unified rate equation for the selective etch, we also used Eureqa from
the Cornell Creative Machine Lab [94] to fit our etch data. Using this tool gives a
heuristic rate equation:
Rate = 3.56 × 10U × exp −

bcdb
^

# × QLOH E Md.Bb – 0.143V

Equation 8
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The activation energy Ea in this rate equation is 0.83 eV/ion or 8.0 x 104 J/mole,
consistent with the result from the fitting of individual curves. The Eureqa modeled etch
rate of Al2O3 together with the experimental data is plotted in Figure 4-9.

Figure 4-9. Eureqa-modeled etch rate of Al2O3 versus pH at temperature 20 °C, 47 °C, 55
°C, and 60 °C together with experimental data of Figure 4-6.

4.2.3 Compatibility with Photolithography
To apply the selective etch to device fabrication, compatibility with photoresist has been
tested. We find DNQ-Novolac photoresist (i.e., Shipley 1811) and PMMA can withstand
etching solutions of pH 10 to 12 at 60 °C for more than 10 minutes. The compatibility
test experiment was done with double-layer lithography with Shipley 1811® and PMMA
on Al2O3/ZnO films on oxidized Si wafer. After exposure to etching solutions for 10
minutes, 100 nm thick Titanium was sputtered with Perkin Elmer DC sputtering tool onto
the double-layer photoresist, and metal lift-off afterwards had no problem. As shown in
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Fig. 6, 2-µm-wide gaps between metal pads and 10-µm-wide metal strips were
successfully patterned.

(a)

(b)

(c)

Figure 4-10. Compatibility test of double-layer photolithography. (a) Schematic crosssection of the sample for compatibility test. (b) Top-view microscope image of titanium
pad with 2-µm-wide gap patterned by lift-off after selective Al2O3 etching. (c) Top-view
microscope image of 10-µm-wide titanium lines on ZnO patterned by lift-off after
selective Al2O3 etching.

For etching device structures, we typically make two additions to our etchant. First, we
add a small concentration of a surfactant (3,5-dimethylhexyne-3-ol, commercially
available as Surfynol®-6L) to improve the uniformity of etching for small features. We
also add a small amount of ZnO to the etch solution to stabilize the initial etch condition.
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Our etch testing has not shown this to be necessary, but it has been suggested that this can
help supply an equilibrium concentration of ions of the non-etching material [91]. The
etch rate of the modified etchant is unchanged from that of the etchant without surfactant
or ZnO.

4.2.4 Etching Profile
The etching profile of the selective etching is checked with a scanning electron
microscope (SEM). 30-nm-thick Al2O3 and 10-nm-thick ZnO are deposited by PEALD at
200 ºC on oxidized Si wafers. Single-layer photolithography with Shipley 1811® is
applied, and the Al2O3 is etched with the selective etching solution of pH 10.5 at 55 ºC
for 3 minutes. After that, the photoresist is stripped in acetone, and the cross-section of
the patterned Al2O3 is prepared by cutting the substrate wafer in the direction
perpendicular to the edge of the Al2O3 mesa. Figure 4-11 shows the SEM images of the
cross-sectional etching profile of the Al2O3 on top of ZnO. The etching profile has a
sidewall slope of ~45 ° as labeled in Figure 4-11 (b). The sidewall facet of the Al2O3
mesa is of crystal-like grains with an outline roughness smaller than 5 nm.
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(a)

(b)

Figure 4-11. SEM images of the Al2O3 on top of ZnO patterned by lithography and
selective etching. (a) Tilted side view. (b) Cross-sectional side view. The etching profile
shows a sidewall slope of ~45 °.

4.2.5 Verification - Selective Etching of Windows on TFT Channel Area
To demonstrate the selective etch, we used it to etch windows through the passivation
layer in the channel region of TFTs with 10 nm thick ZnO active layers and then repassivated the devices. Because the passivation step introduces charge at the ZnO/Al2O3
interface [76], this test is sensitive to small changes in the ZnO thickness.

The bottom-gate TFT process used for the selective etch test has been described
previously [25]. The TFTs used 10 nm thick ZnO active layers, and the passivation layer
was 30 nm thick Al2O3 deposited by ALD. The TFTs fabricated for this work had
mobility > 17 cm2/V⋅s, current on-off ratio > 107, and turn-on voltage (here defined as the
gate voltage where the linear region drain current reaches 10-10 A) ~-3.2 V. The negative
turn-on voltage was caused by passivation-induced charge [76].
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To demonstrate the selective etch, we used the etchant described above with pH 12 at 47
°C to etch windows in the passivation layer of the bottom-gate TFTs. This etchant
temperature was chosen because it gives a convenient and controllable etching time for
the passivation layer. The structure after window etching is shown in Figure 4 (a), and
the microscope image of one of the devices is shown in Figure 4 (b). After etching
windows, we confirmed access to the ZnO channel layer by exposing test TFTs to a few
ppm concentration of ozone and observing large changes in current-voltage
characteristics. After selective etching we then deposited 30 nm of Al2O3 to re-passivate
the window areas.

(a)

(b)
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Figure 4-12. (a) Structure of the etch test device. (b) Microscope image of one of the etch
test devices before re-passivation.

Figure 4(b) shows the log of the drain current and differential mobility versus gate
voltage for etched and re-passivated TFTs in the linear region of operation.
Characteristics are shown for TFTs with the first ALD Al2O3 passivation layer etched for
the nominal time required to reach the ZnO channel (150 seconds) and for TFTs etched
for twice the nominal time (300 seconds).

Clearly the thin ZnO channel remained even for TFTs with overetched channel region
windows, and the TFT characteristics for both etch times are very similar. Figure 4(c)
shows the linear region log and linear drain current versus gate voltage for five TFTs
with overetched (twice nominal etch time) windows. Although the substrate size used for
this test was small (about 1.7 cm × 1.7 cm) the uniformity is quite good.

(a)

(b)

Figure 4-13. (a) Log (ID) and mobility versus VGS for VDS = 0.5 V of re-passivated device
with standard etch and overetch. (b) Log (ID) and ID versus VGS for VDS = 0.5 V of
multiple overetched devices after re-passivation.
95

4.3 Tri-Layer ZnO Thin Film Transistors
With the selective etching of Al2O3 over ZnO, the tri-layer ZnO TFT structure can be
realized. In the Al2O3-ZnO-Al2O3 tri-layer, high-quality dielectric PEALD Al2O3 is used
as the in-situ passivation layer, which protects the back surface of the ZnO active layer
throughout the whole fabrication. The pH-controlled etchant is used to etch windows on
the passivation layer selectively before the source/drain contact deposition. Besides the
turn-on voltage of the TFTs being close to 0 V, the improved status of the back surface
results in improved device performance. The subthreshold slope and bias stress stability
of the tri-layer TFTs fabricated using selective etching is equal to or better than those of
our end-of-process passivated TFTs.

4.3.1 Fabrication Process for Tri-layer ZnO TFTs
The fabrication process flow of tri-layer ZnO TFTs is shown in Figure 4-14. 100 nm Cr is
deposited on the borosilicate glass substrate by ion-beam sputtering and patterned into
gate electrodes. Then a tri-layer stacked with a bottom Al2O3 dielectric layer, a ZnO
active layer, and a top Al2O3 passivation layer is deposited by PEALD at 200 ºC in one
loading without breaking the vacuum. TMA and CO2 are the precursors for PEALD
Al2O3, and DEZ and N2O are the precursors for PEALD ZnO. Next, the selective etching
is applied on the top Al2O3 to open windows for source/drain contacts without damaging
the ZnO active layer. Following that, oxygen plasma treatment for 1-minute is used to
reduce the contact resistance, and 100-nm-thick Ti is sputtered and patterned into source
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and drain electrodes. At last, the top Al2O3 layer and the ZnO layer are patterned by wet
etching for isolation of individual devices. From the deposition of the tri-layer to the end
of the process, the ZnO channel region is protected from exposure to the air and the
fabrication process by the in-situ Al2O3 passivation.

(a)

(b)

(c)

(d)

(e)
Figure 4-14. Fabrication process of tri-layer ZnO TFTs. (a) Bottom-gate Cr sputtering
and patterning. (b) PEALD Al2O3-ZnO-Al2O3 tri-layer deposited in one loading without
breaking vacuum. (c) Selective etching of top Al2O3 to open windows for source/drain
contacts. (d) Ti contacts sputtering and patterning. (e) Top Al2O3 and ZnO patterning.
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4.3.2 Characteristics of Tri-Layer ZnO TFTs
The top-view microscope image of a completed tri-layer ZnO TFT on the borosilicate
glass substrate is shown in Figure 4-15. The large metal pads in the layout are designed
for probing. HP 4156B precision semiconductor parameter analyzer is used to measure
the current-voltage characteristics of the TFTs.

Figure 4-15. The top-view microscope image of tri-layer ZnO TFTs after fabrication. The
large metal pads in the layout are designed for probing.

The turn-on voltage of the tri-layer ZnO TFTs is -0.4 V, as shown in the linear-region
drain current and field-effect mobility versus gate voltage characteristic in Figure 4-16 (a).
As we expected from the improvement of the status of the channel back surface, the turnon voltage is close to 0 V. Besides, the subthreshold is ~200 cm2/Vs, which is equal to or
smaller than that of the non-tri-layer ZnO TFTs. The mobility is ~24 cm2/Vs at the gate
voltage of 8 V. The drain current versus gate voltage characteristics in Figure 4-16 (b)
show reasonable current saturation. These are all the signs of high-performance fieldeffect gating, which proves the selective etching for source/drain contact windows is
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effective to simultaneously etch through Al2O3 and preserve the ZnO for high-quality
contacts.

(a)

(b)

Figure 4-16. Typical electrical characteristics of tri-layer ZnO TFTs. (a) Linear-region
log (ID) and differential linear mobility versus VGS for VDS = 0.5 V. (b) ID versus VDS for
VGS from 2 V to 8 V with steps of 1V. (W/L = 100 µm/20 µm, tox = 32 nm). [95]
Long-term bias stress stability measurement is carried out on the tri-layer ZnO TFTs. For
91 hours, the TFT sample is biased at a drain voltage of 2 V and gate voltage of 4 V,
which results in an initial drain current of 175 µA. The decrease in drain current was
smaller than 10% during the 91 hours, as shown in Figure 4-17 (a), and the turn-on
voltage shifted by 225 mV, as shown in Figure 4-17 (b). The long-term stability of trilayer ZnO TFTs is better than the end-of-process passivated ZnO TFTs.
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(a)

(b)

Figure 4-17. (a) Drain current of the tri-layer ZnO TFTs as a function of time at 35 ˚C
with VGS = 4 V and VDS = 2 V biased for ~ 91 hours. (b) Log (ID) versus VGS before and
after 91-hour bias stress stability measurement. (W/L = 200 µm/20 µm, tox = 32 nm) [95]

4.3.3 Characterization Circuits of Tri-layer ZnO TFTs
Simple characterization circuits such as inverters and ring oscillators are demonstrated
with tri-layer ZnO TFTs. The inverters are in the diode-connected saturation-load
configuration, the same as the circuit schematic in Figure 3-1. The voltage transfer curves
of the inverter with β ratio of 5 and the supply voltage varying from 1 V to 6 V are shown
in Figure 4-18 (a). The gain magnitude is ~2, close to the square root of the β ratio. 7stage ring oscillators are built with the saturation-load inverters as components. Figure 418 (b) shows the plot of propagation delay and frequency versus supply voltage for a ring
oscillator with β ratio of 5, channel length of 3 µm, and gate-to-source/drain overlap of 2
µm. The propagation delay of 27 ns/stage is reached with a voltage supply of 17 V.
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(a)

(b)

Figure 4-18. (a) Voltage transfer curves for a tri-layer ZnO TFT inverter with VDD
varying from 1 V to 6 V with step of 1 V. (Ldrive = Lload = 3 µm, Wdrive = 50 µm, Wload =
10 µm, β = 5). Inset: Microscope image of tri-layer ZnO TFT inverter. (b) Propagation
delay and frequency as a function of supply voltage for a 7-stage ring oscillator built with
tri-layer ZnO TFTs. Inset: Microscope image of a 7-stage ring oscillator of tri-layer ZnO
TFTs. (βratio = 5, 2 µm source/gate and drain/gate overlap). [95]

4.4 Double-Gate Tri-Layer ZnO Thin Film Transistors
Previously, double-gate ZnO TFT structure was developed based on the end-of-process
passivated ZnO TFTs with ALD Al2O3 as the passivation and the top gate dielectric.
ALD Al2O3 was used for the top gate dielectric instead of PEALD Al2O3 because end-ofprocess passivation causes turn-on voltage and threshold voltage shifts, and ALD Al2O3
causes a much smaller shift than PEALD Al2O3 [76-77]. Since the tri-layer ZnO TFT
structure is accomplished, the PEALD Al2O3 in-situ passivation layer can be used as the
top gate dielectric with a configuration of electrodes analogous to that in a double-gate
structure. We extend the tri-layer process and develop double-gate tri-layer PEALD ZnO
TFTs [96]. The tri-layer process results in the near-zero turn-on voltage and improved
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status of the back surface of the ZnO channel. The double-gate configuration better
confines the electric field than the bottom-gate-only structure. It allows tuning the turn-on
voltage and the threshold voltage with the top gate voltage, which may realize TFTs with
a turn-on voltage larger than 0 V.

4.4.1 Fabrication of Double-Gate Tri-Layer ZnO TFTs
The double-gate tri-layer ZnO TFTs were fabricated on borosilicate glass substrates. Cr
gate electrodes were deposited by ion beam sputtering and patterned by wet etching.
Next, PEALD at 200 °C was used to deposit a 32 nm-thick Al2O3 bottom gate dielectric
layer, a 10 nm-thick ZnO active layer, and a 32 nm-thick Al2O3 top gate dielectric layer.
All three layers were deposited in one run without breaking vacuum. Next, windows for
contacts and vias in the top Al2O3 passivation layer were patterned by photolithography.
The Al2O3 was etched with the pH-based selective etchant without damaging the ZnO
active layer. Next, titanium source/drain electrodes were deposited by sputtering and
patterned by lift-off, and the ZnO active layer was patterned by photolithography and wet
etching. Finally, Ti top gate electrodes were deposited by sputtering and patterned by liftoff. A schematic cross-section and microscope images of a finished device are shown in
Figure 4-19.
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(a)

(b)

(c)

Figure 4-19. (a) Schematic cross-section of double-gate tri-layer ZnO TFT. (b)
Microscope image of double-gate tri-layer TFT with separate bottom gate and top gate
electrodes. (c) Microscope image of double-gate tri-layer TFT with both bottom gate and
top gate electrodes connected.

4.3.2 Characteristics of Double-Gate Tri-Layer ZnO TFTs
Linear-region drain current and differential mobility versus gate voltage of the doublegate tri-layer ZnO TFTs are shown in Figure 4-20 and 4-21 in two configurations. As
shown in Figure 4-20 (a), the maximum linear region mobility is >30 cm2/V⋅s, and the
turn-on voltage is near 0 V with the top and bottom gates connected together. As shown
in Figure 4-21 (a), the maximum linear region mobility is ~20 cm2/V⋅s, and the turn-on
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voltage is ~-1.1 V with the top gate held at 0 V and the bottom gate swept. The
corresponding device layouts are shown in the microscope images of Figure 4-19 (b) and
(c). The characteristics of drain current versus drain voltage are shown in Figure 4-20 (b)
and Figure 4-21 (b). In both configurations, the double-gate tri-layer TFTs show
reasonable current saturation and large differential output resistance.

(a)

(b)

Figure 4-20. Typical electrical characteristics of double-gate tri-layer ZnO TFTs with the
top and bottom gates connected. (a) Linear-region log (ID) and differential linear mobility
versus VGS for VDS = 0.5 V. (b) ID versus VDS for VGS from 2 V to 8 V with steps of 2V.
(W/L = 200 µm/50 µm, toxtop = toxbottom = 32 nm).

(a)

(b)
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Figure 4-21. Typical electrical characteristics of double-gate tri-layer ZnO TFTs with the
top gate biased at 0 V and the bottom gate swept. (a) Linear-region log (ID) and
differential linear mobility versus VGS for VDS = 0.5 V. (b) ID versus VDS for VGS from 0
V to 8 V with steps of 2 V. (W/L = 200 µm/50 µm, toxtop = toxbottom = 32 nm).

Tuning of threshold voltage and turn-on voltage with the top gate are shown in Figure 422. For negative top gate bias, both threshold voltage and turn-on voltage are tuned
effectively. As the top gate bias is varied from 0 V to -4 V, the turn-on voltage is tuned
from ~-1.5 V to ~1 V, as shown in Figure 4-22 (a). For positive top gate bias, the turn-on
voltage doesn’t change, while the threshold voltage changes moderately due to the
increasing drain current, as shown in Figure 4-22 (b).

(a)

(b)

Figure 4-22. Linear-region ID (in log scale and in linear scale) versus VGSbottom of doublegate tri-layer TFT with (a) VGStop = 0 to -4 V in 1 V steps, (b) VGStop = 0 to 6 V in 1 V
steps. (W/L = 200 µm/50 µm, toxtop = toxbottom = 32 nm).

This electrical behavior is caused by one significant difference in the double-gate tri-layer
TFT compared with the double-gate TFT based on end-of-process passivation, which is
that the top gate electrode doesn’t stagger over source/drain contacts. The channel areas
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under the control of the top gate electrode are highlighted in the cross-sectional
schematics of the two double-gate TFT structures in Figure 4-23. In Figure 3-23 (a) for
double-gate tri-layer TFTs, the top gate electrode only takes care of the center of the ZnO
channel area and doesn’t affect the contact barrier height. With the top gate biased
negative, the top gate region of the device turns on last with increasing bottom gate
voltage, which varies the turning on of the whole channel. With the top gate biased
positive, the device turn-on is controlled and fixed by the region of the channel not gated
by the top gate. However, increasing the top gate bias will decrease the resistance of the
top-gate-region of the TFT channel and increase the device current.

(a)

(b)

Figure 4-23. Comparison of the cross-section and the ZnO channel area under the control
of the top gate electrode in the two double-gate ZnO TFT structures. (a) Double-gate trilayer ZnO TFT structure. (b) Double-gate ZnO TFT structure based on end-of-process
passivation.
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Chapter 5
Modeling of Spatial Atomic Layer Deposition ZnO
Vertical Thin Film Transistors
5.1 Background and Objectives
Spatial atomic layer deposition (SALD) is an attractive technology for large-area
electronic applications requiring low cost and high throughput. Compared with
conventional closed-chamber ALD, SALD can have a deposition rate more than 100
times faster and is readily adapted to deposition on continuous substrates (for example,
roll-to-roll) in configurations open to the atmosphere [40]. Applications include silicon
solar cell passivation [97-98], displays, and selective area deposition for thin-film
electronics [99].

The schematic representation of a SALD system is shown in Figure 5-1 (a). The gasphase precursors and purge gases for ALD are confined to particular spatial regions near
the inlet channels on the deposition head, and the relative movement between the spatial
regions of the gases and the sample substrate realizes the alternate exposures for the ALD
process. The inlet slots for reactive precursors are aligned in sequence and isolated by the
inlet slots for inert purge gas. In the SALD systems demonstrated by Eastman Kodak
Company [100], the spatial confinement of the gases relies on putting exhaust slots
between each gas inlet slot on the deposition head. ZnO was successfully deposited with

DEZ and H2O vapor as precursors. The SALD ZnO is polycrystalline. As shown in
Figure 5-1 (b), it has a strong peak of (002) crystal orientation in the XRD spectrum,
which is also observed in the XRD spectrum of high-mobility PEALD ZnO. High-k
dielectric Al2O3 can also be deposited by SALD with TMA and H2O as precursors.

(a)

(b)

Figure 5-1. (a) Schematic representation of the SALD coating head with spatially defined
gas regions in contact with the sample substrate, and the sequence of exposure for a point
Q on the moving substrate. [99] (b) XRD scan over two 30-nm-thick SALD ZnO layers
with different pulse/purge duration. Both show a strong peak at the (002) crystal
orientation. [101]

High-performance SALD ZnO thin-film transistors (TFTs) using a planar invertedstaggered TFT structure have been demonstrated [100]. More recently, sub-micrometer
channel length and increased drive current were obtained with a vertical TFT structure
that uses only contact photolithography. This simple device process uses a reentrant gate
electrode profile to self-align the TFT source/drain contacts (Figure 5-1 (a)) [100].
Vertical SALD ZnO TFTs provide good field-effect performance with large current
density (>10 mA/mm), high mobility (>14 cm2/Vs), and large current on-off ratio (>107)
108

at low applied bias. Self-aligned vertical SALD ZnO TFTs have an asymmetric contact
arrangement, with one contact on top of the gate, and the other at the foot. Asymmetric
current-voltage characteristics are obtained in the saturation region when the source and
drain electrodes are interchanged [100]. In collaboration with Dr. Shelby F. Nelson and
her colleagues at Kodak Research Laboratories, Eastman Kodak Company, we developed
a physics-based model for SALD ZnO devices using the Synopsis TCAD Sentaurus
simulation tool. The devices used as the database for modeling and simulation were
fabricated and characterized at Kodak.

(a)

(b)

Figure 5-2. Cross-sectional structure of a vertical SALD ZnO TFT. (a) Scanning electron
microscope image with the choice of source electrode on top. [102] (b) Schematic
drawing with the choice of drain electrode on top.

5.2 Fabrication Process of Vertical ZnO TFTs
The vertical TFTs were fabricated on glass substrates. First, 500-nm-thick Mo gate
electrodes were deposited by sputtering and patterned by plasma etching using SF6. The
plasma etching was adjusted to form an inverted trapezoidal shape for the gate, as shown
in Figure 5-1 (a) and (b). Next, SALD was used to deposit 12-nm-thick Al2O3 as the gate
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dielectric and 12-nm-thick ZnO as the channel layer, both at 200 °C. Because the SALD
process is very conformal, uniform and continuous films were deposited on the threedimensional metal gate electrodes. Finally, aluminum source and drain contacts were
deposited by thermal evaporation and patterned in the width direction by
photolithography and wet etching. The reentrant profile of the gate creates the gap
between electrodes located on top of the gate structure and at the foot of the gate, as
shown in Figure 5-3, and completes the source and drain electrode patterning. This
simple process allows sub-micrometer channel length using low-cost lithography.

(a)

(b)

(c)

Figure 5-3. Fabrication process of vertical SALD ZnO TFTs. (a) Deposition and
patterning of Mo with reentrant profile. (b) Deposition of gate dielectric Al2O3 and
channel material ZnO by SALD. (c) Thermal evaporation of Al for self-aligned source
and drain contacts.

5.3 Characteristics of Vertical ZnO TFTs
The shadowing that provides the self-aligned source and drain contacts also results in an
ungated ZnO region between the foot of the gate and the electrode. This ungated region
adds to the structural asymmetry between the contact on top of the gate structure and the
contact at the foot of the gate. An asymmetry is also present in the electrical
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characteristics of the vertical TFTs. Figure 5-4 (a) shows typical drain current versus gate
voltage characteristic for a vertical TFT for VDS = 0.2 V and VDS = 3 V, where we have
used a linear y-axis to emphasize the difference. In this example, using the electrode on
top of the gate as the source and the electrode at the foot of the gate as the drain results in
a maximum on-current 70% larger than that for the reversed electrode configuration for
VDS = 3 V. However, for VDS = 0.2 V, interchanging the source and drain results in little
change. The mobility as another characteristic is extracted for the four configurations as
shown in Fig. 5-4 (b). The source-on-top configuration in saturation regime has a
mobility ~50% larger than the other three cases while the other three configurations have
a similar mobility around 12.5cm2/Vs.

(a)

(b)

Figure 5-4. (a) Drain current versus gate voltage of vertical SALD ZnO TFT in linear
region and saturation region when switching the source and drain electrodes. The
saturation current curves differ, and the linear current curves overlap. (b) Mobility versus
gate voltage of ZnO VTFT in linear and saturation regions with interchanges of the
source and drain electrodes.
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The dimensions of vertical TFTs with varying ungated region lengths were measured.
The gated channel length is set by the thickness of the Mo gate structure and was
approximately 500 nm, as shown in the SEM image in Figure 5-1 (a). The thicknesses of
ZnO and Al2O3 layers were calibrated by spectroscopic ellipsometry. The length of the
ungated region was varied by varying the angle of the source/drain metal deposition. The
length was measured from SEM micrographs of device cross-sections prepared by
focused ion beam etching and ranged from about 5 nm to about 80 nm, as shown in
Figure 5-5.

Figure 5-5. Scanning electron microscope image of a vertical SALD ZnO TFT crosssection prepared by FIB etching with the choice of drain electrode on top. A thick
platinum layer applied during FIB sample preparation is evident coating the sample in a
nonconformal fashion. 12-nm-thick device layers are visible between the gate and the Pt
overcoat.

The experimentally measured mobility versus the length of the ungated ZnO region for
VGS = 3 V, for VDS = 0.2 V, and VDS = 3 V and for both electrode configurations is
plotted in Figure 5-6. An approximately exponential dependence of mobility on the
ungated ZnO region length is observed.
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Figure 5-6. Mobility versus length of ungated region in vertical SALD ZnO TFT
extracted from experimental data. Linear-region mobility curves overlap, and are close to
saturation-region mobility values for the drain-on-top configuration. The source-on-top
configuration gives higher extracted mobility.

5.4 Development of Models for Vertical ZnO TFTs
We used the Synopsis TCAD Sentaurus Device drift-diffusion simulator for the
modeling. The model for ZnO used a bandgap of 3.37 eV, an electron affinity of 4.1 eV,
and a conduction band effective density of states of 3.66 × 1018 cm-3 [103]. The model
used Fermi-Dirac statistics and a modified local-density approximation (MLDA) for
calculation of the carrier distribution near the ZnO-Al2O3 interface. Because the SALD
ZnO is fairly insulating without gating, we chose a baseline donor doping concentration
of 1 × 1015 cm-3 but verified that concentrations of up to 1 × 1017 cm-3 had little effect on
the simulated device performance. The model treats Al2O3 as a dielectric with a bandgap
of 9.0 eV and relative permittivity of 8. A contact barrier of 0.1 eV with nonlocal
tunneling is included for the metal-ZnO contacts [104].
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The field effect mobility of Zn-based TFTs typically varies significantly with gate
voltage [82, 105-106]. As shown in Figure 5-7, for SALD ZnO devices, the mobility
increases with increasing gate voltage. A variety of models can be used to describe this
behavior [107]. In this work we have used a constant mobility model for our simulations
with distributions of carrier traps used to fit the experimental characteristics [108]. To fit
the SALD ZnO TFT current-voltage characteristics at large gate bias we use a Gaussian
distribution of acceptor-like traps centered at an energy above the conduction band
minimum. To fit the current-voltage characteristics near the threshold voltage, we add a
second Gaussian distribution of acceptor-like traps slightly below the conduction band
minimum. Finally, to fit the characteristics somewhat below the threshold voltage, we
add a third Gaussian distribution of acceptor-like traps centered several kT below the
conduction band minimum.

(a)

(b)

Figure 5-7. (a) Linear-region drain current and mobility versus gate voltage of vertical
SALD ZnO TFT with drain electrode on top of gate electrode. (b) Linear-region drain
current and mobility versus gate voltage of planar SALD ZnO TFT. In both cases, the
mobility is strongly gate-voltage dependent.
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5.4.1 Model Calibration with Planar SALD ZnO TFTs
For simplicity, we used planar SALD ZnO TFTs to do an initial calibration of our model.
Figure 5-8 (a) shows the cross-sectional schematic of a planar, bottom-gate, top-contact
TFT fabricated on a glass substrate. The device used a 100-nm-thick layer of Cr as gate
metal, a 50-nm-thick layer of Al2O3 as gate dielectric, a patterned 15-nm-thick layer of
ZnO as channel material, and a patterned 100-nm-thick layer of aluminum as source and
drain contacts. The channel width and length were 400 µm and 20 µm, respectively. We
used Sentaurus Device to simulate a two-dimensional cross-section of the channel region
and a 1-µm length of the source and drain contacts. Typically ~ 25,000 elements were
used for the model. Drain current versus gate voltage for both VDS = 0.2 V and VDS = 3 V
were simulated.

As shown in Figure 5-8 (b), the simulation can reproduce the performance of the real
planar ZnO TFTs, with appropriately adjusted distributions of traps in the ZnO model. It
should be noted that the exact concentration, central energy, and width of the trap
distributions and the constant mobility chosen for the planar TFTs are not unique.
However, to simultaneously fit the behavior of both the planar TFTs and the vertical
TFTs, the latitude is limited. The trap distributions were adjusted in an iterative
optimization between the performance of planar TFTs and the asymmetric behavior of
vertical TFTs [109].
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(a)

(b)

Figure 5-8. (a) Schematic cross-section of planar SALD ZnO TFT device. (b) Drain
current versus gate voltage plots for linear and saturation region of a planar SALD ZnO
TFT with W/L = 400 µm/ 20 µm, and model data after iterative optimization of three trap
concentrations, central energies, and widths.

5.4.2 Trap Distribution in the SALD ZnO Model
Figure 5-9 shows the trap distributions used to model the ZnO TFTs, as adjusted to fit
both the planar and vertical devices and detailed below. The model used a constant
mobility of 40 cm2/V⋅s. The highest energy trap distribution, which most strongly affects
the gated on-current at large gate voltage, is a Gaussian distribution located at 0.12 eV
above the conduction band minimum with peak density of 1.7 × 1020 cm-3/eV and
distribution width of 0.05 eV [110-111]. Two trap distributions are Gaussian distributions
located in the bandgap close to the conduction band minimum. One is centered 0.05 eV
below the conduction band minimum with peak density of 3.0 × 1020 cm-3/eV and width
of 0.005 eV, and the other is centered 0.1 eV from the CBM with peak density of 3.0 ×
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1019 cm-3/eV and width of 0.05 eV. These two traps represent tail states in the Zn-based
oxide semiconductor [112-114] and mainly affect the I-V characteristics near threshold.

Figure 5-9. Trap distribution in the SALD ZnO model after fitting to both planar and
vertical devices.

5.4 Simulation of Vertical ZnO TFTs with an Ungated ZnO
Region
We began by simulating TFTs with dimensions similar to the vertical devices and an
ungated region located at one of the source/drain electrodes but in a planar geometry, as
shown in Figure 5-10. This is similar to a vertical TFT but without corners. The
dimensions were: a gate dielectric thickness of 12 nm, ZnO thickness of 12 nm, gated
channel length of 0.5 µm, and ungated region lengths from 5 to 90 nm. We thus captured
the main feature of the ungated ZnO region and separated out the possible effects of the
“folded” geometry of the vertical TFT. The simulation reproduced the phenomenon that
the saturation-region current with the ungated region close to the drain electrode
(analogous to the source-on-top configuration) is larger than the current in the
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configuration where the ungated region is close to the source, while the linear-region
currents are nearly identical. However, while the trends were matched successfully, the
steep dependence of mobility on the length of the ungated region, shown in the
experimental results in Figure 5-6, was not well reproduced in the planar geometry with
the ungated region. More realistic and refined simulation geometry is applied to matching
the unique electrical behavior of vertical ZnO TFTs.

Figure 5-10. Simplified planar geometry for the simulation of vertical ZnO TFTs. (W/L =
200 µm/50 µm, tox = 12 nm, tZnO = 12 nm).

5.4.1 Simulation with Refined Geometry of Vertical ZnO TFTs
To more accurately simulate the vertical TFTs, we introduced a more realistic geometry.
Figure 5-11 shows the simulation geometry used for the vertical TFTs. The slope of the
sidewall of the gate mesa is abstracted to be perpendicular with respect to the substrate
surface, rather than trying to reproduce the reentrant gate edge profile. Again, ungated
ZnO regions with lengths ranging from 5 to 90 nm were simulated and examined. As
described above, concentration, central energy, and width of the trap distributions were
adjusted to simultaneously fit both the planar and vertical device geometries.
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Figure 5-11. Vertical simulation geometry for vertical ZnO TFT with ungated ZnO
region (whose source/drain electrodes are labeled as a drain-on-top configuration).
The initial vertical TFT simulations showed smaller saturation-region current in sourceon-top configuration relative to drain-on-top configuration, in contrast to the planar
geometry and the experimental results. This can be seen in Figure 5-12 for the case of a
5-nm ungated region, where the source-on-top configuration saturation current is 25%
smaller than that for the drain-on-top configuration. Although our primary focus had been
on the foot of the vertical TFT, we recognized that in the simulation, the structure of the
top corner required refinement. The 90˚ square corner structure was oversimplified and
mainly affected the simulation of the source-on-top configuration by impeding carrier
injection at the source electrode. Thus, as shown in Figure 5-13, we refined the folded
geometry by rounding the top corner of the gate mesa by a radius of 24 nm, which is
twice the film thickness and similar to the experimental result for the very conformal
SALD. This makes the thickness of the ZnO and Al2O3 layers around the corner constant
and the same as in the flat areas. We also used fine meshing at the corners, resulting in
~100,000 elements for the vertical TFT simulations. Figure 5-12 shows the saturationregion drain current versus gate voltage of the refined geometry with a 5-nm ungated
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region. With the improved simulation geometry, the simulation results now match the
experimental trends.

Figure 5-12. Simulated drain current versus gate voltage plots in saturation region for a
vertical SALD ZnO TFT with W/L = 100 µm/ 0.5 µm and ungated ZnO region of 5 nm,
with simple folded geometry and with corner-refined geometry. The more realistic
geometry correctly reflects the experimental trend, with source-on-top configuration
having higher drain current.

Figure 5-13. Simulation geometry and mesh of the refined simulation geometry with the
top corner of the gate mesa rounded.

Both the asymmetric saturation-region characteristics and the importance of the detailed
corner structure demonstrate that for large VDS, charge injection is more difficult than
charge extraction. The explanation for this is that for large VDS, the drain potential helps
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pull down the barrier related to an ungated region at the drain of the TFT and reduces its
effect on the device characteristics. The drain potential has little effect, however, on an
ungated region at the source of the TFT. In fact, because the drain bias has little effect on
the source of the device, as Figure 5-4 (b) and Figure 5-6 show, the saturation-region
mobility characteristics for a TFT with an ungated region near the source are similar to
the linear-region characteristics. A related large asymmetry in charge injection and
extraction has been seen previously for organic TFTs with a contact barrier [115].

5.4.2 Simulation of Mobility versus Length of Ungated ZnO Region

Vertical TFTs with different lengths of ungated ZnO region were simulated and
compared with experimental data. In Figure 5-14, the mobility extracted from the
simulation is plotted versus the length of the ungated region, along with the experimental
data from Figure 5-6 for comparison. The simulations reproduce the experimentally
observed exponential dependence of mobility on the length of the ungated region. The
simulations also reproduced the experimental results for the linear and saturation regions
in both source-on-top and drain-on-top configurations. The curves of the linear region in
both configurations almost overlap each other, as they do in the experimental results. The
mobility values for the saturation region of the source-on-top configuration are larger
than the values for the other three curves. These results are all consistent with the
experimental behavior shown in Figure 5-4 and Figure 5-6.
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(a)

(b)

Figure 5-14. Mobility versus length of ungated region for simulation results with refined
vertical SALD ZnO TFT geometry and experimental data. (a) In the linear case, for Vds=
0.2 V, all the curves essentially overlap. (b) In the saturation region, for Vds= 3 V, the
experimental trend with higher mobility for source-on-top configuration is successfully
reproduced.

For the experimental devices, the ungated length variations result from process
variations. For example, the length of ungated region in vertical TFTs can be affected by
variations in the profile of the sidewalls of the gate mesa or the deposition angle of the
source/drain metallization. The simulation allows the limits of these effects to be
investigated and process optimizations to be developed.
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Chapter 6
Conclusions and Future Work
6.1 Conclusions
This dissertation has aimed to contribute to the integrated circuit applications of highperformance oxide TFTs in large-area electronics and developed new device structures,
models, processes, and circuitry to address important aspects of TFTs’ practical
applications. A weak oxidant PEALD system was used to deposit high-quality ZnO
semiconductors for the active layer of TFTs at a low process temperature ≤ 200 °C with
excellent uniformity and conformability. The resultant ZnO TFTs are n-channel fieldeffect transistors with performance and stability that precede a-Si:H TFTs and approach
LTPS TFTs. They hold promise for building integrated circuits for large-area electronics
with improved performance. The low process temperature and unique material properties
of ZnO provide additional benefits when it comes to the applications of flexible
electronics, transparent electronics, and wearable electronics.

The double-gate ZnO TFT structure and the method of their digital/analog circuit designs
were developed to achieve high-gain NMOS-only circuits with specific functionality and
performance requirements. The double-gate TFT structure allows tuning of the turn-on
voltage of the TFTs by biasing the top gate electrode. Circuits in enhancement-depletion

mode can be achieved with them. Compared with saturation-load circuits in previous
work, the double-gate ZnO TFT circuits are of higher gain, larger noise margin, lower
power consumption, and greater flexibility in their designs. The demonstrations of logic
gates, full adders, flip-flops, frequency dividers, and active rectifiers show the possibility
of and lay the foundation for using double-gate ZnO TFTs to build complex
digital/analog electronic systems for large-area electronics. Design methods including
SPICE modeling, hierarchical design approach, and cell library building were developed
for systems with large complexity.

Tri-layer ZnO TFT and double-gate tri-layer ZnO TFT structures were developed as
solutions to the negative turn-on voltage of ALD passivated ZnO TFTs, which induces
unwanted large off-current and static power consumption in circuits. The tri-layer ZnO
TFT structure uses in-situ PEALD Al2O3 passivation to protect the active layer
throughout fabrication and achieve near-zero turn-on voltage and improved stability. The
double-gate tri-layer ZnO TFT structure combines the advantages of both double-gate
structure and tri-layer structure and achieves positive turn-on voltage for bottom-gate
electrical performance. The selective etching of Al2O3 over ZnO is the critical process of
realizing tri-layer TFT structure and was achieved with pH-controlled alkaline aqueous
solutions with pH between about 9 and 12. Highly selectivity >400:1 and an Al2O3 etch
rate of ∼50 nm/min were obtained using a pH 12 etch solution at 60 °C.

A physics-based model for ZnO VTFTs with the channel layer deposited by SALD was
developed using the Synopsys Sentaurus drift-diffusion simulator. This method offers an
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efficient path of device scaling for low-cost large-area electronics based on ZnO TFTs,
where sub-micrometer channel lengths were achieved using only low-resolution
patterning. Acceptor-like traps above and below the conduction band minimum were
found to be necessary in modeling the semiconductor behavior of SALD ZnO. Using the
model in refined geometries allowed us to reproduce unique electrical behaviors of
VTFTs. The asymmetric I–V characteristics of ZnO VTFTs were found to arise from an
ungated region near the foot of the VTFT, which has a more significant effect on charge
injection than on charge extraction. The modeling provided insight into the device
performance related to material properties and nanometer-scale geometries.

In summary, this dissertation presents new device structures—including double-gate ZnO
TFTs, tri-layer ZnO TFTs, and double-gate tri-layer ZnO TFTs—new fabrication
processes, including selective etching of Al2O3 over ZnO, and new circuitry, including
digital/analog circuit designs of double-gate ZnO TFTs. These are solutions to the
original limitations of ZnO TFTs and contribute to the improved performance of ZnO
TFTs and circuits for large-area electronics.

6.2 Future Work
The digital and analog circuits using double-gate ZnO TFTs in this work provide a good
starting point and foundation for future study. Research and development of TFT-based
circuits can be further explored. First, the tuning capability of the double-gate TFT
structure gives much flexibility to TFT-based circuit designs. Circuits with various
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functions can be realized for practical applications, such as multiplexers, decoders, shift
registers, random access memory (RAM), analog-to-digital converters (ADC), and
digital-to-analog converters (DAC). They are important circuits for embedded systems as
well as for drive systems of flat panel displays. Second, simulation and modeling for
double-gate ZnO TFT circuits can be further developed to provide guidance for the
further improvement of device and circuit structures. Parasitic resistance and capacitance
of individual devices play critical roles in circuit performance, especially for scaled
devices of smaller dimensions. Preliminary SPICE modeling has been done in this study.
The parasitic parameters for interconnections and interlayers in the circumstance of largearea electronics on glass or flexible substrates can be further extracted for the accurate
simulation of circuit performance. Electronic design automation (EDA) tools like
Cadence VirtuosoTM can involve these parameters and enable the function of automatic
layout extraction for TFT-based circuit design. Third, as was done in this work with logic
gates and flip-flops, TFT-based cell libraries of fundamental blocks including both
schematics and layouts can be constructed and accumulated to handle the large
complexity of possible future designs. In the field of large-area electronics, where the
circuit area and integration density are not the most critical aspects, applying this strategy
with TFT circuits can be more powerful and efficient than with silicon ICs. Fourth,
pseudo CMOS circuit configuration [116] is another choice to obtain high gain and
reduce static power consumption. This could be an alternative solution for highperformance circuit design.
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The device research of p-channel TFTs to build CMOS circuits is another direction for
future work. Compared with NMOS-only circuits, CMOS circuits have low static power
consumption and reduced complexity. The ZnO TFTs in this work are high-performance
candidates to serve as the n-channel part. In particular, the double-gate tri-layer ZnO
TFTs are of a positive turn-on voltage, which means the device can be fully turned off
with VGS = 0 V. To achieve balanced CMOS circuits, p-channel TFTs with comparable
performance, including mobility, voltage level, and stability need to be developed. There
are strong candidates in different material systems for p-channel TFTs. For example, the
candidates can be organic semiconductors of good air stability like dinaphtho-thienothiophene (DNTT) [117] and oxide semiconductors like tin oxide (SnOx) [118]. The
emerging 2-D materials such as tungsten diselenide (WSe2) [119-120], tungsten
disulphide (WS2) [121], molybdenum diselenide (MoSe2) [122], and molybdenum
ditelluride (MoTe2) [123] are also possible directions for developing p-channel TFTs.

Organic TFTs (OTFTs) using vacuum-deposited DNTT show high field-effect mobility
and good stability in the air and have been used for demonstrations of organic lightemitting-diode control [117] and logic circuits [124]. In our study, we tested the
feasibility of involving ALD and PEALD processes in the fabrication of DNTT OTFTs,
under the circumstances of realizing CMOS together with PEALD ZnO TFTs. We
demonstrated encapsulation of DNTT layers and devices with Al2O3 films by
ALD/PEALD and characterized device changes from thermal annealing after
encapsulation [125]. Two types of OTFT structures, bottom-gate bottom-contact, and
bottom-gate top-contact, were studied, as shown in Figure 6-1 (a) and 6-2 (a). Heavily
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doped n-type Si wafers with 100 nm thick thermal SiO2 were used as bottom gate
electrode and gate dielectric. 20 nm and 40 nm thick DNTT films were deposited by
vacuum deposition at rate of 0.1 nm/s with the substrate held at 60 °C. Au, Al/Au, and Pd
source/drain contacts were deposited by thermal evaporation or ion beam sputtering. For
bottom-contact devices, the source/drain contacts were patterned by double-layer
lithography and lift-off before DNTT deposition. For top-contact devices, the
source/drain contacts were patterned by shadow mask after DNTT deposition. For
encapsulation, 30 nm thick Al2O3 layers were deposited by ALD or PEALD at 130 °C.
As shown in the electrical characteristics in Figure 6-1 and 6-2, the DNTT OTFTs
survived ALD and PEALD encapsulation at 130 °C. After PEALD Al2O3 encapsulation,
ID-VGS hysteresis was reduced from 15 V to 4 V for bottom contact devices and from 5 V
to 0.5 V for top-contact devices. For bottom-contact OTFTs, mobility increased from 0.2
cm2/Vs to 0.3 cm2/Vs after ALD and to 0.4 cm2/Vs after PEALD.

(a)

(b)

(c)
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Figure 6-1. (a) Bottom-contact DNTT OTFT. (b) Log (ID) and mobility versus VGS for
VDS = -80 V. (c) ID versus VDS with VGS from 0 V to -80 V in -20 V steps for a bottomcontact DNTT TFT before and after ALD/ PEALD encapsulation.

(a)

(b)

(c)

Figure 6-2. (a) Top-contact DNTT OTFT. (b) Log (ID) and mobility versus VGS for VDS =
-80 V. (c) ID versus VDS with VGS from 0 V to -80 V in -20 V steps for a top-contact
DNTT TFTs before and after PEALD encapsulation.

Encapsulated bottom-contact OTFTs were annealed at temperatures from 150 °C to 275
°C. Al2O3 encapsulation allows thermal annealing at temperatures high enough that
DNTT has significant vapor pressure. Figure 6-3 (a) and 6-4 (a) show the plots of drain
current and field-effect mobility versus gate voltage of DNTT OTFTs with ALD and
PEALD encapsulation after 200 °C annealing. The devices show improved performance
with smaller hysteresis compared with before annealing. For annealing at temperature
>200 °C material loss occurs at defects in the encapsulation layer as shown in the
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microscope images in Figure 6-3 (b) and 6-4 (b), but devices annealed at temperatures as
high as 250 °C have good OTFT characteristics.

(a)

(b)

Figure 6-3. (a) Log (ID) and mobility versus VGS for VDS = -60 V DNTT OTFT with ALD
encapsulation after 200 °C annealing. (b) Microscope images of DNTT OTFT with ALD
encapsulation after annealing at different temperatures.

(a)

(b)

Figure 6-4. (a) Log (ID) and mobility versus VGS for VDS = -60 V of DNTT OTFT with
PEALD encapsulation after 200 °C annealing. (b) Microscope images of DNTT OTFT
with PEALD encapsulation after annealing at different temperatures.
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DNTT OTFTs have good device performance and stability. Furthermore, they show good
compatibility with ALD/PELAD Al2O3 passivation, which makes them a good candidate
of p-channel TFTs to be integrated with ZnO TFTs for CMOS circuits. Improvement in
performance and fabrication of the DNTT OTFTs can be further studied. Also,
complicated circuits, as have been implemented by double-gate ZnO TFTs, can be made
by DNTT-ZnO hybrid CMOS.
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