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Abstract
This thesis describes low-temperature ZnO deposition and thin film transistor
(TFT) fabrication for the fastest ZnO circuits reported to date. Using both plasma
enhanced atomic layer deposition (PEALD) and, in collaboration with the Eastman
Kodak Company, a novel spatial atomic layer deposition (ALD) process, we have
fabricated circuits with 4 µm minimum channel length TFTs with propagation delay less
than 30 ns/stage. For comparison, we also describe devices fabricated using plasma
enhanced chemical vapor deposition that result in much slower circuits.
A key problem in fabricating ZnO devices and circuits is control of the
semiconductor trap density and the semiconductor/dielectric interface state density. We
believe this strongly limits the performance of ZnO TFTs fabricated by plasma enhanced
chemical vapor deposition (PECVD). ZnO TFTs using an Al2O3 gate dielectric deposited
in situ by PECVD showed moderate gate leakage (< 105 A/cm2), field-effect mobility of
~10 cm2/V⋅s, and threshold voltage of 7.5 V. However, these devices are strongly limited
by interface states and reducing the gate leakage results in TFTs with lower mobility.
ZnO TFTs fabricated with low-leakage Al2O3 have mobility near 0.05 cm2/V⋅s, and fivestage ring oscillators fabricated using these TFTs have a 1.2 kHz oscillation frequency at
60 V, which is substantially slower than simulation results. ZnO TFTs with large gate
leakage showed a higher field-effect mobility due to interface state charging through the
leaky dielectric.
Although the performance of PECVD ZnO TFTs may be limited by interface or
bulk traps, PECVD provides flexibility in depositing low-temperature doped films. We
demonstrated boron-doped ZnO thin films, grown at 200 °C by PECVD, with resistivity
iii

as low as 4 × 10-4 Ω⋅cm and with excellent optical transmission (>85% for visible
spectrum). The free electron concentration, determined by Hall effect measurement was
as high as 1 x 1021/cm3 with mobility of 13.5 cm2/V⋅s. In this doped ZnO work a low
reactivity oxidant, CO2, is used to provide uniform growth over large-area and to simplify
the system design.

The boron source used was triethylboron (TEB), which is

substantially less toxic than commonly used diborane. These results are among the lowest
resistivities reported for doped ZnO thin films.
In contrast to PECVD, spatial ALD, and PEALD may result in films with fewer
stoichiometric defects and improved semiconductor/dielectric interface. ZnO TFTs
fabricated using spatial ALD had a typical field effect mobility of ~15 cm2/V⋅s, a
threshold voltage of 5 V, subthreshold slope of < 0.3 V/dec, and current on/off ratio >
108. Similarly, PEALD ZnO TFTs showed a typical field-effect mobility of ~16 cm2/V⋅s,
a threshold voltage of 2.5 V, sub-threshold slope of 80 mV/decade, and current on/off
ratio of 1010. Using both spatial ALD and PEALD ZnO TFTs, seven-stage ring oscillators
with 4 µm minimum channel length TFTs oscillated at 2.3 MHz, corresponding to a
propagation delay of ~30 ns/stage. These are the fastest ZnO TFT circuits reported to
date.
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Chapter 1
Introduction
The semiconductor industry has grown at an incredible pace, fabricating faster,
smaller, and more powerful devices while manufacturing in larger volumes at lower costs
since the invention of the first semiconductor transistor in 1947 by the scientists of Bell
Labs [1]. Silicon (Si) became the semiconductor of choice because of the high melting
temperature and natural oxide to prevent the surface from electrical leakage. The
fabrication of silicon devices is a mature technology and silicon continues to dominate
the present commercial market in discrete devices and integrated circuits for computing,
power switching, and data storage.
In wafer-based Si CMOS technology both performance improvements and cost
reductions are linked to continued miniaturization and increasing circuit density. In
contrast, thin film transistor (TFT) technology is suited for applications where lowdensity circuitry is applied across a large area, such as in an active-matrix liquid crystal
display (AMLCD) backplane [2]. Hydrogenated amorphous silicon (a-Si:H) TFTs
currently function as the pixel drivers and dominate the display market. However, low
mobility and threshold voltage stability issues in a-Si:H have generated interest in
alternatives such as organic and metal oxide semiconductors.
One potential replacement for a-Si:H, zinc oxide (ZnO), has gained substantial
attention in recent years. ZnO is an attractive material for thin film electronics due to its
wide bandgap, good electrical transport, and high transparency. In addition to TFTs,
these materials characteristics have gained interest in ZnO for applications such as UV

light-emitters, transparent electronics, surface acoustic wave devices, piezoelectric
transducers, gas-sensors, and as a window material for displays and solar cells [3]. Recent
improvements in the quality and control of conductivity in bulk and epitaxial ZnO have
increased interest in the use of this material for short wavelength light emitters and
transparent electronics.
Doped ZnO is both highly transparent to visible light and electrically conductive.
In this capacity ZnO can be employed for transparent electrodes in photovoltaic devices
and flat panel displays. It has comparable optical and electrical properties with ITO, but
is a non-toxic less expensive raw material, has good thermal stability, and is stable in
hydrogen plasma [3].
ZnO TFTs offer high field-effect mobility, and are insensitive to visible light
allowing potential process and architecture simplifications compared to a-Si based TFTs
[3]. Low-temperature ZnO deposition processes may also allow the fabrication of
electronic devices on low-cost plastic substrates. These characteristics make ZnO TFTs
an interesting candidate for pixel switches in AMLCDs and other display technologies.
The focus of this thesis is to demonstrate high quality ZnO thin films, high
performance ZnO thin film devices and circuits, all fabricated using low-cost starting
materials and low temperature processes. In particular, ZnO thin films and devices were
fabricated using low temperature deposition processes including plasma enhanced
chemical vapor deposition (PECVD), plasma enhanced atomic layer deposition
(PEALD), and spatial atomic layer deposition (ALD). PECVD and PEALD techniques
may be useful for large area deposition at high growth rate and have several advantages
for preparing ZnO thin films. Particularly, the plasma used to aid in the decomposition of
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reactants may allow low temperature film growth without the need for post-deposition
annealing. These processes are also compatible with the current amorphous silicon TFTs
manufacturing processes. Spatial ALD growth system uses an unconventional fast ALD
method that could dramatically change the manufacturing methods and economics for
oxide-based electronics.
Chapter 2 provides brief background information about ZnO properties,
deposition techniques, doping, and fabrication process of ZnO based thin film devices.
Introductory device physics and device operation of TFT are discussed and the current
progress of ZnO TFTs and circuits is summarized.
Chapter 3 introduces progress in PECVD ZnO TFTs. Emphasis is given to the
system construction, process optimization, thin film deposition, device fabrication, and
device characterization. PECVD process variables have been evaluated and optimized
ranges are provided. In order to deposit highly conducting ZnO thin films, different ntype dopants were studied and these results are discussed. Finally, ZnO TFTs and circuits
fabricated by using a PECVD Al2O3 dielectric are discussed in details. The chapter
concludes with a summary of the PECVD thin film deposition and ZnO TFTs results.
Chapter 4 first discusses the existing problems in ZnO TFTs by PECVD and
introduces another deposition approach (spatial ALD). The characteristic of ZnO TFTs
by spatial ALD are presented in detail, including properties of ZnO thin film, Al2O3
dielectric, device passivation and reliability, ohmic contacts, and device self-heating.
Ring oscillator circuits were also fabricated by using these ZnO TFTs and experimental
and simulation results are discussed at the end of this chapter.
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Chapter 5 describes a novel PEALD technique. The design principal and
deposition process are discussed. The properties of ZnO thin film by PEALD are
presented compared with ZnO films by PECVD and spatial ALD. ZnO TFTs by PEALD
are fabricated by using PEALD Al2O3 dielectric and reliability and temperature
dependent characteristics are provided. Finally ZnO TFTs ring oscillator circuits are
shown.
Chapter 6 provides a conclusion for this thesis work and a brief discussion of
future work on ZnO TFTs by PECVD, spatial ALD, and PEALD in general.
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Chapter 2
Background
Zinc oxide is a well-known wide band gap semiconductor material, which has gained
interest in a variety of applications, such as for transparent conductors, varistors, surface
acoustic wave devices, gas sensors, piezoelectric transducers, and UV detectors [4].
Recently, ZnO has attracted considerable attention for possible application in thin film
transistors. One of the main advantages presented by these ZnO thin film transistors
(TFTs) is the high field-effect mobility leading to higher drive currents and faster device
operating speeds [4]. In addition, as a wide band gap material (3.4 eV), ZnO is
transparent in the visible region of the spectra and therefore less light sensitive. Devicequality ZnO thin films can be deposited at low temperature (<200 °C), which makes ZnO
TFT a very promising device for low-cost flexible electronics [4].
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2.1 Basic Properties and Applications of ZnO

Figure 2.1: The wurtzite structure model of ZnO (Zhonglin Wang 5).
Zinc oxide has a hexagonal wurtzite structure with lattice parameters a = 0.3296
nm and c = 0.52065 nm [5]. The structure of ZnO can be simply described as a number
of alternating planes composed of tetrahedrally coordinated O2− and Zn2+ ions, stacked
alternately along the c-axis (Figure 2.1) [5]. The tetrahedral coordination in ZnO results
in noncentral symmetric structure and consequently piezoelectricity and pyroelectricity
[5]. Table 2.1 shows a compilation of basic physical parameters for ZnO [6]. It should
be noted that there still exists uncertainty in some of these values. For example, there
are few reports of p-type ZnO and therefore the hole mobility and effective mass are
still under debate [6]. Similarly, the spread in the values for thermal conductivity may
be the result of variation in defect density as is the case in GaN [6]. A better
understanding of the fundamental materials properties of ZnO will be obtained as more
control is gained over doping and defects in the material [6].
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Property
Lattice parameters at 300K
a0
c0
a0 / c0
u
Density

Stable phase at 300 K
Melting point
Thermal conductivity (W/cm⋅K)
Linear expansion coefficient (/°C)

Static dielectric constant
Refractive index
Energy gap
Intrinsic carrier concentration
Exciton binding energy
Electron effective mass
Electron Hall mobility at 300 K
for low n-type conductivity
Hole effective mass
Hole Hall mobility at 300 K
for low p-type conductivity

Value
0.32495 nm
0.52069 nm
1.602 (ideal hexagonal structure shows
1.633)
0.345
5.606 g / cm 3
Wurtzite
1975 °C
0.6, 1-1.2
a 0 : 6.0 × 10 −6
c 0 : 3.0 × 10 −6
8.656
2.008, 2.029
3.4 eV, direct
< 10 6 cm −3
60 meV
0.24
200 cm2/V⋅s

0.59
5-50 cm2/V⋅s

Table 2.1: Properties of wurtzite ZnO (S. J. Pearton 6).

2.2 ZnO Deposition Techniques

2.2.1 RF Magnetron Sputtering

Sputtering (dc sputtering, rf magnetron sputtering, and reactive sputtering) is one
of the most popular thin-film growth techniques for ZnO. Magnetron sputtering is
preferred due to its low cost, simplicity, and low operating temperature [7]. ZnO films
grow at a certain substrate temperature by sputtering from a high-purity ZnO target
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using a rf magnetron sputter system. The growth is usually carried out in the growth
ambient with O2 / Ar+O2 at a pressure of 10−3–10−2 Torr [8]. O2 serves as the reactive
gas and Ar acts as the sputtering enhancing gas. The rf power applied to the plasma is
tuned to regulate the sputtering yield rate from the ZnO target. The resistivity of the
deposited ZnO film depends on the sputtering condition, such as oxygen partial pressure
[7]. Postdeposition annealing is commonly used to relieve the stress and improve the
structure and optical properties of the sputtered ZnO films [9,10].

2.2.2 Molecular Beam Epitaxy

Molecular-beam epitaxy (MBE) has the advantage of precise control over the
deposition parameters and in situ diagnostic capabilities. Reflection high-energy electron
diffraction (RHEED) provides a real time monitor for the growth mode of expitaxial ZnO
layers [12]. ZnO thin-films deposited by MBE, typically use Zn metal and O2 as the
source materials. High-purity Zn metal is evaporated from an effusion cell. The cell
temperature can be varied to examine the effect of the Zn flux on the growth rate and
material properties. The oxygen radical beam, which can be generated by an ECR [11] or
a rf plasma source [12], is directed on the film surface to obtain high-oxidation
efficiency.

2.2.3 Pulsed Laser Deposition

Compared to other ZnO deposition techniques, pulsed laser deposition (PLD) is a
relatively simple deposition technique and demands a minimum level of optimization to
establish thin film growth of material composition [13]. In the PLD technique, oxidation
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occurs primarily in the ZnO ablation plume and this alleviates the difficulties encountered
with other techniques where oxidation proceeds via surface reactions. Thin film is
obtained by vaporizing a material using high-energy laser pulses. The target composition
is transferred instantaneously leading to a stoichiometric deposition. It is generally easier
to obtain the desired stoichiometry in the deposited films than other deposition
technologies. For ZnO thin film deposition, a variety of target materials including
sintered ceramic disc prepared from pressed power [14], and single crystals of ZnO [15]
have been reported, and sintered ceramic targets are most commonly used.
This technique is ideally suitable for deposition on small substrates, and yields
high quality film useful for research and allows fabrication of discrete devices. However,
scaling for industrial production and deposition on large area substrates is still the main
practical limitation [3].

2.2.4 Chemical Vapor Deposition

Chemical-vapor deposition (CVD) is interesting because it is a scalable process
making it possible to grow uniform large-area films. ZnO deposition occurs as a result
of chemical reactions of vapor-phase precursors on the substrate, which are delivered
into the growth zone by the carrier gas. The reactions take place in a reactor where a
necessary temperature profile is created in the gas flow direction. For ZnO growth,
CVD technique typically involves the use of metal alkyls, usually dimethyl zinc
[(CH3)2Zn] (DMZ) or diethyl zinc [(C2H5)2Zn] (DEZ) in combination with a separate
source of oxygen and argon or nitrogen as a carrier gas. O2 or H2O are typical oxygen
precursors in CVD growth of ZnO films [16,17]. However, DEZ and DMZ are highly
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reactive with oxygen and water vapor resulting in a premature gas phase reaction in the
cold zone of the reactor. This premature reaction results in the formation of ZnO
powder, which degrades the film quality. Thus, high-quality ZnO has been formed by
CVD using improved reactor design and the use of less-reactive precursors. Stable
metal-organic source of zinc acetylacetonate in combination with oxygen was
successfully used for the growth of high-quality ZnO films on r-plane [18] as well as
on c- and a-plane [19] sapphire substrates by atmospheric pressure MOCVD. A variety
of oxygen compounds were employed in MOCVD such as isopropanol (i-PrOH) [20],
tertiary-butanol (t-BuOH) [21], acetone [22], N2O [23], NO2 [24], and CO2 [25].
Plasma enhanced chemical vapor deposition (PECVD) technique was also used
for high quality ZnO deposition [25]. It has several advantages in preparing ZnO thinfilms. First, a film densification process induced by plasma bombardment and ultraviolet
ray irradiation can improve the thin-film quality [25]. This low-energy plasma also can
enhance the surface reactions. Second, since the reactants used in PECVD are
decomposed by the plasma but not by thermal energy, the growth does not need a high
temperature environment [26] and makes it possible for ZnO thin-film to be prepared on
the flexible substrate and on the organic material.
Recently, atomic layer deposition (ALD) has also been used to grow ZnO thinfilms at a relatively low temperature. ALD results in a uniform, conformal coating,
making it attractive for the fabrication of the thin-film transistors (TFTs) on large-area
flexible substrates [27,28]. A typical ALD process has a metal precursor adsorption step,
a purge step, and finally exposure to an oxidant to complete a single deposition cycle. A
disadvantage of ALD process is the relatively low deposition rate.
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2.3 Doping and Defects in ZnO

As a wide bandgap semiconductor material, ZnO has a strong potential for
various device applications including UV light-emitting diodes and transparent fieldeffect transistors. All of these applications are either dependent on, or are affected by,
impurities and defects.

While ZnO films are intrinsically n-type, reproducibly

controlling the background carrier concentration is difficult. In addition, p-type ZnO
has been a major challenge which is a common issue observed in other wide bandgap
semiconductors such as GaN, ZnS, and ZnSe [8].

2.3.1 n-type doping

Undoped ZnO shows n-type conductivity due to the stoichiometry defects, the
presence of intrinsic defects such as O vacancies (VO) and Zn interstitials (Zni). Although
it is experimentally known that unintentionally doped ZnO is n-type, whether the donors
are Zni or VO is still controversial. First-principles studies suggest that none of the native
defects show high concentration shallow donor characteristics [29]. However, Look et al.
[30] suggested that Zni rather than VO is the dominant native shallow donor in ZnO with
an ionization energy of about 30–50 meV. It has also been suggested that the n-type
conductivity of unintentionally doped ZnO films is only due to hydrogen (H), which acts
as a shallow donor with an ionization energy about 30 meV [31]. Hydrogen doping is
plausible since hydrogen is always present in all growth methods and can easily diffuse
into ZnO in large amounts. First-principles calculations also suggested that
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unintentionally incorporated hydrogen acts as a source of conductivity and behaves as a
shallow donor in ZnO [32].
N-type doping of ZnO is relatively easy compared to p-type doping. N-type
doping can be achieved with group-III elements such as Al, Ga, and In substituted for
Zn, or group-VII elements such as Cl and I substituted for O. Doping with Al, Ga, and In
has been attempted by many groups, resulting in high-quality, highly conductive n-type
ZnO films [33-39]. Ataev et al. [34] reported resistivities as low as 1.2 x10−4 Ω⋅cm for
Ga-doped ZnO films grown by chemical vapor deposition. Heavily doped n-type layers
can be applied in light-emitting diodes as well as transparent ohmic contacts.

2.3.2 p-type doping

Difficulty obtaining p-type doping in ZnO may have various causes. Dopants may
be compensated by low-energy native defects, such as Zni and VO, or background
impurities (H). Low dopant solubility is also another possibility. Deep impurity levels
may also cause significant resistance to the formation of shallow acceptor levels. Known
acceptors in ZnO include group-I elements such as lithium (Li), sodium (Na), potassium
(K), copper (Cu), silver (Ag), and group-V elements such as N, P, and As [8]. However,
many of these form deep acceptors and do not contribute significantly to p-type
conduction. It has been believed that the most promising dopants for p-type ZnO are the
group-V elements, although theory suggests some difficulty in achieving shallow
acceptor levels [40].
P-type doping in ZnO may be possible by substituting either group-I elements (Li,
Na, and K) for Zn sites or group-V elements (N, P, Sb and As) for O sites. It was shown
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that group-I elements form more shallow acceptor levels than group-V elements [41].
However, group-I elements tend to occupy the interstitial sites, in part mitigated by their
small atomic radii, rather than substitutional sites, and therefore, act mainly as donors
instead [41]. Nitrogen is the best candidate for p-type doping in ZnO because among the
group-V impurities, N has the smallest ionization energy and does not form the NZn
antisite [40]. Look et al [42] reported p-type ZnO by MBE with N doping using Lidiffused semi-insulating ZnO substrates and a N2 rf plasma source. Nitrogen surface
concentration (1019 cm-3) in the N-doped ZnO film measured by secondary-ion-massspectroscopy (SIMS) was two orders of magnitude higher than that in undoped ZnO,
implying the presence of high doping. The N-doped ZnO showed p-type behavior with a
hole concentration of 9 x 1016 cm-3 and a hole mobility of 2 cm2/V⋅s. However, the
reproducibility and stability still remain a major problem despite the fact that several
groups reported the successful growth of p-type ZnO film by N doping [43].

2.4 Processing of ZnO

2.4.1 Etching of ZnO

ZnO is easily etched in weak acid solutions, including HNO3/HCl and HF [44].
Initial results have also appeared on plasma etching of sputter deposited thin-films, while
plasma induced damage from high ion density Ar or H2 discharges was found to increase
surface conductivity and lead to improved n-type ohmic contact resistivities [45]. The
etch mechanism for ZnO in plasma chemistries of CH4/H2/Ar and Cl2/Ar is ion-assisted
[46]. For both chemistries the etch rate increases with ion energy as predicted from an
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ion-assisted chemical sputtering process. The near-surface stoichiometry is unaffected by
CH4/H2/Ar etching, but the PL intensity decreases, indicating the creation of deep level
recombination centers [46].

2.4.2 Ohmic Contacts

In order to attain high-performance ZnO based optical and electrical devices, it is
essential to achieve ohmic contacts that have both low resistance and are thermally stable
and reliable. This can be achieved either by reducing the metal-semiconductor barrier
height or by increasing the effective carrier concentration of the surface, which would
increase carriers tunneling probability.
U.Ozgur et al. [8] summarized some of the various ohmic-contact metallization
schemes to n-type ZnO together with carrier concentration and specific contact
resistance. Among those reports, Pearton et al. [47] reported the carrier-concentration
dependence of the Ti/Al/Pt/Au ohmic-contact resistance on p-doped n-type ZnO thin
films (7.5 x 1015−1.5 x 1020 cm−3). In this report, as deposited low specific contact
resistances in the range from 3 x 10−4 to 8 x 10−7 Ω⋅cm2 were observed. The lowest
specific contact resistance of 8 x 10−7 Ω⋅cm2 for nonalloyed ohmic contacts was achieved
in the sample with a carrier concentration of 1.5 x 1020 cm−3 when measured at 30°C [47].
Temperature-dependent measurements showed that the dominant transport mechanisms
were tunneling in the contacts for the most highly doped films and thermionic emission
for the more lightly doped films [47].
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2.5 ZnO Thin film Transistors (TFTs) and Circuits

2.5.1 Thin film Transistors

Conventional electronic devices are fabricated from wafers of single crystal
silicon cut from a crystal boule grown from a melt [48]. These wafers are fragile,
relatively expensive, and limited in size. There are applications where materials need to
be deposited in an inexpensive continuous process on a variety of different large-area
substrates where single crystalline silicon is too expensive to implement [48]. The most
prominent of these materials for electronic application is hydrogenated amorphous
silicon. In 1972 Spar and LeComber demonstrate that amorphous silicon film prepared by
the glow discharge decomposition of silane gas (SiH4) have a relatively low density of
defect states in the energy gap [48]. The amorphous silicon material obtained by this
process is an amorphous silicon-hydrogen alloy with fairly large concentration of
hydrogen. The hydrogen atoms tie up dangling bonds that are present in amorphous
silicon in large numbers and decrease the density of localized states in the energy gap
[48]. The localized states play a dominant role in determining the transport properties of
amorphous Si:H [48].
Currently, TFTs based on a-Si:H dominate the low-cost, large-area electronics
market and are most commonly used in active matrix liquid crystal displays (AMLCD)
[2]. Their prevalence is largely due to the ability to fabricate a-Si:H TFTs at relatively
low cost over area as large as several meters on a side [2]. Another important advantage
of a-Si:H is the ability to fabricate TFTs at low temperature (~250°C), making them
compatible with inexpensive substrates such as glass and metal foil [2].
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The main difference between TFT and silicon MOSFET operation is that the
carrier channel is formed by the accumulation of carriers at the semiconductor-gate
dielectric interface; there is no inversion of carrier in the channel area as with silicon
MOSFET. Despite their difference in mode of operation, TFTs obey the same basic
current-voltage relationships derived from single crystal FETs [48].
Figure 2.2 provides a schematic representation of the basic TFT structure and
cross-sectional view of the channel region. The channel layer is a semiconductor such as
a-Si, poly-Si, or ZnO and is provided with source and drain electrodes that are capable of
efficient carrier injection into (source) and extraction from (drain). The gate electrode is
separated from the channel, source, and drain by a thin gate dielectric film. As in a
conventional MOSFET (metal oxide-semiconductor field effect transistor), there are two
operational regimes: the linear region and the saturation region. In the linear region the
drain current increases linearly with drain voltage (VD<<VG). On the other hand, in the
saturation regime (VD > VG-VTH) the drain current is constant with increasing drain
voltage.

Figure 2.2: Cross-sectional view of the channel region of a TFT.
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A gradual channel approximation is assumed in the channel of the TFT, where x
is the direction perpendicular to the channel and y is parallel to the channel, and the
carrier density per unit area in the channel depends on y (Figure 2.2). The carrier density
per unit area in the channel depends on the potential V(y) caused by the drain potential
VD. When the gate potential is higher than the threshold voltage, VTH, the mobile charge
QI in the channel is related to the gate potential VG as
QI = −CSiN x (VG − VTH )

(2.1)

In the linear region (VD<<VG) the drain current can be written as
Linear region

V D << V G

I D = C SiN x µ n W (V G − VTH )V D (2.2)

L

The gate field-induced carrier density at the drain disappears as the drain potential
increases. Eventually, when VD = VG – VTH, the electron channel becomes completely
pinched off, and the drain current saturates. For VD > VG – VTH, the saturation drain
current can be written as

Saturation region

VD > VG − VTH

ID =

CSiNx µnW
2L

(VG −VTH ) 2

(2.3)

The field-effect mobility in the saturation region is obtained from Eq. (2.3). Deviations
from the simple gradual channel approximation are related to contact resistance effects
and gate-voltage-dependent mobility.
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2.5.2 ZnO Thin film Transistors

There has been a great interest in transparent electronics recently, especially in
conjunction with transparent thin film transistors (TTFTs). One reason for this is because
it is expected that the characteristics of TTFTs will not degrade with exposure to visible
light where the characteristics of amorphous or poly-Si TFT do degrade [3]. Therefore,
measures would not be required to shield the channel layer from visible light. ZnO is very
attractive for TTFTs due to its compatibility with high voltage, temperature, and radiation
tolerance [3]. Besides, high-quality crystalline ZnO films can be grown at relatively low
deposition temperatures on various substrates including amorphous glasses. Therefore, a
number of reports have demonstrated ZnO-based TFTs [49-52] using various methods for
ZnO growth. Properties of a-Si TFTs and ZnO TFTs are compared in Table 2.2 [56].

Table 2.2: Technology comparison of a-Si TFTs and ZnO TFTs.
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The most important electrical parameters in quantifying TFT performance are the
drain-current, on/off ratio and field-effect mobility. One of the earliest examples of ZnO
TFTs was reported by Hoffman et al. [49]. Highly transparent ZnO-based TTFTs with
optical transmittance (including substrate) of ~75% for visible light were fabricated by rf
sputtering. The TTFT structure reported is shown in Figure 2.3.

Figure 2.3: Schematics of a typical ZnO TFTT structure (R.L. Hoffman et al. 49).

A glass substrate was coated with a 200-nm-thick layer of sputtered ITO and a
220-nm-thick layer of aluminum titanium oxide (ATO) deposited by atomic layer
deposition. ITO, a highly transparent and n-type conductor, served as the TTFT gate. The
ATO layer acted as the gate insulator. The ZnO channel and ITO source/drain electrode
films were ion-beam sputtered and the substrate was unheated during deposition. Shadow
masks were used to pattern the ZnO channel and ITO source/drain electrodes. After
deposition of the ZnO layer, a rapid thermal anneal, typically at 600–800 °C in O2, was
employed to increase the ZnO channel resistivity, improve the electrical quality of the
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ATO/ZnO interface, and to enhance the crystallinity of the ZnO layer. Current voltage
measurements showed n-channel, enhancement mode TFTs with a drain-current on/off
ratio of ~107. Threshold voltages and field-effect mobilities of devices range from 10 to
20 V and 0.3 to 2.5 cm2/V⋅s.
Carcia et al. [52] reported high-performance ZnO TFTs fabricated on gate
dielectrics of HfO2, HfSiOx, and Al2O3, grown by atomic layer deposition (ALD).
Devices on HfO2 had a mobility of 12.2 cm2/V⋅s with a threshold voltage of 2.6 V and
subthreshold slope of 0.5 V/decade. Device performance on Al2O3 depended on synthesis
temperature [52]. For 100-nm-thick Al2O3 synthesized at 200 °C, ZnO TFTs had a
mobility of 17.6 cm2/V⋅s with a threshold voltage of 6 V and less than 0.1 nA gate
leakage at 20 V [52]. The overall trends were that devices on HfO2 had a lower threshold
voltage, while the gate leakage current densities were lower on Al2O3. Device
characteristics for all ALD dielectrics exhibited negligibly small hysteresis. Recently,
devices fabricated using a ZnO active layer and Al2O3 gate dielectric deposited by spatial
atomic layer deposition (ALD) demonstrated a mobility of 15 cm2/V⋅s with a threshold
voltage of 5 V [53].

2.5.3 ZnO TFTs Circuits

The dynamic characteristics of ZnO TFTs are important for use in circuit
applications. ZnO circuits may potentially be applied to driver circuits in active-matrix
displays. Ring oscillators (ROs) provide a simple estimate of the dynamic response of
TFTs.
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Several groups have reported the ROs based on oxide semiconductors [54,55].
Ofuji et al. [54] reported RO fabricated using amorphous In/Ga/Zn/O (a-IGZO) operated
at 410 kHz, corresponding to propagation delay of 0.24 µs/stage, when supplied with an
external voltage of 18 V. At 18 V the ring oscillator had an output voltage swing of 7.5V.
In addition, the RO began to oscillate at a supply voltage of less than 1 V. Figure 2.4
shows a cross-sectional schematic and micrograph of the five-stage RO.
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Chapter 3
ZnO TFTs by PECVD
Hydrogenated amorphous silicon (a-Si:H) thin film transistors present some
limitations including light sensitivity and light degradation accompanied with a low
mobility (< 2 cm2/V⋅s ) [3]. On the other hand, the polysilicon TFTs, in spite of
exhibiting a high mobility (50 cm2/V⋅s), have high cost and poor uniformity that limits
their application for inexpensive and large area electronics devices [3]. Additionally, if
flexible substrates based on polymers are to be used, their high process temperature is
also a limiting factor. One possible way to overcome such problems is the utilization of
efficient and reliable oxide based thin film transistors.
Wager [56] briefly summarized materials and devices characteristic of oxide
semiconductor. Compared with other amorphous oxide TFTs, ZnO TFTs can be
fabricated with lower cost material and process and have low threshold voltage and more
stable performance [56]. Recently, Burhan et al. [57] reported ZnO TFTs by pulse laser
deposition (PLD) were achieved in current on/off ratio of 1012, field-effect mobility of
>90 cm2/V⋅s, and high cut-off frequency (fT = 500 MHz and fmax = 400 MHz).
Parameters used to quantify the electrical performance of ZnO TFTs (and TFTs in
general) typically include an assessment of field-effect mobility (channel electron
transport efficiency), turn on voltage, threshold voltage, source/drain contact resistance,
sub-threshold slope (defined as the voltage required to increase the drain current by a
factor of 10), on/off current ratio, dynamic response, and stability of measured electrical
characteristics over time [3]. The performance of ZnO TFT depends on the characteristics
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of the ZnO active layer, such as the density of states, crystalline structure, the
conductivity, the interface state density between gate insulator and ZnO, and the interface
charge at the ZnO back surface. Thus, high quality ZnO thin film is essentially important
for a high performance ZnO TFT.
ZnO TFTs have been fabricated using a variety of deposition methods for the
ZnO channel layer, including RF sputtering [49], pulsed-laser deposition (PLD) [57], and
atomic layer deposition (ALD) [51]. However, there are few reports of ZnO TFTs by
PECVD. PECVD can be useful for large area deposition at high growth rates and low
temperature. Most importantly, it is the current commercial techniques used in a-Si TFTs
for display application. In addition, PECVD provides flexibility in depositing lowtemperature doped ZnO.
For ZnO TFTs, doped contact can potentially improve the contact resistance by
increasing the tunneling-current probability. As one of the transparent conductive oxides
(TCO), doped ZnO can be used as integral components in devices such as flat panel
displays, photovoltaic solar cells, and many other optoelectronic components [35-37].
Tin-doped indium oxide (ITO) is currently the most commonly used material among all
the TCOs. Compared to ITO, doped zinc oxide can be deposited by low cost, low toxicity
processes, and has comparable optical and electrical properties. In addition, ZnO films
also have good thermal stability and are stable in a hydrogen plasma [8]. Doped ZnO is
both electrically conductive and highly transparent to visible light.
There are numerous reports of doped ZnO thin films deposited by magnetron
sputtering [58], metalorganic chemical vapor deposition (MOCVD) [59], and pulsed laser
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deposition [14], but relatively few reports of plasma enhanced chemical vapor deposition
(PECVD) [25,60].
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3.1 Plasma Enhanced Chemical Vapor Deposition (PECVD)

Plasma enhanced chemical vapor deposition (PECVD) has become an established
commercial technique for the deposition of a number of materials, such as silicon nitride,
silicon oxide, and hydrogenated amorphous silicon [61]. Different from sputter
deposition and other physical vapor deposition processes, PECVD is a technique in
which thin film is produced by reactions among gaseous species in the plasma.
System design: Early PECVD systems were cold wall parallel-plate reactors [61]. Gasses

were injected either at the edge, or through an upper electrode showerhead, and
exhausted through a port at the center. Figure 3.1 shows a parallel-plate showerhead
PECVD reactor for a-Si/Si3N4 deposition [62]. For high throughput silicon IC
manufacturing with large-diameter wafers, the currently preferred system design for
PECVD is a parallel-plate hot wall system. Wafers are mounted vertically on conductive
graphite electrodes of alternating polarity [61].

Figure 3.1: Schematics of a parallel plate showerhead PECVD chamber 62.
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Our first PECVD system used a parallel plate showerhead geometry, with a 9 cm
diameter top electrode and a 5 cm by 8 cm graphite bottom electrode with built in heater
and thermocouple. The top electrode was connected to a 13.56 MHz rf power source and
a matching network to generate the plasma. It also acted as a showerhead that was
directly connected to a feed line for introducing a mixture of reactants. The graphite
bottom electrode was grounded to complete the circuit, and also served as the heater. The
schematics and photograph of the system are shown in Figure 3.2 (a) and (b),
respectively.

(a)

(b)

Figure 3.2: (a) Schematics of a showerhead PECVD chamber, and (b) photograph
of a showerhead PECVD chamber.

MKS mass flow controllers were used to control the reactant gas flow and the
process pressure was controlled with a throttle valve. We used a weak oxidant, carbon
dioxide (CO2), which did not free react with the metal-organic precursors at room
temperature. This simplified our system design as all the reactants were introduced into
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the chamber in a single feeding line. A static mixer was installed upstream of the
showerhead to enhance gas mixing and improve the film uniformity.
In addition, to demonstrate the scalability of our PECVD process, another 40 cm
electrode-diameter showerhead reactor and 60 cm electrode-diameter ring-fed system
were set up in our lab. The schematics and photograph of the ring-fed system are shown
in Figure 3.3 (a) and (b), respectively.

(a)

(b)

Figure 3.3: (a) Schematics of a ring-fed PECVD chamber, and (b) photograph
of a ring-fed PECVD chamber.

The substrates are loaded onto the lower, electrically grounded electrode. The
powered upper electrode is connected to the high frequency rf power generator through
an impedance-matching network. The reactants are introduced from the gas ring, enter
the plasma region (the region between the electrodes) at its outer edge, and flow inward
toward a pumping port at the center of the lower electrode.

27

Both an MKS 1150 vapor source mass flow controller and pressure-controlled
bubbler were used to introduce low vapor metal-organic precursors to the chamber. The
advantage of using the MKS 1150 is that no extra carrier gas complicates the plasma
structure. The source gas cylinder was held at 55 °C to maintain a stable vapor pressure
and all lines upstream of the MKS 1150 were heated to 80 °C to prevent condensation.

3.2 Deposition Process

In general, the deposition mechanisms in a PECVD process can be divided into
several major steps [61]. The gas molecules are excited, ionized, or dissociated in the
plasma by electron impact [61]. Excited molecules, atoms, radicals, molecular and atomic
ions are produced in the gas phase and reach the substrate by diffusion [61]. The species
that reach the surface migrate and find adsorption sites on the substrate [61]. Finally, the
atoms react with each other, resulting in film formation. Dissociation of molecules during
adsorption may also occur [61].

3.2.1 Plasma Chemistry

In our ZnO deposition, diethyl zinc (DEZ) [Zn(C2H5)2], carbon dioxide (CO2),
and argon (Ar) were used as the Zn source, oxidant, and buffer gas, respectively. DEZ is
liquid at room temperature with a boiling point of 118 °C [63]. At room temperature the
vapor pressure of DEZ is ~ 16 Torr, sufficiently volatile that it can be introduced directly
into the PECVD system at a significant rate without the use of a carrier gas.
Decomposition of DEZ can occur thermally, chemically through reaction with oxygen
due to its pyrophoric nature, or through plasma stimulation. Thermal decomposition

28

occurs at temperatures greater than approximately 573 K [63]. The gaseous oxidation of
diethylzinc is a fast autocatalytic chain reaction with a slow initiation reaction producing
stable peroxide [64]. Spontaneous decomposition of diethylzinc in the absence of either
oxygen or plasma exposure is negligible. Bond dissociation energies for the first and
second diethylzinc Zn-C bonds are 2.2 and 0.95 eV, respectively [65].
The mechanism for plasma induced diethyl zinc decomposition involves a charge
exchange reaction of an argon ion with a diethyl zinc molecule, directly followed by the
dissociative recombination of Zn(C2H5)+ or C2H5+ with an electron [66], as follows:

Charge exchanged:
(3.1)

Dissociative recombination:
(3.2)

CO2 can be used instead of oxygen in PECVD, which can minimize chemically
reacted DEZ and oxygen prior to entering the plasma. This improves issues related to the
inhomogeneous mixing of reactants in the deposition chamber, which can lead to nonuniform depositions. C=O bond (5.16 eV bonding energy) in CO2 can be broken in a
plasma, allowing deposition of ZnO at low temperature [67]. CO2 dissociative reaction
and stoichiometric ZnO combustion are as follows:
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Charge exchanged:
(3.3)

Stoichiometric ZnO combustion:
(3.4)

Optical emission spectroscopy (OES) was used to monitor the reactive plasma in
our ZnO deposition process. OES analyzes the light emitted from the plasma, and has
been widely used to diagnose reactive plasmas [61]. Several mechanisms in the plasma
can produce excited species. The light originates from transitions from excited states
decaying to lower energy levels in atoms and molecules [61]. OES uses the characteristic
transitions to identify the types of excited species in the plasma [61]. It is a supportive
technique for process control because it is fast, non-intrusive, can monitor multiple
elements simultaneously, and provides information about deposition conditions in the
plasma [61].
The OES system set up in our lab is shown in Figure 3.4 (a). It includes a
monochromater, photomultiplier tube (PMT) detector, power amplifier and controller.
Figure 3.4 (b) shows the reactive plasma from ring-fed PECVD chamber. The transitions
between electronic energy levels in the plasma result in light which extends from ultraviolet to visible range. Therefore, the monochrometer and the photoelectron multiplier
must be sensitive over a wavelength range (200-900 nm). The chamber window through
which the plasma emitted light passed was made of quartz, which absorbs less than 1% in
over 200 to 900 nm range. The window was set back from the plasma reaction zone to
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minimize the films deposition onto the window’s surface, which might prevent the
transmission of light.

(a)

(b)

Figure 3.4: (a) Optical emission spectroscopy system, and (b) plasma from a ringfed PECVD chamber.
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Figure 3.5: OES spectra observed during the deposition of ZnO film in the
rf discharge of DEZ-CO2-Ar mixture for different CO2 to DEZ ratio.
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A typical OES spectrum observed during the deposition of ZnO films from an rf
discharge containing a DEZ-CO2-Ar gas mixture is shown in Figure 3.5. This figure also
shows the emission intensity of excited species is different as the ratio of reactance is
changed. This information was used as supportive data during the deposition process
optimization.

3.2.2 Process Variables and Optimization

PECVD process variables include substrate temperature, rf power, process
pressure, gas flow rates and ratios, and electrode distance. ZnO thin films were
characterized by ellipsometry, atomic force microscopy (AFM), scanning electron
microscopy (SEM), X-ray diffraction (XRD), vis-near infrared spectroscopy,
photoluminescence (PL), second ion mass spectroscopy (SIMS), and fourier transform
infrared spectroscopy (FTIR). Four point probe and hall coefficient measurements were
used to determine the film resistivities, electron concentrations, and motilities.

3.2.2.1 Process Variables
Effect of temperature: In a CVD process, the chemical reaction rate is exponentially

related to the temperature [68]. The deposition rate is related to the chemical reaction
rate, the precursor diffusion rate in the boundary layer, and the precursor adsorption rate
on the substrate surface [68]. The deposition rate has three regimes when the temperature
changes [68]. At low temperatures, the chemical reaction rate is low, and the deposition
rate is very sensitive to the temperature. This is called the surface-reaction-limited
regime [68]. At higher temperatures, the deposition is much less sensitive to the
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temperature and deposition is mainly controlled by the amount of dissociated chemical
precursors adsorbed on the surface. This is the mass-transport-limited regime [68]. In
this regime, the surface chemical reaction rate is high enough that the chemical
precursors react immediately when they adsorb on the substrate surface [68]. The
deposition rate is no longer limited by the surface reaction rate, but rather by how fast the
chemical precursors can diffuse across the boundary layer, and adsorb on the surface
[68]. When the temperature further increases, the deposition rate sharply decreases due to
the gas phase nucleation, which is an undesirable deposition regime [68]. In this regime,
chemical precursors react in the plasma rather than the surface, generating particles that
contaminate the wafer and the reactor [68]. Most single wafer process reactors are
designed to operate in mass-transport-limited regime, because it is easier to control the
gas flow rate than the wafer temperature [68]. In PECVD processes, the plasma is
employed to generate chemically reactive free radicals, which can dramatically increase
the chemical reaction rate and help the processes to achieve mass-transport-limited
regime at relatively low temperatures [68].
During the ZnO deposition process, ZnC2H5 will decompose due to the plasma
and thermal energy as shown in Equation 3.2. The C2H5 ion will be released from the
substrate. When the substrate temperature is too low, the Zn and O species with low
surface motilities will be localized at different positions within the substrate [69]. ZnC2H5
may also not be effectively dissociated due to a lack of thermal energy. Thus, ZnC2H5
may embed in the film and adversely affect the film structure [69]. Additionally, at low
temperatures, the ambient gases may also be adsorbed in the films, limiting the mobility
of the reactants and preventing further growth of grains [69]. Thus, the initial crystal
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nucleus tends to grow in the direction of available reactant flux [70], leading to the
formation of polycrystalline films with various grain orientations. As the substrate
temperature is increased the mobility of the reactant is increased and gas products will be
released from the substrate. The grain size can then increase and the film quality is
improved with increasing the substrate temperature.
In our ZnO deposition process, the substrate temperature was normally 200 °C.
Initial evaluations of the effects of temperature were done from 100 °C to 300 °C. The
deposition rate was nearly unchanged from 200 °C to 300 °C, but was substantially less
at temperatures lower than 150 °C. This is evidence that our ZnO deposition process may
be operating in the mass-transport-limited regime at 200 oC and certain rf power.

Effect of rf energy: In a plasma, the substrate may be subjected to some degree of ion

bombardment, which can affect deposition rate and deposition film stress. Ion
bombardment has two parameters: ion energy and ion flux [68]. Ion energy is related to
the external power supply, chamber pressure, electrode spacing, and the process gas [68].
Ion flux is related to the plasma density and is determined by the external power supply,
chamber pressure, electrode spacing, and the processing gases [68]. High rf power
increases ion flux density, which increase the deposition rate when the process is
operating in the mass-transport-limited regime [68]. Highly energetic ion bombardment
may enhance the surface mobility which may also affect surface morphology [68].
To estimate the effect of rf energy in ZnO deposition, process variables including
pressure, substrate temperature, and DEZ to CO2 ratio were fixed. Figure 3.6 shows OES
spectra of reactive plasma in ZnO deposition at different rf energy with 1.6 torr process
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pressure, CO2 to DEZ ratio of 12, and 200 °C substrate temperature. The emission
intensity ratio of the Zn peak to O peak varied as a function of rf energy, which may be
due to the difference of dissociation energy of DEZ and CO2. The binding energy of Zn
to the ethyl groups is relatively low (38.9 kcal/mol, 1.69 eV) compared to the C=O bond
(5.16 eV bonding energy) [25].

3e+6

Ar

Intensity (a.u)

3e+6

2e+6

Zn
2e+6

Ar

1e+6

Ar
O

CO
CO
5e+5

H
O

0
300 350 400 450 500 550 600 650 700 750 800 850 900

Wavelength (nm)

ZnO plasma at 0.2 W/cm 2 RF energy
ZnO plasma at 0.5 W/cm 2 RF energy

ZnO plasma at 0.8 W/cm2 RF energy

Figure 3.6: OES spectra of reactive plasma as function of rf energy in
ZnO deposition.

At low rf energies (<0.2 W/cm2), CO2 may not be dissociated sufficiently to oxide
the atomic Zn and ethyl group and it resulted in the low deposition rate and faint yellow
film. As the rf energy increased to 0.5 W/cm2, the oxygen peak increased (see Figure 3.6)
and the film became more transparent. As we know, increasing the input rf power may
enhance the mobility of species on the substrate in a PECVD process [71,72]. This may
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be due to the UV irradiation or ions colliding with the adsorbed species and exchanging
the momentum [73]. However, at high power density (0.8 W/cm2), surface damage of
ZnO film was observed from atomic force microscopy (AFM), which may attribute to
high energetic ion bombardment on the film surface (Figure 3.7). In addition, the higher
rf energy may result in a faster reaction rate, which may be unfavorable for
stoichiometric film growth [72].

(a) AFM of ZnO film grown at 0.8 W/cm2 rf energy, 200 °C
and 1.6 torr process pressure.

(b) AFM of ZnO film grown at 0.5 W/cm2 rf energy, 200 °C
and 1.6 torr process pressure.
Figure 3.7: Atomic force microscopy image of undoped ZnO deposited with
different rf energy at 200°C, and 1.6 torr process pressure.
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Effect of CO2 to DEZ ratio: The CO2 to DEZ ratio (CDR) was reported to directly affect

the ZnO film stoichiometry [25]. From Eq. 3.4, the stoichiometric combustion occurs at
DEZ to O ratio of 1:14. To estimate the effect of CO2 to DEZ ratio in ZnO deposition, the
pressure, temperature, and rf energy were fixed. The following deposition conditions
were used: 1.6 torr process pressure, 200 °C substrate temperature, and rf power density
of 0.5 W/cm2. At a constant DEZ flow rate, the CO2 flow rate was varied to adjust Zn to
O ratio. As the CDR decreased below 8, ZnO films appeared yellow and became brown
at even lower ratios, which may be due to carbon contamination from incomplete
oxidation the of ethyl group. The transmittance of this film was degraded from ~90%
(CDR = 12) to 70% (CDR = 8) as shown in Figure 3.8. As the CDR increased above 16,
the deposition rate decreased significantly. OES spectrum also shows weak atomic Zn
intensity at CDR of 16 (Figure 3.9).
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Figure 3.8: Optical transmission spectra of ZnO films on glass substrate with
different CO2 to DEZ ratio.
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One possible explanation for this is that high concentration of CO2 in reactive
plasma resulted in a low ion flux density, which reduced the ionized Zn concentration in
active plasma. Van Hest et al. [74] reported argon ion flux density has been shown to
decrease with increasing oxygen flow by Langmuir probes measurement, which resulted
in an ineffective charge exchanging process in between Ar+ and Zn(C2H5)2.
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Figure 3.9: OES spectra of reactive plasma as function of CO2 to DEZ ratio in
ZnO deposition.

Effect of process pressure and electrode distance: Different process pressures were

evaluated to optimize the deposition process. In a plasma process, particle mean free path
(MFP) is determined by process pressure [68]. As the pressure reduces, the particle MFP
increases, the frequency of collisions decrease, and result in a low ion-flux density [68].
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In our ZnO deposition, the deposition rate decreases at low process pressure, which may
be the result of a low ion-flux density. Because the MFP changed at different pressures,
the plasma structure also changed.

(a)

(b)

Figure 3.10: Photograph of reactive plasma in ZnO depostion at (a) 1.6
torr, and (b) 0.8 torr process pressure.

(a)
(b)
Figure 3.11: Photograph of reactive plasma in ZnO deposition at (a) 2.5 cm
electrode distance, and (b) 4 cm electrode distance.
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At 1.6 torr, the plasma was concentrated near the electrodes as shown in Figure
3.10 (a), compared to 0.8 torr where the plasma was spread all over the electrode as
shown in Figure 3.10 (b). The plasma also appears to be concentrated at higher process
pressures possibly due to a higher ion-flux density. As the process pressure increased
over 2.5 torr, gas phase nucleation was observed.
Changing of electrode distance also changed the plasma structure. Figure 3.11 (a)
and (b) show reactive plasma with an electrode spacing of 2.5 cm and 4 cm, respecitvely.
COMSOL multiphysics simulator [75] was used to analyze the electrode-distance effect.
Figure 3.12 shows gas flow distribution on a vertical direction (Y-direction) in a reactor
with different electrode distances. For this example, Incompressible Navier-Stokes mode
(fluid mechanics) was used. In this mode, the material’s density is assumed to be constant
and fluid flow becomes incompressible [75]. Using this application mode, we can solve
transient and steady-state models of incompressible fluid dynamics [75]. The NavierStokes equations for fluid flow are deduced from incompressible Newtonian flow.
Starting with momentum balance in terms of stresses, the generalized equations in terms
of transport properties and velocity gradients are as follows:

Momentum balance
Continuity

(3.5)
(3.6)

In this equation, η is the dynamic viscosity, ρ is the density, u is the velocity field, p is
the pressure and F is a volume force field such as gravity.
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Equation 3.5 describes momentum balance, and Equation 3.6 describes continuity
for incompressible fluids [75]. Figure 3.12 shows the simulation result that indicates the
gas flow in Y-direction (from the top showerhead to bottom exhaust) has a more uniform
distribution with a 2.5 cm electrode distance than a 4 cm electrode distance. The process
pressure was set to 1.6 torr and total gas flow from the showerhead was 100 sccm in this
simulation.

Figure 3.12: Simulation results of gas-flow Y-velocity distribution for different
electrode distances in a showerhead reactor.

3.2.2.2 Process Optimization

Process variables have been studied extensively to develop a baseline and range
of parameters in ZnO deposition. Table 3.1 provides a summary of the experimental
variables and ranges investigated in this research.
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Parameter

Range

Electrode spacing

2 to 3 cm
200 °C

Substrate Temperature

0.4 W/cm 2 to 0.6 W/cm 2

RF power density
Pressure

1 torr to 2 torr

CO2 to DEZ ratio

10 to 14

Table 3.1: Baseline deposition conditions and parameter ranges in PECVD ZnO.
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Figure 3.13: (a) X-ray diffraction results, (b) optical transmission spectra, and
(c) room temperature photoluminescence spectra for ZnO film by PECVD.
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Figure 3.13 shows X-ray diffraction, transmission spectra, and room temperature
photoluminescence (PL) spectrum of 150 nm undoped ZnO thin film by PECVD. X-ray
diffraction shows a textured ZnO film with (002) peak at 2θ of 34.5° with full-width at
half-maximum (FWHM) of 0.5° [Figure 3.13 (a)]. As shown in Figure 3.13 (b), this
undoped ZnO film has an average transmittance over 85 % in the visible range. Using
room temperature PL, we determined the FWHM and the transition energy of the freeexciton are 200 meV and 3.39 eV, respectively, as shown in Figure 3.13 (c).

3.3 n-type ZnO

3.3.1 Hydrogen Incorporation in ZnO

The properties of hydrogen in ZnO have attracted tremendous interests because of
the predictions from density functional theory and total energy calculations that it should
be a shallow donor (~ 30 meV) [77,78]. The generally observed n-type conductivity in
ZnO has been attributed by some to residual hydrogen from the growth ambient, rather
than to native defects such as Zn interstitials or O vacancies [79,80]. Interstitial hydrogen
has been found to act as an amphoteric impurity in most semiconductors [78]. This
means in p-type material, hydrogen incorporates as H+ (a donor), and in n-type material
as H- (an acceptor), always counteracting the prevailing conductivity of the material [78].
This amphoteric behavior precludes hydrogen from acting as a dopant. However, in ZnO
hydrogen was found to always act as a donor [78]. Hydrogen atoms occupy interstitial
sites in single ZnO crystals and form hydroxyl (OH) bonds, so that the conductivity of the
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crystal increases substantially. This is because the OH bond requires a much smaller
energy for ionization than an isolated hydrogen atom [78].
We have attempted to deposit doped ZnO films with hydrogen. Figure 3.14
shows X-ray diffraction results of 200 nm undoped ZnO film and hydrogen incorporated
ZnO film deposited at 200 °C by PECVD. In the hexagonal structure of ZnO, (002)
planes, which represent the close packed planes, have the lowest surface energy [8].
Undoped ZnO film shows a (002) textured film with 2θ about 34.5° as shown in Figure
3.14 (a). For hydrogen incorporated ZnO film, as the hydrogen concentration increased
above 10 % in total gas mixture concentration, the (002) peak is accompanied by (101),
and (102) peaks, which correspond to energetically more unstable planes inclined to the
substrate [Figure 3.14 (b)]. This is consistent with the result from literature [81].
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(a) Undoped ZnO grown on (001) Si
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(b) Hydrogen incorporated ZnO
grown on (001) Si

Figure 3.14: X-ray diffraction comparison of (a) undoped, and (b) hydrogen
incorporated ZnO deposited by PECVD at 200 °C.
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The resistivity of 200 nm hydrogen-incorporated ZnO film is ~ 10-2 Ω⋅cm.
However, hydrogen incorporated ZnO films were unstable and showed an increase of
resistivity in air, which may be due to the out-diffusion of hydrogen and surface
oxidation.

3.3.2 Fluorine Doping

Fluorine was also investigated as an n-type dopant for ZnO. Nitrogen trifluoride
(NF3) diluted with argon at 0.5 vol. % was used as a doping source. Fluorine-doped ZnO
films have been reported to achieve high conductivity and transparency [81]. Group III
atoms presumably become electrically active as n-type dopants in ZnO when they
substitute for zinc atoms, representing a strong local perturbation to the conduction band
[81]. The electron mobility may be decreased due to increased scattering. Hu et al. [81]
claimed that group V atoms substitute for oxygen, perturbed mainly the valence band,
leaving the conduction band relatively free of scattering.

Run #

1
2
3
4

Fluorine
Concentration
gas phase (%)
0.1
0.2
0.4
0.2

RF
power
density
(W/cm2)
0.5
0.5
0.5
0.8

Electron
concentration
(1020 cm-3)
1.3
2.1
2.3
2.4

Electron
mobility
(cm2/V.s)
10.1
9.7
1.5
1.2

Table 3.2: Hall-effect measurement results of fluorine-doped ZnO thin films
deposited by PECVD at 200 °C.
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Hall-effect measurement was used to extract carrier concentration and mobility of
200 nm fluorine-doped ZnO films deposited at 200 °C by PECVD. As shown in Table
3.2, electron concentration slightly increased with increasing fluorine gas phase
concentration from 0.2 % to 0.4 % with a substantial decrease of mobility. This may be
due to impurity scattering and excess interstitials of non-active dopants. The electron
concentration was slightly improved by increasing rf energy to 0.8 W/cm2, but the
electron mobility was significantly degraded. This may be the result of an increased
reaction rate and surface damage from the energetic ion bombardment at high rf energy.
Fluorine-doped ZnO films with a thickness of 200 nm and optimized process conditions
have a minimum resistivity of 3 x 10–3 Ω⋅cm.
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Figure 3.15: Room temperature photoluminescence spectra of fluorine-doped
ZnO film with different fluorine concentration.
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For a 200 nm fluorine-doped ZnO film with 0.2 % gas phase fluorine
concentration, the full-widths at half-maximum (FWHM) and the transition energy of the
free exciton are 180 meV and 3.41 eV, respectively from a room temperature PL
measurement (Figure 3.15). As the fluorine concentration increased to 0.5 %, a broader
PL spectrum was observed as shown in Figure 3.15. This is presumably due to the excess
of inactive dopants, which exist as interstitial state and cause poor crystal structure.
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Figure 3.16: Optical transmission spectra of fluorine-doped ZnO compared
with undoped ZnO.

As shown in Figure 3.16, the 200 nm fluorine-doped ZnO film has an average
transmittance over 85 % in the visible range, which is similar to undoped ZnO film.
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3.3.3 Boron Doping

To further improve the conductivity of doped ZnO, boron was chosen as an n-type
dopant. Highly conducting boron doped ZnO films have been reported to have better
optical transmittance than other dopants (Al, In) [82]. Boron has a much smaller ionic
radius than zinc and other Group III dopants (B3+ 0.23 Å; Zn 2+ 0.74 Å; Al3+ 0.54 Å; Ga3+
0.62 Å; In3+ 0.8 Å), and can be incorporated in ZnO at very high concentrations. Boron
acts as a donor by supplying a single free electron when the B3+ ion occupies Zn2+ ion
sites. Diborane (B2H6) has been reported as the boron source for highly conducting n-type
ZnO films [83-85]. We used triethylborane (TEB), a relatively low toxicity organic boron
source, as the dopant precursor for conducting ZnO films. The LC50 toxicity for TEB is
700ppm compared to 0.1ppm for diborane, which is very important for application in
industry [86].
For highly conducting B-doped ZnO films the Ar, CO2, DEZ, and TEB diluted in
argon concentrations in the gas phase were optimized at 88.2%, 10.8 %, 0.9 %, and 0.1
%, respectively. The process pressure was 1.6 torr and the rf power was 0.5 W/cm2.
Although optimum rf power was 0.5 W/cm2, deposition runs were also done with other
power densities and it was found that the optimum CO2 to DEZ ratio was also a function
of rf power.
Room temperature PL was used to determine the full-widths at half-maximum
(FWHM) and the transition energy of the free exciton to be 200 meV and 3.57 eV,
respectively. The PL spectrum peak shows a blue shift from undoped ZnO with a
transition energy of 3.39 eV [Figure 3.17 (a)]. This indicates a slight increase in bandgap
(Eg) for highly doped ZnO films.
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Figure 3.17: (a) Room temperature photoluminescence spectra, and (b) x-ray
diffraction results (360 nm boron-doped ZnO film).
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We attribute this increase to the filling of low energy states in the conduction
band with the increased carrier density (Burnstein-Moss (BM) shift) [87,88]. This
relation predicts a band gap widening that follows the equation:
∆E BM = h 2 N 2 / 3 /[8m(π / 3) 2 / 3 ]

(3.7)

where h is Plank’s constant, N is the free carrier density and m is the effective mass. The
broader PL spectrum for doped film may also be the result of impurity broadening. For
boron-doped ZnO films deposited at a substrate temperature of 200 °C, x-ray diffraction
shows a (002) textured film with 2θ of 34.5° [Figure 3.17 (b)].
Boron-doped ZnO films with a thickness of 360nm and optimized process
conditions have a resistivity of 3.4 x 10–4 Ω⋅cm. The free electron concentration
determined from Hall-effect measurement was as high as 1 x 1021/cm3 with a mobility of
13.5 cm2/V⋅s. For films with varying thicknesses both the carrier concentration and
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mobility increases with the increasing film thickness (Figure 3.18).
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Figure 3.18: Hall-effect measurement results of boron-doped ZnO film as
function of the film thickness.
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(a) AFM image of 170 nm
boron-doped ZnO film
(grain size ~250 nm).

(b) AFM image of 360 nm
boron-doped ZnO film
(grain size ~400 nm).

(c) SEM image of 170 nm
boron-doped ZnO film.

(d) SEM image of 360 nm
boron-doped ZnO film.

Figure 3.19: (a) and (b) Atomic force microscopy, and (c) and (d) scanning
electron microscopy images of boron-doped ZnO films.

As shown in the AFM and SEM images in Figure 3.19, the ZnO grain size
increased from ~250 nm for a film thickness of 170 nm, to ~400 nm for a film thickness
of 360 nm. This suggests that grain boundary scattering may be responsible for the
observed increase in mobility and decrease in resistivity with increasing film thickness
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[89]. The origin of the observed increase in carrier concentration with increasing film
thickness is less clear but may be related to grain boundary depletion effects or grain
boundary impurity segregation.
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Figure 3.20: Optical transmission spectra of boron doped ZnO
and undoped ZnO.

A 360 nm boron-doped ZnO film has an average transmittance over 85 % in the
visible range as shown in Figure 3.20. The optical band gap for doped film was found to
be slightly higher than updoped ZnO, consistent with the PL results. Fourier transform
infrared spectroscopy shows an increased infrared absorption for heavily doped ZnO
films, presumably due to increased free carrier absorption (Figure 3.21).
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Figure 3.21: Fourier transform infrared spectroscopy of boron-doped
ZnO film.

3.4 PECVD Undoped ZnO

Undoped ZnO film, used as the channel layer for ZnO TFT, was deposited at 200
°C by the ring-fed PECVD system (Figure 3.3). Table 3.3 provides a summary of the
ranges of deposition parameters used in this study. The ratio of CO2 to DEZ was about 10
for undoped ZnO film. The variation of CO2 to DEZ ratio results in the change of film
stoichiometry and transparency. The optimized DEZ, CO2 and Argon concentrations in
the gas phase were 3 %, 30 % and 67 %, respectively. The rf power was typically ~0.05
W/cm2, but runs were also performed at other power densities and it was found that the
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optimum CO2 to DEZ ratio was a function of the rf power. The optimum process pressure
for large-area uniformity was found to be ~0.3 torr. Using the optimized deposition
conditions 350 nm undoped ZnO films with <2% thickness variation across a 15 x 15 cm2
glass substrate were obtained.
Parameter

Range

Electrode distance

2.5 cm

Substrate temperature

200 °C

RF power density

0.05 W/cm 2 to 0.2 W/cm 2

Pressure

0.3 torr to 1 torr

DEZ flow rate

5 to 8 sccm

CO2 flow rate

50 to 80 sccm

Ar flow rate

100 to 200 sccm

Table 3.3: Deposition conditions and parameter ranges of undoped ZnO thin film
(ring-fed PECVD system).

The undoped ZnO films were characterized by ellipsometry, X-ray diffraction
(XRD), vis-near infrared spectrophotometry, photoluminescence (PL), scanning electron
microscope (SEM), and atomic force microsopy (AFM). X-ray diffraction shows a
preferential orientation in the (002) direction with 2θ about 34.5° [Figure 3.22 (a)]. Room
temperature photoluminescence shows a free exciton transition energy of 3.4 eV with a
full-width at half-maximum of 250 meV [Figure 3.22 (b)]. The root-mean-square (RMS)
roughness, measured by AFM, was about 2 nm for a 100 nm film [Figure 3.22 (c)]. SEM
showed that the grain size of the 100 nm ZnO thin film was about 70 nm [Figure 3.22
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(d)]. The films are transparent and colorless with a typical optical transmission greater
than 90% over the visible range for 100 nm ZnO.
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(a) X-ray diffraction of
100 nm undoped ZnO.

(c) AFM image of 100 nm
undoped ZnO.

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

Photon energy (eV)

(b) Room temperature photoluminescence
spectra of 100 nm undoped ZnO.

(d) SEM image of 100 nm
undoped ZnO.

Figure 3.22: Characterization of PECVD undoped ZnO: (a) X-ray diffraction,
(b) photoluminescence spectra, (c) atomic force microscopy, and (d) scanning
electron microscopy.
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3.5 ZnO TFTs Fabrication

3.5.1 ZnO TFTs Structure

Simple bottom-gate ZnO TFTs were first fabricated on thermally oxidized heavily
doped Si (300 nm SiO2 thickness), which served as the substrate, gate, and gate dielectric
(Figure 3.23). 45 nm of PECVD undoped ZnO was deposited at 200 °C from DEZ and
CO2, and patterned by photolithography and wet etching in dilute HCl. Aluminum source
and drain electrodes were then deposited by thermal evaporation at room temperature and
patterned by lift-off.

Aluminum
Source (100 nm)

Aluminum
Drain (100 nm)

Undoped ZnO (45 nm)
Thermally grown SiO2 (300 nm)

Heavily doped silicon

Figure 3.23: Schematics of bottom gate ZnO TFT by PECVD.

Figure 3.24 (a) shows saturation region log (ID) and √ID versus VGS for a ZnO
TFT with W = 220 µm and L = 15 µm. These devices showed a saturation field-effect
mobility of 0.5 cm2/V⋅s, threshold voltage of 2 V, sub-threshold slope less than 2
V/decade, and a current on/off ratio of 105. Figure 3.24 (b) shows ID - VDS characteristics
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for several values of VGS for the same device. We found that the characteristics of these
TFTs are strongly depended on ZnO active layer thickness (Figure 3.25). As reported, the
a-Si:H film thickness has a significant effect on the a-Si:H TFT characteristics [2]. As aSi:H film thickness increases, the subthreshold slope and field-effect mobility are
improved due to the improved amorphous silicon quality (in terms of density of state) [2].
The reduction of the threshold voltage is probably due to a weaker influence of the back
interface when amorphous silicon thickness increases [2]. However, TFT mobility was
reduced in the case of very thick a-Si:H film (>200nm), which may result from a stronger
influence of the parasitic access resistance [2].
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Figure 3.24: (a) ZnO TFT log (ID) versus VGS and √ID versus VGS characteristics
for VDS = 50 V, and (b) ZnO TFT ID versus VDS characteristics for several values
of VGS (W/L = 220 µm/15 µm, tox = 300 nm).
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For our PECVD ZnO TFTs, on-current decreases and threshold voltage shift
significantly as the ZnO channel becomes thicker as shown in Figure 3.25. It likely
resulted from high bulk trap density of PECVD ZnO film.
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Figure 3.25: ZnO TFTs log (ID) versus VGS characteristics as function of ZnO
thickness for VDS = 50 V (W/L = 220 µm/35 µm, tox = 300 nm).

3.52 ZnO TFTs with UV illumination

Ultra violate (wavelength 254 nm/photon energy 4.9 eV) illumination was used to
study the devices UV response and interface state between the ZnO and dielectric. Figure
3.26 shows log (ID) versus VGS curve obtained from a TFT that was illuminated with UV
for 5 seconds. The photo-response was clearer in the depletion state near –30 V than in
the accumulation state near 50 V, as shown in this figure. It is because the initial dark
depletion state draws almost no charge carrier in the ZnO channel whereas the same
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channel readily introduces many electrons under the gate bias for the dark accumulation
state. As shown in Figure 3.26, the photo to dark current ratio is over 5 at the depletion
state. However, a decay time constant of ~ 10 min is observed for this device. As
reported by several groups [90,91], the oxygen chemisorption process may attribute to the
slow photocurrent transient for ZnO based UV detector. Oxygen molecules adsorbed on
the film surface become negatively charged ions by capturing free electrons before UV
illumination. Under UV illumination, photogenerated holes migrate to the surface,
discharging the chemisorbed oxygen ions [91]. When the light is off, the photogenerated
electrons can still contribute to the detector current until they are captured by the surface
states through the oxygen chemisorption process [91]. In addition, trap states from ZnO
and dielectric interface and/or from ZnO bulk also likely resulted in the slow decay rate
of our TFT.

Figure 3.26: ZnO TFTs log (ID) versus VGS characteristics before and after
UV illumination for VDS = 50 V (W/L = 220 µm/15 µm, tox = 300 nm).
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3.6 Al2O3 dielectric by PECVD

3.6.1 ZnO TFTs with Al2O3 Dielectric

ZnO grown on SiO2 was reported to have electron acceptor defects from
photoluminescence measurement [92]. A high concentration of electron trap states could
result in a high threshold voltage of ZnO TFTs. Thus, different dielectric materials were
studied to improve ZnO TFTs.
Aluminum oxide (Al2O3) has been reported to be used as a gate dielectric for Si
MOSFETs because it has a higher dielectric constant and also exhibits excellent thermal
stability when it is in contact with silicon [93]. Carcia et al. [52] reported ZnO TFTs with
100 nm ALD Al2O3 had a mobility of 17.6 cm2 /V⋅s with a threshold voltage of 6 V.
Devices also showed negligibly small hysteresis (<50 meV). Thus, Al2O3 was first
considered as the gate dielectric for our ZnO TFTs. Al2O3 was deposited by PECVD at
200 °C using a trimethyl aluminum (TMA) and CO2 gas mixture. The same deposition
chamber used for both the Al2O3 and the ZnO and the films were deposited sequentially
without breaking the vacuum in order to minimize contaminations on the dielectricsemiconductor interface.
ZnO TFTs were then fabricated using PECVD Al2O3 as the dielectric. The bottom
gate TFT structure is shown in Figure 3.27 (a). 100 nm Cr was sputtered onto a glass
substrate as the gate layer and patterned using wet etching. A 150 nm Al2O3 layer was
deposited onto the Cr gate by PECVD and a 40 nm undoped ZnO film was then deposited
onto the Al2O3. For TFT patterning the ZnO was etched using dilute HCl and the
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aluminum oxide was etched using dilute HF. The aluminum source and drain electrodes
were then deposited by thermal evaporation at room temperature and patterned by lift-off.
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Figure 3.27: (a) Bottom gate ZnO TFT structure, (b) ZnO TFT ID versus
VDS characteristics for several values of VGS, and (c) ZnO TFT log (ID)
versus VGS and √ID versus VGS characteristics for VDS = 20 V (W/L = 100
µm/20 µm, tox = 150 nm).
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Figure 3.27 (b) shows ID versus VDS characteristics for several values of VGS on a
device with channel length and width of 20 µm and 100 µm, respectively. From log (ID)
versus VGS and √ID versus VGS characteristics we extracted a field effect mobility of 10
cm2/V⋅s, threshold voltage of 7.5 V, sub-threshold slope less than 1 V/decade, and a
current on/off ratio of 104 at VDS = 20V [Figure 3.27 (c)]. Devices showed large
hysteresis (∆Vg > 4 V), which may be due to the high interface and/or bulk trap density.
In addition, an instantly flat band voltage shift was observed in C-V bias stress
measurement, which may suggest significant charges states exist in this Al2O3 dielectric.
The on/off ratio is limited in part by gate leakage through the Al2O3 which also may
allow some charging of interface states at the Al2O3/ZnO interface.

3.6.2 High Mobility ZnO TFTs with Thin ZnO

To minimize the bulk traps effect of ZnO, TFTs with very thin ZnO channel layer
(~10 nm) were fabricated (Figure 3.28) despite the 10 nm ZnO film appearing not
conformable across a 5 x 5 cm2 substrate.

Aluminum
source (100 nm)

Aluminum drain
(100 nm)

Undoped ZnO (10 nm)
PECVD grown Al2O3 (130 nm)

Heavily doped silicon

Figure 3.28: Schematics of ZnO TFT by PECVD (10 nm ZnO on 130 nm
PECVD Al2O3).
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From log (ID) versus VGS and √ID versus VGS characteristics we extracted a fieldeffect mobility over ~100 cm2/V⋅s, threshold voltage of 11 V, sub-threshold slope less
than 1 V/decade, and a current on/off ratio of 104 at VDS = 25 V [Figure 3.29 (a)]. Figure
3.29 (b) shows ID versus VDS characteristics for several values of VGS for the same device
with channel length and width of 10 µm and 220 µm, respectively. This suggests that
ZnO bulk trap filling (electron transport from the channel accumulation layer to S/D
contact) may dominate device characteristics.

1e-1

0.12

1e-4

0.08

1e-5
1e-6

0.06

1e-7
0.04

1e-8
1e-9

Igs

0.02

Vg = 20 V
0.008

Drain Current, ID (A)

SQRT ID (A1/2 )

1e-3

Drain current, ID (A)

VDS = 25 V

0.10

0.010

1e-2

0.006

Vg = 15 V

0.004

Vg = 10 V

0.002

1e-10
0.00
-10

1e-11
-5

0
5
10
15
Gate Voltage, VG (V)

20

(a)

25

Vg = 5 V

0.000
0

5

10

15

20

25

30

Drain Voltage, VD (V)

(b)

Figure 3.29: (a) ZnO TFT log (ID) versus VGS and √ID versus VGS
characteristics for VDS = 25 V, and (b) ZnO TFT ID versus VDS characteristics
for several values of VGS (W/L = 220 µm/10 µm, tox = 130 nm).

3.6.3 Low Leakage PECVD Al2O3

In these TFTs, Al2O3 dielectric shows substantial leakage current. To reduce the
Al2O3 gate leakage and mobile charges, different process variables have been evaluated
in Al2O3 deposition. By increasing the CO2 to TMA ratio we were able to significantly
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reduce the Al2O3 gate leakage current and improve the dielectric breakdown strength.
Figure 3.30 (a) shows the I-V characteristics of Al2O3 with different CO2 to TMA ratio.
To form this test structure, 150 nm Al2O3 dielectrics were deposited onto a heavily doped
Si and aluminum top metal contacts were then deposited onto the Al2O3 surface by
thermal evaporation through a shadow mask. The leakage current is <10−6 A/cm2 at an
electric field of 5 MV/cm for Al2O3 deposited at CO2 to TMA ratio of 20 (oxygen rich),
which is 4 orders of magnitude lower than Al2O3 with CO2 to TMA ratio of 10 (Al rich).
This may suggest that excess metal ions or hydroxyl (O-H) group act as trap centers,
which assist tunneling current through the Al2O3 dielectric. Room temperature C-V bias
stress measurements were done to estimate the charge density of 150 nm PECVD Al2O3
deposited on lightly doped silicon substrate. The flatband voltage shift is ~ 3 V for 30 V
top contact bias before and after 12 hours bias stress at 2 MV/cm, which corresponds to a
charge density of 7 x 1011/cm2 [Figure 3.30 (b)].
Low defect density and uniform dielectric materials are critical for TFTs used in
display application. Crossover test vehicles with 10,000 crossovers were fabricated to
evaluate Al2O3 dielectric material used for ZnO TFTs. Figure 3.31 (a) shows a
micrograph of PECVD Al2O3 10,000 crossover vehicles. 150 nm Al2O3 was deposited
onto a 100 nm patterned chromium layer and aluminum top metal contacts were then
deposited onto the Al2O3 surface by thermal evaporation and patterned by
photolithography to form crossover test structures. Figure 3.31 (b) shows the I-V
characteristics of two different 10,000 crossover vehicles. The current density is less
than 1 x 10-6 A/cm2 at an electric field 3 x 106 V/cm, which indicates a low defect density
and that uniform Al2O3 dielectric was deposited by PECVD at low temperature (200 °C).
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Figure 3.30: (a) Leakage current as function of applied electric field for
Al2O3 film deposited at 200 °C by PECVD, and (b) C-V bias stress
measurement of Al2O3 on silicon at 2 MV/cm for 12 hours (tox = 150 nm).
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Figure 3.31: (a) Micrograph of PECVD Al2O3 10,000 crossover vehicles,
and (b) I-V characteristics of Al2O3 10,000 crossover vehicles (tox = 150 nm).
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ZnO TFTs, the same device structures shown in Figure 3.27 (a), were fabricated
by using this low leakage Al2O3. From log (ID) versus VGS and √ID versus VGS
characteristics we extracted a field effect mobility ~0.05 cm2/V⋅s, threshold voltage of 12
V, sub-threshold slope less than 1 V/dec, and a current on/off ratio > 105 at VDS = 40V
[Figure 3.32 (a)]. Figure 3.32 (b) shows ID versus VDS characteristics for several values of
VGS for a device with channel length and width of 10 µm and 100 µm, respectively.
Devices also showed relative small hysteresis (<1 V). These TFTs, fabricated using low
leakage Al2O3 dielectric and identical ZnO deposition parameters, have degraded
mobility, likely due to the presence of a large interface state density at the Al2O3/ZnO
interface. The low mobility is not fully understood, but we believe it is due to a large
interface trap charge. Higher dielectric leakage results in larger mobility by allowing the
charging of interface traps through the leaky dielectric.
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Figure 3.32: (a) ZnO TFT log (ID) versus VGS and √ID versus VGS
characteristics for VDS = 40 V, and (b) ZnO TFT ID versus VDS characteristics
for several values of VGS (W/L = 100 µm/10 µm, tox = 150 nm).
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40

A gated transmission line method (TLM) was used to evaluate the Al top contacts.
For Vgs = 30 V and a channel width of 200 µm the specific contact resistance extracted
2
was ~8 x 10-4 Ω⋅cm (Figure 3.33). This result is similar to results reported from the

literature. [94].

Figure 3.33: Gated transmission length method (TLM) test structure
(aluminum top contact) and plot of resistivity as a function of gate
length for VG = 20 V and VG = 30 V.

3.6.4 ZnO TFTs Circuits by PECVD

Simple NMOS inverter circuits were fabricated with these low dielectric leakage
ZnO TFTs. The inverter circuits had a beta ratio of 30 with Ldrive = 10 µm, Wdrive = 100
µm, Lload = 60 µm, Wload = 20 µm and showed switching characteristics with a peak gain
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of ~5 at a supply voltage 10 V (Figure 3.34). The results are close to the expected value,
the square root of the geometrical beta ratio (Wdrive /Ldrive) /(Wload / Lload ).
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Figure 3.34: DC characteristics of the inverter fabricated using PECVD ZnO
TFTs (Ldrive = 10 µm, Wdrive = 100 µm and Lload = 60 µm, Wload = 20 µm at
VDD= 10 V).

Five-stage ring oscillators were fabricated using these low dielectric leakage ZnO
TFTs. A cross-sectional schematic of the bottom-gate ZnO TFTs used in our ring
oscillators is shown in Figure 3.35 (a). Figure 3.35 (b) is a micrograph of a five-stage ring
oscillator.

Each NMOS inverter stage had load (pull-up) and drive (pull-down)

transistors with the same channel lengths but different channel widths.
dimensions

were

varied

to

investigate

the

effect

of

varying

beta

Device
ratio

[(W/L)Drive/(W/L)Load] on circuit performance. Buffer stage transistors with the same beta
ratio as the ring oscillators were used to extract the output signal.
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(a)

(b)

Figure 3.35: (a) Cross-sectional schematic of a five-stage ring oscillator, and
(b) micrograph of a five-stage ring oscillator as fabricated (Ldrive = 5 µm,
Wdrive = 100 µm, Lload = 60 µm, Wload = 20 µm, beta ratio = 60, 2 µm
source/gate and drain/gate overlap).

(a)

(b)

Figure 3.36: (a) Output voltage of a five-stage ring oscillator (Ldrive = 5 µm,
Wdrive = 100 µm, Lload = 60 µm, Wload = 20 µm, beta ratio = 60, 2 µm
source/gate and drain/gate overlap), operating at 1.24 kHz, and (b)
oscillation frequency and propagation delay as a function of VDD for this
five-stage ring oscillator.
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Five-stage ring oscillators with unit inverter dimensions Ldrive = 5 µm, Wdrive =
100 µm, Lload = 60 µm, Wload = 20 µm, were oscillated at 1.2 kHz at VDD = 60 V [Figure
3.36 (a)].

The source/gate and drain/gate overlap for this circuit was 2 µm.

The

oscillation frequency and propagation delay as a function of VDD is shown in Figure 3.36
(b). The low oscillation frequency is mainly due to the low TFT field-effect mobility and
the effects of interface traps.
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3.7 Summary:

In this chapter, we demonstrated transparent and highly conducting ZnO thin films
deposited at low temperature (200 °C) by PECVD. The weak oxidant CO2 was used
instead of oxygen to minimize premature reactions which can result in the
inhomogeneous mixing of the reactants and non-uniform deposition. Highly conducting,
transparent, boron-doped ZnO thin films have been deposited at 200 °C by using the lowtoxicity organic boron source triethylborane (TEB). Boron-doped ZnO thin films with
resistivity < 4 × 10-4 Ω⋅cm and good optical transparency (> 85% in the visible) were
obtained. The free electron concentration, determined by Hall-effect measurement was
as high as 1 x 10

21

/cm3 with mobility of 13.5 cm2/V⋅s. PECVD may provide the

capability for large-area deposition of transparent conducting electrodes at high growth
rates and low temperatures.
Relatively high mobility ZnO thin film transistors were fabricated using undoped
ZnO and low defect density Al2O3 dielectric in-situ deposited by PECVD at 200 °C.
PECVD ZnO TFTs show relatively large hysteresis, likely due to the presence of a large
interface state density at the Al2O3/ZnO interface. ZnO TFT circuits were demonstrated
by using lower mobility devices, with propagation delay likely limited by interface traps.
To solve the problems presented from PECVD ZnO TFTs, different solutions including
new deposition techniques were studied.
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Chapter 4
ZnO TFTs by Spatial ALD

As ZnO TFTs by PECVD showed a large interface state/trap density, in
cooperation with Eastman Kodak Company another deposition approach (spatial ALD)
was studied for ZnO TFTs fabrication.

4.1 Spatial Atomic Layer Deposition

Atomic layer depositions are typically done in an enclosed system, where the
reactive gases are sequentially cycled through the chamber over time. Unlike
conventional ALD, no containment vessel is required for the spatial ALD process, and
the deposition process is done at atmospheric pressure [27]. Instead, continuous gas
flows of the metallic precursor and oxidant are spatially confined by channels of inert gas
[27]. As the substrate moves perpendicular to the gas channel, the substrate sees rapid
alternating metal-organic and oxidant gases, resulting in a typical deposition rate of 10-20
nm/minute. Figure 4.1 shows the schematics of spatial ALD coating head, which is
typically positioned approximately 30 µm above a substrate. Two reactive gas streams
(oxidizer and metalorganic precursors) are separated by inert gas. In this case, the inert
gas is nitrogen, which also acts as a carrier gas for the metal and oxidizer precursors. The
channel shape and proximity to the substrate prevent mixing between neighboring
channels and exclude the surrounding air. The substrate temperature is kept at 200 °C for
both ZnO and Al2O3 dielectric deposition. This growth technique uses a fast ALD method

72

that could change the manufacturing methods and economics for oxide-base electronics
[27].

Spatial ALD Head
Substrate
Motion

Inert

Figure 4.1:
channel.

Water

DEZ or TMA

Schematic of the spatial ALD coating head showing the gas

4.2 Nitrogen Doped ZnO

Undoped ZnO film deposited by spatial ALD [27] and typical ALD [28] methods
shows relatively high conductivity, likely due to the presence of intrinsic defects. TFTs
fabricated using undoped ZnO as channel layer show substantial off-current even at a
large negative gate voltage (Figure 4.2). As a result, for the ZnO layer deposition,
ammonia (NH3) was added as a nitrogen dopant to compensate the n-type conductivity of
undoped film [28]. Using nitrogen doping, ZnO layers deposited by spatial ALD, with
thickness suitable for TFT fabrication, are routinely fully depleted as deposited.
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Figure 4.2 shows different log (ID) versus VGS characteristics of the spatial ALD
ZnO TFTs fabricated by using undoped or N-doped ZnO channel layer. The off-current
of TFTs was decreased by 4 orders of magnitude through replacing undoped ZnO with
the nitrogen-doped ZnO layer. The origin of highly resistive ZnO film with nitrogen
doping is not fully understood, but we observed N-H peaks with higher intensity along OH peaks with lower intensity from nitrogen-doped ZnO compared with undoped film
from FTIR measurement. O-H bonds were reported to contribute to n-type conductivity
in ZnO by providing an oxygen vacancy [32]. Other techniques will be used to further
investigate the chemical structure of ZnO film.

Figure 4.2: Log (ID) versus VGS characteristics of spatial ALD ZnO TFTs
with undoped or N-doped ZnO channel layers.
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For nitrogen-doped ZnO deposited by spatial ALD, water was used as the oxidant
for diethyl zinc (DEZ) and ammonia (NH3) was used as the nitrogen doping source.
Nitrogen-doped ZnO films were characterized by ellipsometry, X-ray diffraction (XRD),
scanning electron microscope (SEM), and atomic force microscopy (AFM). X-ray
diffraction shows that 100 nm ZnO film is polycrystalline and (100) textured (Figure
4.3). Grazing incidence XRD (GIXRD) was also used to identify ZnO thin film (5 to 30
nm) on a layer structure (inset of Figure 4.3), which is a similar structure used for TFTs.
Polycrystalline structure with similar texture was still observed for both 20 nm ZnO and
30 nm ZnO, but not noticeably seen for the films with thickness of 5 nm and 10 nm
(Figure 4.3). GIXRD results may indicate an amorphous to crystalline transition during
the ZnO film growth.

Figure 4.3: X-ray diffraction of nitrogen-doped ZnO by spatial ALD (the inset
represents layer structure used for grazing incidence XRD measurement).
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The RMS roughness, measured by AFM, is ~2.0 nm for 25 nm ZnO [Figure 4.4
(a)]. SEM and AFM show that the grain size of this 25 nm ZnO was ~30 nm, similar to
the film thickness [Figure 4.4 (b)].

(a)

(b)

Figure 4.4: Characteristics of 25 nm nitrogen-doped ZnO film deposited by
spatial ALD: (a) atomic force microscopy, and (b) scanning electron
microscopy.

4.3 Al2O3 Dielectric by Spatial ALD

Aluminum oxide (Al2O3) was deposited as the gate dielectric by spatial ALD at
200 °C using trimethyl aluminum (TMA) and water. Current leakage and dielectric
breakdown were measured for Al2O3 film deposited on chromium at 200 °C with a
thickness of 110 nm. Aluminum metal contacts were deposited by shadow mask
evaporation onto the Al2O3 surface to form test structures. As shown in Figure 4.5 (a), the
leakage current is <10−7 A/cm2 at an electric field of 5 MV/cm and the breakdown field is
>6 MV/cm. The dielectric constant of alumina was determined from capacitance-voltage
(C-V) measurements to be between 7.5 and 8.5, within the range of published values for
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Al2O3 deposited by ALD [95]. Room temperature C-V bias stress measurements were
done to estimate the mobile charge density of 110 nm spatial ALD Al2O3 deposited on
lightly doped silicon substrate. The flatband voltage shift is ~ 2 V for 30 V top contact
bias before and after 24 hours bias stress at 2.5 MV/cm, which corresponds to a charge
density 6 x 1011/cm2 [Figure 4.5 (b)].
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Figure 4.5: (a) Leakage current as a function of applied electric field for Al2O3
film deposited at 200 °C by spatial ALD, and (b) C-V bias stress measurement of
Al2O3 on silicon at 2.5 MV/cm for 24 hours (tox =110 nm).

Figure 4.6 shows the I-V characteristics of two different 10,000 crossover
vehicles. The current density is less than 1 x 10-6 A/cm2 at an electric field 3 x 106 V/cm,
which indicates that an uniform Al2O3 dielectric with low defect density was deposited
by spatial ALD at low temperature (200 °C).
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Figure 4.6: I-V characteristics of spatial ALD Al2O3 10,000 crossover vehicles
(tox = 110 nm).

4.4 ZnO TFTs Fabrication and Stability

Bottom gate ZnO TFTs were fabricated by using spatial ALD Al2O3 and ZnO.
The device structure is shown as an inset in Figure 4.7 (a). ITO was used as a common
gate for these devices. A 110 nm Al2O3 layer and a 25 nm ZnO layer were deposited onto
the ITO gate by spatial ALD at 200 °C. 100 nm aluminum source and drain electrodes
were deposited by thermal evaporation and patterned by shadow mask. Figure 4.7 (a)
shows ID versus VDS characteristics for several values of VGS for a typical shadow mask
ZnO TFT with W = 500 µm, L = 50 µm. Figure 4.7 (b) shows the double-sweep (gate
voltage first increasing, then decreasing) transfer characteristics of this device in the
saturation regime. From log (ID) versus VGS and √ID versus VGS characteristics we
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extracted a field-effect mobility of 15 cm2/V⋅s, threshold voltage of 5 V, sub-threshold
slope of 0.4 V/decade, and a current on/off ratio of 107 at VDS = 20V [Figure 4.7 (b)]. The
hysteresis of this device is less than 100 mV, which suggests a low trap density.
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Figure 4.7: (a) ID versus VDS characteristics for several values of VGS of a shadow
masked contact spatial ALD ZnO TFT (The inset represents the bottom gate TFT
structure), and (b) log (ID) versus VGS and √ID versus VGS characteristics for VDS =
20 V (W/L = 500 µm/50 µm, tox = 110 nm).

ZnO TFTs with the same structure [inset in Figure 4.7 (a)] were also fabricated by
using photolithographically defined source and drain contacts. 100 nm aluminum source
and drain electrodes were deposited by thermal evaporation and patterned by lift-off.
Figure 4.8 (b) shows the log (ID) versus VGS and √ID versus VGS characteristics of a
typical photolithography ZnO TFT. This device shows significant hysteresis (~ 2 V)

79

Drain Current, ID (A)

VG = 15V

0.0002

1e-3

0.025

0.0006
0.0004

1e-2

VDS = 20V

VG = 20V

0.0008

SQRT (ID) (A1/2)

Drain Current, ID (A)

0.0010

compared with the TFTs patterned by shadow mask [Figure 4.8 (a)], likely due to the
back channel charges from the photolithography process.
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Figure 4.8: (a) Log (ID) versus VGS and √ID versus VGS characteristics of a
shadow masked contact spatial ALD ZnO TFT (for VDS = 20 V (W/L = 500
µm/50 µm, tox = 110 nm), and (b) photolithography ZnO TFT log (ID) versus
VGS and √ID versus VGS characteristics for VDS = 20 V (W/L = 220 µm/50 µm,
tox = 110 nm).

To further investigate the origin of hysteresis, shadow masked TFTs were rinsed
with water. Figure 4.9 (a) and (b) show the log (ID) versus VGS and √ID versus VGS
characteristics of a shadow masked TFT before and after water rinse, respectively. The
device showed a mobility degradation and appreciable hysteresis after water rinsing,
which suggests moisture may result in the back channel charges. This necessitates the
passivation of TFTs back channel for a stable device performance.
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Figure 4.9: (a) Log (ID) versus VGS and √ID versus VGS characteristics of a shadow
masked contact spatial ALD ZnO TFT for VDS = 30 V, and (b) Log (ID) versus VGS
and √ID versus VGS characteristics of same device after water rinse (W/L = 500
µm/100 µm, tox = 110 nm).

PECVD silicon nitride film deposited at low temperature (< 400 °C) has been
widely used as the final passivation layer in the IC industry because of it’s high dielectric
strength, high mechanical strength, and low moisture permeability [68]. Thus, we
encapsulated ZnO TFTs with silicon nitride (SiNx) deposited by PECVD at low
temperature (<70 °C). Silane and atomic nitrogen were used in this nitride deposition
process. The process chamber uses two RF discharges: a first discharge, the atomizer, in
a large area (~0.5 m2) showerhead that disassociates a fraction of molecular nitrogen to
atomic nitrogen, and a second discharge, for deposition, in the main deposition chamber
to react atomic nitrogen and saline to deposit silicon nitride. The typical film deposition
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temperature is below 70 °C even for long film deposition time. The system is loadlocked and allows film stress to be controlled by varying film stoichiometry.
Figure 4.10 (a) and (b) show the log (ID) versus VGS and √ID versus VGS
characteristics of lithography TFTs as fabricated and after the passivation with a 300 nm
PECVD silicon nitride, respectively. Device hysteresis appears to be improved
significantly whereas the threshold voltage was shifted nearly 10 V negatively. The
threshold voltage shift is likely due to the hydrogen incorporation into ZnO channel in
silicon nitride deposition process. Hydrogen atoms occupy interstitial sites in the ZnO
crystals and form hydroxyl (OH) bonds, so that the conductivity of ZnO film increases
substantially.
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Figure 4.10: (a) Photolithography ZnO TFT log (ID) versus VGS and √ID
versus VGS characteristics for VDS = 20 V, and (b) Log (ID) versus VGS and
√ID versus VGS characteristics of same device after silicon nitride
passivation W/L = 220 µm/50 µm, tox = 110 nm).
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Different organic and inorganic thin films have been studied as the passivation
layer of ZnO TFTs. Devices passivated by spatial ALD Al2O3 showed the best stability
among them. Figure 4.11 shows the bias stress result of a shadow masked ZnO TFT
passivated with 100 nm spatial ALD Al2O3. Gate bias was held at 20 V and drain bias
held at 10 V during stress, with interruption every 400 s for a linear region ID-VG sweep
[27]. Figure 4.11 (a) shows log (ID) versus VGS characteristics of a ZnO TFT as fabricated
and after being stressed for 15 hours. Figure 4.11 (b) shows the field effect mobility was
changed from 10.3 cm2/V⋅s to 10.6 cm2/V⋅s with ~ 1 V threshold voltage shift after 15
hours bias stress, which indicates that the stable device performance can be achieved by
passivating the back channel with spatial ALD Al2O3.
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Figure 4.11: (a) Log (ID) versus VGS characteristics of a shadow masked
ZnO TFT as fabricated and after 15 hours bias stress (W/L = 600 µm/100
µm, tox = 110 nm), and (b) ZnO TFT field-effect mobility and threshold
voltage as function of bias stress duration (bias stress condition: VG = 20 V;
VDS = 10 V).
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4.5 Gated Hall Mobility and Carrier Concentration

Gated Hall measurement was used to extract the Hall mobility and sheet carrier
concentration of the ZnO channel layer. Measurement was taken at room temperature and
the magnetic field was set to 5000 Gauss. Figure 4.12 (a) shows gated hall mobility and
sheet carrier concentration as function of gate voltage. Micrograph of gated Hall structure
is shown as an inset of this figure. ZnO TFTs with the same device structure [inset of
Figure 4.12 (b)] were also measured and Figure 4.12 (b) shows the measured differential
mobility (VDS = 0.25 V) and calculated carrier concentration as functions of gate voltage
for this TFT. Gated hall results exhibit a reasonable match with the characteristics of
TFTs. TFTs show slightly higher mobility and lower sheet carrier concentration
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Figure 4.12: (a) Gated Hall mobility and sheet carrier concentration as
function of gate voltage (inset shows a micrograph of gated hall structure), and
(b) ZnO TFTs differential mobility and calculated carrier concentration as
function of gate bias (inset shows a schematics of this TFT).
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Figure 4.12 (b) also shows a strongly gate-voltage dependent mobility for a
typical ZnO TFT. The underlying mechanisms responsible for these mobility
characteristics have not yet been extensively studied. Still, a likely explanation derives
from the polycrystalline nature of the ZnO channel film, in which negatively-charged
grain boundary defects create a potential energy barrier at each grain boundary, thus
inhibiting the effective inter-grain transport of free electrons in the channel [3]. As the
applied gate voltage increases, the ratio of free carrier charge to fixed grain boundary
charge increases along with the growing charge density of the induced free electron
population, resulting in a concomitant reduction in the impact of the grain boundary
charge on free electron transport [3]. In addition, we believe the contact barrier may be
another mechanism responsible for these mobility characteristics.

4.6 Ohmic Contact to ZnO TFTs

An ohmic contact is defined as a metal-semiconductor contact that has a
negligible contact resistance relative to the bulk or series resistance of the semiconductor
[96]. A satisfactory ohmic contact should not significantly degrade device performance,
and it can pass the required current with a voltage drop that is small compared with the
drop across the active region of the device. If the high contact resistance occurs between
metal and semiconductor, the device performance will be degraded severely through
thermal stress and/or contact failure. Thus, in order to attain high-performance ZnO
TFTs, it is essential to achieve ohmic contacts that have both low resistance and are
thermally stable and reliable.
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The approaches are usually oxygen desorption and the indiffusion of zinc in order
to reduce the thickness of the Schottky barrier between the metal and the semiconductor
and to increase tunneling through the barrier [3].
For ZnO TFTs by spatial ALD, a channel-length dependent mobility as shown in
Figure 4.13 was found in evaporated aluminum contacts, which may be related to a
relatively high specific contact resistance, ~ 4 x 10

-4

Ω⋅cm2 from transmission line

measurements (TLM).

Figure 4.13: Field-effect mobility as function of channel length for ZnO
TFTs by spatial ALD.

To use ZnO TFTs as switching devices for flat panel displays and integrated
circuit applications, higher mobility in shorter channel devices is required. Particularly, in
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circuit applications, a shorter channel device with small gate to source-drain overlap
distance is one of the key parameters for high-speed integrated circuits. In order to
improve the metal-semiconductor contact, different nonalloyed metal and alloyed metal
schematics were studied with and without post annealing for our ZnO TFTs. However, by
far there are no significant improvements that were achieved by using different metal
schematics in our study. Pearton et al. [47] reported that the lowest specific contact
resistance of 8 x 10−7 Ω⋅cm2 for nonalloyed ohmic contacts (Ti/Al/Pt/Au) was achieved in
phosphors-doped ZnO with a carrier concentration of 1.5 x 1020 cm−3. For metal contact
with a high doping concentration semiconductor, the metal-semiconductor barrier width
becomes very narrow, and tunneling current probability may increase significantly.
Contact effects of ZnO TFTs were simulated by using the two-dimensional driftdiffusion Sentaurus device simulator [97]. The simulation includes contact effects,
contact barriers, and both discrete and exponential distributions of trap states. Figure 4.14
(a) shows a typical device structure used for simulation. For this device the channel
length and width are 4 µm and 200 µm, the ZnO channel thickness is 50 nm, the Al2O3
dielectric thickness is 22 nm and the source/gate and drain/gate overlap are 1 µm. ZnO
material parameters collected from several sources are used as shown in Table 4.1 and
Schottky barriers and electron tunnelling are simulated in the contact regions. Figure
4.14 (b) shows simulated log (ID) versus VGS and √ID versus VGS characteristics at VDS =
20 V for a ZnO TFT with 0.3 eV contact barrier with and without contact doping. The
simulation shows that doping may improve TFT characteristics.
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Material constants for ZnO

Value

Band gap, Eg (300 K) (Ec-Ev)

3.4 (eV) [98]

Effective mass of electron in conduction band, me*

0.318 m0 [99]

Effective mass of hole in the valence band, mh*

0.5 m0 [100]

Dielectric constant, εs

8.12 [99]

Electron affinity, (Evac-Ec)

4.29 (eV) [101]

Work function, φs (Evac-Ef)

4.45 (eV) [101]

Donar level, Ec-Ed

30 (meV) [102]

Table 4.1 Parameters of ZnO for 2-D device simulation.

L = 4um
Drain

Gate

(a)

22nm
Al2O3

50nm ZnO

Source

(b)

Figure 4.14: (a) Typical ZnO TFT structure used for simulation, and (b) simulation
of a ZnO TFT with contact barriers with and without doping.
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Thus, ZnO TFTs were fabricated by using boron-doped ZnO as n+ layer to
enhance tunneling current through the barrier. The device structure was as previously
described in section 4.4, but 150 nm boron-doped ZnO was deposited by PECVD at 200
°C onto ZnO S/D contact area defined photolithographically [Figure 4.15 (b)]. The free
electron concentration of this doped ZnO film determined from Hall-effect measurement
was ~ 1019/cm3. In this process, a double layer photoresists was used as protecting layer
for the ZnO channel. Doped ZnO was patterned and etched using dilute HCl. Aluminum
source and drain electrodes were then deposited by thermal evaporation at room
temperature and patterned by lift-off. A control sample with a simple Al contact was also
fabricated as comparison [Figure 4.15 (a)].
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Figure 4.15: (a) Log (ID) versus VGS and √ID versus VGS characteristics of
a Al contact spatial ALD ZnO TFT for VDS = 20 V, and (b) Log (ID)
versus VGS and √ID versus VGS characteristics of a doped contact spatial
ALD ZnO TFT with same device dimension for VDS = 20 V (W/L = 220
µm/35 µm, tox = 110 nm).
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Figure 4.15 (a) and (b) compare log (ID) versus VGS and √ID versus VGS
characteristics of ZnO TFT with Al contact to TFT with doped contact. The threshold
voltages of these devices are similar, but field-effect mobility of TFT with doped contact
is ~ 4 cm2/V⋅s, which is slightly lower than the mobility (~ 5 cm2/V⋅s) of TFT with Al
contact. Figure 4.16 shows the statistics of field-effect mobility of these devices. TLM
shows the specific contact resistance of TFTs with doped contact is slightly higher than
Al contact TFTs, which is likely due to the existence of large surface states from ZnO
and/or the interlayer between the channel layer and doped ZnO.

Figure 4.16: Statistics of field-effect mobility for Al-contact ZnO
TFTs and doped-contact ZnO TFTs.

Park et al. [103] reported high-energy Ar plasmas resulted in a large increase in
the surface carrier concentration for amorphous indium-gallium-zinc oxide (a-IGZO)
TFTs. The increased carrier concentration resulted in an increase in TFT mobility from
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3.3 cm2/V⋅s to 9.1cm2/V⋅s, which was attributed to improved contact between a-IGZO
and Ti/Au [103]. To engineer the surface state and interlayer, we used a high-energy Ar
ion beam to etch the contact areas of spatial ALD ZnO before evaporating the aluminum
source and drain [104].

(a) Ion etching contact area.

(b) Al deposition.

(c) TFT with Al2O3 passivation.
Figure 4.17: Schematics of contact-etching process for ZnO TFT.

Schematics of process flow in contact etching are shown in Figure 4.17. ITO
coated on a glass substrate was used as a common gate. A 110 nm Al2O3 layer and a 100
nm ZnO layer were deposited by spatial ALD at 200 °C. After isolation of ZnO, a double
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layer resist structure was formed on the contact area for selective ion-beam etching and
aluminum source-drain contacts. The selective contact etching [Figure 4.17 (a)] and
aluminum deposition [Figure 4.17 (b)] were carried out in-situ and then followed by liftoff process to yield source and drain electrodes. For ion-beam etching process, the
Oxford ion beam etching system was used with 1000 eV and 160 mA at the process
pressure of 8 x 10

–4

torr in an Argon ambient. The Ar ion beam etching rates ranged

between ~0.5 and 2.0 nm/s. Finally, Al2O3 by spatial ALD was deposited onto the devices
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Figure 4.18: Log (ID) versus VGS and √ID versus VGS characteristics
of ZnO TFTs as deposited and after contact etching for VDS = 10 V
(W/L = 200 µm/5 µm, tox = 110 nm).

For a typical TFT (5 µm channel length) with etched contacts, from log (ID)
versus VGS and √ID versus VGS characteristics we extracted a saturation mobility of 15
cm2/V⋅s, substantially higher than devices with unetched contacts, which showed
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saturation mobility of 10 cm2/V⋅s (Figure 4.18). In addition, the threshold voltage was
unchanged after contact etching. Figure 4.19 shows the channel length dependent linear
mobility for TFTs as deposited and after contacts etching. As can be seen, the linear
mobilities (VDS = 0.25 V) of devices with short channel lengths increased significantly by
contacts etching process. TLM measurment show the specific contact resistance for TFTs
-4
2
-5
2
with etched contacts was reduced from ~ 3 x 10 Ω⋅cm to ~ 3 x 10 Ω⋅cm , which

suggests that improved TFTs characteristics resulted from reduced contact resistance by
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Figure 4.19: Linear mobility as function of channel length for ZnO TFTs as
deposited and after contact etching (W = 200 µm, tox = 110 nm, VDS = 0.25 V).
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4.7 Self-heating in ZnO TFTs

Self-heating effects have been reported for microwave field effect transistors
(FETs) [105,106]. Under large drain bias, the device lattice temperature increases and so
does the carrier phonon scattering rate, which lead to a drop in the carrier mobility [106].
This effect has been reported to be of great influence in reducing the output conductance
of FETs [106], and is commonly referred as “self-heating” [106]. Evidence of such an
effect is a negative slope in ID versus VDS characteristics.
Biasing devices during a short period of time reduces carrier/lattice exchanges
and, therefore, one can control the heat dissipation in the device [107]. Experiments
performed using a pulsed IV system support this assumption by showing characteristics
free of self-heating [107]. In these systems, the device I-V curves are measured by
applying very narrow pulses with low duty cycles. If the pulse width is shorter than the
thermal and trapping time constants, the characterization can be performed under
isothermal and isotrapping condition [107].
We found our ZnO TFTs fabricated on glass substrate showed negative slops in ID
versus VDS characteristics at large drain voltage. These devices were fabricated on
borosilicate glass substrate [Figure 4.20 (a)], which has low thermal conductivity of ~
0.01 W/cm⋅K. Figure 4.20 (a) shows dc and pulsed IV characteristics of ZnO TFT with W
= 100 µm and L = 5 µm fabricated on glass substrate. As we can see, a negative slope
was observed as drain voltage increased over 15 V at dc gate voltage of 20 V. However,
this negative slope was not found at pulsed IV mode (50 µs pulse width, and 1% duty
cycle). We think this negative slope in dc IV characteristics is likely due to the selfheating effect.
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Figure 4.20: (a) DC and pulsed IV characteristics of spatial ALD ZnO TFT
on glass substrate (W/L = 100 µm/5µm, tox = 110 nm), and (b) DC and pulsed
IV characteristics of spatial ALD ZnO TFT on Si substrate (W/L = 200
µm/5µm, tox = 110 nm), pulsed gate (50 µs pulse width and 1% duty cycle).

To minimize the self-heating, ZnO TFTs were fabricated on silicon substrates
[Figure 4.20 (b)], which has a thermal conductivity of ~ 1.5 W/cm⋅K. Figure 4.20 (b)
shows dc and pulsed IV characteristics of ZnO TFT with W = 200 µm and L = 5 µm
fabricated on a silicon substrate. As can be seen, IV characteristics are nearly identical at
dc and pulsed mode. A thermal image of a ZnO TFT on glass substrate was taken by
infrared microscope. A high temperature region can be clearly observed in the channel
area of this device. Quantative analysis of the temperature in the device channel is
undergoing study.
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4.8 ZnO TFTs Circuits

4.8.1 Circuit Structure and Fabrication Process

Ring oscillators (ROs) circuits were fabricated to estimate the dynamic
performance of ZnO TFTs by spatial ALD. A cross-sectional schematic of the bottomgate ZnO TFTs used in our ring oscillators is shown in Figure 4.21 (a). The circuits were
fabricated on glass substrates with a maximum process temperature of 200 °C. A 100 nm
chromium gate layer was first deposited by ion-beam sputtering onto borosilicate glass
substrates and patterned by photolithography and wet etching. Next a 110 nm Al2O3
layer and a 25 nm ZnO layer were deposited onto the Cr gates by spatial ALD at 200 °C.
The ZnO and Al2O3 layers were patterned by photolithography and wet etching in dilute
hydrochloric acid and dilute hydrofluoric acid, respectively. The aluminum source and
drain electrodes were then deposited by thermal evaporation and patterned by lift-off to
complete the devices.

(a)

(b)

Figure 4.21: (a) Cross-sectional schematic of a seven-stage ring oscillator,
and (b) micrograph of a seven-stage ring oscillator as fabricated (Ldrive = 4
µm, Wdrive = 100 µm, Lload = 4 µm, Wload = 20 µm, beta ratio = 5, 1.5 µm
source/gate and drain/gate overlap).
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Figure 4.21 (b) is a micrograph of a seven-stage RO. Each NMOS inverter stage
had load (pull-up) and drive (pull-down) transistors with the same channel lengths but
different channel widths. Device dimensions were varied to investigate the effect of
varying beta ratio [(W/L)Drive/(W/L)Load] on circuit performance. Buffer stage transistors
with the same beta ratio as the ring oscillators were used to extract the output signal. The
output characteristics of the ring oscillators were measured using an amplifier with low
input capacitance.

4.8.2 ZnO TFTs Characteristics and Uniformity

Discrete TFT from the ROs circuit was first measured. Transistor characteristics
of a TFT with W = 100 µm and L = 10 µm were extracted from log (ID) versus VGS and
√ID versus VGS curves as shown in Figure 4.22 (a). At VDS = 20 V a field effect mobility
~13 cm2/V⋅s, threshold voltage of 5 V, sub-threshold slope of 0.3 V/decade, and current
on/off ratio of 108 were measured. The maximum off current was <10 pA, which is
limited by the gate current. Fig 4.22 (b) shows ID versus VDS characteristics for several
values of VGS for the same device. Using a gated transmission line test structure, we
extracted a specific contact resistance for the aluminum source and drain contacts < 4 ×
10–4 Ω⋅cm2 for VGS = 20 V.
60 discrete ZnO TFTs on a ring-oscillator circuit sample (6 cm x 6 cm) were
measured to evaluate the device uniformity. Figure 4.23 shows the statistics on saturation
mobility (VG = 20 V) and threshold voltage for TFTs with W/L = 100 µm/5 µm, and W/L
= 100 µm/10 µm, respectively.
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Figure 4.22: (a) Log (ID) versus VGS and √ID versus VGS characteristics of ZnO
TFT by spatial ALD for VDS = 20 V, and (b) ID versus VDS characteristics for
several values of VGS for the same device (W/L = 100 µm/10 µm, tox = 110 nm).
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Figure 4.23: Statistics on saturation mobility and threshold voltage for spatial
ALD ZnO TFTs: (a) W/L = 100 µm/5 µm and tox = 110 nm, and (b) W/L =
100 µm/10 µm and tox = 110 nm.

For devices with W/L = 100 µm/5 µm, the mean value of mobility is 9.8 cm2/V⋅s
with a standard deviation of 1.4 cm2/V⋅s; the mean value of threshold voltage is 5.3 V
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with a standard deviation of 0.7 V. For devices with W/L = 100 µm/10 µm, the mean
value of mobility is 11.1 cm2/V⋅s with a standard deviation of 1.6 cm2/V⋅s; the mean
value of threshold voltage is 5.3 V with a standard deviation of 0.6 V. This result
suggests that a reasonably uniform performance of these ZnO TFTs was achieved on the
circuit sample. The TFTs with channel length of 10 µm showed higher motilities than the
devices with 5 µm channel length, likely due to the contact resistance effect.

4.8.3 AIMSPICE Simulation

In order to understand the application of TFT in ring oscillator circuit design,
AIM-SPICE [108] was used to simulate ZnO TFTs and circuits. AIMS-EXTRACT [108]
was used to first extract TFT parameters from measured DC characteristics and then
AIM-SPICE (level 15 a-Si TFT model) was used to complete the simulation.
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Figure 4.24: (a) ZnO TFT experimental and simulation result (µ= 10 cm2/V⋅s
and Vth = 5 V), and (b) simulation results of seven-stage ring oscillators with
different beta ratios (Ldrive = 5 µm, Wdrive = 100 µm, and 2 µm source/gate and
drain/gate overlap.
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Figure 4.24 (a) shows a reasonable match between the simulation and
experimental results. Seven-stage ROs were simulated by using the TFT parameter. As
shown in Figure 4.24 (b), oscillation frequency was improved for circuits with lower beta
ratios. In addition, Figure 4.25 shows oscillation frequency was increased for circuits
with higher TFT mobility and smaller overlap capacitance.
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Figure 4.25: Simulation results of seven-stage ring oscillators: (a) different TFT
mobility (beta ratio = 5, 2 µm source/gate and drain/gate overlap), and (b)
different source/gate and drain/gate overlap (beta ratios = 5, µ= 10 cm2/V⋅s).

4.8.4 ZnO TFTs Circuits Results

Ring osillators with different geometries were fabricated using ZnO TFTs. Figure
4.26 shows results of a seven-stage RO with a beta ratio of 5 (Ldrive = 4 µm, Wdrive = 100
µm, Lload = 4 µm, and Wload = 20 µm). The gate-source and gate-drain overlap distance
was 1.5 µm. Figure 4.26 (a) shows an output waveform and Figure 4.26 (b) shows
operation frequency and propagation delay as a function of supply voltage for both
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measured and simulated ring oscillators. For VDD = 25 V the circuit operated at a
frequency of 2.3 MHz, corresponding to a propagation delay of 31 ns/stage. These
circuits also had a propagation delay of ~100 ns/stage at a supply voltage of 15 V. The
agreement between the simulation and measured results is fairly good, suggesting that the
parameters not included in the simulation such as interface states or other traps do not
strongly limit dynamic performance in these devices.
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Figure 4.26: (a) Output waveform of seven-stage ring oscillator (Ldrive = 4
µm, Wdrive = 100 µm, Lload = 4 µm, Wload = 20 µm, beta ratio = 5, 1.5 µm
source/gate and drain/gate overlap), operating at 2.3 MHz, and (b) oscillation
frequency and propagation delay as a function of VDD for both measurement
results and AIMSPICE simulation results.

Ring oscillators with different TFT channel lengths, gate-source and gate-drain
overlaps, and beta ratios were fabricated. Figure 4.27 (a) and (b) show experimental
results of seven-stage ROs with different beta ratios and different source/gate and
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drain/gate overlaps, respectively. As expected, oscillation frequency was improved for
circuits with lower beta ratios and smaller overlap capacitance, which is also consistent
with simulation results. Seven-stage ring oscillators with a beta ratio of 2 operated at a
frequency of ~3.0 MHz at a supply voltage of 28 V, corresponding to a propagation delay
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Figure 4.27: Experimental results of seven-stage ring oscillators: (a) different
beta ratio (drive TFT W/L = 100/4 µm, 2 µm source/gate and drain/gate overlap),
and (b) different source/gate and drain/gate overlap (beta ratios = 5; Ldrive = 5
µm, Wdrive = 100 µm, Lload = 5 µm, and Wload = 20 µm ).

102

4.9 Summary

In this chapter, we demonstrated high performance ZnO TFTs were fabricated by
using spatial atomic layer depostion. ZnO TFTs with field effect mobility >15 cm2/V⋅s
were fabricated using nitrogen-doped ZnO thin films deposited at 200 °C using a spatial
ALD process. The TFTs used an Al2O3 gate dielectric, also deposited by spatial ALD at
200 °C. Al2O3 gate dielectric showed low leakage (below 10-8 A/cm2), high breakdown
fields and low mobile charge, while resulting ZnO TFTs exhibited excellent mobility and
stability characteristics. Ring oscillator circuits were also demonstrated by using these
TFTs. Seven-stage ring oscillators with a signal propagation delay of 31 ns/stage (>2
MHz oscillation frequency) at a supply voltage of 25 V were obtained.
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Chapter 5
Plasma Enhanced Atomic Layer Deposition
5.1 Plasma Enhanced Atomic Layer Deposition Approach
Motivation: The reactions and processes that occur in a PECVD system are numerous

and complicated and not easy to predict or model. The complexity and nonequilibrium
nature of the reactions can lead to nonstoichiometric compositions of the film, as well as
the incorporation of byproducts into the films [109]. Incorporation of byproducts or gas
molecules may lead to undesirable compositions or properties in the films.
In the integrated-circuits (IC) industry, where there is a need to replace the
thermally grown SiO2 gate dielectric in the high performance transistors, atomic layer
deposition (ALD) is emerging as the preferred method for growing dense, pinhole-free,
high performance gate dielectric films [52]. In the ALD method, each atomic layer of
thin film is formed by repeating the thin film deposition process by avoiding the direct
contact of process gases on the substrate surface and by replacing the process gases
rapidly and sequentially within the process gas cycles.
As described in Chapter 4, ZnO TFTs by PECVD showed ZnO thicknessdependent characteristics, which is likely due to the bulk traps from ZnO film. However,
in contrast to PECVD, ZnO TFTs by spatial ALD did not present ZnO thicknessdependent characteristics. In addition, the refractive index of ZnO (~ 1.9 at 626 nm
wavelength) by spatial ALD is higher than ZnO (~ 1.7 at 626 nm wavelength) deposited
by PECVD, which may indicate ZnO film by spatial ALD is denser than PECVD ZnO.
The detailed comparison will be discussed in the next chapter. As a result, plasma
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enhanced atomic layer deposition (PEALD) was developed for our ZnO deposition in
order to improve thin-film quality.
PEALD is an adaptation of conventional ALD processing, but allows for the
simple generation of a highly reactive oxidant from a low reactivity precursor. PEALD
was previously reported to form high-k dielectric material [110]. In this work, Lao, et al
[110] observed a high concentration of metal bridging oxygen bonds (M-O-M) for HfO2
and ZrO2 deposited by PEALD, while films by PECVD had a high concentration of
metal-OH bonds (M-O-H). In ZnO, OH bonds contribute to n-type conductivity by
providing an oxygen vacancy [29]. Park et al. [111] reported that PEALD of ZnO was
deposited using a metal organic zinc source and high-reactivity oxidants such as O2 and
H2O. Because high-reactivity oxidants react with common zinc precursors even without
plasma, this approach limits film and device uniformity.
Our PEALD process, like ALD, has a metal precursor adsorption step, a purge
step, and finally exposure to an oxidant to complete a single deposition cycle. However,
in contrast to typical ALD [28] and PEALD [111], in this work we instead used a lowreactivity oxidant, typically either CO2 or N2O, and a pulsed plasma to generate the
reactive oxidizing species and highly resistive intrinsic ZnO thin films were deposited at
200 °C without additional doping. This allows a simple, uniform PEALD deposition
process where the low-reactivity oxidant can even be allowed to flow continuously if
desired. This process is well suited to manufacturing scale, including the use of
conventional a-Si:H PECVD deposition tools.
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System set-up and deposition process: For this work, a ring-fed PECVD system (Figure

3.3) was modified and automated to allow PEALD. Figure 5.1 shows a LabVIEW [112]
interface for our PEALD deposition. Process variables include cycle numbers, metal
precursors flow time, purging time, oxidation time, rf power, and gas flow rates.

Figure 5.1: Photograph of LabVIEW interface for PEALD ZnO deposition.

In our deposition process, CO2 or N2O was used as the oxidant for metal
precursors [diethyl zinc (DEZ) for ZnO and trimethyl aluminum (TMA) for Al2O3
dielectric] because it has a low reactivity compared to water or oxygen. This avoids
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premature reactions, simplifies system plumbing and operation, and improves large area
uniformity. The plasma provides the energy necessary to break C=O bonds in CO2 or NO bonds in N2O and allows deposition at low temperature [67]. In the deposition process,
the oxidant was allowed to flow continuously and the metal precursor was introduced for
a short time to form a monolayer. After a purge, rf plasma was started and the metal
precursor monolayer was oxidized by plasma generated oxygen radicals to form a ZnO or
Al2O3 layer. The cycle is then repeated to deposited thin films of the desired thickness.
The actual flux of the metal precursors depends on the flow of the carrier gas (argon)
bubbling through the metal precursor liquid, which also determines the deposition rate.
The substrate temperature was kept constant at 200 °C and the chamber pressure during
deposition was 0.3 torr.

5.2 PEALD Undoped ZnO

PEALD undoped ZnO thin films were characterized by ellipsometry, x-ray
diffraction (XRD), photoluminescence (PL), and AFM. The thickness of the films was
determined by spectroscopic ellipsometry and the typical growth rate of the PEALD ZnO
and Al2O3 used for TFTs was 3.6 Å/cycle and 1.4 Å/cycle, respectively. Figure 5.2 shows
x-ray diffraction results for a 40 nm (120 cycles) PEALD ZnO film deposited on (001)
silicon substrate and shows that the film is highly (002) textured. Room temperature
photoluminescence showed a photon transition energy at 3.3 eV with a full-width at halfmaximum (FWHM) of 200 meV (Figure 5.2 inset). The root-mean-square (RMS)
roughness, measured by AFM, was about 1.5 nm for a 40 nm ZnO film (Figure 5.3).
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Figure 5.2: X-ray diffraction results and, inset, photoluminescence
spectra for 40 nm PEALD ZnO film.

Figure 5.3: Atomic force microscopy of 40 nm PEALD ZnO.
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5.3 PEALD Al2O3 Dielectric

High quality, thin dielectrics are essential for low power applications. Thin Al2O3
dielectric (~ 20 nm) was deposited by PEALD at 200 °C. Current leakage and dielectric
breakdown were measured for Al2O3 film deposited on chromium with a thickness of 22
nm. Aluminum top metal contacts were then deposited onto the Al2O3 surface by thermal
evaporation and patterned by photolithography. Figure 5.4 plots current density versus
electric field for a 22 nm thick Al2O3 film deposited by PEALD at 200 °C. The leakage
current density is <10-8 A/cm2 for electric field of 5 MV/cm and dielectric breakdown
occurs at fields of >7 MV/cm. The dielectric constant of the PEALD Al2O3, determined
from capacitance-voltage measurements, was 8.1.
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Figure 5.4: Leakage current as a function of applied electric field for 22
nm Al2O3 film deposited at 200 °C by PEALD.
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Room temperature C-V bias stress measurements were done to estimate the
charge density of 22 nm PEALD Al2O3 deposited on lightly doped silicon substrate.
Figure 5.5 shows bias stress results for a MOS diode using the 22 nm Al2O3 stressed at +
and - 2.25 MV/cm for 12 hours. The flatband voltage shift is ~60 mV for either +5 V or
–5 V top contact bias (measured on two different devices) before and after 12 hours of
bias stress at 2.25 MV/cm, which corresponds to a charge density of 1011/cm2. Thickness
measurements showed <1% thickness variation across a 13 x 13 cm2 silicon substrate for
a 30 nm thick PEALD Al2O3 thin film deposited at 200 °C.
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Figure 5.5: C-V bias stress measurement of 22 nm Al2O3 on silicon
at +2.25 MV/cm for 12 hours (inset shows results for–2.25 MV/cm
for 12 hours).
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5.4 ZnO TFTs by PEALD

5.4.1 Device Fabrication and Stability

Simple bottom gate test TFTs were formed on thermally oxidized heavily doped
Si (50 nm SiO2 thickness), which served as the substrate, gate, and gate dielectric (see
Figure 5.6). 20 nm of PEALD undoped ZnO was deposited at 200 °C from DEZ and
CO2, and patterned by photolithography and wet etching in dilute HCl. Aluminum source
and drain electrodes were then deposited by thermal evaporation at room temperature and
patterned by lift-off.

Aluminum
Source (100 nm)

Aluminum
Drain (100 nm)

PEALD undoped ZnO (20 nm)
Thermally grown SiO2 (45 nm)

Heavily doped silicon

Figure 5.6 Schematics of PEALD ZnO TFT on thermally grown SiO2.

Figure 5.7 (a) shows the double-sweep (gate voltage first increasing, then
decreasing) transfer characteristics of this device in the saturation regime. From log (ID)
versus VGS and √ID versus VGS characteristics we extracted a field effect mobility of 6
cm2/V⋅s, threshold voltage of 8 V, sub-threshold slope of 0.4 V/decade, and a current
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on/off ratio of 108 at VDS = 20V [Figure 5.7 (a)]. Figure 5.7 (b) shows ID verse VDS
characteristics for several values of VGS for the same device with W = 220 µm and L = 10
µm. These devices showed <40 mV of hysteresis, which suggests a low trap density.
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Figure 5.7: Characteristics of PEALD ZnO TFT on thermal oxide (W/L = 220
µm/10 µm, tox = 50 nm): (a) log (ID) - VGS and √ID - VGS characteristics for VDS =
20 V (forward and reverse sweeps shown), and (b) ID - VDS characteristics for
several values of VGS.

Figure 5.8 shows the bias stress result of these ZnO TFTs passivated with
polymethylmethacrylate (PMMA). Figure 5.8 (a) shows log (ID) and √ID versus VGS for a
ZnO TFT with the same dimensions before and after 24 hours of bias stress at VDS = VGS
= 15 V (~2 µA/µm width); the threshold voltage shift is ~0.4 V. Figure 5.8 (b) shows ID
as a function of time for the same dimension ZnO TFT with VDS = VGS = 15 V; we can
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see the current degradation is saturated after 12 hours of bias stress. This indicates that
ZnO TFTs with stable performances can be achieved by using PEALD ZnO channel.
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Figure 5.8: Characteristics of PEALD ZnO TFT on thermal oxide (W/L = 220 µm/10
µm, tox = 50 nm): (a) log (ID) - VGS and √ID - VGS characteristics of the same device
before and after 24 hour bias stress at VDS = VGS = 15 V, and (b) TFT drain current as
function of bias stress duration (VDS = VGS = 15 V).

5.4.2 Pyroelectric Properties of ZnO TFTs

Thin film of ZnO that are active piezoelectrics also exhibit a pyroelectricity
comparable to that bulk ZnO [113]. The pyroelectric effect can be used in a number of
sensors in which a temperature variation is related to the quantity sensed. Given that
varying the pyroelectric charge will cause variations in the MOSFET threshold voltage,
TFT can be used to directly sense the pyroelectric charge. For constant bias, varying the
charge will cause current changes, especially in the subthreshold region. Arrays of TFTs
similar to those used in displays may be used for high resolution infrared sensing.
However, both TFTs for displays and IR detectors require a highly stable threshold
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voltage. In addition, the pyroelectric charge arises along the polar c-axis of ZnO which
requires a highly textured film to use the films as pyro-FETs. The spatial ALD ZnO
films described in the previous chapter were polycrystalline and textured (100) but also
included (002) and (101) orientations. While TFTs from spatial ALD can also be highly
stable, they are unlikely to have a strong pyroelectric charge.

However, the films

deposited by PEALD are strongly (002) textured and do not show evidence of (100) or
(101) orientations, providing the potential to observe a pyroelectric charge induced
threshold voltage shift.
As described in the previous section (5.4.1), PEALD ZnO TFTs fabricated using
thermal oxide as dielectric showed less than 40 mV of hysteresis and a stable
performance under bias stress. Thus, these devices were measured as function of
temperature to study the pyroelectric properties of ZnO.
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Figure 5.9: Log (ID) verse VGS characteristics of a PEALD ZnO TFT as
function of temperature: (a) temperature ramp up, (b) temperature ramp
down (inset represents ID as function of temperature for VG = -2 V, and (c) VT
as function of temperature (W/L = 200 µm/10 µm, tox = 50 nm, VDS =20 V).
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Figure 5.9 (a) and (b) show the changes of log (ID) verse VGS characteristics as
function of increased temperatures and decreased temperatures, respectively. The inset
of Figure 5.9 (b) represent the change of ID as function of decreased temperature at gate
voltage of –2 V. Figure 5.9 (c) plots the change of threshold voltage as function of
temperature. This change is nearly linear, which may suggest a reversible temperature
dependent charge. In addition, the mobility calculated at a constant Vg-Vt is found to be
only slightly activated ~10% over the temperature range. The pyroelectric coefficient,
calculated from the threshold change in term of the temperature (∆Qss = Cox∆VT), is ~ 1.7
2

2

nC/(K⋅cm ), which is close to other reports for pyroelectric coefficient [1.4 nC/(K⋅cm )]
of thin film ZnO [113]. Thus, we believe these temperature-dependent characteristic of
ZnO TFTs may be related in part to a pyroelectric charge in our ZnO thin film.

5.4.3 Device with PECVD SiO2 Dielectric

Batey et al. [114] reported device quality SiO2 deposited at low temperature
(275°C) by PECVD. In this study, controlled, slow deposition was achieved by using
very low flow rates of reactive gases, together with a much higher flow of inert carrier
gas (He) to ensure uniformity [118]. Thus, SiO2 was deposited as dielectric for ZnO TFTs
by PECVD in our study. Similar process parameters as Batey reported were used in our
deposition as shown in Table 5.1.
Current leakage and dielectric breakdown were measured for PECVD SiO2 film
deposited on heavily doped Si with a thickness of 40 nm. Aluminum top metal contacts
were deposited onto the SiO2 surface by thermal evaporation and patterned by
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photolithography to complete this test structure. For this PECVD SiO2, we observed the
leakage current is <10−6 A/cm2 at an electric field of 5 MV/cm and the breakdown field is
>8 MV/cm. However, the uniformity is not ideal, which is likely due to the depletion of
SiH4 around the gas ring in the deposition process.
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Figure 5.10: (a) Log (ID) versus VGS and √ID versus VGS characteristics of
PEALD ZnO TFT with PECVD SiO2 dielectric for VDS = 20 V (W/L = 220
µm/20 µm, tox = 40 nm), and (b) Log (ID) versus VGS and √ID versus VGS
characteristics of PEALD ZnO TFT with thermal SiO2 dielectric for VDS = 20
V (W/L = 220 µm/20 µm, tox = 50 nm).

117

Drain Current, ID (A)

Table 5.1: Deposition parameters of PECVD SiO2.

ZnO TFTs were fabricated using this PECVD SiO2 as dielectric. Figure 5.10 (a)
and (b) show the log (ID) versus VGS and √ID versus VGS characteristics of ZnO TFTs
with PECVD SiO2 as dielectric and ZnO TFTs with thermally grown SiO2 (control run)
as dielectric, respectively. Extracted from √ID versus VGS curve, both of these devices
show a saturation mobility of 5 cm2/V⋅s with threshold voltage of 5 V. This indicates
PECVD SiO2 deposited at low temperature can potentially be used as dielectric for highperformance ZnO TFTs while the uniformity need to be improved by optimizing process
variables.

5.4.4 Device with PEALD Al2O3 Dielectric

By using PEALD Al2O3 as dielectric, ZnO TFTs were fabricated using either
shadow mask or photolithographically defined source and drain contacts. For the shadow
masked TFTs a heavily doped silicon substrate was used as a common gate. A 20 nm
Al2O3 layer and a 18 nm ZnO layer were deposited by PEALD at 200 °C. 100 nm
aluminum source and drain electrodes were deposited by thermal evaporation and
patterned by shadow mask. Figure 5.11 (a) shows the double-sweep (gate voltage first
increasing, then decreasing) transfer characteristics of a typical shadow mask ZnO TFT
with W = 1000 µm, L = 100 µm in the saturation regime. The turn-on voltage of this
device is 0.05 V, with threshold voltage of 2.3 V, and hysteresis < 15 mV. The saturation
field-effect mobility, extracted from √ID versus VGS curves, is 7 cm2/V⋅s. Figure 5.11 (b)
shows ID versus VDS characteristics for several values of VGS for the same device.
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Figure 5.11: (a) Log (ID) versus VGS and √ID versus VGS characteristics a
shadow masked contact PEALD ZnO TFT for VDS = 6 V, and (b) ID versus VDS
characteristics for several values of VGS (W/L = 1000 µm/100 µm, tox = 20 nm).

ZnO TFTs with photolithographically defined source and drain contacts were
fabricated on borosilicated glass substrates. A 100 nm chromium gate layer was ion-beam
sputtered and patterned by photolithography and wet etching. A 22 nm Al2O3 layer and a
20 nm ZnO layer were then deposited by PEALD at 200 °C. The ZnO and Al2O3 layers
were patterned by photolithography and wet etching in diluted hydrochloric acid and
diluted buffered oxide etch, respectively. 100 nm aluminum source and drain electrodes
were deposited by thermal evaporation and patterned by lift-off.
Transistor characteristics for a PEALD ZnO TFT with W = 100 µm, L = 5 µm,
and source/drain to gate overlap of 10 µm were extracted from log (ID) versus VGS and
√ID versus VGS curves as shown in Figure 5.12 (a).

The TFT shows a n-channel

enhancement mode characteristic with a turn-on voltage of 0.1 V. At VDS = 8 V, a
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6

saturation field effect mobility of ~16 cm2/V⋅s, a threshold voltage of 2.5 V, a subthreshold slope of 80 mV/decade, and a current on/off ratio of ~1010 were extracted from
the √ID versus VGS data. The off current was less than 100 fA. The hysteresis of this
device is less than 200 mV and may be related to back channel charge from the
photolithography process. Figure 5.12 (b) shows ID versus VDS characteristics for several
values of VGS for the same device.
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Figure 5.12: (a) Photolithography ZnO TFT log (ID) versus VGS and √ID versus
VGS characteristics for VDS = 8 V, and (b) ID versus VDS characteristics for
several values of VGS (W/L = 100 µm/5 µm, tox = 22 nm).

50 discrete ZnO TFTs on a circuit sample (6 cm x 6 cm) were measured to
evaluate the device uniformity. Figure 5.13 shows the statistics on saturation mobility
(VG = 6 V) and threshold voltage for TFTs with W/L = 100 µm/5 µm, and W/L = 100
µm/10 µm, respectively. For devices with W/L = 100 µm/5 µm, the mean value of
mobility is 11.1 cm2/V⋅s with a standard deviation of 0.5 cm2/V⋅s; the mean value of
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threshold voltage is 2.3 V with a standard deviation of 0.1 V. For devices with W/L =
100 µm/10 µm, the mean value of mobility is 12.2 cm2/V⋅s with a standard deviation of
0.4 cm2/V⋅s; the mean value of threshold voltage is 2.3 V with a standard deviation of 0.1
V. This result suggests that an excellent uniform performance of these ZnO TFTs was
achieved on the circuit sample. The TFTs with channel length of 10 µm show slightly
higher mobilities than the devices with 5 µm channel length, likely due to the contact
resistance effect.
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Figure 5.13: Statistics on saturation mobility and threshold voltage for
PEALD ZnO TFTs: (a) W/L = 100 µm/5 µm and tox = 22 nm, and (b) W/L
= 100 µm/10 µm and tox = 22 nm.

ZnO TFTs with the same device structure were also fabricated on polyimide
substrate. Transistor characteristics for a PEALD ZnO TFT with W = 100 µm, L = 5 µm,
and source/drain to gate overlap of 10 µm were extracted from log (ID) versus VGS and
√ID versus VGS curves. At VDS = 10 V, a saturation field effect mobility of 3 cm2/V⋅s, a
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threshold voltage of 5 V, a sub-threshold slope less than 0.5 V/decade, and a current
on/off ratio of 107 were extracted from the √ID versus VGS data [see Figure 5.14 (a)].
Figure 5.14 (b) shows ID versus VDS characteristics for several VGS for the same device.
Figure 5.14 (c) shows a photograph of this flexible ZnO TFT. The low mobility of this
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device may be partially due to the rough surface of polyimide substrate.
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Figure 5.14: (a) Log (ID) versus VGS and √ID versus VGS characteristics of ZnO
TFT on polyimide substrate for VDS = 10 V, (b) ID versus VDS characteristics
for several values of VGS, and (c) photograph of ZnO TFTs on polyimide
substrate (W/L = 100 µm/5 µm, tox = 20 nm).
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5.5 ZnO TFTs Circuits by PEALD

Simple circuits were fabricated using these PEALD ZnO TFTs. A 100 nm
chromium gate layer was ion-beam sputtered on glass substrate and patterned by
photolithography and wet etching. A 22 nm Al2O3 layer and a 20 nm ZnO layer were
then deposited by PEALD at 200 °C. The ZnO and Al2O3 layers were patterned by
photolithography and wet etching in diluted hydrochloric acid and diluted buffered oxide
etch, respectively. 100 nm aluminum source and drain electrodes were deposited by
thermal evaporation and patterned by lift-off.
Figure 5.15 shows transfer characteristics for a ZnO TFTs inverter with Ldrive = 4
µm, Wdrive = 100 µm, Lload = 4 µm, Wload = 20 µm (beta ratio of 5). The inverter has a
peak gain magnitude (dVout/dVin) of about 2 for VDD = 8 V.
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Figure 5.15: DC characteristics of a inverter fabricated using
PEALD ZnO TFTs at VDD = 8 V (Ldrive = 4 µm, Wdrive = 100
µm, Lload = 20 µm, Wload = 4 µm, beta ratio = 5, 4 µm
source/gate and drain/gate overlap).
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Figure 5.16: (a) Output waveform of a seven-stage ring oscillator fabricated
using PEALD ZnO TFTs (Ldrive = 4 µm, Wdrive = 100 µm, Lload = 20 µm, Wload = 4
µm, beta ratio = 5, 1.5 µm source/gate and drain/gate overlap), operating at 2.4
MHz, and (b) oscillation frequency and propagation delay as a function of VDD.

Figure 5.16 shows results of a seven-stage RO with a beta ratio of 5 (Ldrive = 4
µm, Wdrive = 100 µm, Lload = 4 µm, and Wload = 20 µm). The gate-source and gate-drain
overlap distance was 1.5 µm. Figure 5.16 (a) shows an output waveform, and Figure 5.16
(b) shows operation frequency and propagation delay as a function of supply voltage.
These circuits began to oscillate for VDD as small as 1.5 V. For VDD = 17 V the circuit
operated at a frequency of 2.4 MHz, corresponding to a propagation delay of ~30
ns/stage.
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5.6 Summary

In this chapter, we have demonstrated low voltage and high performance ZnO
TFTs fabricated using a novel PEALD technique at low temperature. This process is well
suited to manufacturing scale, including the use of conventional a-Si:H PECVD
deposition tools.
Thin Al2O3 layers (22nm) deposited by PEALD at 200 °C, had low leakage, high
breakdown fields, and low mobile charge density. Shadow masked TFTs fabricated using
undoped ZnO as the active layer with Al2O3 gate dielectric showed little or no hysteresis
and photolithographically patterned devices on glass substrates had field-effect mobility
>15 cm2/Vs and subthreshold slope of 80 mV/decade. These TFTs were used to fabricate
simple circuits including ring oscillators. Seven-stage ring oscillators with a signal
propagation delay of ~30 ns/stage (> 2 MHz oscillation frequency) at a supply voltage of
17 V was obtained. These results demonstrate that low-temperature PEALD can be used
to fabricate high-performance, low-voltage, ZnO TFTs and circuits.
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Chapter 6
Conclusions and Future Work
6.1 Conclusion

Table 6.1 summaries the properties of ZnO thin films, TFTs, and circuits
fabricated by using PECVD, spatial ALD and PEALD.

6.1.1 Deposition Techniques

In this thesis, we demonstrated high quality ZnO thin films, high performance
ZnO thin film transistors, and circuits using low-cost starting materials and low
temperature processes. In particular, ZnO thin films and devices were fabricated using
plasma enhanced chemical vapor deposition (PECVD), plasma enhanced atomic layer
deposition (PEALD), and spatial atomic layer deposition (ALD) at low temperature.
ZnO thin films with <2% thickness variation across a 15 x 15 cm2 glass substrate
were deposited by a ring-fed PECVD system at 200 °C. In addition, the same system was
used for ZnO and Al2O3 dielectric deposition in PEALD with only minor system
modification. 30 nm Al2O3 films deposited by PEALD at 200 °C showed <1% thickness
variation across a 13 x 13 cm2 silicon substrate. Typical growth rate of the PECVD ZnO,
PEALD ZnO, and spatial ALD ZnO were 1 Å/s, 4 Å/cycle, and 1.5 Å/cycle, respectively.
While the uniformity of thin films deposited by spatial ALD is currently limited to a 5 x 5
cm2 area, their novel process including unconventional fast ALD deposition and
atmospheric pressure will make this system potentially adaptable to large-area, high
throughput processing. PECVD and PEALD processes are also scalable manufacturing
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techniques and are compatible with conventional a-Si:H PECVD deposition tools. These
low-temperature deposition processes could potentially change the manufacturing
methods and economics for oxide-based electronics.

6.1.2 ZnO Doping

Boron-doped ZnO thin films, grown at 200 °C by PECVD, had a resistivity as
low as 4 × 10-4 Ω⋅cm with excellent optical transmission (>85% for visible spectrum).
The free electron concentration, determined by Hall effect measurement, was as high as 1
x 10 21 /cm3 with mobility of 13.5 cm2/V⋅s. A low reactivity oxidant, CO2, drives uniform
growth over a large-area and simplifies the system design. Also the boron source used
was triethylboron (TEB), which is substantially less toxic than commonly used diborane.
This result demonstrated that highly conducting zinc oxide can be deposited by low cost,
low toxicity processes, and has the comparable optical and electrical properties to
commercially used ITO. This highly conducting, texture doped ZnO can be potentially
used as a transparent electrode for photovoltaic solar cell and integral components in flat
panel displays and many other optoelectronic applications. In addition, heavily doped
ZnO used as doped contact may potentially improve TFT S/D contact resistance by
significantly increasing tunneling current probability.

6.1.3 ZnO TFTs and Circuits

In our study, ZnO TFTs were fabricated using thin films deposited by PECVD,
spatial ALD, and PEALD. ZnO TFTs with field effect mobility >15 cm2/V⋅s were
fabricated using nitrogen doped ZnO thin films deposited at 200 °C using a spatial ALD
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process. Al2O3 gate dielectric deposited by spatial ALD at 200 °C showed low leakage
(below 10-8 A/cm2), high breakdown fields and low charge density, while resulting ZnO
TFTs exhibited excellent mobility and stability characteristics. Bias stress measurement
showed ~1 V threshold voltage shift after 15 hrs, which indicates that stable device
performance can be achieved by passivating the back channel with spatial ALD Al2O3.
ZnO TFT ring oscillators with 4 µm channels had a signal propagation delay of 31
ns/stage (>2 MHz oscillation frequency) at a supply voltage of 25 V.
In addition, we demonstrated low voltage and high performance ZnO TFTs
fabricated using a novel PEALD technique at 200 °C. Thin Al2O3 dielectric (22 nm)
deposited by PEALD at 200 °C, had low leakage, high breakdown fields, and low charge
density. PEALD ZnO TFTs with 22 nm Al2O3 dielectric had field-effect mobility >15
cm2/V⋅s and subthreshold slope of 80 mV/decade. Stable device performance was
demonstrated with ~ 0.4 V threshold voltage shift after 24 hours bias stress. ZnO TFT
ring oscillators with 4 µm channels had a signal propagation delay of ~30 ns/stage (> 2
MHz oscillation frequency) at a supply voltage of 17 V.
These results demonstrate that stable and high-performance ZnO TFTs and
circuits can be fabricated by using low-temperature spatial ALD and PEALD, a low cost
and potentially in a large-scale process. These ZnO TFTs may be an attractive alternative
to a-Si TFTs for display application.
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Deposition

PECVD

PECVD

Spatial

PEALD

Techniques

Showerhead

Ring-fed

ALD

Ring-fed

Deposition Process
Substrate Temperature (°C)
200
200
200
200
1 Å /s
1.5 Å /cycle
4 Å /cycle
1 Å /s
Deposition rate
Uniformity
Uniform across 3" Uniform across 6" Uniform across 2" Uniform across 5"
Substrate
Substrate
Substrate
Substrate

ZnO Film Property
Refractive Index
(at 626 nm)
Crystallinity (XRD)
Preferred Orientation
Photoluminescence
Photon Transition
Energy (eV)
Hall Mobility (cm2/V.s)
Undoped ZnO
Hall Sheet Carrier
Concentration (cm-2)
Undoped ZnO
Resistivity (Ω.cm)
Undoped ZnO
ZnO N-type Doping
Dopant
Resistivity (Ω.cm)
Hall Mobility (cm2/V.s)
Hall Sheet Carrier
Concentration (cm-2)

1.9

1.7

1.9

1.9

(002)

(002)

(002) for Undoped
(100) for N-doped

(002) orentation

3.4

3.4

3.4

4

N/A

N/A for N-doped
3.3 for undoped
N/A

N/A

1015

N/A

N/A

N/A

10-2

Higher than 105

10-1

Higher than 105

Boron
Boron
Aluminum
10-4
10-2
10-3
13 (300-nm-thick) 2 (300-nm-thick) 18 (300-nm-thick)

Boron
10-3
N/A

5 x 1016

10 15

8 x 1015

N/A

150 nm
10-5 to 10-6

150 nm
10-4 to 10-6

110 nm
10-6

20 nm
10-8

N/A
0.01 to 1

1012
0.05 to 15

5 x 1011
10 to 20

1011
5 to 20

ZnO TFTs
Al2O3 Dielectric Thickness
Al2O3 Leakage (A/cm2)
E field: 5MV/cm
Mobile Charge (cm-2)
Field Effect Mobility
(cm2/V.s)
Turn On Voltage (V)
Threshold Voltage (V)
Subthrehold Slop (V/dec)
On/off Ratio
Hysterisis (∆VG)
Passivation and Stability
Bias Stress: ∆Vth/hours
Dynamic Performance
(Propagation Delay of ROs)

0 to 3
5 to 10
0.8 to 1
104 to 106
0.5 to 1
N/A
N/A
N/A

0 to 5
-1 to 2
-1 to 1
8 to 15
3 to 7
2 to 3
0.8 to 1.5
0.4 to 0.6
0.07 to 0.2
104 to 106
107 to 108
108 to 109
1 to 8
0.1 to 1
0.02 to 1
N/A
Al2O3 passivation PMMA protection
N/A
1 V/15 hrs
0.4 V/24 hrs (SiO2)
50 µs/stage at 60 V 35 ns/stage at 25 V 30 ns/stage at 17 V

Table 6.1: Summary of the properties of ZnO thin film and TFTs fabricated by
PECVD, spatial ALD, and PEALD.
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6.2 Future Work

6.2.1 ZnO P-type Doping

In our study, phosphorous (trimethylphosphine, TMP) was used as a p-type
dopant for ZnO deposited by PECVD. Phosphorous doped ZnO was reported to have a ptype properties [115]. We observed a significant decrease in the carrier concentration for
phosphorous-doped ZnO film compared with undoped ZnO while Hall-effect
measurement still showed an n-type conductivity (see Table 6.2). This phosphorousdoped ZnO was deposited by PECVD at 200 °C without high-temperature annealing. In
addition, as shown in Table 6.2, Hall mobility is increased from 4.1 to 37.8 cm2/V⋅s after
phosphorus doping, which is likely due to the decrease of impurity scattering effect.
Figure 6.1 shows that photoluminescence spectra are essentially not changed after
phosphorous doping. In addition, shallow donor levels were not observed in undoped
ZnO (N2O as oxidant) by PEALD from electron paramagnetic resonance (EPR) results
(measured at Eastman Kodak Company). This may suggest that p-type doping in ZnO by
PEALD can possibly be achieved without compensating by intrinsic n-type doping.

ZnO by PECVD
Resistivity (Ω.cm)
Sheet Carrier Concentration
Hall mobility (cm2/V.s)

Undoped ZnO (n-type)
2.1 x 10-2
7.2 x 10 14 cm-2

Phosphorous Doped ZnO (n-type)
3.6 x 102
8.2 x 10 9 cm-2

4.1

37.8

Table 6.2: Hall-effect measurement results of undoped and phosphorous
doped ZnO by PECVD.
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Figure 6.1: Room temperature photoluminescence spectra for
PECVD undoped ZnO and phosphorous-doped ZnO.

6.2.2 ZnO Active Layer and ZnO TFTs

As shown in Table 6.1, the properties of undoped ZnO, which was used as a
channel layer for ZnO TFTs, differ from different deposition techniques. For example,
for nitrogen-doped ZnO deposited using spatial ALD, XRD showed (100) orientation but
undoped ZnO was (002) oriented. For undoped ZnO deposited by PECVD shower head
reactor, the resistivity is about 10-2 Ω⋅cm, while undoped ZnO by PEALD showed
resistivity of >105 Ω⋅cm. The bulk trap density of ZnO deposited by ring-fed PECVD is
likely substantially higher than ZnO from spatial ALD or PEALD. The origin of these
differences is not fully understood at this time. Future study should focus on the
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fundamental chemical natures of ZnO films deposited by different methods. ZnO thin
film from different deposition methods should be characterized by chemical-analysis
techniques such as SIMS, XPS and FTIR.
In the current AMLCDs industry, a-Si TFTs with field-effect mobility of ~1
cm2/V⋅s are used to drive individual pixels, and external driver circuitry is used to address
the pixel matrix. In comparison, ZnO TFTs can be fabricated at low temperature with
high field-effect mobility (~ 10 to 50 cm2/V⋅s) and ZnO TFT circuits were demonstrated
in this work with a signal propagation delay of ~30 ns/stage (> 2 MHz oscillation
frequency). This will lead to a higher drive currents and shorter pixel charging time,
which may be useful for large-area and high-definition displays, perhaps allowing lower
cost drivers for large displays. In addition, fast ZnO circuits may enable integrated pixel
and display drivers from ZnO TFTs for low cost displays. This would also result in a
more rugged displays due to the reduction in the number of external driver chips and
interconnects. Furthermore, ZnO may provide more stable, uniform, low cost, and largearea TFT arrays than either amorphous silicon or low temperature poly silicon for use in
organic light emitting diode (OLED) displays.
Spatial ALD has been demonstrated as fast deposition rate and at atmospheric
pressure process, which may be adaptable to large area, high throughput, and roll-to-roll
processing. However, substantial work may be needed to transfer this process to
manufacturing. By contrast, PEALD is similar to current a-Si:H deposition technology
and may even be compatible with existing a-Si:H PECVD deposition tools. This would
allow simple insertion into existing manufacturing infrastructure and it will be very
interesting over the next few years to learn whether the advantages ZnO TFTs provide in
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higher performance, reduced temperature deposition, and perhaps also improved stability
are sufficient to displace a-Si:H TFTs for display manufacturing.
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