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Abstract

The effects of stoichiometric ratio, oxygen (both during sputtering and annealing),
and annealing on the transistor and thermoelectric properties of zinc indium oxide
(Z10) and zinc tin oxide (ZTO) were studied. Thin films of (Zn0O),(Iny,O3);_, and
(Zn0),(SnOy);_, were fabricated via combinatorial RF sputtering, nominally varying
from 0 > x > 1. The films were post-annealed under either argon or oxygen, or
left as-deposited. Films sputtered under an argon/oxygen mixture were used in the
construction of thin-film transistors. ZIO TFTs annealed under oxygen at 300°C
exhibited field-effect electron mobilities of 30 cm?/V-s around z = 0.7, with on/off
ratios as high as 10%, and inverse sub-threshold slopes of less than 1 V/dec. ZTO
TFTs annealed at 600°C under oxygen exhibited mobilities of 10 cm?/V-s at z =
0.25 and z = 0.80, with inverse sub-threshold slopes of 1.5 V/dec and on/off ratios
of 10%. For the determination of thermoelectric properties, a room-temperature value
of Z'T was calculated for each fabrication condition with all measurements from a
single fabrication run. Films were post-annealed under either argon or oxygen. ZIO
was found to be highly sensitive to oxygen during sputtering, with effective Lorenz
numbers (L.ss) for un-annealed films four orders of magnitude lower when sputtered
under argon, close to the ideal Lorenz number, indicating oxygen vacancies as the
primary electron donor. Thermal conductivity was generally found to rise toward the
edges of the stoichiometric range, with a low of 2 W/m-K. ZT was highest in ZIO
at 0.02£0.01 for x near 0.5 in films sputtered under partial oxygen and annealed at
300°C under oxygen. Un-annealed ZTO films were also sensitive to oxygen during
sputtering, but L. for argon-sputtered films was on the order of 107* W-Q/K?,
indicating semiconductor-like behaviour, while partial-oxygen sputtered ZTO was
highly resistive. Thermal conductivity was low (2 to 5 W/m-K) for most fabrication
conditions except near the zinc-rich end of the range. For ZTO, the highest ZT was
0.004=£0.002 for argon-sputtered, un-annealed films, at zinc-rich stoichiometries of x
> 0.9.
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Q Thermal diffusivity

ag Substrate thermal diffusivity

AT Temperature difference

A Polarization angle

n Efficiency

K Thermal conductivity

Kf Film thermal conductivity

K n-type thermal conductivity

Kp p-type thermal conductivity

Ks Substrate thermal conductivity

A Wavelength

W Majority charge carrier mobility

hn Electron mobility

Ly Hole mobility

vT Temperature gradient

\A% Voltage gradient

w Angular frequency

S Combined Seebeck coefficient

P Arctangent of the ratio of ‘p’ to ‘s’ polarizations
p Resistivity

o Electrical conductivity

On n-type electrical conductivity

op p-type electrical conductivity

S} Ratio of complex reflection coefficients
0 Scattering angle

¢ Empirically determined constant, near 1
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a-Si Amorphous Silicon

Ac Cauchy parameter

A, n-type leg cross-sectional area

A, p-type leg cross-sectional area

B Magnetic field

b Heater half-width

Be Cauchy parameter

Ce Cauchy parameter

Cos Capacitance of transistor oxide insulator material
Crr Temperature coefficient of resistance
d Thickness

dy Film thickness

d; Lattice plane spacing

d, Thermal penetration depth

E Electric field

f Frequency

1 Current

I, Current amplitude

it Linear mode drain-source current
59 Saturation mode drain-source current
J Current density

K Combined FET properties

k Boltzmann constant

L Lorenz number

l Length

Ly n-type leg length

Ly p-type leg length

L1y Electric Field coefficient
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Ly Kinetic coefficient

Less Effective Lorenz number

N Complex index of refraction

n Electron charge carrier density

Neharge Total charge carrier density

Nirap Trapped charge carrier density

P Power

P Hole charge carrier density

P, Power input

P Power output

q Fundamental charge

Qjoule Heat produced due to Joule heating

Q flow Heat flow due to temperature gradient
Qpelt Heat absorbed due to Peltier cooling

R Resistance

r Radius

Ry Hall coefficient

Ry Heater resistance

Ry Load resistance

R, ‘p’ polarization complex reflection coefficient
Rs Sheet resistance

R, ‘s’ polarization complex reflection coefficient
R;, Internal resistance

S Seebeck coefficient

S Inverse sub-threshold slope

Sh n-type Seebeck coefficient

Sp p-type Seebeck coefficient

T Temperature

T Temperature amplitude at the substrate
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Ty, Temperature amplitude at 2w

Treas Measured temperature amplitude
V Voltage

o Drift velocity

Vs Seebeck voltage

Vr Threshold voltage

Viw Applied RMS voltage

Vs RMS voltage at 3w

Vbs Drain-source voltage

Vas Gate-source voltage

w Width

x Zinc Oxide Fraction

Z Thermoelectric figure of merit
T Dimensionless thermoelectric figure of merit
GPIB General Purpose Interface Bus

MISFET Metal-Insulator-Semiconductor Thin Film Transistor

PCB Printed Circuit Board
TFT Thin Film Transistor
7210 Zinc indium oxide
ZT0O Zinc tin oxide
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Chapter 1

Introduction!

1.1 Semiconductor Background

A research focus regarding materials for use in consumer electronics devices has been
in finding inexpensive, high-mobility semiconductors compatible with large-area sub-
strates, generally for use in flat-panel displays. These materials would not only al-
low for less expensive manufacture (both in terms of materials and energy input) of
efficient displays, but would also allow for the use of lightweight, and even flexible,
substrate materials that are incompatible with the high temperature fabrication tech-
niques required for the amorphous silicon (a-Si) that is currently used in this context.
A significant portion of the research currently done on materials in this field is fo-
cused on oxide semiconductors. The recent interest in these materials was sparked
by papers concerning zinc oxide (ZnO) in thin film transistors (TFTs)[1, 2], and has

since expanded to cover combinations of oxides as well.

1.2 Mixed Oxide Semiconductors

In active matrix displays, the semiconductors used in thin-film transistors must have
relatively high carrier mobility and, for use in flexible applications, be insensitive to
bending as well. In large area applications such as flat panel displays, amorphous

silicon (a-Si) is most commonly used. Other semiconductors are also being explored,

'Some sections of this chapter have been reprinted with permission from M. G. McDowell, R.
J. Sanderson, and I. G. Hill, Combinatorial study of zinc tin oxide thin-film transistors, Applied
Physics Letters, 92:013502, Copyright 2008, AIP Publishing LLC.

Some sections (© 2009 IEEE. Some sections reprinted, with permission, from M. G. McDowell
and Tan G. Hill, Influence of Channel Stoichiometry on Zinc Indium Oxide Thin-Film Transistor
Performance, IEEE Transactions on Electron Devices, February, 2009.



for example the organic material pentacene[3]. These materials are generally limited
to mobilities on the order of 1 cm?/V-s[1, 2, 4]. On the other hand, amorphous metal
oxides and mixed metal oxides have been shown[5, 6, 7, 8, 9, 10, 11] to have high
mobilities (up to 50 cm?/V-s). These materials are often transparent[12] and have
the benefit of being very durable.

Among mixed metal oxides, zinc tin oxide (ZTO) has attracted attention, due
to its high mobility and optical transmittance[7, 13, 14], which offer the possibility
of high-performance transparent electronics for applications such as displays. When
used in displays, transparent transistors offer an increase in backlight transmission
and therefore power efficiency. ZTO is also interesting for use in flexible devices[15].
Transistors fabricated via sputtering of ZTO have achieved mobilities as high as 50
cm?/V-s and on/off ratios of 107[7, 16]. These devices were primarily fabricated using
pre-made sputtering targets, usually of a ZnO:SnO, molar mixture of 1:1 or 2:1. Due
to the impracticality of fabricating separate targets for a large variety of different
stoichiometries, only a limited number of these ratios had been explored. ZTO is
known to be crystalline in the forms ZnSnOj3[17] (in an ilmenite-type structure[17])
and ZnsSnOy4[18] (in both spinel and inverse spinel structures[19]). This makes the
1:1 and 2:1 ratios of zinc to tin that are most commonly tested seem to be the obvious
choices, as it is often the case that the crystalline forms of a material have higher
carrier mobilities. Despite this, the electronic properties of these films are not partic-
ularly well understood and a combinatorial study of ZTO-based thin-film transistor
performance was necessary. To this end, a preliminary study[20] was conducted for
(Zn0),(SnO3);_, devices at five different stoichiometries of = 0, 0.33, 0.50, 0.67
and 1, examining mobility as a function of stoichiometry and annealing conditions.
However, while this study found mobility to have a ‘broad peak’ with respect to sto-
ichiometry with the highest electron mobility at = 0.50, it was too coarse-grained
to accurately describe the relationship between stoichiometry and electron mobility.

Zinc indium oxide (ZIO) also shows promise as a high-mobility transparent semi-

conductor. Research on this material has focused on two regimes: one of indium-rich



devices[21, 22, 23|, and another of zinc-rich devices[24, 25, 26, 27]. While a great
deal of work has been done to study structure[28], RF characteristics[27] and charge
transport[29] in ZIO films, devices have only been fabricated for a small number of
discrete molar ratios, due to the difficulties involved in preparing sputtering targets
for individual stoichiometric ratios of interest. In the zinc-rich regime, the most suc-
cessful of these was 2:1 (ZnO:InyO3), annealed at temperatures of 300°C and 600°C
yielding field effect mobilities of ~20 cm?/V-s and ~50 cm?/V-s, respectively[24].
While prior combinatorial work has been done for similar devices composed of in-
dium, zinc and gallium oxides[30], the gallium content in these devices was never
less than 10%, and therefore the pure ZIO range of stoichiometries has not yet been

explored.

1.3 Thermoelectric Background

As concerns about climate change and energy generation continue to mount[31, 32],
interest in alternative forms of power generation has intensified. This has reignited
interest in the use of thermoelectric materials, for use not just as a primary means
of energy generation (such as in a radioisotope thermoelectric generator, commonly
used on spacecraft, such as the Voyager probes), but also in recovering waste heat
from other means of energy production, such as the burning of fossil fuels, in which a
substantial fraction of the chemical energy released is lost directly to heat. Thermo-
electric generators also have the advantage of being relatively inexpensive to operate
due to a lack of moving parts, and are environmentally friendly, producing no harmful
bi-products while in operation. However, the efficiency of thermoelectric devices is
still relatively low. Improvements to thermoelectric devices are therefore of significant
interest to the scientific community at large.

Thermoelectric materials are generally evaluated using the thermoelectric figure

of merit, Z, which is usually presented in a dimensionless form Z7T'. This figure takes

the form[33, 34, 35|



ZT = &T, (1.1)
K

where S is the Seebeck coefficient, ¢ is the electrical conductivity, and & is the
thermal conductivity of the material in question, while 7" is the temperature at which
these parameters were measured. A more detailed discussion of the origin of this
figure of merit is presented in section 2.6. While at first glance it seems obvious
that this value can be optimized by increasing S and/or o and decreasing k, these
properties are not orthogonal. For example, o could be significantly increased in
a given material by increasing doping, thereby increasing the carrier concentration
and resulting electrical conductivity. However, since charge carriers are capable of
transferring heat as well as charge, an increase in doping will result in an increase in
thermal conductivity as well. Similarly, a significant decrease in charge carrier density

might decrease , but will also decrease o.

There is a wide variety of different thermoelectric materials, the most common of
which is bismuth telluride[32, 36], which has a dimensionless thermoelectric figure of
merit of ~1 at room temperature[32, 36, 37]. While this value of ZT is considered
‘good’, and has resulted in application of BiyTes in a variety of thermoelectric appli-
cations, a value of ZT = 1 only corresponds to approximately 10% of the theoretical
maximum achievable efficiency, while a value of ZT > 4[32, 38] is generally considered
to be required for thermoelectric materials to compete directly (in terms of efficiency)

with other common forms of energy generation.

A primary strategy for increasing ZT is to decrease k[32, 36] through manipu-
lation of the structure of the thermoelectric material. Creation of nano-scale layers
and structures in a material can significantly increase the density of phonon scat-
tering sites, lowering thermal conductivity and subsequently increasing Z7[39]. The
phonon-glass electron-crystal (PGEC) concept has also attracted recent attention[40,
32], the idea being that a material behaves largely like a crystalline semiconductor

electrically, but is structured to maximize the scattering of phonons, reducing &.
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Clathrates are an example of this type of material system, in which a large unit cell
with a significant void acts as a ‘cage’, with the void within it filled with a loosely-
bound ‘rattler’ atom that acts as a scattering center for phonons[32, 41].

While these nano-structured materials are a promising line of research for max-
imizing ZT', the idea of a bulk thermoelectric material with high Z7T is attractive
from a cost and ease-of-manufacture perspective. Bulk oxide semiconductors such as
zinc oxide and associated mixtures with other oxides are therefore attractive candi-
dates as thermoelectric materials. Semiconductors are generally excellent candidates
for thermoelectric materials, as they tend to develop the largest Seebeck coefficients
and have carrier concentrations that produce relatively high electrical conductivity,

without thermal conductivity being dominated by charge carrier transport[32].

1.4 Mixed Oxide Thermoelectric Properties

Besides features such as high mobility and transparency, the semiconductors ZTO
and ZIO discussed above also tend to be largely amorphous when deposited via sput-
tering. In general, amorphous materials will have poor thermal conductivity due
to high phonon scattering. Even when annealed and found to be poly-crystalline,
thermal conductivity may remain low due to scattering at grain boundaries. The
combination of a high-mobility semiconducting properties with a largely amorphous
structure makes these materials interesting in a thermoelectric context. Most of the
interest in ZIO and ZTO has focused on use in semiconductors. In general, for any
application of these materials in devices it is also useful to have an understand-
ing of their thermal transport properties as well. Zinc oxide has generated a great
deal of interest for use as a thermoelectric material[42, 43, 44|, and is often doped
with other materials[45, 46, 47, 48, 49] or nanostructured as part of the fabrication
process[50, 51]. The effect of annealing gas and temperature is often studied as part
of the fabrication process for these materials[52, 53, 54]. As an example, ZIO has

attracted interest as a thermoelectric material[55, 56, 57, 58, 59]. However, studies
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are generally focused on fixed stoichiometric ratios and/or oxygen conditions, or are
conducted for high temperature fabrication techniques that make them incompatible
with inexpensive or flexible applications. Some combinatorial studies of ZTO[60],
discussing the oxygen sensitivity of electrical conductivity, and ZIO[61], discussing
electrical conductivity and Seebeck coefficient, have been conducted. However, these
combinatorial studies neglect to determine thermal conductivity, generally due to the
relative difficulty in measuring the thermal conductivity of sputtered films. In partic-
ular, the relationship between oxygen during sputtering and annealing, and thermal
conductivity and Seebeck coefficient, has not been explored. It is the purpose of
the present study not just to determine the thermoelectric properties of the films of
interest for a range of stoichiometric ratios, but to use a variety of sputtering and
annealing gas conditions to shed light on the physics of both electrical and thermal

transport within them as well.

1.5 Goals

This study seeks to examine the role of stoichiometric ratio, oxygen content dur-
ing sputtering and annealing, and annealing temperature on the semiconductor and
thermoelectric properties of sputtered mixtures of zinc oxide and tin oxide, as well
as mixtures of zinc oxide and indium oxide. These data will be collected from single
samples, with all relevant parameters measured on films created in a single fabrication
run. This information will allow identification of optimal fabrication conditions for
potential applications of these materials in either transistor or thermoelectric applica-
tions. The goal is to provide a framework for understanding the physics of how these
fabrication parameters influence the performance of these materials, and to provide
a framework that can be used to predict the performance of similar materials in the

future.



Chapter 2

Theory

2.1 Field Effect Transistors

In the early stages of this study, the materials presented were characterized for use
in thin-film field effect transistors. The results of these experiments are presented
in chapter 6. The results of the transistor experiments suggested that the materials

studied may be interesting in thermoelectric applications.

2.1.1 Field Effect Transistor Operation

In a metal-insulator-semiconductor field effect transistor (MISFET), the electric field
from a gate contact (which is separated from the semiconductor by a dielectric film),
causes a build-up of mobile charge carriers in a few atomic layers of the semiconduc-
tor adjacent to the dielectric. This high concentration of charge carriers creates a
conductive channel which allows current to flow between drain and source electrodes

deposited in direct contact with the film.

Source & Drain contacts (Al)

Dielectric (1000A SiO,)

ZIO or ZTO |

Gate (Heavily Doped SN

Channel Region

Figure 2.1: Cross section of a typical ZIO or ZTO device fabricated on a heavily
doped silicon wafer. In this device the wafer acts as a gate contact, and the SiO,
layer acts as the dielectric.



There are two possible types of metal oxide field effect transistor, known as en-
hancement mode and depletion mode, based on the operation of the device with a
drain-source voltage, but no gate voltage, applied. In an enhancement mode device,
the device is normally off, and an applied gate voltage creates a channel through
which current can flow from source to drain. In a depletion mode device the channel
is conductive at zero gate voltage, and the gate voltage creates a carrier-depleted

region in the semiconductor, preventing conduction from source to drain.

2.1.2 Field Effect Mobility

Carrier mobility in the channel can be determined using the ideal field effect transistor

equations
1 w
K= —- 2.1
SHCor (2.1)
ite = K(Vas = Vr)?, Vps > Vas — Vr, (2.2)
and
iy = 2K (Vas = Vi)Vps = Vs, Vs < Vas — V. (2.3)

Here p is the field effect mobility, W and [ are the width and length of the
semiconductor film between the source and drain contacts, C,, is the capacitance of
the oxide per unit area, i55% is the saturation mode drain current, i/J% is the linear
mode drain current, and Vgg, Vps and Vi are the gate, drain and threshold voltages,
respectively.

However, these equations only yield the carrier mobility for films in which the
drain current is modulated by the gate voltage, which excludes a large stoichiometric
range of the materials studied, which are too highly conductive to make functional
transistors. In this range, it is common that films are highly conductive, and are

only minimally affected by the applied gate voltage. In films where the charge carrier

density is so high that conduction from source to drain contacts is not modulated



entirely by the gate voltage, the above equations are not useful. Since high electrical
conductivity is ideal for achieving a high thermoelectric figure of merit, it is likely
that films that fail to satisfy these equations will need to be examined. Therefore,
the charge carrier density and mobility in these films were determined using the Hall
effect (section 2.3.3).

It should be noted that the mobility determined by either of the above means will
be an average mobility, and will therefore take into account the mobility of any charge
carriers trapped in the film (zero). In field effect transistor experiments done so far,
the inverse sub-threshold slope was used to determine the density of trapped charges.
The inverse sub-threshold slope (s) is the gate voltage change required for a given
increase in drain current, usually measured in volts per decade. Using devices with
the lowest apparent trap density (these correspond to the lowest inverse sub-threshold

slopes), the areal trapped charge carrier density of states can be shown to be[62]

s-log(e Cos
Noap = (q /j( ) _ 1> . (2.4)

The total areal charge carrier density is simply

Ncharge = (VGS - VT)COI' (25)

In devices that exhibit the lowest inverse sub-threshold slopes the ratio of N.qp -
q- (Vas — Vr) to Neparge is approximately %, providing a lower bound to trap density
that suggests the field effect mobility obtained in experiments so far is at most only

one-half the mobility of a free charge carrier.

2.1.3 Threshold Voltage, Sub-threshold Swing, On/Off Ratio

Transistor performance is typically characterized using the threshold voltage, sub-
threshold swing, on/off ratio and field effect mobility. These metrics are determined
using an [-V transfer characteristic, in which the gate-source voltage is ‘swept’ over

a range of values while the drain-source current is recorded, and the drain-source



voltage is held constant. An example I-V characteristic is shown in figure 2.2.
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Figure 2.2: A typical saturation transfer characteristic for an enhancement mode,
n-channel thin film transistor.

The threshold voltage (Vr) is defined as the point at which a complete ‘channel’
has formed at the semiconductor/dielectric interface, and is determined using the
x-axis intercept of the square root of the source-drain current, when plotted against
the gate-source voltage. For an m-channel transistor, the threshold voltage will be
positive in an enhancement mode device, and negative in a depletion mode device. In
a p-type device these are the reverse. A depletion mode I-V characteristic might look
very similar to figure 2.2, but with all features shifted to the left on the gate-source
voltage axis.

The sub-threshold swing is a measure of the difference in gate-source voltage
necessary to create an order of magnitude increase in drain-source current, for a

fixed drain-source voltage. The value reported is usually the highest value of the

10



inverse sub-threshold slope on a log-scale plot, and this tends to be found just as the
device begins to turn on, as indicated in figure 2.2. Smaller sub-threshold swings are
associated with better performance, as they indicate a a smaller change in voltage is
necessary to change the device from off to on, or vice versa. This metric also provides
information about the electronic structure of the semiconductor near the dielectric
interface. A larger change in gate voltage is required to overcome ‘trapped’ charges.
These are charge carriers with zero mobility that are physically confined by a defect

in the structure of the semiconductor near the dielectric interface.

The on/off ratio is the ratio of the source-drain current when the device is fully
‘on’ (at some gate voltage greater than the threshold voltage) and when it is off (the

smallest recorded source-drain current).

2.2 The Thermoelectric Figure of Merit

Determination of the thermoelectric figure of merit as a function of a variety of
fabrication parameters was a primary goal of this study. The thermoelectric figure
of merit helps to predict the thermodynamic efficiency of a thermoelectric device
employing the material in question. The figure depends on the Seebeck coefficient of
the material S, as well as its electrical conductivity o, and its thermal conductivity &.
Put generally, a device employing materials with larger figures of merit will produce
more power from a given temperature gradient than a similar device under the same
conditions employing materials with lower figures of merit. Z takes the form[33, 34,

35]

7z =22 (2.6)

The components of the thermoelectric figure of merit are determined indepen-
dently of one another. This value is usually reported in a dimensionless form, Z7T',

where T is the temperature at which the value of Z was measured, as
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2
21 =27, (2.7)
K

For reference, the best bulk thermoelectric materials tend to have values for ZT
of 1 - 2, with the highest reported being above 2.2[63].

In this study, determining Z required independent measurements of o, S and k.

2.3 Electrical Conductivity

The electrical conductivity of a material o is a measure of that material’s ability to
conduct current. The conductivity of a material is a function of three parameters:
the majority charge carrier mobility p, the charge carrier concentration n or p (for the
case where electrons or holes are the majority carrier, respectively), and the charge of
each carrier ¢. For n and p type materials, respectively, the conductivity is expressed

as

o = ung (2.8)

and

o = jupg. (2.9)

It is often the case that the concentration of the majority carrier type renders
the contribution from the other type negligible, and the conductivity is typically
expressed using one of equations 2.8 or 2.9. However, for a material in which both
electrons (n) and holes (p) contribute significantly to conductivity, the conductivity
is simply the sum of the contributions of the two carrier types as in equation 2.10.
Note that the two types of carriers have different mobilities (u, and p,) in addition

to different concentrations. The combined equation is

0 = (b + ppP)q. (2.10)
In the case of the thin films studied in this experiment, the conductivity of a given
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film was determined using a sheet resistance measurement and a measurement of the

film thickness to determine the resistivity of the film p = %

2.3.1 Sheet Resistance

Any square of uniform thickness of a homogeneous material will, regardless of size,
have the same resistance (figure 2.3). For a given sample, any increase in length
(assuming the current flows along the length) will result in a proportional increase
in the resistance, while an increase in width will result in an inversely proportional
decrease in resistance. Therefore any increase in both the length and width by a
common factor will result in a sample of the same resistance. The resistance of a
square of material of uniform thickness is the sheet resistance, and is measured in
ohms () per square. The sheet resistance R, of a material is a function of the

resistivity p, the length L, the width W, and the thickness d, and is expressed as

L

L
w

W
Current (1)

Figure 2.3: A current [ passing through a square (i.e. L = W) of material of thickness
d will be subject to the same resistance regardless of the value of L = W.

Area=d xW

In this case A = d x W refers to the cross-sectional area. Rearranging equation 2.11,

one can relate conductivity o (%) with the sheet resistance and the thickness to get

11
o= = (2.12)

While o can be used to calculate the thermoelectric figure of merit directly, it
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is also useful to examine the components of ¢ (the charge carrier mobility p and
concentration n or p) to gain an understanding of the mechanisms of conduction in
the film of interest. Finding these parameters can be accomplished using two van der
Pauw measurements, one to determine conductivity, the other using the Hall effect

to determine charge carrier density.

2.3.2 van der Pauw Measurements

When measuring the electrical properties of a material, it is not always possible to
fabricate a sample in such a way that its dimensions are precisely known, nor is it
always possible to tightly control the location and size of electrical contacts on that
sample. The van der Pauw technique allows one to conduct sheet resistance and Hall
effect measurements to determine the electrical properties of a sample of arbitrary
shape, provided that the thickness of the sample is controlled.

While this technique is highly flexible with regard to the two dimensional shape,
the sample must be simply connected (i.e. it should have no holes in it) and should
be of uniform thickness. Additionally, the contacts should be as small and as close to

the sample edge as possible.

Figure 2.4: Geometry for van der Pauw sheet resistance (left) and Hall effect (right)
measurements.

In a sheet resistance measurement, two resistances (Rapcp = ‘I/j—g and Rpopa =

‘g—‘c“) are first measured, in two perpendicular orientations, as in figure 2.4. To see
how these can be used to find the sheet resistance, equate the current in the sample

to the current flowing along the edge of a semi-infinite plane (figure 2.5).
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Figure 2.5: Semi-infinite plane with contacts at the boundary. Current flows in
through A and out through B.

The potential difference between points C and D can be calculated using the
current density (J) at a point in this solid due to the current (/) flowing in through
point A. To find the current density at a distance from a current source at the edge
of this solid, consider the current I distributed over a surface a distance r from point
A. In a semi-infinite slab of material with a thickness d, at a distance r >> d, that

surface area is mrd and the current density at r is[64]

J=—" (2.13)

Note the factor of only 7 and not 27 since the plane is only semi-infinite. Substi-
tuting Ohm’s law for current density (J = o F = %) into equation 2.13, an expression
can be derived for the electric field in the solid, due to a current I at point A and
—1I at point B. Considering both the current in and current out, the electric field at

a distance r from point A is found to be[64]

Ip Ip
E = — = — . 2.14
(Ja=Ju)p mrd  7w(r—a)d (2.14)

The potential difference between points C and D can be found by integrating the
electric field between them which yields|64]
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One can divide by the current I4p to express equation 2.15 as the resistance

Rap.cp

Vep  p (a+b)(b+c)
= —— = "n(——"—7). 2.16
Rapeo Iap md n( bla+b+c) ) (2.16)
Substituting Rgd for p, results in
mRap.cp bla+b+c)
_DABCD Sl 2.17
re = o o) 210
Applying a similar process to find Rpc pa yields
TRpc.pa ac
——=n— 2.1
Rs n((cH—b)(b—i—c)) (2.18)

Eliminating the natural logarithms and adding the equations yields the final
result[64] of

—mRAB.CD
( =)

( —mRpc,DA
e Es

el TR ) =1 (2.19)

It is possible to generalize the solution in equation 2.19 by ‘wrapping’ the semi-
infinite plane to form a closed shape. Unfortunately equation 2.19 cannot be solved
for Rg, so no analytical solution exists for finding the sheet resistance from these two
measured resistances. The original paper[64] detailing this technique provided a plot

that could be used as a ‘lookup table’ for finding Rg based on the ratio of Rap cp to

16



Rpc pa. For the purposes of this study, a computerized, iterative approach was used
to calculate Rg.

The accuracy of the van der Pauw technique can be compromised if the contacts
are significant in size and /or are far from the sample edge. However it will not always
be possible to satisfy these requirements in full. To this end, a cloverleaf sample
shape (figure 2.6) helps to minimize this error, by minimizing the influence of current
paths flowing from within the sample to the sample edge[64]. Automated electrical
conductivity measurements in this study were conducted using this cloverleaf struc-
ture. Any manual measurements were done using films deposited on glass rectangles.
Note that manual measurements were only done on highly resistive samples, where

the errors that the cloverleaf structure is designed to minimize are negligible.

Figure 2.6: Cloverleaf structure with ideal (solid dot) and non-ideal (hollow dot)
contact placement.

2.3.3 Hall Effect Mobility

The Hall effect describes the generation of a potential difference (via the Lorentz force)
in a material along an axis that is perpendicular to both a current flow through the
material, and an applied magnetic field. The Hall effect can be used to calculate
charge carrier density for materials where the ideal field effect transistor equations
cannot be used. The Hall effect is usually characterized using the Hall coefficient,

Ry, which takes the form|[64]

Ry = . (2.20)
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Figure 2.7: Geometry of a typical Hall effect measurement for an n-type material.

Here, E), is the electric field created due to the current density J, and magnetic
field B, along three mutually perpendicular axes. For a material in which there may

be both holes and electrons acting as charge carriers, Ry takes the form

—njiy + pij

Ry = — Fn TOFh
q(npu, + ppie)?

(2.21)

Here, n and p are the electron and hole concentrations, p, and pu, are their mo-
bilities, respectively, and q is the elementary charge. Previous studies[65] indicated
that the materials studied here are doped primarily by oxygen vacancies, meaning
that the majority mobile charge carriers are electrons. Therefore, the mixed metal
oxides to be studied in this project are n-type. Making the assumption that n >> p,

and combining equations (2.20) and (2.21) then

E —nu2 -1
I N — (2.22)
J.B. qn*pZ  ng
and
—J,B
n=—2"2 (2.23)
qky



Taking the current density J, and the electron concentration n, the drift velocity
Vg 1S
Ja

— =, 2.24
= (2.24)

Using the definition of mobility (the drift velocity achieved for a given electric
field), the carrier concentration found earlier, the drift velocity and the applied electric
field that yields J, (the applied voltage over the length of the sample), one can find

Vg, = pnEy, (2.25)

and

o J:J: o _qu
 nE, B.E,

fin (2.26)

Using this, the carrier mobility can be determined for films at most stoichiometries,
assuming the sample is conductive enough for a current to be applied. This technique

is useful in samples for which the field effect mobility cannot be determined.

2.3.4 Charge Carrier Density

In the case of materials where conductivity is not modulated by an applied gate
voltage, the Hall effect mobility may be combined with the resistivity obtained via
a sheet resistance measurement. Using the thickness of the film d; and the equation

for electrical conductivity

o = pung, (2.27)

the sheet resistance and Hall mobility can be substituted to give

= ,Nng. (2.28)
!



Solving for the carrier concentration n yields

d
n:—uRS L.

(2.29)
q
By comparing samples annealed under oxygen, it is possible to observe the extent to

which oxygen vacancies contribute to the conductivity of the materials.

2.4 Thermal Conductivity

For materials that can be fabricated into large, free-standing structures, measurement
of thermal conductivity can be relatively simple. In previous work that examined ther-
mal conductivity as a function of stoichiometry in ZIO, the samples were individually
sintered ceramic (i.e. large) solids[66, 67]. However, since this project is centered
around the creation of sputtered thin-films, and the resulting material will be of a
different internal physical structure than the sintered samples, a different relationship
between stoichiometry and the thermal and electrical characteristics of the material
is expected. Since the thermal conductivity as a function of fabrication parameters
will need to be determined, but the material in question is composed of films only a
few thousand Angstroms thick, an indirect approach to thermal conductivity deter-

mination is necessary.

2.4.1 The 3w Method

While there are new techniques such as thermoreflectance[68, 69] being explored for
the measurement of thermal conductivity in thin films, the most common and accurate
method used is known as 3w([70]. This technique involves the fabrication of a thin
metal strip on the surface of the film, to which an AC current is applied. This strip
acts not only as a heater but also as a thermometer, by measuring the voltage at two
points along this strip and observing the amplitude of the first and third harmonics

using a lock-in amplifier.
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A time-varying current is applied to the heater strip, of the form

I(t) = I,cos(wt). (2.30)

The temperature of the heater will vary with the applied power

P =I’R, (2.31)

and using the resistance of the heater Ry, the temperature T' will vary as

ATxI?Rycos®(wt). (2.32)

This can be rewritten in terms of constant and time-varying components, using a

trigonometric identity
I’Ry, N I2Ry,cos(2wt)

AT
x73 2

(2.33)

The temperature will depend on a DC component and an AC component at fre-

quency 2w, and is expressed as

AT = ATpe + Ty,cos(2wt). (2.34)

The resistance of the heater is temperature dependent, and will take the form

Ry, = Ry(1 + CrpAT), (2.35)

where R, is the resistance with no heating and C'rr is the temperature coefficient of
resistance. Using AT in equation (2.34) and substituting it into the equation for the

resistance of the heater, one obtains

Rh(t) = Ro + ROCRT(ATDC + T2w005(2wt)) (236)

21



and, expanded

Rh(t) = RO + ROCRTATDC + ROCRTTQWCOS(2W75). (237)

The voltage measured across the strip will depend on Ry, (t) and I(t) such that

V(t) = I(t)Rp(t) (2.38)

V(t) = [L,cos(wt)][Ro + RoCrrATpe + R,CrrTh,cos(2wt)] (2.39)

V(t) = I,Rocos(wt) + I,R,CrrATpccos(wt) + I,R,CrrTa,cos(2wt)cos(wt)  (2.40)

and finally
V(t) = I,Ry[cos(wt) + CrrATpccos(wt) + CrrTa,cos(2wt)cos(wt)]. (2.41)
Applying
—B A+ B
cos(A)cos(B) = cos(4 )—;COS( +5) (2.42)
to equation (2.41), V(¢) is found to be[71]
cos(wt) cos(3wt)
V(t) = IR, |cos(wt) + CrrATpccos(wt) + Crrla, + CRTTQMT .
(2.43)

The voltage of the heater therefore has 1w and 3w components. Since the 1w voltage
will vary due to the applied current, the effect on voltage from the temperature
amplitude will not be apparent. However, the 3w component can be isolated using a

lock-in amplifier. Looking only at the 3w component yields

o [oRoCRTTZw - ‘/iwCRTTQW

= 2.44
Vi = : 241

Solving for the temperature amplitude at 2w results in a simple expression of the
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form[71]
2V30

Tw = — =
? C1RTVV10.J

Tneas- (2.45)

2.4.2 Analysis of 3w Data

For a heater on a semi-infinite slab with thermal conductivity ks, the temperature

measured will be T,[71], and will take the form

P

T, = )
4lkg

Tk

[0.5zn(3> — 0.50n(2w) + g] — (2.46)

b2

Here, « is the thermal diffusivity of the substrate, b is the half-width of the
heater strip, [ is the length of the heater, P is the applied RMS AC power, and (
is an empirically determined value close to 1[71, 72]. This equation consists of a
frequency-dependent in-phase component and a frequency-independent out-of-phase
component.

If there is a thin film of thickness dy between the heater and the substrate, and
the heater has a width that is significantly greater than the thickness of the film,
then there will be an in-phase, frequency-independent increase in the temperature
amplitude which is inversely proportional to the film thermal conductivity ¢, and

the resulting measured temperature will be[71]

Pd;
T, .
 bix;

Trneas = (2.47)

It is convenient to express the power in terms of Vi, and the heater resistance R.

Substituting P = ‘%‘" and combining equations (2.46) and (2.47) yields

CreVE CrrVid
ZART 1w 0.51n<%> — 0.5n(2w) + (| — i e f;b;:ff. (2.48)

It is clear that both the real and imaginary components of V3, are linearly related

to V2. This relationship serves as a useful tool for eliminating the influence of any

23



systematic errors in the measurement system. To do this, the derivative of V3, with

respect to V2, gives

; Crr n Crrdy
8Rlks  4Rblks

(2.49)

Vo, __Crr 05007

— —0.50n(2 _
dV: " 2Rnln, ) n(2w) +¢

It is convenient at this point to express the slope in terms of a temperature per
unit power, so devices with different R and C'rr can be compared. Multiplying the
slope by g—}fT yields an equation equivalent to the combination of equations (2.46)

and (2.47), giving a result of

QRN Vi, 1 o 1 d T
— — Jostn (L) = 0.50(2 _ _ Dmeas (5 5
(CRT> a3 7ins 0510 (37) = 0.51n(20) +¢ W T e, ~ 0 20

There are two options for finding a value for the substrate thermal conductivity
ks. The simplest is to look only at the out-of-phase component of the V3, signal,

using the relation

Crr

Gy

s (2.51)

The accuracy of ks when determined using this method tends to be poor, as the
imaginary component of the V3, signal is very small. The original 3w publication[70]
also reports unreliability using this method.

The other method for determining the substrate thermal conductivity is examining

the linear relationship between 4% and In(2w) where
d2‘/3w C'RT
= — 2.52
AV din(2w) ARk (2.52)
and solving for xk, yields
Crr
o = = g (2.53)
TYIV3 din(2w)
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If the thickness of the film being studied is known and measurements can be
taken at multiple thicknesses, one can take advantage of this known variation in
film thickness to increase the accuracy of any measurement of that film’s thermal
conductivity. It is possible to solve for ks by taking the derivative of equation (2.50)
with respect to the film thickness dy which gives

d R dVs, 1 1
d_f<CRT defu) and Ky = ———"7——. (2.54)

4bll€f 2bl%<TmPeas>

Additionally, by subtracting the zero-thickness intercept of % (T’"T“) from %,
the influence of the substrate, interfaces, and any additional films can be removed.
However, in experiments that use a combinatorial range of stoichiometries, taking
a derivative with respect to d; will not be possible. In these cases data from two

identical heaters, one with the film of interest and one without, will be compared.

2.4.3 Thermal Penetration Depth

Use of the 3w method in the manner described requires that certain conditions be
met. To increase the accuracy of equation (2.46), the thermal penetration depth
in the substrate, d;, should be several times larger that the heater half width. For
the substrate to be considered ‘semi-infinite’, the substrate should be several times

thicker than d;.[71] The thermal penetration can be calculated using[71]

Qg
dy = ] = 2.
t 2w7 ( 55)

where ag is the thermal diffusivity of the substrate and w is the first harmonic
frequency of the applied AC signal. These conditions constrain the choice of heater
width, the choice of substrate, and the frequency range over which measurements can

reliably be taken.
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2.4.4 Interfacial Thermal Resistance

The flow of heat from one material to another is impeded by a thermal resistance at
the interface between the two materials. This interfacial resistance usually behaves
as a fixed thermal resistance, and can be modelled in the same manner as a layer,
introducing a fixed, in-phase increase in the measured temperature amplitude. It is
often observed|[73, 74, 75, 72] that the measured thermal conductivity of thin films
tends to decrease at low film thicknesses. However, it has been shown both here
and in other studies[75] that this might also be explained for some materials by using
equation (2.47) by assuming a constant film thermal conductivity, and a fixed thermal
resistance R under the film of interest. For a system with a single film between heater

and substrate, this relation takes the form|71]

Pd; RP

Tmeas = 1s YR
" in; T 20

(2.56)

2.5 The Seebeck Effect

Having measured the electrical conductivity ¢ and the thermal conductivity x, the
final component of the thermoelectric figure of merit is the Seebeck coefficient. This
describes the ratio between the potential and temperature gradients in a material and

is usually expressed as

\A% E

S=ST VT

(2.57)

A temperature gradient results in a majority of phonons in the material travelling
from the hot side to the cold side of the sample. The interaction between phonons
and free carriers in the material (phonon drag) results in the movement of mobile
charge carriers in the same direction. Therefore, in an n-type material there will be
an excess of electrons on the cold side, resulting in an electric field pointing from hot

to cold. The direction of this electric field will be reversed in the case of a p-type
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device, where phonon drag causes a buildup of holes. At equilibrium, the current due
to phonon drag will be equal and opposite to the current due to the electric field.

More explicitly, the absolute thermopower of a material is[76]

_ —Li9
qT' L1y .

(2.58)

Here L5 is the kinetic coefficient describing the interaction between charge carriers
in a material and a temperature gradient in that material, while L;; describes the
relationship between those charge carriers and a potential gradient[76]. A stronger
interaction between phonons and free charge carriers (larger Li5) in a material will
result in a higher current at equilibrium, and a larger Seebeck coefficient.

Typically, the Seebeck coefficient is measured directly, by determining the tem-
perature difference between two points on a sample as well as the voltage between
those two points. However, this measurement is complicated by the need to remove
the influence of the Seebeck effect of the materials in the instrument used to take the

measurement.

2.6 Origin of the Thermoelectric Figure of Merit

The thermodynamic efficiency of any device can be described as the the ratio of power

output of the device to the power input. Specifically, the efficiency is

Pout
]DZ- .

n = (2.59)

The power generated by a thermoelectric device can be described using the current

flow I, and the resistance of the load Ry to yield

Pou = I*Ry. (2.60)

It should be noted that a thermoelectric generator will employ both n and p-type

‘legs’, arranged (electrically) in series. Therefore the total Seebeck voltage is the sum
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of the Seebeck effect in both types of material. For example, the total Seebeck voltage
(Vs) for a device with n and p legs will be

Vs = S,AT + S,(—AT) = AT(S, — S,,) = ATS. (2.61)

For the purposes of calculating Seebeck voltages in a thermoelectric device employ-

ing both n and p materials, it is useful to consider this combined Seebeck coefficient

S=8,—8,.

The power into the device is the heat flux at the hot side of the device. There
are three components to consider: heat flow due to the applied temperature gradient
(Qf1ow), the heat absorbed to offset the cooling produced at the junction between
the n and p materials due to the Peltier effect (Qpert), and the heat generated in the
device due to Joule heating (Qjoue). The heat flow can be described using AT, the
thermal conductivity of the n and p materials, their cross sections A, and A,, and

their lengths [,, and [,. The flow is then described by

A A
Q= 30 1)

2.62
o (2.62)

The Peltier effect describes cooling at the interface between two conducting mate-
rials between which a current is flowing. Heat generated at the junction in this case
is I(II, — II,,) where I flows from the p leg to the n leg. The Peltier coefficient II of
a material is equivalent to the product of that material’s Seebeck coefficient and the

temperature, so II = T'S. Heat produced due to the Peltier effect is then

Qpee = 1(S, — S,)T = IST. (2.63)

The Joule heating in the device can be described using the internal resistance Ry,
and the current. Half of this heat will low out through the hot side of the device,

introducing a negative term in the flux which yields
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1
Qjoule = _§[2Rin- (2.64)

Now P, can be expressed as

nAn A — 1
F)in = Qflow + Qpelt + Qjoule = AT</£Z— + %) + 1ST — 5]2Rm (265)
n p

Using this, the efficiency 7 can be determined to be

I’Ry, IRy,

AT (5 + )+ IST— 1Ry, | SE(me + ) + 57— 11y

y = (2.66)

It is useful to express the internal resistance R in terms of the individual resistances
of the n and p components, using their conductivities o,, and o, as well as their cross-

sectional areas (A,, and A,) and thicknesses (I, and [,), resulting in

L, l
R=R;, + R = +—L— + Ry (2.67)

oA, 0,A)

To get maximum power to the load, the internal resistance of the thermoelectric

device should be equal to the load resistance, allowing R and Rj, to be rewritten as

R L, Ly
R; =R 5 e + oA (2.68)
The current can then be written as
ATS ATS
I = % — 2RS — z S - (2.69)
L 2(07:4” + UpAp)

Substituting this into equation (2.66), the efficiency is
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2AT( oy B (fndn y Bpip) — (fn4nipop | pEAtn 2R
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ATS S 4 S 4 52 2 2

(2.70)
Is it clear that for maximum power to the load, the efficiency will be maximized
with respect to the dimensions of the n and p legs when these physical dimensions

are selected to minimize the left-hand term in the denominator. This condition is

A, _ [Onkn (2.71)
A, Opkp '

Applying this relation to the efficiency, n is found to be

satisfied for the relation[34]

AT AT AT
T] = Rpk K = 2 4 1 .
fn g [FpRn | p E ) = +2T — AT
B ta) op_iar G WVENE) mVn) yorgar 2T

(2.72)

At any given temperature T the efficiency of a thermoelectric device will be max-
imized by increasing AT and Z. The thermoelectric figure of merit given here is a

combined value for both n and p materials, namely

2

_ S _ (Sp — Sn)2
WEH E R

When considering only a single type of material, a similar figure of merit for a

Z (2.73)

single material is used,

7z ="2" (2.74)
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2.7 The Wiedemann-Franz Law

The electrical conductivity and thermal conductivity of a given material are not
independent of one another, due to the fact that the thermal conductivity & is in fact

the sum of heat conducted by charge carriers (k.) and by phonons (k,), meaning

K = Kp + Ke. (2.75)

In an electrical insulator, £ is dominated by &, as carrier concentrations and/or
mobility are too low for a significant amount of heat to be transported by charge
carriers. In a metal however, the carrier concentration is very high, and s, tends to
dominate with most heat carried by charge carriers. In this case, the amount of heat
transported by a charge carrier is dependent only on temperature, and the amount
of charge transported by the carrier is fixed. In the ‘ideal metal’ extreme, heat is
assumed to only be carried by these charge carriers (i.e. kK ~ k.) and the ratio of the
thermal conductivity to the electrical conductivity is a function of only temperature,
s0[77]

g ~ LT, (2.76)
where L is the Lorenz number which, in this ideal case, is 2.45 x 1078 ‘%—?[77]. Cal-
culation of the Lorenz number (i.e. using x and o to find an effective Lorenz number
L.ss) generally results in a number near this value for metals. Since & is generally
greater than k. in semiconductors, however, L.;s is often significantly higher and
semiconductors fail to conform to the Wiedemann Franz law. However, the effective
Lorenz number is nevertheless a useful empirical value, as it provides a means for de-
scribing the degree to which a given material is behaving (thermally and electrically)

like a metal.
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Chapter 3

Sample Fabrication

3.1 RF Sputtering

All of the materials of interest in this study were thin films created using RF sputter-
ing. Sputtering is commonly used for the deposition of thin films[78], and a system
for the combinatorial deposition of thin films was available for use via the Institute

for Research in Materials.

3.1.1 Theory

Sputtering is an event in which an atom or atoms are ejected from the surface of a
bulk sample of material (a ‘target’) due to a relatively high-energy collision between a
particle and the sample. Sputtering can be used for etching, in which the bulk material
is eroded by repeated collisions, and for deposition, in which material ejected from
the target is deposited onto a nearby substrate.

Sputtering is conducted under partial vacuum, with a chosen sputter gas intro-
duced to the vacuum chamber at a pressure on the order of 1 mTorr. The target
material is placed over a charged electrode, the electric field from which accelerates
ions in the sputter gas toward the target surface, while free electrons are accelerated
away from the target surface. Collisions involving these electrons serve to further ion-
ize the gas. However, in the electrode-only configuration, they can also collide with
the nearby substrate, damaging the deposition surface (or newly-sputtered material).
The use of a magnetron, in which permanent magnets are coupled with the electrode,
helps to mitigate this problem. Magnetic field lines with a vector component parallel

to the plane of the target surface cause the path of electrons moving away from the
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target to curve, trapping them near the target surface. This also results in greater
ionization of the gas near the target, increasing the sputtering rate. As ions impact
the target surface, material is ejected and deposited onto a substrate placed nearby.
If the target material is conductive, a constant DC field from the magnetron can be
used. However, for insulating films an RF supply can be used to power the mag-
netron. The oscillating field prevents a buildup of charge on the target that would

serve to repel ions and lower the sputtering rate.

3.1.2 Sputtering Conditions Used

50 mm diameter targets of zinc oxide and indium(III) oxide (both purchased from
Kurt J. Lesker Co.) and of tin(IV) oxide (purchased from Williams Advanced Ma-
terials) were used as sputtering sources in this experiment. These were mounted to
copper plates which were the fixed over the magnetrons. In some conditions the gas
used was 100% argon, while others used a 10% or 20% partial pressure of oxygen as
well. The sputter gas pressure was 5 mTorr for all conditions.

The sputtering rates varied significantly between the three targets used, and they
were also strongly affected by the presence of oxygen in the sputter gas. Powers
applied varied from 40 W to 110 W depending on the combination of targets chosen
and all sputtering was done using RF' supplies at 13.56 MHz.

3.1.3 Deposition of Combinatorial Films

In order to create films whose composition varies as a function of position, a combi-
natorial sputtering technique[79] was used in which the sample substrates are affixed
to a circular rotating ‘table’. The rotation of the table results in a 75 mm toroidal
‘track’ of sputtered material, and allows the substrates to pass by multiple sputtering
targets, ideally with only a sub-monolayer amount of material deposited on each pass.
This ensures an intimate mixing of the target materials on the substrate surface.

In order to modulate the deposition rate as a function of position on the sample,
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an aluminum ‘tunnel’ was placed over each target, with the target at one end and an
aluminum ‘mask’ at the other, whose opening varies as a function of radial position
relative to the table. A ‘linear out’ mask, for example, will have a narrow opening near
the inner edge of the track, and a wide opening near the outer edge of the track. On
the other hand, a ‘linear in” mask will have the opposite arrangement. The edges of
these openings are not linear, but rather are designed such that a substrate passing
by the target will have a ‘wedge’ of material deposited it that varies in thickness
as a function of radial position. Specifically, the shapes ensure that the fraction of
time each radial distance on the table is ‘exposed’ to the sputtering target varies
linearly (or inversely, in the case of ‘linear in’ masks) with radial position. The shape
also compensates for the known variation in deposition rate across the surface of a
sputtering target.

In most conditions the zinc oxide target was masked ‘linear out’, while the tin

oxide or indium oxide target was masked ‘linear in’.

3.1.4 Stencil Masks

For both the transistor and thermoelectric portions of the experiment, it was necessary
to pattern the sputtered films. It was initially hoped that this patterning could be
accomplished post-sputtering using the wet-etch process detailed in section 3.3.1.
However, this method caused a number of problems and all data reported here were
derived from samples that were patterned using laser-cut stainless steel stencil masks.

For thin-film transistors this mask was relatively simple, consisting only of a large
number of rectangular openings. Transistors were created using the resulting rect-
angular pads of sputtered material. Electrically isolating each device in this way
served to improve yields and eliminate ‘fringing’ effects where current paths through
the semiconductor are available outside the physical ‘channel’ between the drain and
source contacts of the device. These extra conduction paths serve to lower the accu-
racy of any use of the ideal field effect transistor equations, as the equations depend

on precise measures of channel width and length.
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For the thermoelectric portion of the study the mask design in figure 3.1 was
used. There are three types of ‘opening’. The ‘cloverleaf’ shapes were used for
van der Pauw sheet resistance and Hall effect measurements. The column of small,
rectangular openings was used for individual, ‘manual’ 3w measurements, while the
large rectangular column was used for automated 3w measurements. The blank area
next to the large rectangular opening provides a ‘reference’ area. Data from 3w
heaters on the film were compared to data for 3w heaters in this blank area, and the
difference in temperature amplitude between these heaters was taken to be due to

the presence of the sputtered film.
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Figure 3.1: Design for stencil masks used to pattern the films during sputtering. The
mask is ‘open’ in the black areas, resulting in film being deposited in those locations.
A set of alignment markers can be seen around the perimeter of the design. A
magnified cloverleaf is shown (inset).

To ensure that unintentional sputtering of the mask material was not contami-

nating the sputtered films, WDS mode electron microprobe measurements (section
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4.2.1) of films sputtered through the stainless steel stencil masks were made. These

measurements revealed no detectable presence of iron in the films.

3.2 Annealing

Films were annealed using a Modular Process Technology RTP-600S rapid thermal
annealer. This system allowed for computer-controlled regulation of temperature,
temperature ramp rate and gas flow rate during annealing. While a number of dif-
ferent gases and temperatures were used, there were a number of elements common

to all annealing steps.

Samples, whether silicon wafers, silicon strips or glass, were placed on a 150 mm
silicon wafer. Using 0.5 cm tall glass cylinders, a second 150 mm wafer was placed
above the first. These were placed in the chamber on the tips of three quartz glass
arms. The temperature was measured using a thermocouple in direct contact with

the bottom of the lower wafer.

Prior to heating, the chosen gas was flushed through the annealing chamber at
a rate of 10 sccm for ten minutes. Once annealing began, this rate was lowered
to 2 sccm for the remainder of the annealing process. A temperature ramp rate of
5°C/s was used regardless of the eventual plateau temperature chosen. Once reached,
this plateau temperature was maintained for 30 minutes, after which all heating was
removed and the sample was allowed to cool. The sample was not removed from
the chamber until the temperature was below 30°C, usually taking at least fifteen

minutes.

It should be noted that only silicon substrates were used for samples annealed at
600°C, as glass samples were found to soften significantly at this temperature. This
softening posed a risk of contamination not only to the film on the glass, but also to

nearby samples due to potential outgassing of unknown materials in the glass.
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3.3 Photolithography

3.3.1 Etching the Films

Individual sputtered ‘pads’ of the films of interest were created for the transistor
part of this project using a stainless steel stencil mask that was fixed over the silicon
wafers during sputtering using copper tape. While this method produced accept-
able results, it was hoped that a fully photolithographic patterning method could be
used in the thermoelectric part of the project. The wafers would be fully covered
in sputtered film, which would then be patterned using a positive photoresist (posi-
tive photolithogrpahy[80]) and a wet etch. This would produce ‘sharper’ edges than

stencil masks.

MicroChem Megaposit SPR-220 positive photoresist was used in a pattern similar
to figure 3.1. To etch the films a number of combinations of etchants were tried,
including hydrochloric acid and Transene TE-100, a commercial tin-oxide etchant. It
was found that the zinc oxide-rich area of the films tended to etch extremely quickly,
requiring less than ten seconds in 3% HCI to fully etch 200 nm of sputtered film.
However, at the tin oxide-rich end of the sample the etch rates were two to three orders
of magnitude lower. This resulted in significant over-etching (under-cutting) in some
areas, while others remained largely un-patterned. While indium oxide was found to
etch at a rate that was more compatible with that of zinc oxide, the over-etching of

zinc oxide-rich films was still present, albeit to a lesser degree.

A two-step etching process was tested to address this problem. Zinc oxide was
etched in very dilute (0.1%) HCL. The photoresist was then removed, and the wafer
was patterned again, with the areas that had been previously etched covered entirely
by photoresist. While this method produced useable results across most of the sample,
films at the ‘transistion’ between the two regions provided unreliable results. It was
decided that stencil masks would result in more reliable, if less precise, patterning of

the films.
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3.3.2 Lift-off Patterning of Metal

To pattern the metal contacts, heaters, sense lines and current buses in both the tran-
sistor and thermoelectric parts of the project, a lift-off photolithography procedure[80]

was used.

Lift-off involves the application of photoresist to an entire sample, prior to the
application of the material to be patterned. It is exposed through a photomask
with a ‘positive’ print of the desired design. The sample is then immersed in a
developer that removes any unexposed resist, leaving the surface below the photoresist
exposed. Material is then applied to the entire surface. When the sample is placed
in a resist remover, the photoresist dissolves, lifting off any material that had not

adhered directly to the sample.

Resist | Metal |

Film

Substrate

Figure 3.2: Cross section after metal application, but before removal of the remaining
resist.

Futurrex NR9-1000PY photoresist was used in this experiment. This resist is
designed to create a ‘re-entrant profile’ (visible in figure 3.2) when exposed and de-
veloped, creating a vertical gap between metal deposited on the resist and metal
deposited on the substrate. This creates sharper edges in the final pattern, as well as

making the lift-off process faster.
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3.4 Deposition of Insulating and Metal Films

Insulating Al;O3 films, as well as the metal used for the heaters, sense lines, contact
pads and current buses, were deposited using electron beam evaporation. This was
done using an MDC Vacuum e-Vap Mighty Source evaporator, and film thicknesses
were monitored using a Sycon quartz crystal monitor.

While most films were deposited using e-beam evaporation, some aluminum films
were thermally evaporated using a tungsten filament. It was found that aluminum in
the e-beam evaporator tended to damage the crucible liner very quickly, jeopardizing

the evaporator itself.

3.4.1 A1203 Films

99.99% Al,O3 source material was acquired from Kurt Lesker, in the form of ~2
mm sized pieces. Al;O3 was selected due to its relatively high thermal conductivity
(50 W/m-K in single crystal form[81]), minimizing the contribution of the insulating
film to the measured temperature amplitude of heaters deposited on it, as well as its
compatibility with electron beam deposition.

Prior to application of the insulating film, each group of ‘cloverleaf’ sputtered film
structures were covered with a strip of aluminum foil which was affixed to the back
of the wafer using double-sided copper tape.

During evaporation, the sample was rotated to reduce the likelihood of the cre-
ation of pinhole defects in the insulating film through which the metal structures
might electrically connect to the sputtered films. Evaporation was done at a rate of
approximately ~0.1 nm/s, to a total thickness of 400 nm. It was found that appli-
cation of the electron beam to the Al,O3 source material caused a gradual rise in
pressure, and it was therefore necessary to complete the deposition in stages, during
which the pressure would rise to close to 5 x 1076 Torr, as ~100 nm of film was de-
posited. Upon reaching this pressure the beam current (and therefore the deposition

rate) was reduced and the pressure was allowed to drop back to below 107 Torr. To
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ensure a consistent rate of deposition and ensure that all material in the crucible was
being used, the electron beam was ‘scanned’ over the source material in the crucible
in an approximately circular pattern.

It should be noted that it was not generally necessary to break vacuum be-
tween the various stages of AlyOs deposition, and it is therefore assumed that an
un-contaminated surface of Al;O3 was present at the beginning of each subsequent
deposition stage and that no interfacial thermal resistance exists between adjacent

Al O3 layers.

3.4.2 Nickel Adhesion

Both nickel and aluminum are commonly used metals for 3w experiments. Early
samples in this study were made with aluminum, as this was the metal used in the
transistor phase of the experiment. However, third harmonic voltage measurements
were affected by a non-ohmic contact resistance between the aluminum and both the
tungsten probes and ‘zebra’ connectors used to contact the wafer in early versions of
the combinatorial measurement system. Nickel was chosen to replace aluminum as it
eliminated this contact problem.

Nickel generally adheres poorly to oxides, and would often peel away from the
substrate during the removal of the lift-off resist. To combat this problem a number
of samples were made using a 5 nm thick chromium adhesion layer between the nickel
and the substrate. This layer served to help bind the nickel to the underlying oxide.
While this method was successful in preventing the nickel from delaminating from
the substrate, it also made the resulting 3w data somewhat unreliable. Specifically,
while the relationship between V3, and In(2f) was linear for all heaters, and produced
values for the substrate thermal conductivity that matched literature, this was only
true for relatively small applied powers (<10 mW). For higher powers of ~30 mW, the
scatter in substrate thermal conductivity was greatly increased, with an average value
that was low by ~50% (i.e. at 10 mW substrate thermal conductivity was calculated

to be within 10% of the literature value for silicon of 142 W/m-K[82], while at 30 mW
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the substrate thermal conductivity was calculated to be 70-80 W/m-K, when using
nickel with a chromium binding layer.)

In order to promote nickel adhesion to the substrate without the use of a chromium
binding layer, samples were allowed to sit in atmosphere post-nickel-deposition for an
extended period of time to allow nickel to bind to the surface. This effect has been
demonstrated[83] in the literature. It was also discovered that if the sample was not
allowed to cool slowly, differential contraction while cooling would cause the film to
‘buckle’ on the surface of the wafer. Therefore samples were allowed to cool for at
least four hours in vacuum before being removed to atmosphere, where they were

allowed to sit for at least 16 hours prior to further fabrication steps.

3.4.3 Aluminum

While some of the data reported here were taken using nickel heaters (none of which
had the chromium binding layer underneath), a number of samples were made using
aluminum; the switch from ‘zebra’ connectors to pogo pins for contacting the wafer
made the use of nickel unnecessary, as the gold-plated pogo pins made contact with
the aluminum contact pads without the non-ohmic contact resistance observed when
using zebra connectors. Switching to aluminum also eliminated the need for the long
cooling phase and atmospheric exposure phases, greatly reducing sample fabrication

time.
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Chapter 4

Physical Characterization

4.1 Film Thickness

The measured thickness of the films is necessary for the calculation of electrical and
thermal conductivity. The thickness can also be used in concert with mass disk data
(section 4.2.2) to calculate the bulk density of the sputtered film. This information,
relative to the bulk density of the source materials, can help shed light on the struc-
ture of sputtered films. Thickness is also useful when analyzing the on/off ratio of
transistors using the films as a semiconductor, as leakage currents when ‘off” will

generally increase with film thickness.

4.1.1 Profilometry

In both the transistor and thermoelectric parts of these experiments, a Dektak pro-
filometer was used to determine film thickness. This device drags a needle of a given
size and downward force across the surface of the sample, and records the film thick-
ness as a function of position.

This measurement was typically done on films sputtered onto silicon strips. Part
of each strip was masked with a piece of copper tape, creating a ‘step’ from film onto
bare silicon that extended over the entire width of the sputtering track. Measurements
were taken across this step, and the step height was measured and recorded as a

function of radial position on the table.
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4.1.2 Ellipsometry

Data collected using profilometry tended to produce results with a large amount of
scatter, as much as £+ 50 nm for a step height of as little as 250 nm. By comparison,
scatter using ellipsometry for films with thicknesses on the order of a few hundred nm
was less than 10%. Ellipsometry is a technique in which light of a known polarization
is incident on a surface, and the intensity and polarization of the specularly reflected
light is recorded. This measurement is typically recorded by taking individual inten-
sity measurements through a linear polarizer in a number of different orientations,
providing the necessary information to reconstruct the elliptical polarization of the
reflected light.

The angle between the polarizations of the reflected light relative to the incident
light (A), and the ratio of the intensity of the parallel ‘p’ polarization to the perpen-
dicular ‘s’ orientation (% = tan(1)[84]) yields the complex reflection coefficients for
the interface from which the light was reflected. This ratio is equivalent to the ratio
of the Fresnel reflection coefficients. Since these coefficients are complex numbers,
their ratio is as well, giving both amplitude and phase information. The output of

any ellipsometric measurement at a given wavelength is generally expressed in the

form of a complex ration of the reflection coefficients[84]

_ Ry —ia
0= R tan(y)e 2. (4.1)

In spectroscopic ellipsometry this information is collected for a variety of wave-
lengths. This information can be used to refine the model used to fit the data, as well
as to provide more detailed information about the index of refraction of the materials
involved as a function of wavelength.

It is not generally possible to analytically compute the complex indices of refrac-
tion or layer thicknesses of the materials involved directly from ¢ and A. Instead, the
interface system (potentially consisting of many layers of unknown thicknesses and

refractive indices) is modeled with varying parameters of d (thickness) and complex
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N (index of refraction) until the expected ¥ and A converge on the measured values.

The ellipsometer used in this experiment was a J. A. Woollam Co. M-2000. Mea-
surements were made at an incident angle of 65-75°, for a period of 1 second. To
simplify the modelling process and improve the precision of film thickness measure-
ments, the films used for these measurements were directly deposited onto strips of
silicon. Using silicon as the substrate and including a 1 nm thick layer of native oxide,
the film layer at each point was fit to the collected data using a Cauchy simulation
(equation (4.2)), whose initial thickness was set according to values determined using

profilometry, simulating the complex index of refraction N, of the form[84]

Be C
N(\) = Ac + TC + Tf (4.2)

The data were fit using wavelengths (\) of 500 - 1000 nm, and the Cauchy pa-
rameters Ac, Be, Cc, and the thickness were all allowed to vary. Wavelengths below
500 nm were not considered due to absorption effects. Specifically, the band gap of
ZnO of 3.4 eV[85] corresponds to a wavelength of ~365 nm. Surface roughness was
not included in the calculation as it did not significantly change the calculated film

thickness for films with thicknesses on the order of 100 nm.

4.2 Film Stoichiometry

Many factors affect the deposition rate for a given material during sputtering, includ-
ing the specific target and magnetron in use, the pressure and composition of gasses
in the chamber, and the specific ‘tunnels’ used to create the variation in deposition
rate with respect to table position. It is therefore necessary to directly determine the
stoichiometric ratio of the sputtered materials as a function of position relative to the

center of the sputtering chamber.
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4.2.1 Electron Microprobe

The main method used to determine the composition of the films was WDS mode
electron microprobe. A JEOL JXA-8200 Electron Probe Microanalyzer was available
for use, which is capable of both wavelength-dispersive (WDS) mode and energy-

dispersive (EDS) mode measurements.

Electron microprobe measurements involve bombarding the material of interest
with electrons of energy high enough to promote electrons in the ‘inner’ K or L shells
of the sample atoms. Upon returning to ground state these electrons emit X-rays
at wavelengths that are ideally unique to the atom involved. Detecting these X-rays

yields information about the atomic composition of the sample.[86]

In the simpler EDS mode, X-rays of a number of energies are detected simul-
taneously using an energy-sensitive detector, producing a spectrum of intensity vs.
X-ray energy. This mode is most useful when the constituent atoms of a sample are
unknown, as it can provide an overview of all elements making up a significant por-
tion of the sample. While the relative peak heights at different energies can give an
approximate measure of the ratio of elements in the material of interest, EDS mode
lacks precision relative to WDS mode where atomic fraction and detection of trace

elements are concerned.

WDS mode is more complex, and uses a crystal to separate X-rays of different
energies. Intensity is measured only at a single specific X-ray energy. Prior to mea-
surement, a ‘standard’ of pure material is used to calibrate the count rate of each
detector. In the case of this experiment multiple detectors were used, and the Zn,
In and Sn detectors were calibrated against the sputtering target used to create the
film to be studied. WDS produces much more precise measurements of the relative

composition of a sample compared to EDS.

WDS mode is therefore the method of choice for finding film stoichiometry, as
well as checking for contaminants. The microanalyzer was configured to detect the

oxygen K,, silicon K,, zinc L,, and indium L, or tin L, transitions, depending on
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the sample. An accelerating voltage of 5 kV was used. A strong silicon signal would
indicate that a significant portion of the emitted X-rays are from the layers under the
film in question, and not from the film itself. While data where this occurs are still
useful, it is necessary to apply a correction for the different penetration depths of the
materials being studied. All data presented as a function of film stoichiometry use
the zinc fraction. The zinc oxide fraction = of zinc-tin oxide ((Zn0O),(SnOs);_,) was
taken to be equivalent to the ratio of atomic percentages from the WDS microprobe
data. Molar zinc oxide fraction was calculated using

%Zn

Zn Fraction = o—————5—. 4.3
n Fraction T Zn < %5n (4.3)

A similar calculation was used to find the zinc oxide fraction for zinc-indium oxide

((ZnO),(Iny03)1_,) using

A
Zn Fraction = %—n%m. (4.4)
%Zn + 5

The value x is used to refer to this zinc oxide fraction, as measured by electron
microprobe, for all data presented in the thesis. Microprobe measurements were taken
as a function of position on silicon strips that had been arranged radially with their
inner edges at a fixed distance from the table center. Therefore film compositions
could be mapped to radial positions on the table, and therefore to any film thickness,

mass or device measurements.

4.2.2 Mass Disks

Mass disks were 1.5 cm diameter punched disks of aluminum foil included on the
sputtering table, each at a different radial position. These disks were cleaned with
methanol and weighed prior to sputtering, and then weighed again afterward. Using
the change in mass of each disk and its area, an areal film density was determined.
These data were combined with the measured thickness of the film at that radial

distance, and the result was used to determine the average film density over the area
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of each disk.

These data convey information about the structure of the sputtered material, as
a difference in bulk density with respect to known values speaks to the porosity of
the sputtered films. It is also useful for identifying potential errors in the microprobe
data, if one assumes that the materials sputter with a bulk density that approximates
known values for the individual materials.

The mass disk data was also used in combination with the known deposition
profiles of the masks over the sputtering targets to help verify the microprobe data.
To do this, an ‘expected’ profile of the atomic data was calculated using the molar
mass of the target materials and the known deposition profile (with respect to radial
table position) of the masks. This profile was a function of the deposition rates of
the two targets. The deposition rates were then varied to find a best fit to both the

mass disk and microprobe data.

4.3 Film Structure

X-ray diffraction was used to shed light on the structure of the sputtered films, as well
as the degree to which that structure was affected by the various annealing conditions
used. By relating changes in crystallinity to changes in electrical conductivity and
thermal conductivity, it is possible to gain insight into the relative contributions of

phonons and charge carriers to the thermal conductivity.

4.3.1 X-ray Diffraction

X-ray diffraction (XRD) measurements involve bombarding a material with X-rays
of a known, specific wavelength, typically those of the copper K, transition. In the
glancing angle X-ray diffraction used in this study, these X-rays are incident upon
the sample at 1° or 2° relative to the sample surface. As these X-rays are scattered
by the internal structure of the sample, they will constructively interfere at angles

relative to the incident beam () that correspond to spacing between planes in a
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crystallographically ordered sample (d;) in a manner described by Bragg’s law, given

as[87]

nA = 2d;sin(6). (4.5)

All X-ray diffraction data reported in this project were collected using a small
incident angle (‘glancing angle’) and a curved, multi-angle detector. Glancing angle
XRD is useful for thin films as the low angle of incidence increases the relative con-
tribution of the film of interest by increasing the path length of the incident beam
through the material of interest.[87]

Both the Inel and Bruker D8 Discover systems used here employ curved-angle
detectors that record intensity as a function of a number of angles simultaneously. A
peak recorded at a given angle indicates that the corresponding interatomic spacing
is common in the sample material.

The films studied in XRD measurements were deposited onto single-crystal silicon,
typically onto the (100) surface, which acts as a ‘zero background’ holder for the films.
All peaks visible in the X-ray diffraction data were therefore taken to be due to the
films.
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Chapter 5

Electrical and Thermal Characterization

5.1 Field Effect Transistors

5.1.1 Transistor Design

The transistors used in this project were of a top contact design, using a heavily doped
silicon substrate as a gate electrode and thermally grown oxide as the dielectric. A
cross section of this configuration is shown in figure 2.1. Semiconductor films were
sputtered through a stainless steel stencil mask with the design shown in figure 5.1.

Contacts were made of aluminum, and were thermally evaporated in vacuum using a

Figure 5.1: Stencil mask used to pattern the semiconductor oxide during sputtering.
Each ‘pad’ of sputtered oxide is electrically isolated from its neighbours, minimizing
fringing effects and allowing the use of a common gate electrode for all devices.
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Figure 5.2: Metal contact stencil masks for the TFT portion of the project. The
thin strips of metal are for use in characterizing the contact resistance between the
aluminum contacts and the semiconductor.

tungsten filament at ~0.1 nm/s through a stainless steel stencil mask of the design

in figure 5.2.

5.1.2 I-V Measurements

Source and drain contacts for each device were contacted individually using tung-
sten probes. Contact was made to the heavily doped silicon substrate by scratching
through the thermal oxide, and contacting the bare wafer with a probe. The substrate
acted as a common gate for all devices on the wafer.

Gate and drain current measurements were made for each applied gate-source volt-
age and drain-source voltage using two Keithley 236 Source-Measure Units. These
measurements were divided into three phases. First, a linear mode source-drain volt-

age (equation (2.3)) was applied, and the source-drain current (linear transfer curve)
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was recorded as the gate voltage was swept between specified values in both direc-
tions. A saturation mode source-drain voltage (equation (2.2)) was then applied,
and the source-drain current (saturation transfer curve) was recorded for the same
range of gate voltages. Finally, the source-drain current was recorded as a function

of source-drain voltage for a series of gate voltages (output characteristic).

5.1.3 Noise Reduction and Light Sensitivity

‘Off’ current measurements, some of which were as low as 1074 A, are highly sensitive
to electrical noise. The [-V characteristics were also found to be sensitive to light,
with significant rises in ‘off’ current observed after brief exposure to visible light.
Some devices exhibited decay times for this effect in excess of 24 hours. More details
of this effect are discussed in chapter 6.

To combat light exposure and electromagnetic interference in these measurements,
an aluminum foil-lined box with an opaque curtain was placed over the entire probe-
station assembly. When moving probes from one device to another, the samples were
lit using a low-intensity red LED flashlight. A brief series of tests determined that
the light from these LEDs did not noticeably affect the 1I-V characteristics of the

transistors.

5.2 Automated Thermal Conductivity Measurements

Taking manual 3w measurements on individual heaters was found to be very slow.
In order to get an accurate value for the temperature coefficient of resistance, each
individual heater would need to be warmed and then slowly cooled prior to 3w mea-
surements, causing a measurement on a single heater to take one to two hours. In
order to characterize a large number of locations on a sample quickly, it was necessary
to develop automation for implementing the 3w method. Ideally the equipment devel-
oped for implementing this method would also be used to characterize the electrical

conductivity as well. To accomplish this, photomasks, PCBs and an enclosure were
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developed to allow connection of metallic structures on the surface of a silicon wafer

to the various pieces of equipment necessary for the measurements.

5.2.1 Photomask Design

Initially, the photomask was designed to route current through all 16 heaters in a
group in series, and was configured to use ‘zebra’ connectors to make contact with
the PCB. However, it was found that the current source used (5 Vs with a 50
Q) output impedance, the output of the built-in oscillator on a Stanford Research
Systems 810 DSP Lock-In Amplifier) did not provide sufficient power for a reliable
third harmonic reading when that power was split among 16 heaters. It was also found
that ‘zebra’ connectors did not maintain a reliable, low resistance contact between the
PCB and the wafer after the repeated mechanical cycling of removing and replacing
the PCB. This unreliability created artifacts at the third harmonic that swamped the
experimental signal.

The final revision for the metal photomask is shown in figure 5.3. In this design,
only a positive current bus is shared among all heaters. The voltage sense lines and
negative current bus are all switched for each heater. Each group of sixteen heaters
is contacted by a set of 50 pogo pins, using the square contact pads indicated in the
figure. The resistance of the entire current path for any individual heater is a function
of the thickness of the deposited metal. However, since the output impedance of the
current source was 50 €2, the thickness of the metal was selected such that the current
path for all heaters was also approximately 50 {2, maximizing the available power,

and subsequent third harmonic voltage signal, for those heaters.

5.2.2 Unintentional Joule-Heating

An important consideration in 3w measurements is ensuring that the heat generated
by the linear heater is the only periodic heat source in the vicinity of the measurement.

In early mask designs (figure 5.4) the effects of other heat sources in the area were
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Figure 5.3: The photomask used to pattern the metal heaters, contact pads, sense
lines, and current buses on samples used in the automated 3w system. The label A
indicates a set of 32 heaters which can be contacted 16 at a time using the contact
pads on either side. Both groups of 16 heaters share a common, positive current
bus between them. The structures under label B are ‘manual’ heaters that can be
contacted using conductive probes. Label C indicates the metal contacts for a set of
‘cloverleaf’ structures used in van der Pauw sheet resistance measurements.

not considered. The effects of this unexpected heating resulted in reported substrate
thermal conductivities that were far in excess of literature values, typically over 200
W/m-K, compared to a literature value of 142 W/m-K[82]. There was a qualitative
relationship between the injection line/heater angle and the error in the reported
substrate thermal conductivity. Manually lowering the resistance of the current lines
with silver paint resulted in reported substrate thermal conductivities that were much
closer to literature. The updated design in figure 5.5 was used in all subsequent testing
and eliminated this effect. All 3w data reported here were taken using this more recent

design.
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Figure 5.4: Original heater design at the edge of a heater group. Note the ‘sharp’
corner on the current injection line. It is speculated that the increase in resistance at
this point created a hot spot that affected the measured temperature of the heater.
Another possible problem is heating of the current injection line (oval).

5.2.3 Enclosure and PCB

A printed circuit board was used to make the connection from the pogo pins to 50-pin
ribbon cable headers. To keep the board and wafer aligned, an aluminum enclosure
was designed. The wafer sits within a 0.5 mm deep cavity in the bottom half of the
enclosure, with the wafer flat aligned against one edge. The PCB fits over alignment

posts in the holder, as seen in figure 5.6.

The top half of the enclosure also aligns along these posts, providing holes through
which the ribbon cable headers are exposed. The two halves are held together using
thumbscrews, with stops set to apply the appropriate amount of pressure on the pogo
pins. This entire assembly can be heated, allowing for measurements to be taken as
a function of temperature. Unfortunately, plastic components in the pogo pins and

ribbon cable headers prevent heating beyond ~100°C.
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Figure 5.5: Updated photomask, designed to minimize heat generated from current
injection lines.

5.2.4 Switch Matrix

A Keithley 7001 Switch Mainframe with a Keithley 7011-S Switch Card was used to
switch between heaters in a given 16-heater group. The 50-conductor ribbon cable
from the PCB connects to a manually soldered PCB that then connects, via four 20-
conductor ribbon cables, to the switch matrix. The voltage sense lines for all sixteen
heaters are addressed using channels 1-16 on the card, while the negative current lines

are switched using the positive pole of channels 20-36. The switch mainframe was

controlled via GPIB.

5.2.5 Lock-In Amplifier

In 3w measurements, the third harmonic signal is approximately three orders of mag-
nitude smaller than the applied voltage at 1w. As a result, it is not possible to directly

measure the third harmonic voltage from the raw signal taken from the voltage sense
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Figure 5.6: Exploded view of the entire assembly, with holder (blue), PCB (green)
and wafer (red).

leads on a heater. While it is possible to observe the third harmonic component using
a Fourier transform of the signal, the most precise method for isolating the third

harmonic is a lock-in amplifier.

In its simplest form, a lock-in measurement depends on the idea that an experi-
ment driven at a known frequency w will have an output that is also at w, or some
multiple of w. By multiplying the experiment’s output by a reference signal nw that
is in-phase with the nth harmonic of the driving signal, and integrating the result
over many periods, all components of the experimental output that are not at nw will

average to zero.

3w measurements in this project were made using a Stanford Research Systems 810
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DSP lock-in amplifier. In early 3w experiments[72, 88|, the analog lock-in amplifiers
used required that a reference signal at the third harmonic of the driving signal be
generated externally. However, when using a digital lock-in amplifier, the reference
signal at nw is digitally generated, at effectively arbitrarily large n.

In general, the interval of integration is a time that is at least three times the
period of the driving signal. In practice, an integration time much longer than this is
necessary to produce acceptable results. For most measurements in this experiment,
driving frequencies in the range of 300-1000 Hz were used, with an integration time of
300 ms. Differential measurements were made in AC mode at frequencies that were
evenly spaced in In(2f) over the specified range. No filtering was done to eliminate
line frequencies, but frequencies were selected to avoid multiples of 60 Hz. It was
found that the built-in filters for 60 and 120 Hz produced artifacts in the data for
frequencies below ~300 Hz.

The frequency range of 300-1000 Hz was chosen to satisfy the thermal penetration
depth requirements outlined in section 2.4.3. The half-width of the heaters used for all
3w data reported was 12.5 um, and all 3w measurements were conducted on substrates
of silicon with a thickness of 0.5 mm. Silicon has a thermal diffusivity of approximately
0.8 cm?/s [89] at room temperature. At 300 Hz, the thermal penetration depth is
~150 pm, well below the 500um thickness of the substrate. At 1000 Hz the depth is
~80 pum, well above the 12.5 pym half-width of the heaters.

The lock-in amplifier used was a dual-phase model, meaning that it was able to
simultaneously isolate signals that were both in-phase and 90° out of phase with the

reference signal. The lock-in amplifier was controlled via GPIB.

5.2.6 AC Current Measurements

Measurement of the AC current was a necessary step for calculating the power dis-
sipated in the heater strip, as well as the resistance of that strip. A Keithley 2700
Digital Multimeter was used to measure the AC current. The negative current line

coming from channels 20-36 of the switch matrix was passed through the ammeter
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inputs of the DMM prior to connecting back to the negative pole of the oscillator
output on the lock-in amplifier. The Keithley 2700 was connected via GPIB.
A schematic diagram of the entire group of devices and connections used for

automated 3w measurements is shown in figure 5.7.

Lock-In Amplifier (Differential)

Channel B

Figure 5.7: Schematic diagram of the experimental setup. Each heater has a single
common contact (the positive AC out) and three switched contacts: the negative AC
out, and two sense contacts connected to channels A and B of the lock-in amplifier.

5.2.7 Temperature Coefficient of Resistance

A type K thermocouple was attached directly to the wafer, and was monitored using
an Omega temperature controller, connected to a computer via RS485.

Using the V7, signal, the AC current, and the temperature from the thermocouple,
the resistance for each heater was determined as a function of temperature. This was

accomplished by heating the entire holder/PCB /wafer structure to approximately
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35°C and allowing it to cool. Resistance measurements were taken continuously dur-
ing cooling by switching through the sixteen connected heaters. A linear fit to these
data was used to compute the temperature coefficient of resistance (Crr in equation
(2.45)) for each device. These resistance values were also used in the calculation of

substrate and film thermal conductivities.

5.2.8 3w Measurement Process

For 3w measurements, a range of frequencies and number of steps were specified,
as well as a range of powers and a number of steps. These powers and frequencies
were applied to each connected device. As each device was connected via the switch
matrix, a resistance measurement was performed, and the necessary applied voltage

was calculated for a series of voltages that would be evenly spaced when expressed as

fou, facilitating the best possible fit for %33“. V1w was then recorded by the lock-in
lw

amplifier for each of these powers at the lowest specified frequency, followed by a V3,

measurement for all frequencies at each specified power. Frequencies in the specified

range were chosen so that they were evenly spaced in In(2w).

This apparatus allowed for automated characterization of the thermal conductivity
of sixteen combinatorial library positions in an amount of time limited only by the
cooling time needed for the calculation of C,.;. With four groups of sixteen heaters,
a library of 96 different positions could be tested very quickly with minimal manual

intervention.

5.3 Automated van der Pauw Measurements

For automated sheet resistance measurements, the 50-conductor cabling and switch
matrix configuration were identical to those used in 3w measurements. However, the

only piece of measurement instrumentation used was the Keithley 2700 DMM.
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5.3.1 Switch Matrix

The positive and negative of channels 1-16 of the switch matrix were connected in turn
to the negative ‘source’ and ‘sense’ terminals used for 4-wire resistance measurements
on the Keithley 2700. This connected these two leads to two opposing contacts on
the connected van der Pauw structure. The positive ‘source’ terminal was connected
to one of the ribbon cable conductors that lead to a single ‘bus’ contact that was
common to all 16 van der Pauw structures in a group, and was analogous to the large
shared current bus in the 3w structures. The positive pole of channels 20-36 were
switched simultaneously with channels 1-16, respectively, connecting to the positive

‘sense’ terminal on the DMM.

5.3.2 4-wire Resistance Measurements

The Keithley 2700 was set to a slow, autoranging 4-wire resistance measurement.
Software communicating via GPIB switched through the sixteen connected van der
Pauw structures and recorded a 4-wire measurement for each. The negative source
and sense terminals on the DMM were then manually swapped, and another sixteen
measurements were taken. Swapping opposing contacts allowed for a second resistance
measurement in an orientation that was orthogonal to the first, permitting the use of

the van der Pauw sheet resistance calculation outlined in section 2.3.2.

In some films the resistance was too high for the Keithley 2700 to take an accurate
4-wire resistance measurement. In these cases a single Keithley 236 Source-Measure
Unit was used in remote sense mode. The SMU was connected in a similar way, with
the negative source and sense leads on channels 1-16, the positive source lead on the
common conductor and the positive sense lead connected to channels 20-36. A source

current was specified, and software recorded the sensed voltage.
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5.3.3 Manual Measurement for Very High Resistance

If a 4-wire measurement was not possible due to a given film being too resistive,
a manual measurement was necessary. In this case a two wire measurement was
performed on film on a 0.5 cm x 1 cm piece of glass, cut from a strip included in the
sputtering run. The sheet resistance of the square was calculated using the dimensions
of the glass. Since this process is only used for highly resistive films, it was assumed
that resistance of leads and contacts was negligible. The sheet resistance Rg was
calculated from the 2-wire resistance and the length L and width W of the sample,
as
L

RS = WRQ—wire' (5]-)

5.4 Manual Hall Effect Measurements

Hall effect measurements of charge carrier density were carried out using the same
cloverleaf structures used for the sheet resistance measurements. The wiring was
similar to that in section 5.3.2, save that the ‘source’ contacts were configured such
that current flowed between opposing contacts on each cloverleaf, with the ‘sense’
leads connected on either side of the current path.

The entire wafer/PCB/holder assembly was placed between the poles of a large
electromagnet, arranged such that the field lines were perpendicular to the plane of the
wafer. For a given applied current, the voltage between the ‘sense’ leads was recorded
for several magnetic field strengths between 0 and 3000 gauss. These measurements
were repeated for the orthogonal current direction. Differences in the sensed voltage
between different applied field strengths were taken to be the Hall voltage. The Hall
voltage can be expressed as the film thickness d, charge carrier density n, fundamental

charge ¢, applied current I and applied magnetic field B, in the form

—IB
Vi =

= e (5.2)
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To use the change in sensed voltage for a given change in field strength, it is

convenient to differentiate Vi with respect to B to get

avy -1
— = —. 5.3
dB ndq (53)
Using the slope of Vg as a function of B, along with the applied current and mea-
sured film thickness, the charge carrier density in the measured films was calculated.

Using this density, the equation (2.27), and the measured electrical conductivity of

each film, a Hall mobility was also calculated.

5.5 Seebeck Coefficient

Any measurement of the Seebeck coefficient requires that the thermoelectric proper-
ties of the components used in the apparatus be well understood. This is because
measurement of the Seebeck voltage will yield the sum of the contributions from the
Seebeck effect in the material being measured, as well as in the materials used to
contact the sample. However, if the thermoelectric behaviour of the material used to
contact the sample is well understood, it can be predicted and subtracted from the
measured voltage.

Seebeck measurements were conducted using a Quantum Design Physical Prop-

erties Measurement System 9T (PPMS).

5.5.1 Sample Preparation

Two gold-plated copper leads were affixed to the film side of a square of glass cut
from strips included on the table during sputtering. Leads were affixed to the sample
using Epotek H-20E silver epoxy. The samples were heated to 80°C for 30 minutes
to cure the epoxy. A ‘shoe’ containing both a voltage sense wire and a LakeShore
Cryotronics Cernox 1050 temperature sensor were attached to each lead. One lead
was also connected to a heating element, while the other was connected directly to

the sample ‘puck’, which acted as a heatsink. The puck was then inserted into the
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PPMS using the measurement probe.
Since the sample of sputtered film is not free-standing, it is assumed for these
measurements that there is no contribution to the Seebeck voltage from the glass

substrate.

5.5.2 Measurement of the Seebeck Coefficient

Once a given sample was inserted into the system the chamber was purged with
helium gas and then pumped down to ~1075 Torr. The system temperature was set
to 300 K. A fixed power was applied to the heating element for four minutes, and the
sample was allowed to come to equilibrium. After reading the resulting temperature,
the power was automatically adjusted to allow the sample to approach a temperature
difference between the ‘hot’ and ‘cold’ leads of 3%, or 9°C. Once this temperature
difference was achieved and was stable over a period of several minutes, a differential
voltage measurement was taken.

The PPMS was calibrated and configured to automatically remove the contribu-
tion of the leads used to contact the sample to the Seebeck voltage. The resulting
Seebeck voltage divided by the temperature difference is the Seebeck coefficient.

It should be noted that while this is a relatively simple measurement, its manual
nature precluded testing the entire combinatorial library of a given sample. Addi-
tionally, samples with very low (~1 S/m) electrical conductivity were excluded from
Seebeck measurements due to the difficulty in measuring the Seebeck voltage in these
samples.

For the purposes of screening the combinatorial libraries, a selection of five li-
brary positions, approximately evenly spaced over the entire combinatorial range,

was selected.

63



Chapter 6

Field Effect Transistor Studies!

6.1 Zinc Tin Oxide

6.1.1 Sample Fabrication

Transistors were fabricated on 100 mm, heavily n-doped (arsenic, < 0.005 Q-cm)
<100> prime grade silicon wafers with a 100 £ 2 nm thermally grown SiO, layer,
acquired from Silicon Quest International. Prior to being placed in the sputtering
chamber, each wafer was oxygen-plasma cleaned in a reactive ion etcher at a power
density of 0.08 W/cm? in 150 mTorr of O,. 50 mm ZnO (99.999%) and SnO, (99.9%)
targets were purchased from Kurt J. Lesker and Williams Advanced Materials, re-
spectively.

Zn0O and SnO, targets were sputtered at powers of 108 W and 43 W, respectively,
with a sputter gas pressure of 5 mTorr consisting of 90% Ar and 10% O,. The
substrates were nominally at room temperature. The sources were masked such that
ZnO had a deposition rate of 0.4 nm/sec at the outer edge of the track and this
rate decreased linearly to 0 at the inner edge of the track, while the SnO, target had
approximately the same rates, but decreasing from the inner to the outer edge. The
table was rotated quickly with respect to the deposition rate (15 rpm) such that the
thickness of ZnO deposited per rotation was less than a monolayer, varying between 0

and 0.04 nm. This resulted in intimate mixing of the sputtered materials and, ideally,

'Some sections of this chapter have been reprinted with permission from M. G. McDowell, R.
J. Sanderson, and I. G. Hill, Combinatorial study of zinc tin oxide thin-film transistors, Applied
Physics Letters, 92:013502, Copyright 2008, AIP Publishing LLC.

Some sections (© 2009 IEEE. Some sections reprinted, with permission, from M. G. McDowell
and Tan G. Hill, Influence of Channel Stoichiometry on Zinc Indium Oxide Thin-Film Transistor
Performance, IEEE Transactions on Electron Devices, February, 2009.
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a continuum of stoichiometries of the form (ZnO),(SnO,);_, ranging approximately
linearly from z = 0 at the inner edge, to = 1 at the outer edge.

To avoid large leakage currents resulting from the increased sensitivity to pinholes
and fringing effects inherent in samples having many transistors using a single, large
area semiconductor layer, the deposited metal oxides on each wafer were patterned
using a stainless steel stencil mask (shown in figure 5.1) during the sputtering process,
such that each transistor had an electrically isolated active channel. To eliminate
possible unintentional doping of the semiconductor due to oxygen deficiencies, the
wafers were post-annealed in O, for 30 minutes at temperatures of 550, 600, 650
and 700 °C. Aluminum source and drain contacts were then vacuum vapor deposited
through the stencil mask in figure 5.2. Devices had width/length ratios varying from
4 to 16, with channel lengths varying from 125 to 500 um and there were a total of

256 devices per wafer.

6.1.2 Physical Characterization

The stoichiometry of the films was determined using microprobe, as described in
section 4.2.1. The sputtered semiconductor layer was revealed to have a relative
atomic fraction of 85% Sn, 15% Zn at one extreme and 5% Sn, 95% Zn at the other
(figure 6.1), varying approximately linearly between the two. The ratio of oxygen
to zinc and tin signals was consistent with a film consisting primarily of ZnO and
SnOy (tin (IV) oxide), as opposed to SnO (tin (II) oxide). There was some initial
concern that the use of shadow masks in direct contact with the wafer would result in
contamination of the deposited film due to secondary sputtering of the stainless steel
mask. However, the film yielded no iron signal when tested using the electron probe.

Using a Dektak profilometer, the deposited film was found to be approximately
50 nm thick at all positions within the sputtered track. Initial test samples were
annealed under argon[14] at 300°C , but these were found to be conductive while off,
exhibiting poor on/off ratios particularly in regions of high SnO, concentration. How-

ever, another set of devices that was annealed under Oy had vastly improved on/off
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Figure 6.1: Measured stoichiometry of the mixed zinc oxide/tin dioxide sputtered
film.

ratios compared to this original set. This difference in off current is consistent with
as-deposited films containing a high density of oxygen vacancies that heavily dope
the semiconductor and limit gate-induced modulation of active channel conductivity.
Of the four annealing temperatures studied, devices annealed at 600°C exhibited the
highest performance and lowest rate of defects (annealing temperatures of 550, 600,

650, and 750 °C were tested).

6.1.3 Field Effect Mobility vs. Stoichiometry

[-V characteristics were collected using the method described in section 5.1.2, and
analyzed using the ideal field effect transistor equations in section 2.1.2. A typical
saturation transfer curve is shown in figure 6.2. Electron mobilities were found to vary
from 2 to 12 cm?/V-s across the available range of stoichiometries. While mobilities
for sputtered ZTO devices have been reported to be as high as 50 cm?/V-s[7], these

were reported for devices fabricated using indium tin oxide (ITO) instead of aluminum
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for the source and drain contacts. It is likely that the higher contact resistance for

devices with Al source and drain contacts limits the observed mobilities in these

devices[16].

104
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Source-Drain Current (A)

-25 0 25

Gate-Source Voltage (V)

Figure 6.2: A typical saturation transfer curve (Vps = 425 V). The device in this
figure has a composition of z = 0.43.

Two peaks in mobility are obvious in the data (figure 6.3), with one at a ZnO
fraction of 0.25 4+ 0.03 and another at 0.80 4 0.05. The first of these peaks ex-
hibits the highest mobility at 10-12 cm?/V-s, while the second is slightly lower at
811 cm?/V-s. A trough is also visible, centered around the 1:1 point. These results
contradict the conclusions in previous work by R. L. Hoffman[20], in which a broad
peak is seen around x = 0.5, with these results showing what appears to be a trough
in mobility at x = 0.50. It should be noted that with the exception of the mobilities,
the data otherwise given in the preliminary study coincide with the data presented
in this paper[20]. For example, the relationship between threshold voltage and stoi-
chiometry and the poor sub-threshold behaviour in devices with high SnO, content

are both consistent with Hoffman’s results. The coarse-grained stoichiometric study
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Figure 6.3: Mobility as a function of zinc oxide fraction across an entire wafer of
devices. Note that the line serves as a guide to the eye only.

done by Hoffman likely ‘misses’ the relatively narrow peaks in mobility with respect

to stoichiometry.

6.1.4 Threshold Voltage, Sub-Threshold Swing, On/Off Ratio

Threshold voltages varied from -8 V to +18 V (figure 6.4), with the largest of these
being in the regions of lowest mobility.

These data suggest that the electrical properties of these films are quite sensitive
to stoichiometry and are not optimized at the 1:1 or 2:1 stoichiometries. While the
Veas = 25 to -25 sweep generally yielded very slightly higher source-drain currents
(for Vgs > Vr) than the reverse, there was no significant hysteresis visible in the
saturation transfer curves. On/off ratios were on the order of 10° (figure 6.4) and the
best sub-threshold slopes were 1.4 V/decade (figure 6.2) independent of stoichiometry,

when tested with no prior light exposure. However, ZnO fractions < 0.33 were found
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Figure 6.4: Threshold voltage and on/off ratio as a function of zinc oxide fraction
across an entire wafer of ZTO devices. The sudden decrease in both threshold voltage
and on/off ratio is due to the light sensitivity of these devices.

to be highly light-sensitive, exhibiting changes in on/off ratio of as much as 10° for
light vs. dark conditions. Mobility was not affected by light exposure.

6.2 Zinc Indium Oxide

6.2.1 Sample Fabrication

Substrates in this experiment were heavily doped silicon (n-type, arsenic, < 0.005
Q-cm) with a 100 £ 2 nm thermally grown SiO, layer, acquired from Silicon Quest
International. Prior to sputtering each wafer was oxygen-plasma cleaned at a power
density of 0.08 W/cm? at a pressure of 150 mTorr for four minutes. Two 50 mm
sputter targets were used, one of ZnO (99.999%) at a power of 40 W and the other
of In,O3 (99.99%) at 90 W, both purchased from Kurt J. Lesker Co. A preliminary
study found films sputtered under 10% Oy and 90% Ar to be highly conductive
and other work|[65] has shown the conductivity of sputtered ZIO films to be highly
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sensitive to the oxygen content of the sputter gas, probably as a result of doping due
to oxygen vacancies in the resulting film. Therefore, sputtering took place in 20%
oxygen and 80% argon, at a total pressure of 5 mTorr. In initial studies the sources
were masked such that the amount of ZnO deposited rose linearly from the inner
to the outer edge of the sputtering ‘track’, while In,O3 deposition increased from
the outer to the inner edge. This resulted in a film of the form (ZnO),(InyO3)1_,,
varying linearly from x=0 to x=1. However, in later sputtering runs the sources were
masked such that the amount of ZnO deposited was constant for all radii within the
track, and In,O3 was sputtered such that the amount deposited varied linearly from
a molar amount equal to ZnO at the inner edge of the track to zero at the outer edge,
resulting in a film varying from x=0.5 to x=1. A maximum of 0.02 nm of material
was deposited on each rotation, ensuring intimate mixing of the two oxides, for a total
film thickness of 80 nm at the inner edge of the track to 40 nm at the outer edge. This
film thickness was verified post-deposition using Dektak. The ZIO on each wafer was
patterned using a stainless steel stencil mask (figure 5.1). To reduce unintentional
doping due to oxygen vacancies, the wafers were annealed under oxygen for one hour
at either 300°C or 600°C or left as-deposited. Aluminum source and drain contacts
were patterned via thermal deposition through stainless steel stencil masks, for a total
of 256 devices per wafer. W/L ratios varied between 16 and 4, with channel lengths
of 125 to 500 pm.

6.2.2 Physical Characterization

Again, the stoichiometry of the films was determined using the microprobe. The
presence of a detectable silicon signal across most positions in the sputtering track
indicated that the films used in this device were thin enough that the incident elec-
trons were penetrating through the sputtered film. Using the detection geometry
and measured film mass and thickness data, Casino[90] (v2.42) was used to model
differences in the interaction volumes for the production of L, X-rays from indium

and zinc. Due to the limited thickness of the films, the results of this modeling were
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Figure 6.5: Measured stoichiometry of the mixed zinc oxide/tin dioxide sputtered
film, comparing the original, measured stoichiometry and the same data corrected
using Casino (solid line).

needed to make corrections to the Zn:In ratios derived from the WDS data. Cor-
rections were made at several table positions by varying the simulated mixture ratio
at the measured film thickness until the simulated output matched the reported mi-
croprobe data. This simulated mixture ratio was then taken to be the true value.
Stoichiometry (expressed as (Zn0),(InyO3);—,) was found to vary linearly from x =
0.55 to x = 1.0 across the sample (figure 6.5). All films used in subsequent parts
of this study were sputtered for a longer duration to avoid the need for any more

corrections.

The crystalline structure of the oxide under each annealing condition was exam-
ined with glancing angle X-ray diffraction using a curved multi-angle detector (~6°
incident angle using Cu K, 40 X-rays). Additionally, transparency was examined
for films on glass using an Ocean Optics USB2000 spectrometer and an incandescent
light source. Transparency was defined as the ratio of transmitted light through the

glass/film system to transmitted light with no glass or film. No corrections were made
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for reflections at the interfaces.

6.2.3 Field Effect Mobility vs. Stoichiometry
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Figure 6.6: A typical saturation transfer curve with Vps=+25V. This figure shows the
methods used to determine saturation mobility, threshold voltage and sub-threshold
slope. The device has a channel stoichiometry corresponding to x=0.74.

A typical saturation transfer curve for a device annealed at 300°C is shown in figure
6.6. Using these curves, devices annealed at 300°C and 600°C were found to exhibit
saturation mobilities of up to 40 and 20 cm?/V's, respectively (figure 6.7). Linear
mobilities were similar to saturation mobilities for 300°C annealed films, but were
up to 30 cm?/V:s for films annealed at 600°C, likely due to a reduced effect contact
resistance between the annealed film and the aluminum contacts during linear mode
testing. On/off ratios for x > 0.6 varied between 10° and 10°, and are highest for 0.6
< x < 0.75. Below & = 0.6, on/off ratios fell dramatically (to as low as 10), making
mobilities impossible to determine using the ideal transistor equations. All devices

exhibited an upward trend in mobility with increasing In,O3 content for = > 0.60,
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Figure 6.7: Mobility as a function of channel stoichiometry for both 300°C and 600°C
annealing conditions.

with peak mobilities at a zinc oxide fraction of 0.67 + 0.02 for 300°C devices, and
0.60 for 600°C.

6.2.4 Threshold Voltage, Sub-Threshold Swing, On/Off Ratio

Inverse sub-threshold slopes reached a minimum of 0.3 and 0.5 V/dec (for 300°C and
600°C), turn-on voltages (taken to be the voltage at which an exponential increase
in source-drain current is observed) were near 0 V and threshold voltages were ~5 V
for x = 0.75 £ 0.02, while mobilities at this ratio are only 10-20% below the highest
mobilities. It can therefore be argued that devices at this ratio of 3:1 ZnO:In,O3
exhibit ‘peak performance’. Inverse sub-threshold slopes were found to be strongly
dependent on both the stoichiometry and annealing conditions (figure 6.8).

During testing no significant hysteresis was observed between the on-off and off-
on sweeps. Devices using as-deposited films were found to be insulating with drain

currents on the order of 1071% A for all gate voltages in the sweep, independent of
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Figure 6.8: Sub-threshold slopes for 300°C and 600 °C annealing conditions as func-
tions of molar ratio.

stoichiometry. Mobility was found to be independent of W/L (4, 4/3, 8, 16) within
the experimental scatter of ~10% at a given stoichiometry. Other work[21, 91] has
shown a relationship between ZIO semiconductor thickness (from 15nm to 60nm) and
mobility. This relationship was very pronounced at the thin end (~15 nm) of their
tested range, but mobility did not appear to change significantly over the range tested
here (40 nm to 80 nm), and no relationship between performance and thickness was
apparent. Devices were tested in air over a period of several days, during which time
no change in behavior due to atmospheric exposure was observed. However, a single
set of devices was briefly re-examined after approximately seven months of storage in
air. This set showed reductions in both mobility (on the order of 10%) and threshold
voltage (~-10V).
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Figure 6.9: XRD example data for 600°C annealing conditions at a variety of film
stoichiometries. It should be noted that XRD data were taken for different stoi-
chiometries in steps of 0x=0.02. For clarity, only selected stoichiometries are shown.

6.2.5 X-ray Diffraction and Transparency

Glancing-angle XRD (figure 6.9) showed a peak at 20 = 34° for z = 0.86 for films
annealed at 600°C, but no peak is visible for the 300°C films. The intensity of the
sharp peak decreased with increasing In,O3 content, and was no longer visible for
x<0.82. The angle of the peak also decreased to 32° at a stoichiometry of x = 0.82.
This crystalline phase appears to have a significant positive impact on transistor
performance; where x > 0.82, devices made under the 600°C annealing conditions
were found to have mobilities of 10 cm?/V-s, threshold voltages of ~8V and sub-
threshold slopes of 1 V/decade, while films annealed at 300°C at these stoichiometries
yielded only 0.5 cm?/V-s, with threshold voltages between -5 and -15 V and inverse
sub-threshold slopes of 1.5V /dec. However, all annealing conditions showed only a
very broad peak from 31° to 36° for x < 0.82. This broad peak is consistent with
the work of Dehuff, et al.[24] for low annealing temperatures, but our films were not
observed to crystallize under high temperature annealing, even at 700°C. This may

be due to differences in annealing conditions or relative uncertainties in annealing
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temperature. The crystalline structure of similar films is discussed in greater detail

in the thermoelectric portion of the study.

6.2.6 TFT Study Conclusions

The transistor study revealed that the two studied mixtures of metal oxides had rel-
atively high carrier mobilities of 10 cm?/V-s in ZTO and 40 cm?/V-s in ZIO, while
simultaneously being largely amorphous in structure. This made these materials in-
teresting from the point of view of a thermoelectric study, since high carrier mobility
could lend itself to high electrical conductivity under ideal sputtering and annealing
conditions, while the amorphous structures of the films suggested relatively low ther-
mal conductivity. The lack of available Seebeck data notwithstanding, high electrical
conductivity coupled with low thermal conductivity in a given material suggests the
possibility of a high thermoelectric figure of merit. This possibility led to the ther-

moelectric studies presented in chapters 8 and 9.
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Chapter 7

Thermal Conductivity of an SiO, Wedge'

Prior to the use of the thermal conductivity measurement system outlined in chap-
ter 5 for ZTO or ZIO films, a study on a well-characterized thin film material was
done to demonstrate the accuracy and validity of the method. Instead of varying
film composition as a function of position on the wafer, a silicon dioxide film of vary-
ing thickness was used. In this experiment the substrate thermal conductivity was
determined using two methods, and the film thermal conductivity was determined
using three methods and both are compared to the literature. This experiment also
allowed for a brief examination of thermal resistances at film interfaces, as well as the

temperature dependence of the thermal conductivity of silicon.

7.1 Sample Fabrication

A silicon dioxide wedge, ranging from zero to 250 nm in thickness, was RF-sputtered
using two, 50 mm silicon dioxide targets (99.995%, acquired from Kurt J. Lesker)
in 1 mTorr of argon at 200 W per target. The wedge was sputtered onto a 100
mm, 500 pm thick, heavily doped Si <100> wafer. Several strips of silicon were
also included with one edge masked along the main axis of the wedge to allow for
film thickness measurements by profilometry. Film thickness was also determined
using ellipsometry. All substrates were attached to a water cooled table that was
maintained at 15°C during sputtering.

Due to the low resistivity of the wafer (determined via a van der Pauw measure-

ment to be 2.6x107° Q-cm) it was necessary that any electrical structures built on

1Some sections of this chapter have been reprinted with permission from M. G. McDowell and I.
G. Hill, Review of Scientific Instruments, 84:053906, Copyright 2013, AIP Publishing LLC.

7



the wafers be electrically isolated from the silicon substrate itself. This was achieved
with the application of a 450 nm aluminum (III) oxide film which was electron-
beam deposited at approximately 0.1 nm/s at a pressure of approximately 10~° Torr.
Demonstrating this as part of the sample fabrication procedure was vital, as this
film would also be of particular importance in combinatorial studies on electrically
conductive sputtered films.

Heaters, contact pads, current buses, and voltage sense lines were patterned via
lift-off photolithography using Futurrex NR9-1000PY resist. Aluminum was then
deposited via e-beam deposition at approximately 0.1 nm/s, for a total film thickness
of 150 nm. The thickness of aluminum was chosen such that the total resistance for
each heater/lines/contacts element was approximately equal to the output resistance
of the AC source used in the 3w measurements, maximizing the available power from
that source. Due to the long deposition time and the high temperatures necessary
for evaporation of aluminum, some heating of the substrate during deposition was
observed. However, the temperature immediately after removal of the wafer from
vacuum indicated that the wafer temperature likely did not exceed 100°C during
deposition. The wafers were allowed to cool before removal from the vacuum chamber.
Lift off was then performed in Futurrex RR-5 resist remover, taking approximately
thirty minutes. Finally, the wafer was rinsed in de-ionized water and blown dry with

compressed air.

7.2 Substrate Thermal Conductivity

Analysis began with an examination of substrate thermal conductivity. This is a
necessary step for validating any thin-film data, and for identifying any systematic
issues with the measurement system. Using equations (2.51) and (2.52), the substrate
thermal conductivity was calculated from data such as those presented in figure 7.1

and the results for all heaters on the wafer presented are figure 7.2.

The result was close to but slightly lower than the generally accepted value for
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Figure 7.1: A representative set of data for a heater on the SiOy wedge. Third har-
monic RMS voltage as a function of the frequency of the applied voltage is displayed
for a number of applied RMS powers. This heater was on an SiO, film thickness of
98 nm.

silicon thermal conductivity of ~142 W/m-K][82], with the imaginary third harmonic
voltage (equation (2.51)) yielding values that were approximately 5% lower than those
obtained using the real voltage component (equation (2.52)). Ideally, the determined
value should be the same for a heater at any position on the substrate, regardless of
the composition of any films between the heater and the substrate. However, it has
been observed[92] that heaters on stacks of films yield lower-than-expected substrate
thermal conductivities that decrease slightly with increasing film thickness. When
considering the total film thickness of the data in figure 7.2 (450 nm Al,O3 plus
100 to 200 nm SiO,), the observed values agree with those found by Kim, et al[92].
Projecting the linear trend back to zero SiO, thickness results in a substrate thermal

conductivity of 139 £ 3 W/m-K.
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of sputtered SiO, film thickness. Data calculated using equations (2.51) (imaginary)
and (2.52) (real) are shown.

7.3 SiO; Film Thermal Conductivity

The data in figure 7.3 demonstrate a linear relationship between heater temperature
amplitude and sputtered film thickness, even at thicknesses as low as 100 nm, indicat-
ing that the film thermal conductivity was likely independent of film thickness. Using
a linear fit, the intercept at zero sputtered film thickness can be used to determine the
temperature contribution from the substrate, Al,O3 film and all interfacial thermal

resistances.

While it has been reported that the thermal conductivity of SiOs thin films is
thickness-dependent for thicknesses below approximately 250 nm|[74, 73, 93], the lin-
ear dependence of temperature per unit power on film thickness demonstrated here
suggests that the previous results may have been due to a thickness-independent in-
terfacial contribution to the film thermal resistance that was not taken into account

in earlier reports. The data in figure 7.4 show the results of two modes of analysis
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for finding ¢, both of which account for the presence of an interfacial thermal resis-
tance. Subtracting the substrate, interfacial, and Al,O3 layer contributions using the
temperature per unit power intercept in figure 7.3, the thermal conductivity of the
sputtered SiOs film was found to be constant for all thicknesses, at an average value
of approximately 1.14+0.1W/m-K. This agrees with the value that is approached at
higher thickness in the literature[92, 75].

Finally, a single value for the SiO5 thermal conductivity was calculated using the
slope from figure 7.3 and equation (2.54). This method also accounts for all interfacial
thermal resistances. Using the slope of 0.026+0.001 W/K-nm, a heater length of 1.4
mm, and a heater half-width of 12.5 pm, the final, thickness-independent value for

sputtered SiOq thin-film thermal conductivity was found to be 1.114+0.05 W/m-K.
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7.4 Interfacial Thermal Resistance

It is possible to calculate the magnitude of the difference in interfacial thermal re-
sistance of Al;O3 on native oxide and Al;O3 on sputtered SiO, using the difference
between the intercept determined in figure 7.3 and the temperature amplitude per
unit power determined for a heater directly on AlyOs, using equation (2.56). In
both cases the contributions from the substrate and films are the same, allowing a

comparison of the interfacial contribution.

P

AR = RSputtered/AlgOg - RNative/Aleg Q_bl (71)

Using the intercept value of 8.40 K/W and the measured AlyOs-only heater tem-

perature amplitude per unit power of 7.58 K/W, the difference in interfacial thermal
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resistance was found to be ~ 3 x 107% K-m?/W. For reference, this is approximately
10% of the total thermal resistance of ~ 3 x 1077 K-m?/W. It should be noted that
this method assumes no interfacial contribution between the sputtered SiO5 and the

native oxide of the silicon wafer.

7.5 Temperature Dependence

A brief examination of the temperature dependence of the substrate and film thermal
conductivities was undertaken. The entire wafer/PCB/holder assembly was heated
to ~100°C in an oven, and then allowed to cool slowly over several hours back to
room temperature. 3w measurements were taken for all heaters in a single 16-heater
group during cooling. A sample of substrate thermal conductivity as a function of

temperature is shown in figure 7.5 for three heaters in the group.
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Figure 7.5: Silicon substrate thermal conductivity as a function of temperature for
select devices on the SiO, wedge.

The vertical scatter in the plot is largely due to the variation in substrate thermal
conductivity with SiO, film thickness, noted earlier. The range of temperatures was

limited to a narrow band of values due to the sensitivity of plastic components used
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in the construction of the combinatorial measurement system. This narrow range
does not permit observation of a particular functional relationship between substrate
thermal conductivity and temperature, but there is a clear downward trend with
increasing temperature. This relationship is expected, as literature[94] shows silicon
thermal conductivity decreasing in this temperature range due to increased phonon

scattering.

7.6 SiO; Wedge Study Conclusions

In this proof-of-concept study, both the substrate thermal conductivity and film ther-
mal conductivity of Si and SiO,, respectively, were found to closely match the values
found in the literature for comparable materials. This study demonstrated that the
automated 3w measurement system is capable of determining thin film thermal con-
ductivity with a high degree of accuracy. In addition, the use of an e-beam-deposited
Al;O3 layer to insulate patterned metal structures from a conductive substrate was

demonstrated to be effective.

7.6.1 3w Data Point Selection Criteria

The results of this wedge study were used to form a set of selection criteria for
accepting or dismissing 3w data points in the subsequent ZTO and ZIO thermoelectric
experiments. To this end, the substrate thermal conductivity was calculated for
every 3w heater, and this calculated value was used as a check for the validity of the
temperature amplitude per unit power value calculated at that point. This served
to eliminate data from defective heater strips that may otherwise have appeared to
provide ‘reasonable’ temperature amplitudes. Reasons why a heater strip might be
defective include a ‘short’ between the metal and the sputtered film through the Al,O3
film, or poor metal adhesion causing a ‘hot spot’ in the heater.

Specifically, the substrate thermal conductivity, as calculated using both the real

(equation (2.52)) and imaginary (equation (2.51)) methods, was required to be within
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+10% of the ‘expected’ value based on the data in figure 7.2, and the measured
thickness of the films for the sample and position being measured. Failure of a given
heater to meet this criteria excluded the temperature amplitude data it provided from
being used to calculate the thermal conductivity of the thin film at that point.
Following this study, the 3w measurement system was ready for use on ZTO and

710 thin-films.
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Chapter 8

Zinc Tin Oxide Thermoelectric Study

Zinc tin oxide films sputtered under two different conditions were studied for the
thermoelectric characterization component of the project. One was sputtered in the
same manner as the transistor study, with a sputtering gas containing 90% argon
and 10% oxygen, while the other was sputtered under 100% argon. The difference in
electrical and thermal conductivity between these two conditions sheds light on the

role of oxygen vacancies in the thermoelectric properties of these films.

8.1 90% Ar, 10% O, Sputtering Condition

8.1.1 Fabrication of 90% Ar, 10% O, Samples

Zinc tin oxide films were sputtered onto 100 mm diameter, heavily doped (< 0.005
-cm) <100> silicon wafers. These wafers had only a native, self-passivated oxide on
the surface. In order to electrically isolate the sputtered film from the substrate and
to facilitate electrical conductivity measurements, a 200 nm Al,O3 film was e-beam
evaporated onto each wafer prior to sputtering. The wafer was rotated during this
deposition to ensure uniform thickness and avoid pinholes.

The SnO4y and ZnO targets were sputtered at 40 W and 110 W, respectively, with
a sputter gas pressure of 5 mTorr consisting of 90% Ar and 10% O,. The targets
were masked as in the TFT study, resulting in a sputtered film that would ideally
vary from pure SnO, at the inside edge of the track, to pure ZnO at the outside edge.
Each wafer was patterned during sputtering using a stainless steel stencil mask of
the design in figure 3.1. Included on the table were mass disks, as well as silicon and

glass strips to be used for microprobe, ellipsometry, X-ray diffraction and Seebeck
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coefficient measurements. Total sputtering time was approximately four hours.

One wafer was annealed under oxygen for 30 minutes at 300°C and another at
600°C after sputtering, and prior to the deposition of Al;O3 insulating films and
metal. A third wafer was left as-deposited. It should be noted that previous samples
that were annealed after the patterning of heaters were found to exhibit very high
rates of defects, and failed to produce useful results.

After annealing, the van der Pauw structures were covered with strips of aluminum
foil, and 400 nm of Al,O3 was e-beam deposited at a rate of ~0.2 nm/sec with
the wafers rotating. After deposition of the AlyOj3 insulating later, the wafers were
patterned for lift-off using the mask in figure 3.2. A ‘de-scum’ step was performed
after development, but prior to metal deposition, by exposing the wafer to a low-power
oxygen plasma at 0.08 W/cm? in 150 mTorr of Oy for 60 seconds. The de-scum step
removed any remaining organic material left on the wafer surface from the patterning
process, and improved metal adhesion.

Nickel was then e-beam deposited at a rate of 0.1 nm/sec to a total thickness of 320
nm. This thickness was calculated to give the current path for each heater a resistance
of approximately 50 €2. Prior to lift-off, the wafers were allowed to cool in vacuum for
approximately 8 hours, and were then exposed to atmosphere for approximately 16
hours. Lift-off was then performed in Futurrex RR-5, followed by a rinse in de-ionized

water. Finally, the wafers were blown dry with compressed air.

8.1.2 Physical Characterization of 90% Ar, 10% O, Samples

The ZTO films sputtered under partial oxygen were revealed to be slightly thicker
than those used in the ZTO TFT study, with a thickness varying from 600 - 700 nm,
with films thickest at the outside edges. The thicknesses of films both before and after
annealing were compared, and no detectable change in film thickness was present.
Therefore, the thickness profile presented in figure 8.1 was used for calculations on

all three annealing conditions.
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The mass and density of the film were determined using the difference between
the pre- and post-sputtering mass of the aluminum foil disks as well as the thickness
profile in figure 8.1, and results are presented as a function of table position in figure
8.2. The density of the film is relatively constant across the width of the sputtering
track, and is generally confined to between 5 and 6 g/cm?, except at the zinc-rich
extreme. This range of values is consistent with the bulk density of ZnO (5.6 g/cm?)
and is slightly lower than the bulk density of SnO, (6.95 g/cm?). Film mass is fairly
constant across the range, decreasing slightly toward the outside (ZnO-rich) end of
the range. The variation in thickness across the track was then due largely to changes
in film density, and the film exhibited a broad peak in density around the middle of
the sputtering track .
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Figure 8.3: Relative atomic fraction of Zn and Sn as a function of radial position on
the sputtering table for ZTO films sputtered under 10% oxygen.

WDS Microprobe of the sputtered film (figure 8.3) revealed it to vary between
~85% Sn at the inner edge of the track to ~98% Zn at the outer edge. Due to limi-
tations in the photomask design that prevent heaters from approaching the extreme

inner edge of the sputtering track, thermal conductivity data were only available for
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ZnO fractions above 25%.

The ZnO sputtering rate and therefore the relative composition of the films led to
a slightly more ZnO-rich sputtered film than that used in the ZTO TFT portion of
the project. While the same targets, magnetron positions, tunnel masks and powers
as the TFT study were used, the sputtering rate was changed likely due to mag-
netron replacements and the ZnO target aging due to its use for other studies in the

intervening time.

8.1.3 Thermal Conductivity of 90% Ar, 10% O, Samples
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Figure 8.4: Thermal conductivity at room temperature as a function of zinc oxide
fraction for ZTO films sputtered under 10% oxygen. Data for as-deposited, 300°C
oxygen, and 600°C oxygen annealing conditions are presented. Note that the lines
serve as a guide to the eye only.

The thermal conductivity of the as-deposited film as a function of ZnO fraction
is presented in figure 8.4. The thermal conductivity of the film rises gradually, from
approximately 1.5 W/m-K at the inner, 30% ZnO edge to approximately double that
value at ~90% ZnO. However, above 90% ZnO the thermal conductivity of the film is

90



found to rise more sharply with increasing ZnO concentration. The measured values

in this area range from 3 to 6 W/m-K, three to four times greater than those measured

at the inner edge of the track.
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Figure 8.5: X-ray diffraction data for as-deposited ZTO films sputtered under 10%
oxygen at multiple zinc oxide fractions x.

X-ray diffraction of the as-deposited film (figures 8.5 and 8.6) indicates the for-
mation of a polycrystalline ZnO phase for x > 0.85. The formation of this phase
is the likely cause of the increase in thermal conductivity in this range. While the
peak positions of this phase are consistent with ZnO, the relative peak heights do
not reflect those expected of a powder ZnO sample[95, 96, 97, 98], indicating a pre-
ferred orientation to the lattice relative to the substrate. In addition, a systematic
shift of the peaks indicates distortion of the lattice. Xu et al. report the growth
of column-shaped crystalline grains growing perpendicular to the substrate surface

for ZnO films sputtered under oxygen. The thermal conductivities reported are also

91



similar to those observed near the pure ZnO extreme.[99]).
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Figure 8.6: Comparison of XRD data for selected zinc oxide fractions of ZTO films
sputtered under 10% oxygen, for as-deposited, 300°C under oxygen and 600°C under
oxygen annealing conditions.

Figure 8.6 shows selected XRD plots in more detail. Miller indices are marked for

Scattering Angle 20 / Degrees

the ZnO phase discussed above. In the tin-rich end of the range (x < 0.5, represented

by the z = 0.33 plot) little evidence of a distinct SnO, phase is visible. At z =

0.68 there is a broad peak at 20 = 35° that may correspond to the (131) peak of a

Zm,SnO, phase.

Films annealed at 300°C under oxygen exhibit a slight increase in thermal con-

ductivity compared to the as-deposited films for z < 0.7 (figure 8.4). The magnitude
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of this difference increases somewhat with increasing ZnO content, with films at the
upper end of this range being 50% more thermally conductive than their as-deposited
counterparts, at 3 W/m-K. Measurements for films between ZnO fractions of 0.7 and
0.85 exhibit an increased amount of scatter, and the annealed films in this range are

significantly more thermally conductive than their as-deposited counterparts.
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Figure 8.7: XRD results for ZTO films deposited in 10% oxygen and annealed at
300°C under oxygen.

XRD results for this sample (figures 8.7 and 8.6) are similar to the as-deposited
films, though with some enhancement of the peak heights. Weak peaks corresponding
to a SnOs phase are visible for x < 0.5. The ZnO phase becomes slightly more distinct,
and this is reflected in the thermal conductivity in ZnO-rich films; the peak thermal
conductivity as the pure-ZnO extreme is reached is slightly higher than in the as-

deposited films.

After annealing, the 0.7 < x < 0.85 region of the film was visibly cloudy, and was
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also ‘rough’ in appearance (figure 8.8). This might indicate an increase in organization
of the film in this region and the peak in thermal conductivity at this stoichiometry.
Only a very slight enhancement of the possible (131) ZnySnOy4 peak is visible in the
XRD data, however.

0

il

20 30 40 50 60 70 BO 90 100
Toam

“WWWWWWW

Ww

Figure 8.8: An optical image of the ‘rough’ area (left) and normal, ‘smooth’ area
(right) on the 300°C annealed film for zinc oxide fractions of 0.7 < x < 0.85. The
change in character is abrupt, occurring over a radial distance of less than 1 mm.

Annealing at 600°C produced a film that was significantly more thermally conduc-
tive in the x < 0.5 range than either the as-deposited or 300°C annealed films (figure
8.4). Similar to the 300°C film, a peak in thermal conductivity is visible around z =
0.7. Above z = 0.85, a rise in thermal conductivity with increasing ZnO content is
observed, similar to the other two samples.

The ‘cloudy’ appearance of the film between 0.7 < z < 0.85 was very similar to
figure 8.8. XRD for this film (figure 8.9) exhibits a number of differences compared
to the other annealing conditions. In this annealing condition a phase of ZnySnQOy
is clearly visible (figure 8.6) at the x = 0.68 stoichiometry, and this phase is aligned
with the peak in thermal conductivity observed at the same zinc content value. In

addition, the weak phase visible for x < 0.5 in the other annealing conditions is now
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a clear SnO, phase, and this phase results in an increase in thermal conductivity for

x < 0.5 compared to the other two films, approximately doubling it.
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Figure 8.9: XRD results for ZTO films deposited in 10% oxygen and annealed at

600°C under oxygen.

Three phases are visible across the range, one below x

0.5, another around x = 0.68 and finally the ZnO phase observed earlier. A closer
examination of these phases is shown in figure 8.6.

The phase of ZnO is still present near the zinc-rich extreme. This phase now
appears to be very strongly oriented, with the height of the (002) peak relative to the

other visible peaks even more pronounced than in either of the other conditions.

8.1.4 Electrical Conductivity of 90% Ar, 10% O, Samples

As-deposited, ZTO films sputtered under 10% oxygen were found to be highly resis-
tive, and the electrical conductivity of these films could not be accurately measured.

The electrical conductivity of the 300°C annealed films (figure 8.10) were signifi-
cantly higher than the as-deposited films. The data exhibit a trough in conductivity
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Figure 8.10: Electrical conductivity as a function of zinc oxide fraction, for ZTO films
sputtered under 10% oxygen and annealed under oxygen at 300°C and 600°C.

at a ZnO fraction of approximately 0.7, increasing by approximately 3 orders of mag-
nitude toward the extremes of the stoichiometric range. While not necessarily related,
it is worth noting that the trough in electrical conductivity coincides with the ‘cloudy’
area of the film that was formed during the annealing process. Even in the most elec-
trically conductive areas of the stoichiometric range, the conductivity is relatively
low, not much exceeding 1 S/m.

In the case of the 600°C annealing condition (figure 8.10), the electrical conduc-
tivity is significantly higher for all compositions. The trough observed at the 300°C
annealing condition is absent, and the electrical conductivity of the film appears to
increase with zinc oxide fraction. However, this variation is very gradual, representing
only a factor of two increase between zinc oxide fractions of 0.3 and 0.9. Mixtures
composed of 95% ZnO or more appear to be much more electrically conductive, with
values approximately three orders of magnitude higher than those across the rest of
the range.

The variation in electrical conductivity with stoichiometry for the 600°C sample
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Figure 8.11: Charge carrier concentration as a function of stoichiometry for the 600°C
annealing condition of ZTO sputtered under 10% oxygen.

appears to be largely due to an increase in available mobile charge carriers (figure
8.11). Carrier concentration as a function of stoichiometry closely mirrors electrical
conductivity, with a Hall mobility on the order of 50 cm?/V-s over the measured
range. The magnitude of the Hall voltage for the 300°C sample was very small using
the available magnet and current sources, even at the stoichiometries with the highest

conductivity, preventing an accurate measurement of carrier concentration.

8.1.5 Seebeck Coefficient of 90% Ar, 10% O, Samples

Measurement of the Seebeck coefficient was carried out for selected stoichiometries
for both annealing conditions and are presented in figure 8.12. While measurements
of the Seebeck coefficient were attempted on the as-deposited films, their resistive
nature prevented an accurate reading.

The measured values are all negative (n-type), as expected from the TFT study
in chapter 6. The 300°C annealing condition produced large-magnitude Seebeck coef-

ficients of -130, -250 and -120 ¢V /K at 300 K for z = 0.2, 0.45 and 0.95, respectively.
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Figure 8.12: Seebeck coefficients for all ZTO films sputtered under 10% oxygen. The
xr = 0.2, 0.45 and 0.95 stoichiometries in the 300°C annealing condition all produced
relatively high magnitude Seebeck coefficients, with x = 0.45 measured to be -250

uV/K.

These values are comparable to those of bismuth telluride (-230 ©V/K) or lead tel-
luride (-180 4V /K). However, Seebeck coefficients for films in the area of low electrical
conductivity (0.6 < z < 0.9) are zero within experimental uncertainty.

Interestingly, the more thermally conductive 600°C films all have low-magnitude
Seebeck coefficients, indicating that the strong crystallization of the films observed
in XRD measurements significantly decreased the electron-phonon coupling in these

materials.

8.1.6 Thermoelectric Figure of Merit

Using the thermal and electrical conductivities discussed earlier, a dimensionless figure
of merit was calculated at each stoichiometry and annealing condition for which a
measured Seebeck coefficient was available. A value of 300 K was used for 7.

Despite the fact that the value of the thermoelectric figure of merit is most sensitive
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Table 8.1: Calculated dimensionless figures of merit for ZTO films sputtered under
10% oxygen and annealed at 300°C and 600°C under oxygen. A temperature of 300
K was used for all measurements. Calculated for 7' = 300 K.

T 0.18 0.46 0.66 0.81 0.96
300°C Og —7 —~10 —12 -7

ZT - (945)x10~7  (1=£1)x10 (0.440.6)x10 (241)x10

T 0.47 0.64 0.78 0.90 0.98
600°C 02 —6 -5 -5 —5

ZT (0.5£1)x1070  (242)x10~°  (344)x10 (242)x10 0.06+0.07

to Seebeck coefficient, it is clear in table 8.1 that the very low electrical conductivity
of the 300°C annealed films result in very low values of ZT', despite the relatively
low thermal conductivity and relatively high magnitude Seebeck coefficients of these
films. The highest calculated value for ZT in a 600°C annealed film was 0.06£0.07 at
high zinc concentration, again largely due to the electrical conductivity of this film,
and in spite of a relatively low (-20 ©V/K) Seebeck coefficient. While a value for ZT
of 0.06 is quite high, there is high uncertainty on this value due to the low Seebeck

coefficient. ZT across the rest of the range is lower than this pure-ZnO value.

8.2 Effective Lorenz Number

Table 8.2: Calculated effective Lorenz numbers for ZTO films sputtered under 10%
oxygen and annealed at 300°C and 600°C under oxygen. A temperature of 300 K was
used for all measurements. Calculated for T = 300 K.

x 0.18 0.46 0.66 0.81 0.96
300°C OQLeff wa - (T4+4)x1072 341 442 (84+4)x10~2

x 0.47 0.64 0.78 0.90 0.98
600°C O,

Leps/W8 (241)x107°  (140.5)x107°  (6+3)x107°  (3+1)x10™°  (5+3)x10~®

Effective Lorenz numbers calculated for ZTO films sputtered under oxygen are
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presented in table 8.2. The low electrical conductivity of these samples results in very
large L.s¢ (and therefore very non-metallic behaviour) at virtually all stoichiometries
for both annealing conditions. The exception to this is a in the 600°C annealing
condition near the pure-ZnO extreme, where L.ss approaches the ideal value of 2.45
x107® W-Q/K?, and the thermal conductivity is primarily dominated by the influence

of charge carriers.

8.3 100% Ar Sputtering Condition

8.3.1 Fabrication of 100% Ar Samples

In order to study the effect of oxygen content during sputtering and annealing, a set
of films similar to those discussed so far was sputtered using similar conditions, but
under 100% argon.

In an effort to expedite the fabrication process and reduce the likelihood of elec-
trical contact between the van der Pauw structures and silicon substrate, this later
set of samples used heavily doped silicon wafers with 300 nm of thermal oxide on
the surface. These 100 mm, <100> wafers were heavily doped (< 0.005 2-cm). The
presence of thermal oxide on the wafer eliminated the need for the pre-sputtering
Al;O3 deposition step.

Zinc tin oxide films were sputtered using the same ZnO and SnO, targets, at
powers of 110 W and 40 W, respectively. It had been observed when making other
samples that sputtering under pure argon would result in significantly higher depo-
sition rates for a given power than when sputtering with 10% oxygen. As a result,
the sputtering time was shortened to approximately two hours. The stencil masks
used were the same as in the previous ZTO sputtering run. Again, mass disks, silicon
strips and glass strips were included with the wafers on the sputtering table.

Two samples from this set were annealed at 600°C, one under pure oxygen and the
other under pure argon. A third sample was left as-deposited. After annealing, the

van der Pauw structures were covered while 400 nm of Al,O3 was deposited with the
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wafers rotating. Patterning for lift-off followed the same procedure used in fabricating
previous ZTO samples. However, the metal used in this set of samples was aluminum,
which was deposited using thermal deposition from a tungsten filament, to a total
thickness of 150 nm. Due to the higher conductivity of aluminum compared to nickel,
this lower metal thickness resulted in the same average current path resistance for
each heater of approximately 50 2.

Aluminum is not susceptible to the same adhesion issues observed with nickel, so
neither the long cooling stage nor the long atmospheric exposure was necessary. After
aluminum deposition, the wafer was immediately removed from vacuum and lift-off

was performed in RR-5.

8.3.2 Physical Characterization of 100% Ar Samples
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Figure 8.13: Measured thickness of ZTO films sputtered under argon as a function
of radial position on the sputtering table. Zinc oxide content increases with radial
position.

The thickness of the ZTO films sputtered under argon (figure 8.13) was somewhat
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lower than was expected. It had been observed in earlier sputtering runs that depo-
sition rates for a given chamber pressure with partial oxygen were significantly lower
than for the same pressure of pure argon. Because the ZnO target was approaching
end-of-life and there was concern that it would sputter through to the copper mount-
ing plate and contaminate the samples, the sputtering time was halved compared to
the partial oxygen run. Unfortunately, the low thickness of the films significantly

increased the scatter in the thermal conductivity results.
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Figure 8.14: Film mass and density as a function of table position for ZTO films
sputtered under argon.

The mass disk data show total deposited film mass per unit area varying similarly
to film thickness, decreasing approximately linearly by ~20% from the inner to the
outer edge of the track (figure 8.14). Film density is effectively constant, and lacks the
broad peak around the middle of the track observed in the partial-oxygen sputtering
condition. The films for the argon sputtering condition are also more dense, varying
from 6-7 g/cm?, as opposed to 5-6 g/cm?® when sputtered under partial oxygen.

The range of sputtered stoichiometries (figure 8.15) is similar to the samples sput-

tered in 10% oxygen, ranging from 15% ZnO at inner edge, to 95% ZnO at the outer
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Figure 8.15: Normalized atomic fractions of Zn and Sn as a function of radial position
on the sputtering table for the 100% argon sputtering run.

edge. There was concern that the thin nature of the films would require a correction
to the microprobe data using Casino, as in the ZIO TFT study. However, WDS
microprobe measurements for silicon showed negligible silicon signal, indicating that
electron beam penetration was not sufficient to reach the underlying SiO5/Si sub-

strate. Therefore, the microprobe data were used as collected.

8.3.3 Thermal Conductivity of 100% Ar Samples

The thermal conductivity of the as-deposited film is presented in figure 8.16. The
thermal conductivity is approximately constant at 2 W/m-K for zinc oxide fractions
between 0.5 to 0.9. For zinc oxide fractions below 0.5, the measured thermal conduc-
tivity rises and peaks at x & 0.4, then decreases down to approximately 1 W/m-K
for a zinc oxide fraction of 0.2.

X-ray diffraction of the as-deposited film (figure 8.17) showed very little structure
at the majority of stoichiometries, with an amorphous profile for all z < 0.9. At the

zinc-rich end of the extreme however, the weak, single peak shown in figure 8.18 is

103



=
]

7 -
E 8T 060002 ¥ ]
E 7 T x AsDeposited |
Z 61 _
= 1 i@ L § Sk ?_%gx*% % -
.x A
0 : : : : , , : : :

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Zn0 Fraction

Figure 8.16: Thermal conductivity at room temperature of ZTO films sputtered under
pure argon, for the as-deposited and 600° oxygen annealing conditions, presented as
a function of zinc oxide fraction.

visible. This peak is likely the same (002) ZnO peak observed in the oxygen-sputtered
films, indicating that the preferred-orientation growth of ZnO grains was present re-
gardless of oxygen content. The broad peak in thermal conductivity observed around

x = 0.4 does not seem to correspond to formation of a crystalline phase.

In the 600°C under oxygen annealing conditions, the peak in thermal conductivity
observed at a zinc oxide fraction of 0.4 in the as-deposited data is not present (figure
8.16). Instead, the thermal conductivity is constant across most of the range at an
average value of approximately 2 W/m-K, increasing slightly around the zinc-rich
extreme. These data are not unlike those observed for ZTO sputtered under 10%

oxygen and annealed at 600°C under oxygen.

The same three phases of SnO,, Zn,SnO,4 and ZnO present in the oxygen-sputtered
film are also visible at approximately the same stoichiometric ratios (figure 8.18) in

this film. The lower film thickness used in this condition is responsible for the lower
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Figure 8.17: XRD results for as-deposited ZTO films deposited in argon at a variety
of zinc oxide fractions.

signal to noise ratio in these measurements compared to those made on oxygen-
sputtered films.

While the measured thermal conductivity of the films is presented in figure 8.20,
the data cannot be relied upon for an accurate measure of film thermal conductivity.
The temperature per unit power data for this sample are also presented, along with
the accompanying temperature amplitudes for the adjacent reference heaters. The
difference between the two amplitudes is effectively zero within experimental uncer-
tainty, and indicates the presence of a film too thermally conductive for the current
technique to measure.

XRD results for the 600°C, argon-annealed film are presented in figures 8.21 and
8.18. Like the 600°C, oxygen-annealed films, a ZnO phase is visible near the zinc-
rich extreme, and a Zn,SnO, phase is formed around the x = 2/3 stoichiometry.

However, for tin-rich stoichiometries of z < 0.5, two superimposed phases are visible.
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Figure 8.18: Larger plots of XRD data for ZTO films sputtered under argon for
selected zinc oxide fractions, and all annealing conditions.

The tin(iv) oxide phase seen in the oxygen annealing conditions is still clearly visible,
however it is now accompanied by a co-phase of tin metal. The formation of this

extra phase is likely due to oxygen deficiency in the film.

8.3.4 Electrical Conductivity of 100% Ar Samples

In contrast to the films sputtered under 10% oxygen, the films sputtered under pure
argon are significantly more electrically conductive as-deposited (figure 8.22). There

is a broad peak in electrical conductivity around a zinc oxide fraction 0.4, with a
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Figure 8.19: XRD results for ZTO films deposited in argon and annealed at 600°C
under oxygen.

maximum of ~100 S/m. The data include a precipitous drop for lower ZnO con-
centrations, and a gradual decline for greater concentrations. This decline continues
into a broad minimum of 10 S/m at a ZnO fraction of 0.8, above which electrical
conductivity rapidly increases with increasing ZnO content. Note that the data in
figure 8.22 were taken using van der Pauw measurements of films on glass, instead
of the patterned structures on the wafer. The broad peak in thermal conductivity
observed in the as-deposited film around x = 0.4 mirrors the broad peak in electrical
conductivity around the same stoichiometry, suggesting that thermal transport via

electrons is dominant around this stoichiometry.

Annealing under oxygen (figure 8.22) results in an increase in electrical conductiv-
ity for SnOs-rich films of approximately one order of magnitude, below a ZnO fraction

of approximately 0.4, likely due to the increase in order in this region (see figures 8.17
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Figure 8.20: (Top Left) Thermal conductivity of films annealed at 600°C under argon,
as a function of zinc oxide fraction. (Top Right) Temperature amplitude per watt for
both the heaters on 600°C Ar-annealed films and their adjacent ‘reference’ heaters.
(Bottom) For comparison, temperature amplitude per watt for both the heaters on
as-deposited ZTO films sputtered under argon and their adjacent ‘reference’ heaters.

and 8.19) causing an increase in the electron mean free path. However, the ZnO-
rich end of the sample exhibits a drop in electrical conductivity of the same order,
with a slight decrease for films with a ZnO fraction above 90%. Despite the thermal
conductivity and XRD results for this film being similar to those of the equivalent
oxygen-sputtered film, the thermal conductivity is significantly higher across the en-
tire range. This is particularly true for tin-rich mixtures. These results support the
hypothesis that electrical conductivity in these films is largely the result of doping
due to oxygen deficiency.

An apparent ‘trough’ in electrical conductivity is visible around the stoichiometries

for which a Zn,SnO,4 phase was seen to form.
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Figure 8.21:
under argon.

XRD results for ZTO films deposited in argon and annealed at 600°C

Films annealed under argon (figure 8.22) exhibit a relationship between stoichiom-

etry and electrical conductivity that resembles the one observed for the as-deposited

films. However, the argon-annealed film is significantly more conductive, by as much

as two orders of magnitude below z = 0.5. However, similar to the oxygen-annealed

films, a trough in electrical conductivity around x = 0.7 coincides with the formation

of the ZnySnO,4 phase. Above this trough the argon-annealed film remains more ther-

mally conductive than the as-deposited film, though the gap closes as x approaches

1.

The effect of oxygen deficiency on carrier concentration can be seen in figure 8.23.

The as-deposited films exhibit the highest carrier density, despite also exhibiting the

lowest electrical conductivity, indicated that their largely amorphous nature limits

mobility.
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Annealing lowers the carrier concentration significantly, by as much as
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Figure 8.22: Electrical conductivity of ZTO films sputtered under argon as a function
of zinc oxide fraction for all annealing conditions.
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Figure 8.23: Charge carrier concentration of ZTO films sputtered under argon, for all
annealing conditions.
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two orders of magnitude in the case of argon annealing, and up to four orders of
magnitude when annealed under oxygen. The lower carrier density after annealing in
oxygen compared to argon supports the conclusion that the source of these carriers
is largely oxygen deficiencies in the lattice.

The decrease in carrier density between the as-deposited and argon-annealed films
might suggest that oxygen, independent of zinc or tin, was present in the as-deposited
films, and this formed oxides under annealing, lowering the number of donor sites in
the resulting film. However, the film was exposed to oxygen between sputtering and
annealing as well, and some degree of atmospheric contamination may have served as

an oxygen source during the annealing process.

8.3.5 Seebeck Coefficient of 100% Ar Samples

The Seebeck coefficients measured for the argon sputtering condition are shown in
figure 8.24. The as-deposited film was measurable for this case, and contains the
highest-magnitude Seebeck coefficients of -220 ¢V /K around x ~ 0.4, and -140 ¢V /K
at x ~ 0.9. Similar to the film sputtered under 10% oxygen, the 600°C annealing
condition appears to have significantly reduced electron-phonon coupling (due to the
increase in order and reduction of charge carrier density), as the magnitude of the
Seebeck coefficients in these films are seen to decrease by as much as an order of

magnitude compared to their as-deposited counterparts.

8.3.6 Thermoelectric Figure of Merit

The final thermoelectric figures of merit for the argon-sputtered ZTO films are pre-
sented in table 8.3. ZT for these films is often noticeably lower than the oxygen-
sputtered films.

Since it was not possible to accurately determine the thermal conductivity of
the argon-annealed films for this sputtering condition, a calculation of ZT was not

possible. The best possible candidate for the argon-annealed set was the film in the
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Figure 8.24: Seebeck coefficients for all ZTO films sputtered under argon.

Table 8.3: Calculated dimensionless figures of merit for ZTO films sputtered under
argon, both as-deposited and annealed at 600°C under O,. Calculation of ZT for the
argon-annealed films was not possible due to the problems encountered determining
thermal conductivity. Calculated for T = 300 K.

z 0.17 0.39 0.56 0.74 0.92
ASACD J (74g)k10-8 (241)x10-1 (241)x10-5  (1£1x10-°  0.00440.002

x 0.39 0.55 0.70 0.85 0.98
600°C 02 5 (242)x10™°  (3£5)x10¢  (0.3+1)x10~7 (0.14£0.2)x10~8  (0.5+1)x10~°

vicinity of x = 0.4, due to the high electrical conductivity of ~100 000 S/m and
relatively high Seebeck coefficient of -50 ©V /K. Taking a (very) approximate value
for thermal conductivity of 10 W/m-K from figure 8.20, the calculated dimensionless
figure of merit for this film is on the order of 0.01. While this would make this material
among the best thermoelectric candidate of the ZTO films tested, further exploration

of this material would require a significantly thicker film for 3w measurements to
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verify the thermal conductivity, or a direct measurement of a bulk sample.

8.4 Effective Lorenz Number

Table 8.4: Effective Lorenz numbers for ZTO films sputtered under argon, both
as-deposited and annealed at 600°C under O,. Calculation of L.ss for the argon-
annealed films was not possible due to the problems encountered determining thermal
conductivity. Calculated for T" = 300 K.

T 0.17 0.39 0.56 0.74 0.92

As dep. Leps/W2 (240.5)x1072  (2+1)x107*  (1+0.7)x10~*  (2+1)x10~*  (543)x10

T 0.39 0.55 0.70 0.85 0.98

B00°C Oap wo (1 107x1075  (523)x1075  (1205)x10~  (14£0.5)x10~  (1£0.7)x10-

Effective Lorenz numbers for ZTO films sputtered under argon are presented in
table 8.4. Only the oxygen annealing condition is included, as difficulties with de-
termining the thermal conductivity for the 600°C Ar annealing condition prevent
calculation of L.ss. In general, all reported values are at least two orders of magni-
tude from the x & k. value for the Lorenz number of 2.45x107® W-Q/K?, indicating
that electronic conduction of heat is dominated by phonon transport over the bulk of

the stoichiometric range for the as-deposited and oxygen annealed samples.

8.5 Zinc Tin Oxide Thermoelectric Study Conclusions

The highly resistive, amorphous oxygen-sputtered films have low thermal conduc-
tivity, particularly below x = 0.9. Sputtering under argon produces a much more
electrically conductive film, with high (10?? cm™3) carrier concentration. In this
argon-sputtered film, the peak in thermal conductivity near x = 0.4 closely mirrors
a similar peak in electrical conductivity at the same stoichiometry. Annealing under

oxygen produces a three order of magnitude drop in carrier concentration, and in
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the annealed film the peak in thermal conductivity is no longer visible. This, com-
bined with the lack of structure in XRD measurements, supports the idea that heat
transport is electron-dominated, and that charge carriers in the as-deposited film are
largely due to oxygen vacancies.

Annealing produces an increase in crystallinity, notably in the Zn,SnO4 phase
around z = 0.7, and the SnO, phase below = = 0.5. In areas of increased crystallinity,
thermal conductivity is seen to rise compared to the as-deposited films, and phonon
transport of heat appears to dominate.

While an increase in ZnO and SnO, crystallinity appears to increase both thermal
conductivity and electrical conductivity, the formation of a Zn,SnO, phase results in
a significant trough in electrical conductivity, as well as a narrow peak in thermal
conductivity in non oxygen-deficient films.

In the as-deposited argon-sputtered film, the variation in electrical conductivity
appears to be largely modulated by changes in mobility near the tin-rich and zinc-rich
ends of the range, while carrier mobility is relatively constant near the middle. In
all other films however, electrical conductivity appears to be modulated primarily by
carrier concentration, save for the abrupt drop in mobility around the formation of
Zn,5n04 phases.

Up to an order of magnitude decrease in the magnitude of Seebeck coefficients
for annealed films relative to their as-deposited counterparts is observed, largely due
to a multiple order of magnitude decrease in carrier concentration. Relatively low-
magnitude (~ -20 pV/K) Seebeck coeflicients result in relatively low dimensionless
figures of merit for annealed films, while low electrical conductivity limits the as-

deposited films.
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Chapter 9

Zinc Indium Oxide Thermoelectric Study

As with the zinc tin oxide thermoelectric study, two zinc indium oxide sputtering
conditions were examined. In the first, the same sputter gas conditions as the ZIO
transistor study were used, with gas concentrations at 80% Ar and 20% Os. The

second condition used 100% argon.

9.1 80% Ar, 20% O, Sputtering Condition

9.1.1 Fabrication of 80% Ar, 20% O, Samples

Zinc indium oxide films were sputtered onto 100 mm, heavily doped (< 0.005 Q-cm)
<100> silicon wafers. As with the partial oxygen ZTO study, these wafers had only a
native oxide, and therefore required that a 200 nm Al;Oj electrically insulating film
be applied via e-beam, with rotation, prior to sputtering.

The ZnO and In,O3 targets were the same 50 mm targets used in the ZIO TFT
study in chapter 6. The ZnO target was sputtered at a power of 40 W, while the
In, O3 target was sputtered at 90 W. In contrast to the samples presented in the
TFT study, the ZIO samples sputtered here were masked to create a film varying
nominally from 100% In,O3 at the inner edge to 100% ZnO at the outer edge, using
the deposition rates determined for each target prior to the TFT study. Sputtering
occurred at a pressure of 5 mTorr, consisting of 80% argon and 20% oxygen. The
wafers were patterned using the stencil mask design in figure 3.1. Silicon strips, glass
strips, and mass disks were included on the table with the wafers.

Due to the lower sputtering rate of the In,Os target, sputtering time was ap-

proximately 16 hours. This time also helped to ensure that films were thick enough
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that the corrections done to the microprobe data in the TFT experiment were not
necessary for these samples.

Two wafers were annealed at 300°C for 30 minutes while a third was left as-
deposited. One wafer was annealed under oxygen, and the other was annealed under
argon. After annealing, the van der Pauw structures of all three wafers were covered
with aluminum foil and 400 nm of Al,O3 was e-beam deposited at a rate of approxi-
mately 0.2 nm/s, with the wafers rotating. The wafers were then patterned for lift-off
using the mask design in figure 5.3, followed by a de-scum step.

Nickel was e-beam deposited at a rate of 0.1 nm/s to a total thickness of 320 nm.
The wafers were allowed to cool in vacuum, and were then exposed to atmosphere for

approximately 16 hours before lift-off to enhance adhesion of the metal to the sample.

9.1.2 Physical Characterization of 80% Ar, 20% O, Samples
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Figure 9.1: Measured thickness of ZIO films sputtered under 20% oxygen as a function
of radial position on the sputtering table. Zinc oxide content increases with radial
position.

Ellipsometry and profilometry measurements revealed the sputtered film to range
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from 450 nm thick at the inner edge of the sputtering track, to 150 nm at the outer
edge (figure 9.1). This is approximately four times the thickness of the films used in
the ZIO TFT experiment and is consistent with the approximately four-fold increase

in sputtering time used here.
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Figure 9.2: Film mass and density for ZIO films sputtered under 20% oxygen.

The mass per unit area of the films (figure 9.2) varies significantly across the
sputtering track. However, mass as a function of table radial position mirrors film
thickness with radial position. As a result, the calculated density of the films is
approximately equal for all stoichiometric positions, at around 7 + 1 g/cm?3. This
value is consistent with the bulk density of InyO3 of around 7.2 g/cm?3[100], but is
approximately 25% higher than the bulk density of ZnO, even at the outermost edge
of the track. This is in contrast to the ZTO films in which the sputtering film bulk
density approached the ZnO bulk value near the edge, and suggests that the presence
of In,O3 in the zinc-rich end of the range results in a different film structure than the

same ratio of ZnO and SnO,.

Microprobe measurements of film stoichiometry (figure 9.3) revealed the films to
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Figure 9.3: Normalized atomic fractions of Zn and In as a function of radial position
on the sputtering table for the 80% argon, 20% oxygen sputtering run.

vary from approximately 5% ZnO at the inner edge, to 95% ZnO at the outer edge.
WDS mode measurements revealed a negligible silicon signal during measurements,
indicating that the film was sufficiently thick to remove the need for the corrections

using Casino that were necessary in the TFT experiment.

9.1.3 Thermal Conductivity of 80% Ar, 20% O, Samples

The thermal conductivity of the as-deposited samples (figure 9.4) shows a broad
minimum in thermal conductivity of 3 W/m-K for 0.3 < z < 0.5, and rises with
ZnO content toward a peak of ~6 W/m-K near x = 1. The small signal (i.e. small
difference in temperature amplitude between film and no-film heaters) combined with
the relatively thin film in this region results in some increase scatter toward the zinc
edge of range.

X-ray diffraction results (figures 9.5) show two main areas of structure, one near
the pure indium oxide extreme and the other near the zinc oxide extreme. Represen-

tative plots for these regions are shown in figure 9.6. For z < 0.1, a phase of In,Oj3 is

118



iy
(=]

%: < esepsid |
Lot L A

0 0.2 0.4 0.6 0.8 1
Zn0O Fraction

Figure 9.4: Thermal conductivity at room temperature of ZIO films sputtered in 20%
oxygen as a function of zinc oxide fraction.
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Figure 9.5: XRD results for as-deposited ZIO films deposited in 20% oxygen.

visible. The peaks for this phase differ from what would be expected from a powder
diffraction sample[95, 96, 97, 98]; in a powder sample the (222) peak should be dom-

inant, while in these data the (400) peak is by far the most pronounced, indicating a
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potential preferred orientation for the phase. For x > 0.8 a ZnO phase is visible, the
peaks for which are labeled in figure 9.6. This ZnO phase exhibits the same apparent
preferred orientation as the phases observed in the ZTO films, with the (002) peak

stronger than any other visible peaks.
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Figure 9.6: XRD for selected stoichiometries of ZIO sputtered under 20% oxygen for
all annealing conditions.

The thermal conductivity of the film after annealing at 300°C under oxygen reveals
that the rise in thermal conductivity with zinc content for x > 0.5 is now absent. This
could indicate that the thermal conductivity in this region of the as-deposited films
was an electronic contribution, with a carrier density due largely to oxygen vacancies
in the sputtered film. Across most of the range the thermal conductivity of the film is
confined between 2-3 W/m-K; rising slightly above 3 W/m-K near the indium oxide
edge.

XRD of the film shows a significant increase in crystallinity for z < 0.2 compared
to the as-deposited film (figure 9.7). While the (222) peak of this annealed phase

is more prominent, potentially indicating less global orientation to the phase, it is
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Figure 9.7: XRD results for 300°C oxygen-annealed ZIO films deposited in 20% oxy-
gen.

still far lower than the 4:1, (222):(400) peak intensity ratio one would expect from a
powder sample[95, 96, 97, 98]. Additionally, an increase in structure for x > 0.8 is
visible.

The thermal conductivity of the films annealed at 300°C under argon is largely
similar to the oxygen-annealed film, being constant across most of the range. However
it appears to be slightly lower, on average, than the oxygen-annealed films. Again
there appears to be a small increase in thermal conductivity below approximately 25%
ZnQO. It should be noted that both annealing under oxygen and under argon produced
the same reduction in thermal conductivity in the ZnO-rich end of the range.

The XRD data for the argon annealing condition indicate both the In,O3 and
ZnO phases observed in the as-deposited and oxygen annealing conditions, with some
distinct differences. The Iny,O3 phase extends to much higher ZnO concentrations
than in either of the other conditions, with peaks visible as high as x = 0.38. In
addition, the (400) peak dominance seen in the other films is only visible here for
x > 0.2, while films below this value of z produce XRD plots similar to what one

would expect of a randomly oriented powder sample[95, 96, 97, 98] (figure 9.6). The
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Figure 9.8: XRD results for ZIO films deposited in 20% oxygen and annealed at 300°C
under argon.

ZnO peaks also no longer have the dominant (002) peak seen in the other annealing
conditions, as well as all ZTO data, and instead shows peaks that are approximately

equal in intensity.

In all three annealing conditions, a rise in thermal conductivity is visible toward
the indium oxide extremes of the stoichiometric range, and these appear to correspond
to increases in crystallinity, indicating that phonon transport of heat is primary in
these films. In the case of the as-deposited film near the zinc-oxide extreme, there
is an increase in thermal conductivity that may correspond to a small increase in

electrical conductivity.
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Figure 9.9: Electrical conductivity of ZIO films sputtered in 20% oxygen as a function
of zinc oxide fraction.

9.1.4 Electrical Conductivity of 80% Ar, 20% O, Samples

The electrical conductivity of the as-deposited samples (figure 9.9) was low, ranging
from 1-10 S/m. This result was expected, and is consistent with the results found
for the ZIO TFT study in chapter 6. However, the TFT study covered only half of
the stoichiometric range, from 50% to 100% ZnO, for films sputtered under 20% Os.
The data in figure 9.9 show that this low electrical conductivity continues across the

entire range.

The low conductivity of films sputtered under 20% oxygen contrasts with the
high conductivity of an initial set of films sputtered during the TFT study under 10%
oxygen. This contrast is consistent with the sensitivity of electrical conductivity to

oxygen during sputtering reported in other studies[65].

In any case, electrical conductivity rises by an order of magnitude over 0.7 < x <
0.95, and this appears to correspond to the increase in thermal conductivity over the

same range. While there is also an increase in crystallinity in this range, that same
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increase exists in the annealed films, without a corresponding rise in electrical con-
ductivity. This may indicate that thermal transport may be influenced by conduction

electrons in this region.

Annealing at 300°C under oxygen dramatically increases the electrical conductiv-
ity of the films, by as much as four orders of magnitude (figure 9.9). A broad peak in
conductivity is seen across the range, with a maximum conductivity of 10* S/m at a
zinc oxide fraction of 0.4. For ZnO concentrations below this the electrical conduc-
tivity drops rapidly, to below 100 S/m at a zinc oxide fraction of 0.2. Above 0.4, the
conductivity of the films decreases approximately linearly with increasing zinc oxide

fraction, reaching ~100 S/m at the zinc-rich end of the stoichiometric range.

In figure 9.9 the films annealed under argon exhibit a very similar relationship
between stoichiometry and electrical conductivity as their oxygen-annealed counter-
parts. However, films with zinc oxide fractions below 0.4 appear to be more conduc-
tive, falling from a similar peak of 10* S/m to slightly above 100 S/m for zinc oxide

fractions below 0.2.
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Figure 9.10: Carrier density for ZIO films sputtered under 20% oxygen.

124



The relatively small difference in thermal conductivity between the oxygen and
argon-annealed films, and their large increase relative to the as-deposited film, sug-
gests that an increase in crystal structure resulted in an increase in carrier mobility.
Unfortunately, the low conductivity of the as-deposited films made it impossible to
conduct an accurate Hall effect measurement, and charge carrier density for this film
could not be determined. The charge carrier density of the other two films (figure
9.10) indicate that a decrease in mobility with increasing In,O3 content likely limits
conductivity for z < 0.4, since carrier concentration does not decrease in this region.
Above this mixture ratio mobility is relatively constant and electrical conductivity

changes with carrier density as a function of stoichiometry.

9.1.5 Seebeck Coefficient of 80% Ar, 20% O, Samples

The Seebeck coefficients of all annealing conditions are shown as a function of stoi-
chiometry in figure 9.11. In contrast to the zinc tin oxide films, the as-deposited film

Seebeck coefficients are approximately zero across the entire stoichiometric range.
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Figure 9.11: XRD results for all ZIO films sputtered under 20% oxygen.
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Annealing under both argon and oxygen produces a broad peak in Seebeck coef-
ficient magnitude, with a maximum around z = 0.7. As expected from the n-type
nature of the TFT devices made using the same films, the Seebeck coefficients are
negative. The oxygen annealing condition produces a peak that is more than dou-
ble in magnitude with respect to the argon-annealed film. Seebeck coefficients for the
oxygen condition are also larger in magnitude than their argon-annealed counterparts
for all other measured stoichiometries. The higher carrier concentration in the oxygen
films relative to the argon may explain this difference, if electron-phonon coupling is

assumed to be similar.

9.1.6 Thermoelectric Figure of Merit

Table 9.1: Calculated dimensionless figures of merit for ZIO films sputtered under
oxygen for T" = 300 K.

x 0.27 0.47 0.67 0.90
ASACD 7 (0200 1x107°  (0.240.2)x10-5  (0.1£0.3)x10-10  (448)x103

x 0.27 0.47 0.67 0.90
300°C Oz (8£5)x10" 0.02:£0.01 0.012£0.005 (6£4)x10~*

x 0.27 0.47 0.67 0.90
300°C Ar

ZT (445)x107° 0.00340.001 0.001£0.0005  (140.7)x107*

The dimensionless thermoelectric figures of merit were calculated at T = 300 K
and are shown in table 9.1. Due to the high magnitude Seebeck coefficients found in
both annealed films for x = 0.5 and 0.7, and combined with relatively high electrical
conductivity and low thermal conductivity, the 300°C annealed films both produced
relatively high figures of merit. The oxygen condition in particular produces interest-

ing values, as high as 0.02 for z = 0.47.
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The samples annealed at 300°C under oxygen yield the highest values for Z7T', on
the order of 0.01 for z = 0.47 and x = 0.67. These are consistent with the finding of
Amani et. al.[39] in which ZIO compounds around this stoichiometric range are found
to give ZT between 0.01 and 0.04 at 300°C. However, the stoichiometries measured
here that lie outside of this range have far lower Z7T'.

A common theme in the ZTO films was that high electrical conductivity came at
the cost of high thermal conductivity. This is particularly noticeable in the argon-
sputtered, argon-annealed films. The annealed ZIO films, however, exhibit the same
order of electrical conductivity (~10* S/m) at their peaks, while maintaining com-
paratively low (<3 W/m-K) thermal conductivity, resulting in a number of films with
ZT on the order of 1072. While argon annealing resulted in a somewhat lower ZT
than oxygen annealing, both of the annealed films produce significantly higher ZT
than the ZTO films.

9.2 Effective Lorenz Number

Table 9.2: Calculated effective Lorenz numbers for ZIO films sputtered under oxygen
for T = 300 K.

z 0.27 0.47 0.67 0.90
As dep.
sdep. WO (643)x1078  (241)x107%  (6+3)x1073  (3+1)x1073
z 0.27 0.47 0.67 0.90
00C02 p wo (510)107  (723)x107  (3£2)x10-°  (1£0.6)x10-
z 0.27 0.47 0.67 0.90
300°C Ar

Lejs/W8 (5+0.7)x107°  (744)x1077  (6£3)x1076  (4+2)x107?

Effective Lorenz numbers for selected stoichiometric ratios are presented in table

9.2. Due to the low carrier concentration, L.s¢ for the as-deposited samples are
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significantly greater than the ‘ideal’ Lorenz number for a metal of 2.45 x 1078 W-Q /K2,
and are generally high by ~5 orders of magnitude, indicating phonon-dominated
thermal transport.

While the two annealing conditions also produce Lorenz numbers that are sig-
nificantly greater than this ideal value, the increased carrier density and electrical
conductivity result in values that are closer in magnitude to the ideal. However,
only the x = 0.47 stoichiometries approach within an order of magnitude of L, corre-
sponding to the peak in electrical conductivity for these two conditions, seen in figure

9.9.

9.3 100% Ar Sputtering Condition

9.3.1 Fabrication of 100% Ar Samples

Zinc indium oxide films sputtered onto 100 mm diameter, heavily doped (< 0.005
Q-cm) <100> silicon wafers. These wafers had a thermally grown, 300 nm silicon
dioxide layer. This layer made the deposition of an Al,O3 electrically insulating film
prior to sputtering unnecessary.

The zinc oxide target used was the same 50 mm target used in all other sputtering
runs. However, a new indium oxide target, acquired from Kurt Lesker and consisting
of 99.99% Iny,O3, was used for this experiment, as the previous target sputtered
through to the copper mounting plate on a prior run, contaminating the sputtered
films. The ZnO and InyO3 targets were sputtered at 40 W and 90 W, respectively,
and were masked to create a film that would nominally vary from 100% In,Os3 at the
inner edge of the track, to 100% ZnO at the outer edge. Sputtering took place under
5 mTorr of argon. Mass disks, as well as silicon and glass strips were included on
the sputtering table. Wafers were patterned using stainless steel stencil masks of the
pattern in figure 3.1.

The sputtering time was chosen to match that of 80% Ar, 20% O, ZIO samples,

at approximately 16 hours. It was expected that sputtering under argon would result
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in an increase in sputtering rate, so this time was picked to again ensure that the
resulting films would be thick enough that no correction of the microprobe data would
be required.

Two wafers were annealed at 300°C for 30 minutes, while a third was left as-
deposited. One wafer was annealed under oxygen, while the other was annealed
under argon. All three wafers had a 400 nm Al,Oj3 layer e-beam deposited at 0.2
nm/s with the wafer rotating. The wafers were patterned for lift-off using the design
in figure 5.3 with a de-scum step. Aluminum was e-beam deposited at ~0.1 nm/s to
a total thickness of 150 nm. Because aluminum was used, it was not necessary to cool
the wafers in vacuum after metal deposition, nor was a long atmospheric exposure

required to promote metal adhesion.

9.3.2 Physical Characterization of 100% Ar Samples
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Figure 9.12: Measured thickness of ZIO films sputtered under argon as a function
of radial position on the sputtering table. Zinc oxide content increases with radial
position.

Thickness as a function of table position is presented in figure 9.12. It was found
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that the sputtering rate for the indium oxide target at 90 W and a pressure of 5
mTorr was much higher under 100% argon than it was under 80% argon and 20%
oxygen. The total thickness of the film for the same target powers and sputtering
time was approximately 2000 nm at the inner, indium oxide edge of the track, to 200
nm at the outer, zinc oxide edge. The film at the inner edge is much thicker than
any other films measured in these experiments. However, while thick films can cause
problems in thin film transistors, namely in the form of increased off currents, it was
not expected to pose a problem for the thermal conductivity, electrical conductivity

and Seebeck measurements for this phase of the project.
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Figure 9.13: Film mass and density for ZIO films sputtered under argon.

The mass of this film was found to change with table position in a manner similar
to the film thickness (figure 9.13). However, the density of the film was again found to
be largely constant across the sputtering track, and has a similar value (6-7 g/cm?) as
the films sputtered under partial oxygen. Therefore, the increased thickness indicates
a greater amount of material being deposited, as opposed to a more porous structure,

when compared to films produced in the partial oxygen ZIO sputtering condition.
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Figure 9.14: Normalized atomic fractions of Zn and In as a function of radial position
on the sputtering table for the 100% argon sputtering run.

Due to the increased indium oxide deposition rate, the stoichiometry of the films
as a function of table position (figure 9.14) reaches a 50/50 mixture closer to the
outside edge of the track. However, the total range is similar to the partial oxygen
run, varying from 97% In,Oj3 at the inner edge of the track to 95% ZnO at the outer
edge. As might be expected with a film of this thickness, negligible silicon signal from

the substrate was detected during WDS mode microprobe measurements.

9.3.3 Thermal Conductivity of 100% Ar Samples

The heaters used to characterize the as-deposited films had relatively low yields and
high scatter, possibly due to higher-than-normal roughness on the sputtered film
owing to the increased sputtering rate. The data (figure 9.15) show the thermal
conductivity of the film varying from approximately 4-5 W/m-K at the indium-rich
end, to 2-3 W/m-K at the zinc rich end.

The film near x = 0 was found to be significantly more crystalline than the as-

deposited film in the 20% oxygen condition, with a clear In,O3 phase visible for x
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Figure 9.15: Thermal conductivity at room temperature of ZIO films sputtered in
argon as a function of zinc oxide fraction.

< 0.13 (figure 9.16). However, unlike the oxygen-sputtered as-deposited film, this
phase has relative peak intensities that are close to those one would expected from a
randomly oriented polycrystalline structure, and the preferred orientation is absent
at x = 0.06 (figure 9.17). Moving away from the x = 0 edge, the (222) peak becomes
more intense relative to the other peaks. Interestingly, this effect is different from
what was observed in the oxygen-sputtered samples, where the (400) peak intensity
grew with increasing ZnO content, indicating a different preferred direction for the
crystal structure when sputtered under argon than when sputtered under oxygen.
The apparent decrease in thermal conductivity with ZnO content appears to mirror
the decrease in organzation of the film. Near the ZnO end of the range a set of ZnO
peaks are visible, but this signal is very weak, particularly considering the thickness
of the film in this area.

The thermal conductivity of the films annealed at 300°C under oxygen are pre-
sented in figure 9.15. The same trend of increasing thermal conductivity with increas-

ing Iny,O3 content is visible. Thermal conductivity decreases approximately linearly
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Figure 9.16: XRD results for as-deposited ZIO films deposited in argon.

from 5 to 2 W/m-K over 0.1 < x < 0.6, and decreases slightly more to just over 1
W/m-K above z = 0.8. If one compares the XRD results for this film (figure 9.18)
to those for the equivalent oxygen-sputtered film (figure 9.7) both show a clear Iny,O3
phase up to = ~ 0.15, but the argon-sputtered film is significantly more conductive in
this region. This may be due to an increase in the electronic contribution to thermal

conductivity due to oxygen vacancies in the argon-sputtered film.

Focusing on the peaks themselves (figure 9.17) the x = 0.06 phase is very similar to

the as-deposited film, though with enhanced peak intensity. This increase in intensity

is not apparent near the ZnO edge, where the x = 0.85 is very similar to its as-

deposited counterpart. An interesting difference exists between annealed and as-
deposited x = 0.13 plots. While the relative peak intensities are similar, there is a
clear ‘doubling’ of the (222) peak after annealing, suggesting a superposition of two

distinct InyO3 phases or twinning. The weaker, left-hand phase visible in figure 9.17
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Figure 9.17: XRD for selected values of z for argon-sputtered ZIO films.

appears to be a slight distortion of the crystal structure, while the right-hand peaks

are consistent with reference powder-diffraction data|95, 96, 97, 98].

Thermal conductivity results for the films annealed under argon (figure 9.15) ex-

hibit a trend similar to the oxygen-annealed samples. However, the thermal conduc-
tivities are broadly higher; around = = 0.8 they are measured to be around 3 W/m-K
and increase approximately linearly to 4 W/m-K around = = 0.4. Below this zinc
oxide fraction thermal conductivity rises rapidly to over 6 W/m-K around z = 0.2,

and over 10 W/m-K at = = 0.13.

XRD reveals the argon-annealed films to be very similar to the oxygen-annealing
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Figure 9.18: XRD results for ZIO films deposited in argon and annealed at 300°C
under oxygen.

condition (figure 9.19), though In,O3 structure is now visible in the z = 0.18 plot.
The same change in relative peak intensity with increasing ZnO content is visible,
along with the ‘doubling’ of peaks around the x = 0.18 result (figure 9.17). The ZnO
end of the range again seems relatively unaffected by annealing. While there may be
a slightly larger amount of organization in the argon-annealed films (namely in the
form of the z = 0.18 structure) the increase across the range relative to the oxygen
annealing condition again suggests a significant electronic contribution to thermal
conductivity in these films from increased density of charge carriers due to oxygen

vacancies.

In all three cases, the zinc oxide-rich region of films exhibits a decrease in thermal
conductivity with annealing, matching the results from the 20% oxygen sputtering

condition. However, annealing greatly increase the thermal conductivity of the indium
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Figure 9.19: XRD results for ZIO films deposited in argon and annealed at 300°C
under argon.

oxide-rich end in the films sputtered under argon, while the thermal conductivity of

indium-rich films sputtered under oxygen was relatively unaffected by annealing.

9.3.4 Electrical Conductivity of 100% Ar Samples

The as-deposited films were found to be highly electrically conductive (figure 9.20),
at approximately 10° S/m for all films in the stoichiometric range. This demonstrates
clearly the high sensitivity of electrical conductivity to oxygen during annealing, as
these films are five to six orders of magnitude more conductive than their counterparts

sputtered under 20% oxygen.

Annealing under oxygen results in a significant decrease in electrical conductivity
for almost all stoichiometries (figure 9.20). Films around a zinc oxide fraction of

0.3 are the least affected, with a peak in this region at 10> S/m. For lower zinc
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Figure 9.20: Electrical conductivity of ZIO films sputtered in argon as a function of
zinc oxide fraction.

oxide concentrations the conductivity drops precipitously, to as low as 10 S/m at a
zinc oxide fraction of 0.1, and approaching the as-deposited electrical conductivity
of the 20% oxygen sputtered films. Above a zinc oxide fraction of 0.3 the electrical
conductivity gradually decreases with increasing zinc oxide concentration, reaching
approximately 100 S/m at 90% zinc oxide.

The films annealed under argon are shown in figure 9.20. Films at stoichiometries
above a zinc oxide fraction of 0.3 appear to be relatively unaffected by annealing,
with conductivities between 10* and 105 S/m. However, films below this range show
a decrease in electrical conductivity. However, this decrease is an order of magnitude
less than for films annealed under oxygen, with conductivities between 10% and 103
S/m.

Charge carrier density in the as-deposited film (figure 9.21) is relatively constant

=3, Carrier density in the argon-annealed films

with stoichiometry, around 10?° cm
is slightly lower, except around z = 0.3, and appears to mirror the change in elec-

trical conductivity with annealing, within experimental uncertainty. Above x = 0.3,
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Figure 9.21: Charge carrier concentration in ZIO films sputtered under argon for all
three annealing conditions. Of particular note is the lack of difference between the
as-deposited and argon-annealed films, while annealing under oxygen significantly
reduces carrier density for higher values of x, suggesting that oxygen vacancies in the
films are the primary carrier source in zinc-rich ZIO films.

annealing under oxygen results in a two order of magnitude drop in carrier density,
consistent with the decrease in electrical conductivity with annealing in this stoi-
chiometric range. Below x = 0.3 the electrical conductivity was too low to reliably

measure charge carrier density in the oxygen-annealed films.

These data help to demonstrate the critical role of oxygen in both thermal and
electric transport in these films. The higher electrical conductivity of the argon-
annealed films appears to correlate to higher thermal conductivity, though only by
20-30%. This indicates that neither the electronic nor phonon contribution to thermal
conductivity is dominant, and further demonstrated by a two order of magnitude shift

in Less at © = 0.54 between the two annealing gas conditions.
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Figure 9.22: Seebeck coefficients for all ZIO films sputtered under argon.

9.3.5 Seebeck Coefficient of 100% Ar Samples

The Seebeck coefficients of the as-deposited films are near zero for x < 0.6, similar
to the films deposited under oxygen. However, the film around x = 0.8 exhibits a
relatively high magnitude Seebeck coefficient of -64 1V /K. The oxygen-annealed film
appears to be similar to the oxygen-sputtered/oxygen-annealed film, with a Seebeck
coefficient of -230 ¢V /K around x = 0.8. Annealing under argon does not appear to
significantly affect the Seebeck coefficient, with the exception of the x = 0.06 result
of -90 uV/K.

The Seebeck results for the oxygen-annealed film appear to be quite similar to

both annealed films in the oxygen sputtering condition.

9.3.6 Thermoelectric Figure of Merit

Unlike the other three sputtering conditions examined in chapters 8 and 9, the di-

mensionless thermoelectric figures of merit for the argon-sputtered ZIO films (table
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Table 9.3: Calculated dimensionless figures of merit for ZIO films sputtered under
argon, calculated for T = 300 K.

x 0.06 0.18 0.34 0.54 0.80
A .
s dep ZT  0.001£0.001  0.003£0.005 0.006=£0.006 0.004£0.004  0.01=£0.005

x 0.06 0.18 0.34 0.54 0.80

00C 0270 (0.4203)x10°5  (242)x107° 0.003+0.002  (63)x10-*  0.006:0.003

x 0.06 0.18 0.34 0.54 0.80
300°C Ar » i 4
ZT  (5+3)x10 (243)x10~6  (7+9)x104  0.001+0.001 0.00140.001

9.3) show a relatively high level of consistency. This is particularly true of the as-
deposited films where ZT varies only between 0.001 and 0.01 across the range. The
as-deposited film at x = 0.80 is also the highest calculated ZT for the sputtering
condition at 0.01. Annealing under oxygen results in relatively low ZT', except at x
= 0.34, where a value of ZT" = 0.003 coincides with the peak in electrical conduc-
tivity for this film. Relatively low Seebeck coefficients contribute to a low Z7T' for
argon-annealed films near the indium-rich extreme, while a combination of relatively
high electrical conductivity and low thermal conductivity contribute to values of ZT
of 0.001 for this annealing condition above z = 0.5. All values of ZT observed fall
far below the values found by Amani, et. al. at 300°C[39], as the metallic nature of
the argon-sputtered films significantly lowered the Seebeck coefficient across most of

the stoichiometric range.

9.4 Effective Lorenz Number

Ly for Z10O samples sputtered under argon are presented in table 9.4. Unsurprisingly,
based on the high electrical conductivity seen at all values of x in figure 9.20 the as-

deposited film behaves largely as a metal, with L.;s within an order of magnitude of
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Table 9.4: Calculated effective Lorenz numbers for ZIO films sputtered under argon,
calculated for T" = 300 K.

z 0.06 0.18 0.34 0.54 0.80
Asdep. WO (140.6)x1077  (6+3)x107%  (TH4)x107°  (241)x1077  (3+2)x10~7

x 0.06 0.18 0.34 0.54 0.80

300002L6ﬁ WO (2+1)x107%  (3£1)x107*  (4£2)x1077  (140.6)x107°  (120.6)x107°

x 0.06 0.18 0.34 0.54 0.80

WOCC AT W0 (04008)x1075  (1£0.7)x10  (442)x10~7  (4£2)x10~7  (1£0.8)x100

L for essentially the entire stoichiometric range.

With the reduced electrical conductivity after annealing, the two annealing gas
conditions produce similar results for most of the range, notably diverging around x =
0.54 where the argon annealing condition is quite metallic, while the oxygen condition
is not. Regardless, outside of the ‘peak’ in electrical conductivity observed around
x = 0.34 in figure 9.20 for the two annealing conditions, and the low L.ss for argon
annealing at x = 0.54, the annealing conditions produce effective Lorenz numbers
well away from that of an ideal metal, indicating thermal conductivity dominated by

phonon contributions.

9.5 ZIO Thermoelectric Study Conclusions

The sensitivity of sputtered ZIO film to oxygen during sputtering is clearly demon-
strated in this chapter, particularly in the five order of magnitude difference in elec-
trical conductivity. This is strong evidence for the primary source of mobile charge
carriers in ZIO films being oxygen vacancies in the sputtered film.

Unlike the ZTO study, the contribution of electron heat transport is much more

muted in ZIO films. There is some evidence that electronic transport contributes
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to thermal conductivity on the same order as phonon transport. For example, in
the argon sputtering condition, the argon-annealed film is 20-30% more thermally
conductive across most of the range than the oxygen-annealed equivalent, without an
obvious corresponding increase in crystallinity that could explain an increased phonon
contribution, leaving the two order of magnitude difference in charge carrier density
to explain the increased thermal conductivity. Oxygen during sputtering and during
annealing therefore influences both electrical and thermal transport.

While an oriented ZnO phase was clearly visible in virtually all ZTO data, the
Zn0O phase in the ZIO study is much more muted, and appears largely unaffected by
annealing. In addition, sputtering under argon appears to diminish the appearance of
this phase. Both thermal and electrical conductivity are significantly lower in ZnO-
rich films mixed with indium oxide than in films mixed with tin oxide, indicating that
the presence of indium oxide interferes with the formation of a distinct polycrystalline
ZnQO phase.

In this chapter, as-deposited films exhibited relatively low Seebeck coefficients,
and annealing helped to increase them. The ‘peak’ of Seebeck coefficients occurred
around x = 0.7 or x = 0.8 in the oxygen annealing conditions, corresponding to a

trough in carrier density in both cases.
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Chapter 10

Conclusions and Future Work

The initial TFT portion of this study sought to examine thin film transistor per-
formance, particularly the values of saturation field effect mobility and inverse sub-
threshold swing, as a function of stoichiometry in mixtures of zinc oxide with either
tin(iv) oxide or indium(iii) oxide. These studies produced a number of interesting re-
sults, particularly regarding high mobility at particular stoichiometries. In the ZTO
study, two peaks were found after annealing at 600°C under oxygen, both on the
order of 10 cm?/V-s, at z = 0.3 and x = 0.8. In the ZIO study only half of the
stoichiometric range could be examined using TFT devices, but a peak in mobility
of 30 cm?/V-s was found near x = 0.7, when annealed at 300°C under oxygen, while
a 600°C annealing condition was found to be detrimental to transistor performance.
These devices also offered on/off ratios as high as 10° and sub-1 V/decade inverse

sub-threshold swings. These studies produced two publications[101, 102].

Brief XRD measurements after the TF'T study revealed the films to have many
stoichiometries that appeared to be largely amorphous in nature. This suggested
that they may therefore also be of low thermal conductivity. This result, coupled
with the high mobility results, suggested that both films might be interesting in
a thermoelectric context. Other work[65] at fixed mixed ratios of ZIO suggested
that the influence of oxygen during sputtering might significantly effect the electrical
properties of these films. The decision to examine the films from a thermoelectric
point of view (i.e. to determine ZT as a function of fabrication parameters) resulted
in the bulk of this study. However, the study expanded beyond simple determination
of ZT, to include an examination of the nature of thermal and electrical conduction

in the materials.
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While devices and facilities were available to measure electrical conductivity and
Seebeck coefficients, the method used to create the combinatorial films necessitated
the use of an indirect method of measurement for determination of the thermal con-
ductivity of the films. The 3w method was chosen for this measurement, due to
its relative simplicity and the availability of the DSP lock-in amplifier necessary for
its application. Initially, all 3w measurements were carried out manually, using cal-
culations to model the film stack and determine thermal conductivity. However, a
single, reliable manual measurement using any heater was found to take a great deal
of time (on the order of several hours). This made ‘debugging’ the fabrication and
measurements of combinatorial arrays very difficult.

An automated system for measuring many different heaters relatively quickly was
developed. This made measurements, and therefore the optimization of the fabri-
cation and measurement processes, much quicker. To demonstrate that the method
was reliable, a brief study of sputtered SiO5 thin films as a function of film thickness
was conducted[103]. The results were consistent with literature values for sputtered
SiO,, demonstrating that the automated method was capable of delivering accurate
results. This study was instrumental in identifying and eliminating a large number
of issues with the system as initially designed, such as unreliable data when using a
chromium ‘binding’ layer with nickel, or ‘hot spots’ in mask design used for patterning
the heaters.

Initially the fabrication conditions used for both ZTO and ZIO were matched to
those used in the TFT studies. However, a second set of films was fabricated for each
material under pure argon, to help shed light on the influence of oxygen vacancies in
both electrical and thermal transport.

All data taken for a particular set of fabrication conditions were measured using
films created in a single sputtering run. In addition, for a given set of sputtering
conditions, the pre-annealed films were all from the same sputtering run. Therefore,
combined values, such as ZT are as-measured for a single sample, and do not represent

an aggregate of data from multiple, different fabrications.
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In the ZTO films, sputtering under argon was found to result in a significantly
more electrically conductive film compared to sputtering under oxygen, likely due to
an increase in oxygen deficiency in the argon-sputtered film. In addition, thermal
conductivity in the more electrically conductive argon-sputtered film appeared to
be primarily due to the electronic contribution, as electrical conductivity mirrored
thermal conductivity. The oxygen-sputtered film was highly resistive, and exhibited
very low thermal conductivity, except where crystalline structure was visible near
the ZnO edge. This ZnO phase was visible in all ZTO films, and appears to have
a preferred orientation, based on the relative intensities of the visible peaks in XRD
measurements. Crystal structure is also visible in some films near the SnOs edge,
particularly for 600°C annealed films. A tin-metal phase is visible along with an
SnO, phase in the argon-sputtered, argon-annealed films. This is further evidence of
a strongly oxygen-deficient film. A narrow peak in thermal conductivity is observed
coincident with the formation of a Zn,SnO,4 phase that is visible in the 600°C annealed
films.

Annealing under oxygen at 600°C appeared to effectively ‘fill’ oxygen vacancies.
In the argon-sputtered films, annealing in oxygen produced a drop in charge carrier
density of as much as four orders of magnitude. Interestingly, annealing under argon
also produced a large drop in carrier density, but of 1-2 orders of magnitude less,
implying that unbound, trapped oxygen was present in the films as-deposited, or that
annealing ‘healed’ donor-like defects. Annealing under oxygen also caused a reduction
in thermal conductivity, supporting the assertion that the electronic contribution to
thermal conductivity was significant in these films.

Seebeck coefficient magnitudes tended to be highest in the as-deposited films,
with 600°C annealing conditions resulting in low-magnitude Seebeck coefficients of
around -40 1V /K. The oxygen-sputtered, 300°C annealed and the as-deposited argon
sputtered films produced relatively high magnitude Seebeck coefficients of as much
as -260 pV /K.

Because the electronic contribution to thermal conductivity is high in these films,
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high electrical conductivity tended to come at the cost of high thermal conductivity
as well. In addition, the films with high electrical conductivity required anneal-
ing, resulting in low Seebeck coefficients. As a result, ZT calculated for the ZTO
films was generally low. The highest observed value of 0.06 occurred in the oxygen-
sputtered, 600°C oxygen-annealed film, very near the pure ZnO extreme (z = 0.98).
The best ‘low processing temperature’ thermoelectric film was the argon-sputtered,
as-deposited film, with a value for ZT of 0.004 at x = 0.92. The next best was ZT
= 0.0002 for the same film at x = 0.39.

In the ZIO films crystallinity was generally only visible near the indium oxide
edge of the sputtering track. The presence of indium oxide appeared to interfere
more strongly with the formation of a ZnO phase than had the tin oxide in the
Z'TO samples, as the ZnO peaks in the ZIO films are never as clearly visible, despite
generally thicker films (and therefore higher XRD intensities). Thermal conductiv-
ity was fairly low in all oxygen-sputtered films, with a slight rise visible near the
indium oxide edge. Annealing under oxygen and argon produced an increase in elec-
trical conductivity, which was roughly the same regardless of annealing gas. This
indicates that the oxygen-sputtered films are not strongly oxygen-deficient. In these
oxygen-sputtered films, thermal conductivity did not appear to vary with electrical
conductivity, indicating a weak electronic contribution to thermal conductivity.

In the argon sputtered films electrical conductivity was highest in the as-deposited
film, at around 10° S/m at all stoichiometries. In this case, annealing caused a
reduction in electrical conductivity, except at a peak around x = 0.3. Both XRD
and thermal conductivity data indicated an increase in crystallinity in the annealed
films near the indium oxide end of the range. Charge carrier density was shown
to be much lower in the oxygen-annealed films (except near the peak at x = 0.3)
compared to both the as-deposited and argon-annealed films. Annealing under argon
did not appear to significantly affect carrier density, further demonstrating the oxygen
sensitivity of the films. The higher electrical conductivity and carrier density of the

argon-annealed film caused only a slight increase in thermal conductivity compared
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to the oxygen-annealed film. Again, this indicated that electronic contributions to
thermal conductivity are relatively insignificant.

Seebeck coefficients in the ZIO films were found to increase with annealing, with
values for the as-deposited films being near zero. In both sputter gas conditions the
‘peak’ measured Seebeck coefficient was around z = 0.7 or x = 0.8, at a magnitude
as high as -260 pV /K. Oxygen-annealed films produced the highest magnitude coef-
ficients. The argon-sputtered, oxygen-annealed film also produced a relatively high
peak Seebeck coefficient. There was some indication that oxygen in a ZIO film played
an important role in determining the Seebeck coefficients of that film.

Films both sputtered and annealed under oxygen at 300°C produced the highest
values for ZT'; of 0.0240.01 and 0.01£0.005 at x = 0.47 and = = 0.67, respectively. ZT
for the argon-annealed version of this film was approximately an order of magnitude
lower at the same stoichiometric ratios. While ZT' for films sputtered under oxygen
was generally lower, the as-deposited (i.e. low processing temperature) Z7T values
were relatively high, the most notable being ZT = 0.01 at z = 0.80, excellent for a

room-temperature fabricated and tested film.

10.1 Future Work

The study of annealing temperature in ZTO films was limited by the fact that films
could not be annealed after deposition of metal contacts, requiring a ‘fresh’, as-
deposited sample to be annealed prior to testing. However, it is clear from the
results in chapter 8 that annealing temperature may be a useful avenue of exploration
for optimizing ZT. Specifically, it may be possible to find an optimum annealing
temperature between 300°C and 600°C at which ZT is optimized (i.e. where electrical
conductivity is increased without the observed decrease in Seebeck coefficient). In
addition, exploration of a range of oxygen contents during sputtering between 0% and
10% may be used to further optimize Z T, again by maximizing electrical conductivity

while maintaining Seebeck coefficient.
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The ZTO films used here were observed to be very ‘tough’, in that they were highly
resistant to scratches or cracking. For example, films deposited on thin, slide-cover
glass were found to maintain electrical conductivity, even after significant flexing of
the substrate. A study of the growth of these films on low-cost, flexible substrates,
likely at a fixed stoichiometric ratio at a range of thicknesses, may be interesting
for any future use of ZTO in low-cost devices. An XRD study of the films on non-
crystalline substrates would also yield interesting information about the oriented ZnO
phase observed near the zinc-rich end of the stoichiometric range. Growth of the film
on a randomly oriented substrate may result in less oriented, less thermally conductive
films in this region, and a correspondingly higher Z7T.

The ZIO study yielded values for ZT that were consistent with literature[104],
reaching as much as 0.02. It is clear from the results in chapter 9 that the thermo-
electric properties of ZIO are exquisitely sensitive to oxygen, during both sputtering
and annealing. As with the ZTO study, a more detailed exploration of the range of
oxygen partial pressure values during sputtering is warranted. This is particularly
true in the case of ZIO as increasing oxygen content during sputtering to 20% signifi-
cantly increased the determined value of ZT around the x = 0.5 stoichiometry. With
this in mind, a study of oxygen partial pressure during sputtering both for lesser and
greater oxygen values would help to find a peak in thermoelectric performance. The
Seebeck coefficient of the ZIO films was also found to be highly sensitive to annealing,
and ZT could again be optimized via a study of a range of annealing temperatures
under oxygen.

While ZIO was not observed to be as ‘tough’ as ZTO, being more likely to ‘flake’
and otherwise deform under stress, sputtering of ZIO films onto flexible substrates
would be an interesting avenue of experiment. Given the lower temperatures at
which annealing produced positive results, it may be possible to do relatively low-
temperature annealing on organic substrates such as teflon or thermoset polyimide.

Both ZTO and ZIO films were observed to be partially transparent. A cursory

study to quantify this transparency as a function of stoichiometry was undertaken
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during the TFT phase of the experiment. However, this aspect of the materials
was not pursued in detail due to time constraints. Future studies of these sputtered
films could include an examination of this transparency as a function of the various
fabrication parameters discussed.

Finally, the combinatorial, thin-film thermal conductivity measurement system
developed for this study is not limited to use on only ZIO and ZTO, and other
systems, such as the Indium-Gallium-Oxide system, can be studied. Further, the
combinatorial sputtering system used is capable of creating ternary systems. With
further optimization, including a larger number of heaters spread across a larger area
of the substrate, this system could be used for studying ternary systems, such as the
indium-gallium-zinc-oxide system.

While not implemented due to time constraints, an implementation of the heaters
used in the 3w method to determine Seebeck coefficient was briefly explored. In
brief, an area of the film of interest is given a temperature amplitude at 2w, as in
a 3w measurement. A voltage sense line is patterned on the film below the heater,
separated electrically from the heater metal by an insulating layer. The difference
in potential at frequency 2w between this sense lead and another point on the film
that is unheated is taken to be due to Seebeck coefficient. This is known as the
2w method[105] and it could, in combination with the combinatorial 3w method
presented here, be used to take all the necessary measurements for calculated ZT" on

a single-substrate combinatorial library.
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Appendix A

Uncertainties

For the thermoelectric portion of this study, determination of uncertainties was crucial
as the reported values are determined from a large number of independent measure-
ments. This section will outline the various sources of uncertainty in measurements

used during the thermoelectric study.

Uncertainties were not reported for measurement on devices in the transistor por-
tion of this study (chapter 6), owing to the large number of devices (and therefore
measurements) available. The high density of data points over the stoichiometric
range made it possible to observe systematic behaviour without considering of the
uncertainty of an individual measurement. However, various sources of uncertainty
exist for these measurements, the most significant of which is in the linear fit used to

determine saturation mobility and threshold voltage (see figure 2.2).

A.1 Thermal Conductivity

The conductivity of the thin films was taken to be due to the difference in temperature
amplitude between a heater sitting on a stack of films and an adjacent heater on a
similar stack of films, but without the film of interest. To find this difference, the
temperature amplitude per unit power of each heater was determined using equation
(2.50). The uncertainty of each of these measurements depended on the uncertainty
in R, Crr and the first and third harmonic voltages. Cgrr was determined using a
series of AC current and voltage measurements for a variety of applied voltages of
each heater as it cooled over approximately 20°C. The slope of R with respect to

temperature was then calculated, resulting in a very low uncertainty measurement of
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less than 5%. The determined value of C'ry and its uncertainty was then used for all
subsequent calculations for the heater.

R was determined for each temperature amplitude measurement, by simultane-
ously measuring AC current and V. The uncertainty for this value was extremely
small, and was neglected.

The first harmonic voltage measurement was stable to one part in one thousand
and was neglected. Uncertainty in the third harmonic voltage often dominated tem-
perature amplitude measurements due to the low magnitude of this voltage relative
to the first harmonic voltage. For each heater, 30 - 40 temperature amplitude per
unit power measurements were taken at a variety of applied powers and frequencies.
The standard deviation of these measurements over the root of the number of mea-
surements was taken to be the standard error in temperature amplitude due to the
third harmonic voltage. The error when determining the difference in temperature
amplitude between adjacent heaters was the sum of these individual uncertainties.

For converting this temperature amplitude difference into a film thermal conduc-
tivity, the thickness of the film and width and length of the heater were also required.
Heater width in all cases was 25 ym 4+ 1 um, as determined using microscope photos
of standard heaters (see figure A.1).

Both the heater width and length are subject to the same fabrication methods,
so the uncertainty in heater length was assumed to be the same as it was for the
width. Since this length was 1.4 mm for all heaters, the uncertainty in this value was
neglected. The final value used to calculate film thermal conductivity was the film
thickness. This was determined using spectroscopic ellipsometry and profilometry.
The difference in measurements between these two techniques over several fabrica-
tions runs led to a general +10% uncertainty being assumed for all film thicknesses
measured using ellipsometry.

The uncertainty in V3, and film thickness were by far the dominant sources of
error when determining film thermal conductivity. Thinner and/or more conductive

films led to higher uncertainty.
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Figure A.1: Close up view of a standard heater. The horizontal line is the heater
element, with a width of 25 um.

A.2 Electrical Conductivity

Electrical conductivity measurements were done using sheet resistance and the film
thickness. The sheet resistance depended on a number of 4-wire resistance mea-
surements, as well as the film thickness. Uncertainty in film thickness was discussed
previously and was taken to be + 10%. Scatter in the 4-wire resistance measurements
themselves also contributed an uncertainty of approximately 10%.

However, the van der Pauw technique used to determine the conductivity of these
films also requires that the thickness of the films be uniform. This increased the
uncertainty for two reasons. First, film thickness for some samples could vary no-
ticeably over the width of the cloverleaf structure owing to a thickness change across
the width of the sputtering track. However, due to the small size of the cloverleaf
structures relative to the width of the sputtering track and the smooth change in
thickness across all samples, this effect was neglected. Second, due to the stencil
mask technique used to pattern the cloverleaf structures, the thickness did not fall
off as a ’step edge’ at the perimeter of the structure. The distance over which the

thickness of the film was found to go from full thickness to zero was about 1/5 of the
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width of the thinnest parts of the structure, so the thickness was assumed to vary by
20%. Adding these three effects in quadrature resulted in a 4+ 25% uncertainty being
assumed for all electrical conductivity data taken using cloverleaf structures.

For very high resistivity measurements taken using films on glass slides, the 10%

uncertainty in film thickness was taken to be the uncertainty in the measurement.

A.3 Seebeck Coefficient

Seebeck voltage measurements were done using the Physical Properties Measurement
System. All values supplied by this device varied inside of a range of approximately +

20 pV/ K, so this was taken to be the uncertainty of Seebeck coefficient measurements.

A.4 Carrier Concentration

Carrier concentration was determined using a technique very similar to that of the
sheet resistance measurements, using the same structures and similar assumptions
about film thickness. The electrical conductivity measurement was also used as part
of this calculation. Therefore carrier concentration numbers are the result of two 25%

uncertainties added in quadrature, or about 35%.

A.5 Thermoelectric Figure of Merit and Effective Lorenz Number

The thermoelectric figure of merit and Lorenz numbers provided here are combina-
tions of the value discussed above, and have values that are added in quadrature. It
was not uncommon for the uncertainty of a value to exceed the value itself, usually
due to the high uncertainty in low-value Seebeck coefficient measurements with fixed

uncertainty (instead of a percentage).
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Appendix B

Publications

The data presented here has resulted in the following publications:

- M. G. McDowell, R. J. Sanderson, and I. G. Hill. Combinatorial study of zinc tin
oxide thin-film transistors. Applied Physics Letters, 92:013502, 2008.

- M. G. McDowell and I. G. Hill. IEEE Transactions on Electron Devices, 56:343347,
20009.

- M. G. McDowell and I. G. Hill. Review of Scientific Instruments, 84:053906, 2013.
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