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Abstract

Metal oxides have proven to be promising candidates for realizing thin film transis-

tors (TFTs) that will drive next generation of displays, particularly transparent flexible

displays. While Indium-Gallium-Zinc-Oxide (IGZO) is the most popular transparent

amorphous semiconductor, alternative binary oxides are also contenders in the field. In

this project, we will explore Indium Oxide and Zinc Oxide based thin films, prepared

from precursor solutions, as possible candidates for oxide thin film transistors (TFTs).

To this end, the thin films were characterized physically and optically, and then put

in transistor devices to study their performance. The project also explores the perfor-

mance of heterostructure layers made out of bi-layers and multi-layers of Indium Oxide

and Zinc Oxide. It is found that bilayer structures are able to suppress the high native

doping in Indium Oxide, leading to better threshold voltages in the TFTs.
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Chapter 1

Introduction

Arguably, silicon (Si), through its widespread use in transistors and other electronic

devices, has been at the center of the computing revolution of the past sixty years[1].

The silicon used in these devices is a crystalline form of Si, where the Si atoms are

arranged in a periodic structure. In such a crystalline structure, there is an effective

overlap of sp3 hybridized orbitals on the neighbouring Si atoms. In the overall lattice,

this leads to a delocalization of electrons and the appearance of a bandgap between the

valence and conduction bands. Low effective masses give rise to electron mobilities of

the order of 1400 cm2/V s, a key parameter that determines the processing speed of

transistor devices[2].

However, crystalline Si also has a cousin, amorphous Si, that’s relatively less known but

nevertheless widely used (in its hydrogenated form) in the TFT backplanes of displays.

Unlike crystalline Si, the atoms in amorphous Si are not regularly arranged, leading

to less effective overlap between the directed sp3 hybridized orbitals of neighbouring

atoms. The contrast is illustrated in Figure 1. The presence of defects, dangling bonds

and other irregularities leads to massively reduced mobilities, of the order of 1 cm2/V s.

For TFT backplanes, such low mobilities are acceptable and the amorphous nature of the

semiconductor makes it amenable to low-cost, low-temperature large area deposition[3].

In recent years there has been a huge interest both in industry and academia on the

topic of metal oxides and their use in thin film transistors (TFTs). From the indus-

trial and market perspective, metal oxides may not only replace the now dated a-Si:H

technology in the TFT space but also usher in an era of flexible and/or transparent

1
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Figure 1.1: sp3 orbital overlaps in crystalline-Si vs. amorphous-Si[4][5]

electronics[6][7]. From the academic perspective, they are a playground for investigating

fascinating physics, starting from its band structure, morphology, electron transport, to

the mysterious sounding oxygen vacancies[3][8][9][10]. A large diversity in the type of

oxides possible, multiple methods of growing the oxides and the opportunity to tune

their properties through mechanisms such as doping and the formation of heterostruc-

tures make the field rich and diverse. The reason for the attractive electronic properties

of metal oxides, even in their amorphous phase, is the nature of the conduction band,

which is formed from the ns orbitals of the metal atom. Due to the spherical nature

of these orbitals, effective overlap between neighbouring atoms is retained even in the

non-crystalline phase, resulting in the delocalization of electrons in the (non-)lattice (see

Figure 1.2. Mobilities greater than 10 cm2/V s have been reported for metal oxides and a

driving challenge among researches in the field is to realize mobilities as high as possible

while simultaneously retaining their ease of manufacturing. In pursuit of this challenge,

the most popular method of achieving high mobilities and good stabilities is the pathway

of compound oxides. Arguably the best success in this direction is Indium-Gallium-Zinc-

Oxide semiconductor, already proclaimed as a “revolutionary” technology[11].

Figure 1.2: Overlap of metal ns-orbitals in the crystalline and amorphous phases[4][5]

If one would like to stick to binary oxides such as In2O3 and ZnO, the obvious con-

tenders are doping mechanisms (such as the introduction fo Ga, Sn, etc.) or through
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Figure 1.3: Alignment of valence and conduction bands w.r.t vaccuum for Zinc Oxide
and Indium Oxide (Eg = bandgap, EA = electron affinity). Electron enrichment is

expected to take place at the interface.

oxide heterostructure layers, where mobility enhancements have been reported[12][13],

including for solution processed heterostructures[14][15].

In this study, the motivation for heterostructure solution processed transistors comes

from the possibility of interfaces between two oxide thin films showing electron con-

finement or electron enrichment. The clearest mechanism for electron confinement is

the case of a inorganic semiconductor heterostructure like n-AlGaAs/ i-GaAs interface,

where the formation of a 2DEG gives rise to quantized states and extremely high mo-

bilities. In the world of amorphous metal oxides, where such sharp interfaces are not

possible, this effect would be greatly reduced but as shown in Figure 1.3 for the case of

Indium and Zinc Oxides, the offset in the conduction bands could still result in some sort

of electron enrichment at the interface. This electron enrichment has been suggested as

one of the explanations for improved mobilities in [14].

The motivation of of the current project was to explore this heterostructure pathway for

achieving improvements in transistor performance for solution processed metal oxides.

1.1 Outline

In this work, we concern ourselves with only two types of binary oxides, Indium Oxide

and Zinc Oxide, both processed from solution by the popular technique of spin-coating.

Although the ultimate goal of the thesis was to study heterostructure thin films formed
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from these oxides, the transistor fabrication stage was preceded by a material charac-

terization stage.

In the first stage, the oxides were independently coated onto glass/Si substrates to

investigate their thickness dependence on the spinning speed. This provided a way

for realizing oxide films of the desired thickness. This information was then used to

make oxide thin films on thin quartz substrates to study the dependence of optical

properties of the thin films, particularly the optical band gap on the layer thickness1. The

motivation behind investigating this dependence is that a tuning of the bandgap could

open up possibilities for tuning the energy level alignment in heterostructures, potentially

affecting the electronic density at the interfaces, leading to beneficial transistor behavior.

However, we could not determine such a dependence within experimental accuracy.

Practically, any confinement effects may also be counteracted by substrate and interface

effects.

In the second stage, heterostructure oxide thin film transistors of varying number of oxide

layers (1-4) were prepared and studied through regular transistor characterization meth-

ods. Capacitance measurements were also made on metal-insulator-semiconductor(MIS)

diodes, where the same multilayer heterostructure stack is sandwiched between metal

plates and an SiO2 dielectric. From these measurements, the following conclusions were

drawn about these heterostructure transistors:

• Single-layer devices

While the Zinc Oxide based device was found to be non-conducting, the Indium

oxide device shows a large negative switch-on voltage, which we attribute to a high

background charge within the semiconductor.

• Bi-layer devices

In comparison to single-layer devices, in bi-layer devices the addition of a Zinc

Oxide layer seems to passivate the Indium Oxide layer, leading to a low switch-

on voltage and good transistor-like behavior with a highest linear mobility of

1.4cm2/V − s.

• Multi-layer devices

In comparison to bi-layer devices, multi-layer devices suffer from large off-currents,

1The quantum mechanical analogy is a 1D quantum well whose energy levels are affected by the
thickness of the well in the z-direction



5

hysteretic effects and poor reliability. At this stage of the investigation, this behav-

ior is attributed to complexities originating from ion migration and poor interfaces,

arising from the processing recipe used for the layers.



Chapter 2

Material Characterization

In this chapter, we will concern ourselves with the preparation and characterization

of thin films that will later form the basis for the semiconducting active layers in our

transistor devices. The chapter will deal with the preparation and physical characteri-

zation of Indium Oxide and Zinc Oxide thin films from proprietary precursor solutions

on quartz/Si substrates. We will also deal with the optical properties, particularly the

optical band gap of these thin films and their possible dependence on layer thickness.

2.1 Spin-coating

Spin-coating is a (thin) film deposition technique in which a small amount of liquid

solution is dropped onto a substrate that is spun rapidly to spread the solution and

evaporate it. The spinning dries up the liquid until a thin solid film is left on it. For

small substrates, in the absence of any striations, comets or defects[16], the resulting thin

film can often be quite uniform and dense; except at the substrate edges where effects

related to the surface tension, air pressure, and wetting can come into play. Although

not suitable in an industrial manufacturing environment due to the limitations with

substrate size and low throughput[17], spin-coating is an excellent, low-cost and simple

method for a laboratory environment.

The nature of the solvent, the concentration of the solution and the speed at which the

substrate is spun are the most important determinants of the final thickness of the thin

6
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film. The dependence will be explored for our binary oxides in the next section but first

we touch upon briefly the theory and physics of spin-coating.

2.1.1 Theory

In a spin-coating process, two factors are at play - 1) the viscous drag force on the liquid

and 2) the evaporation rate of the liquid, both of which depend on the speed at which

the substrate is being spun. The differential equation for the thickness h due to both

these effects can be written as[18]

dh

dt
= −2Kh3 − e, (2.1)

where K is a flow constant and e is the evaporation rate, which are in turn given by,

K =
ρω2

3η
, (2.2)

and e = C
√
ω, (2.3)

where ρ is the fluid density, ω is the rotation rate, η is the fluid viscosity, and C is a

proportionality constant.

Both K and C depend on the nature of the solvent. We know that with increase

in evaporation, the flow term decreases until the liquid becomes essentially static on

the surface and dries in place. Using this along with (2.1), the final thickness can be

calculated[18] as

hf = x

(
e

2(1− x)K

) 1
3

, (2.4)

where x is the volumetric solid content of the solution. If the dependencies of K ∝ ω2

and e ∝ ω
1
2 are substituted in (2.4), we have that

hf ∝ ω− 1
2 . (2.5)
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In our experiments, we find that this dependance is obeyed upto a certain speed, beyond

which the final film thickness levels-off. The reason for this levelling-off will be explained

when we will present our experimental results later in the report.

2.1.2 Sample preparation

Having briefly dealt with the process of spin-coating, now we present the detailed recipe

for making Indium Oxide and Zinc Oxide thin films from proprietary precursor solutions.

The stoichiometric formula for these oxide films is not known, and hence we will use the

shorthand InOx and ZnOx in this study.

The thin films were coated on either 3×3 cm2 glass or quartz substrates or approximately

2× 2 cm2 Si-substrates cleaved from a 6” Si-inch wafer.

Cleaning: In the case of glass or quartz, the substrates were first scrubbed with Teepol,

flushed with water to remove the soap. Then, substrates were flushed with propanol and

dried with an N2 gun. After this cleaning, the substrates were treated with UV-Ozone

for 15 minutes.

Si-substrates were directly flushed with propanol and then treated with UV-Ozone as

above.

Spin-coating: The cleaned substrates were transferred into a glove-box in an inert N2 at-

mosphere where oxygen and water concentrations were both < 0.1 ppm. The substrates

were then spin-coated with the precursor solution, drawn through a pipette, at speeds

ranging from 500 rpm to 8000 rpm.

Post-processing and conversion: After spin-coating, to achieve full conversion of the pre-

cursor into a metal oxide semiconductor, as recommended by the supplier, the substrates

were transferred out of the glove box and treated with UV-Ozone for 12 minutes at an

elevated temperature of 0C and then annealed at 0C in air for minutes.

2.2 Thickness characterization

In this section, we will discuss the thickness and surface roughness of InOx and ZnOx

films prepared as above.
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2.2.1 Experimental methods

To measure the thicknesses of the InOx and ZnOx thin films, we use two techniques,

profilometry and ellipsometry. The stylus of the profiler is used to run over a trench1 in

the oxide layer to obtain the thickness. However, profilometric measurements become

unreliable at thicknesses less than ≈ 5−6nm. To overcome this limitation, ellipsometry

was employed as an alternative technique of measurement.

Figure 2.1: A schematic of the ellipsometric setup and the model used to fit the data.

In ellipsometry, polarized light is incident at a grazing angle of incidence on the sample

and the deflected light is analyzed for changes in the polarization state. By fitting

the polarization data to a suitable optical model, the thickness of the layer can be

estimated. Transparent substrates proved harder to model with our ellipsometric setup,

therefore ellipsometric measurements were performed on Si-substrates. A schematic of

the ellipsometric setup and the model used to the fit the ellipsometric data are shown

in Figure 2.1. The oxide layer was modeled as a Cauchy layer

Apart from these, AFM measurements were also performed on the samples to understand

the surface morphology of the prepared layers. Further, AFM was also used to verify

the ellipsometric model at thicknesses not accessible to the profilometer.

1etched with oxalic acid
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2.2.2 Results

InOx

Figure 2.2: Spinning curve for Indium Oxide thin films. Profilometric measurements
were performed on glass substrates, while ellipsometric measurements were performed
on Si substrates. On the right, the AFM image of the surface of a representative
(annealed) sample is shown, along with the rms surface roughness. The scan area is

0.5× 0.5µm2

Figure 2.2 shows the profilometric measurements performed on glass substrates and the

ellipsometric measurements on Si-substrates. The agreement between the two sets of

measurements at bigger thicknesses is reasonable and demonstrates the validity of the

ellipsometric model used. Since the model is valid at larger thicknesses, it is also valid

for measuring smaller thicknesses, which cannot be measured using a profilometer.

Another effect that could be noticed is that the thickness levels-off for spinning speeds

higher than 3000 rpm. As discussed in the theory of spin-coating, the spinning process

is a combination of a flow effect that spreads the liquid around and an evaporation effect

that dries it in place. As the evaporation dries the liquid, the flow effect diminishes and

this determines the final thickness of the film. At higher evaporation rates, the point

where the flow effect diminishes might be reached faster, leading to the liquid drying in

place to its final thickness and becoming less dependent on the spinning speed.

Figure 2.2 also shows an AFM micrograph of the surface of an InOx thin film on a

Si-substrate. The thickness of the layer in this case is 4.3nm and the micrograph is

representative for films with thicknesses in the range 4 − 7 nm. The surface profile
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indicates a continuous layer with an RMS surface roughness of around 0.8nm for a scan

area of 0.5× 0.5µm2, indicating a reasonably smooth surface.

ZnOx

Figure 2.3: Spinning curve for Zinc Oxide thin films. Profilometric measurements
were performed on glass substrates, while ellipsometric measurements were performed
on Si substrates. On the right, the AFM image of the surface of a representative
(annealed) sample is shown, along with the rms surface roughness. The scan area is

0.5× 0.5µm2

Figure 2.3 shows ellipsometric measurements made on ZnOx thin films on Si-substrates.

In contrast to InOx thin films, we see thinner films with a smaller range of available

thicknesses. The thicknesses also reach the limits of the profilometric technique and is

the reason why only the ellipsometric curve is shown. As in the case of InOx, we see a

similar levelling effect for spinning speeds higher than 3000 rpm point. For speeds less

than 1500 rpm, there were wetting issues on the Si-substrate, hindering the construction

of a detailed spinning curve.

Figure 2.3 shows an AFM image of the surface of an ZnOx thin film on the right. In

comparison to InOx, it can be seen that the surface appears to be smoother, with a

smaller rms surface roughness.

In the following section, we will deal with the optical properties of these thin films.
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2.3 Optical characterization

Knowledge of the band-gap of the thin films can be helpful in understanding the energy

level alignment of different layers in a layered device, as the alignment would often

determine the electronic properties at the interface. Further, it has been reported in

literature that the bandgap may vary with the thickness of the semiconducting layer

due to confinement effects[19][20], which would mean that the energy level alignment

could be potentially open to tuning via the layer thicknesses.

In this section, we will discuss the measurement of the optical band gap of the thin films

we have prepared and compare it to the values reported in literature.

2.3.1 Experimental methods

Figure 2.4: The transmittance and reflectance setup in an integrating sphere spec-
trophotometer. Light from a lamp is incident on a thin film and the transmitted/re-

flected light is captured in the circular compartment.

To shine light on the optical properties, we need to coat our thin film on a transparent

and low absorbing substrate and measure its transmittance and reflectance. Therefore,

we coat our films on very thin quartz substrates and use a spectrophotometer with an

integrating sphere setup to capture as much reflected and transmitted light as possible.

The experimental setup is illustrated in Figure A.1.

Once the transmittance and reflectance are obtained, we perform the so-called Tauc

analysis to obtain the optical band gap of the material[21].

Tauc Analysis

An absorption coefficient (α) determines how far into a material light penetrates before

it is absorbed. If the material thickness is d, the attenuation of light varies as e−αd.
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Through elementary mathematics and certain physical assumptions, if the layer thick-

ness d is known, the relationship between the absorption coefficient and the reflectance

and transmittance can be derived

α = −1

d
ln

(
T

1−R

)
. (2.6)

For amorphous semiconductors Tauc[21] derived the relationship between the optical

bandgap and the absorption coefficient,

(αhν)2 = A(hν − Eg), for direct bandgap, (2.7)

and (αhν)0.5 = A(hν − Eg), for indirect bandgap, (2.8)

thereby providing a recipe for extracting the bandgap - by identifying the absorption

edge and fitting a straight line between αhν(2 or 0.5) and hν, the x-intercept can be read

as the optical bandgap of the semiconductor.

In this optical study, we prepared InOx and ZnOx thin films on thin quartz substrates

at various spinning speeds, and used the spinning curve to assign thickness values to the

films.

2.3.2 Results

Figure 2.5 shows that the quartz substrate absorbs very little and therefore, the bulk of

the absorption for the samples comes from the oxide layer. It can also be seen that the

oxides start absorbing strongly beyond the visible spectrum, as is expected for high-band

gap transparent conducting oxides.

There is considerable debate in literature on whether Indium Oxide possesses a direct

band gap or an indirect one[22][23][24]. Figure 2.6 shows both the calculations for Indium

oxide thin films. In the case of direct band gap, the measured values range from 3.73

- 3.78 eV , in line with values reported in literature[25][23][20]. In the case of indirect

band gap, the measured values are higher than values reported in literature[26] by 1 eV ,

but in line with the values reported for solution processed In2O3[20].
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Figure 2.5: Sum of transmittance and reflectance for various thicknesses for InOx
and ZnOx thin films. The quartz substrates absorb very little.

An explanation of this difference stems from the way the absorption edge is identified

in the indirect Tauc plot. We can see that even below the region that we identify as the

absorption edge, there is some absorption. In our study, this region seems to have low

absorption and a noisy signal. Physically speaking the noise could stem from a weak

absorption, either originating from tail states, or states close to the conduction edge that

are partially filled due to dopants. The latter case could give rise to a false absorption

edge that corresponds to states higher than these partially filled states, resulting in an

over-estimation of the bandgap.

However, in both cases, we do not see a considerable change in the bandgap with thick-

ness, in contrast to changes up to 450 meV previously reported for solution processed

Indium Oxide[19].

In the case of ZnOx, we have seen from the thickness measurements that the range of

available thicknesses is quite limited, therefore to produce larger thicknesses, we use
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Figure 2.6: Tauc Analysis (direct and indirect) for Indium Oxide thin films. The
x-intercept of the absorption edge gives the bandgap.
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Figure 2.7: Tauc Analysis (direct) for Zinc Oxide thin films. The x-intercept of the
absorption edge gives the bandgap.

bilayers of the same material by coating the top-most layer on top of an annealed first

layer. The bandgap calculation for ZnOx hardly shows any changes in the bandgap

with thickness, with the value for the thickest layer being 3.3eV and the thinnest being

3.35 eV . The value for the thickest layer corresponds very well with values reported in

literature for bulk ZnO[27].

In Figure 2.8, we compare the bandgap values obtained from measurements made on

our samples (in black) to values in literature(in red) reported for solution processed

In2O3 and ZnO. In the case of InOx, the absolute values are close the reported values

for the direct bandgap, and slightly higher for the indirect one. The changes in the
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Figure 2.8: A comparison between bandgap values determined by Tauc analysis on
our InOx and ZnOx layers and values taken from literature[19][20]

bandgap as a function of thickness are close to experimental error, and in any case

lower than the changes reported in [19][20]. However, we should note that the spectral

region where we would like to investigate this dependence, the experimental method

starts to reach the limits of its accuracy. Furthermore, previously reported confinement

effects were obtained for InOx and ZnOx films prepared from different precursors under

different processing conditions, possibly leading to differences in physical structure of

the layers as well as their chemical composition. It is also important to consider the

effects of interface states in such ultrathin films, both at the semiconductor-air interface
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and substrate-semiconductor interface, on the measured bandgap and its change with

semiconductor thickness.

2.4 Summary

In this chapter, we detailed the procedure used to make thin film samples on glass/quartz/Si

substrates through the technique of spin-coating. We dealt with the spinning curves for

InOx and ZnOx through the use of profilometric and ellipsometric techniques. We per-

formed optical measurements to determine the bandgap of these thin films, looking for

evidence of any confinement effects. However, the changes detected were not sufficient

to come to a strong conclusion about such effects.



Chapter 3

Transistor Characterization

In this chapter, we will discuss the basics of operation of thin film transistors (TFTs),

the relevant equations, the fabrication process used in this study, and the experimental

methods used to investigate their performance. We will deal with single-layer transistors

of Indium oxide and Zinc oxide and move onto multi-layer heterostructures in the course

of the chapter. It is found that there are certain problems that are encountered with

single layers that are either eliminated or diminished in multi-layer structures.

3.1 Introduction

Figure 3.1: An example of a bottom-gate, top-contact TFT device. Charges are
induced at the semiconductor-insulator interface at positive gate bias, leading to a

current between the source (S) and drain (D)

In a regular two-terminal device like a resistor, the current that flows between the two

terminal upon application of a voltage is determined by the device resistance, which

is fixed. A thin-film transistor (TFT), in contrast, is a three-terminal semiconducting

device, operated by a third terminal that is separated from the semiconducting layer

18
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by an insulator (such as silicon dioxide, SiO2). A specific example of such a device is

shown in Figure 3.1; other geometries are also possible. The third terminal, known as

the ‘gate’induces charge at the semiconductor-insulator interface and can modulate the

amount of current flowing between the ‘source’and ‘drain’electrodes - in effect a voltage

controlled variable resistor.

In a semiconductor that is unipolar, for example a metal oxide where the charge carriers

are electrons, the induced charge can only accumulate when the voltage applied on the

gate is positive. We therefore talk of an accumulation region (ideally when Vgate > 0)

mode where current flows and depletion region (ideally when Vgate < 0) where there is no

current. The accumulation-depletion dynamic is what gives the transistor its switch-on

type behavior, that is so fundamental to our modern electronic world (the physics of

this dynamic is of course slightly different in the CMOS case).

When considering the performance of a TFT, four parameters of interest are considered

- The switch-on voltage Vso, which measures the gate bias at which the transistor

”switches on”. Ideally Vso = 0.

- The field effect mobility of the device µFE , which is a measure of the speed with

which charge can be transferred between the terminals of the device

- The sub-threshold swing SS, which is a measure of how quickly the transistor

device can be turned on

- On-off ratio, which is defined as log
(
Ion
Ioff

)
, and provides a measure of the change

in current between the on and off states

We will re-visit all these four quantities along with the analytical expressions used to

derive them from experimental data, as well as their limitations in describing the quali-

tative behavior of our TFTs. Now we turn to a description of the fabrication process of

the TFT devices in our study.

3.2 Fabrication procedure

Before we discuss the fabrication procedure itself, it is instructive to describe the layer

stack within the transistor and their various functions.
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Figure 3.2: An etch-stop-layer (ESL) thin film transistor (TFT) device investigated
in this study. Left-cross section, right - top view, along with contact pads (exaggerated)

The transistors in this study are top-contact bottom-gate structures as shown in Figure

3.2. The bottom patterned molybdenum-chromium alloy (MoCr) layer forms the gate,

upon which a layer of SiO2 (200 nm) is deposited, forming the gate insulator. Further up

the stack, the next layer is the active layer, which is made up of one or more semiconduc-

tor layers. Next, another layer of SiO2 (an etch-stop-layer (ESL)) acts as a protective

layer for the semiconductor, both against the environment and during the deposition

and patterning of the source-drain electrodes. Finally, MoCr is deposited over the ESL

after openings in the ESl are made so that contact to the semiconductor can be made.

The transistors are often called ESL-TFTs because of the presence of this layer.

While our focus is on transistors, the actual procedure also involves the simultaneous

preparation of many satellite structures like specialized capacitance structures, contact

resistance structures, four-probe measurement structures, etc. A set of all these struc-

tures arranged in a specific way forms a Process Emulation Module (PEM), with 152 of

them covering the entire glass substrate. The layout is illustrated in Figure 3.3.

The fabrication process is explained in brief, concentrating on the ESL structure, next:

Cleaning

152× 152 cm2 glass substrates are cleaned with Teepol and then water and dried.

Gate patterning

130 nm of MoCr is sputtered onto the glass substrates and then photolithographically

etched to form the gate electrode. Metal contact pads are also deposited at this point.

SiO2 deposition

A 200 nm layer of SiO2 is deposited at 350 ◦C through PECVD and forms the gate

insulator in our TFT stack.
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Figure 3.3: The layout of the 152x152 cm2 glass substrate, together with a magnifi-
cation of a process evaluation module(PEM), containing transistors and other passive

structures.

Preparation of multiple oxide layers

The recipe followed for preparing the oxide (multi-)layers is as follows:

- The substrates are treated with UV-Ozone before the spin-coating procedure

- In case of InOx, the precursor is spincoated at 1000 rpm (target thickness ≈ 4 nm)

- In case of ZnOx, the precursor is spincoated at 1500 rpm (≈ 4 nm)

- Oxide layer 1 is then deposited at the corresponding speed and treated with UV-

Ozone The substrate is then softbaked at a temperature ◦C for 20-25 minutes

- Oxide layer 2 is then deposited at the corresponding speed and treated with UV-

Ozone The substrate is then softbaked at a ◦C for 20-25 minutes

- The process is repeated until the desired number of layers are formed

Etching of oxide layers

After the required number of layers are deposited, the samples are spin-coated with

photoresist, and photolithography is used to define the semiconductor islands. The
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resist is then developed, the semiconductor layers etched in oxalic acid and finally, the

resist is stripped with microstrip.

Hard Annealing

The oxide layers are then hard-annealed at ◦C for minutes.

The procedure is illustrated in Figure 3.4.

How are the multilayers made?

Spin-coat precursor 

solution 
UV-Ozone for 

12 minutes

Soft-bake in air on hot-plate 

at 250 degC for 25 min.

Patterning (wet etching)

Hard-bake at 350 degC for 60 minutes 

to achieve full conversion 

InOx ≈ 7 ��

ZnOx ≈ 4 ��

Figure 3.4: Fabrication of the active multilayers in the transistor stack

ESL deposition

A 100 nm layer of SiO2 is deposited at 200 ◦C through PECVD which forms the protec-

tive etch-stop-layer. Via

At this stage, through reactive ion etching (RIE), small holes to create openings through

the layers of ESL and gate insulator so that contact can be made to the contact pads

during metal deposition.
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Contact opening

Through reactive ion etching, the ESL is opened above the semiconductor so that it can

be contacted to the source-drain contacts.

Source-Drain deposition

MoCr contacts are deposited and photolithographically etched to form the source-drain

electrodes and make contact to the contact pads.

Annealing

The samples were then annealed at 200 0C for 4 hours.

3.3 Electrical Characterization

Transistor characterization

To measure the electrical characteristics of our transistors, source drain voltage of Vds =

1V was applied, and the gate was swept from Vgs = −20 to +20 V and back. The

resulting current Ids is plotted against Vgs and represents the transfer curve of the

measurement, from which various parameters of interest are extracted.

An automatic prober was employed to performs the above measurement on one transistor

in each of 55 (out of a total of 152) PEMs on the substrate. We will concentrate

on discussing the qualitative features of our transfer curves by selecting representative

sweeps for each stack.

We detail the analysis method for the extraction of various parameters below.

Linear Mobility

When the source-drain voltage Vds is much smaller than the gate voltage Vgs, the ac-

cumulated charge acoss the semiconductor-insulator interface can be assumed to be

uniform, in which case one can define the linear mobility µFE ,

µFE =
∂Ids
∂Vgs

L

W

1

Cox

1

Vds
(3.1)

where L, W are the length and width of the semiconducting channel, Cox is the capac-

itance/area of the gate insulator. Ideally, we would expect that the mobility defined
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this way would not depend on the gate bias but practically, this is often not the case.

The voltage dependence is often attributed a charge dependent mobility or to contact

effects[28].

Switch-on voltage

In a perfect n−type transistor, one would expect the current to start flowing as soon

as the applied gate bias becomes positive, so that there are no leakage currents (and

therefore no power consumption) when the transistor is in an off-state. In our analysis,

we define the switch-on voltage as the point where the current (Ids) is at a specific value.

The easiest way to do this is to read off the voltage value (Vso) at a given current (say,

Ids = 10−11A) on the Idsvs.Vgs transfer curve.

Subthreshold Swing

The subthreshold swing (SS) is an inverse slope defined in the linear region of a transfer

curve, where the drain current is plotted in a logarithmic scale against the gate bias. It

indicates the voltage required to produce a change in current of an order of magnitude.

Therefore, its unit is Volt per decade of current or V/dec. SS depends on the nature of

the semiconductor-gate insulator interface and is a measure of the trap density of states,

although this dependence will not be explored in the current study. In a practical sense,

the SS is a good measure of how quickly the transistor can be switched-on from an off

state.

Capacitance Measurements

Figure 3.5: MIS diode, measured with a Capacitance meter

As mentioned earlier, the PEMs on our substrate, apart from ESL TFT structures, also

contain dedicated metal-insulator-semiconductor (MIS) diodes. An MIS diode consists

of a patterned semiconductor layer and a gate insulator sandwiched between two metal
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electrodes, as shown in Figure 3.5. Using a capacitance meter, we probed these structures

by sweeping the DC voltage from Vgs = −20 to +20 V , with a small AC signal (100 mV )

to measure the current at a frequency where the capacitance does not show frequency-

dependence (usually 10 kHz).

In an ideal case, at positive bias, the charges accumulate at the gate insulator/semi-

conductor interface and the measured capacitance should correspond to the capacitance

of the dielectric. In depletion, the gate insulator capacitance sees an additional series

capacitance due to the semiconductor layer - ergo the capacitance in depletion would

be lower than the accumulation value. In principle, by knowing the thicknesses of the

gate insulator and semiconductor, and the dielectric constant of the gate insulator, the

dielectric constant of the semiconductor could be estimated. However, as we will see

during the discussion of results, certain geometric effects hinder such a calculation.

3.4 Results

3.4.1 Single Layer Transistors

Indium Oxide TFT

Figure 3.6: Transfer characteristic for InOx transistor. On the right, the layout as
seen under a microscope

First, we present the transfer characteristics measured for a single layer of Indium Oxide

(InOx) in Figure 3.6. What is immediately noticeable is that the switch-on voltage is
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very negative with a value of approximately −80V . In practical terms, this is the voltage

needed to deplete oxide layer completely of charges. Figure 3.6 also shows the outline

of the semiconductor island. The island is quite well-defined, leading to potentially a

very small leakage current, therefore the large negative voltages required to deplete the

oxide layer are attributed to excess charge within the semiconductor itself, most likely

from intrinsic dopants. Since our device is not behaving as a regular transistor and a

large part of the current seems to originate not just due to the accumulation channel at

the interface, we will not extract parameters like the mobility but instead concentrate

on trying to explain, at least qualitatively, the high depletion voltage.

Figure 3.7: Illustration of depletion width at various voltages

A simple model by which one could understand influence of dopants on the switch-

on voltage is through the concept of a depletion width. In Figure 3.7, we show a

semiconductor layer that is filled with dopants. As a negative voltage is applied, the free

charges in the semiconductor are repelled away from the gate insulator/semiconductor

surface. A depletion layer starts to form in the semiconductor that is completely devoid

of free charges. As the voltage further increases in the negative direction, the depletion

layer begins to expand, until, at a sufficiently large voltage, the entire layer is depleted.

By assuming that the entire current in reverse bias stems from dopant current, Meijer[29]

provides a formula to estimate the dopant density.

Nd =
Vpinchε0

q
(
d2
semi
εsemi

+ 2dsemidins
εins

) (3.2)
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where Vpinch is the voltage at which the semiconductor is completely depleted (Vdepl),

corrected for the switch-on voltage Vso of the transistor, ε0 the permittivity constant,

dsemi the thickness of the semiconductor layer, εsemi the dielectric constant of the semi-

conductor, dins the thickness of the dielectric, and εins the thickness of the insulator.

From the transfer characteristic in Figure 3.6, we have the Vdepl, but getting a value for

Vso is not known, so here we assume that Vso = 0 as in an ideal transistor. Apart from

this, we have knowledge of nominal values for all the other parameters, barring εsemi,

which is assumed to be 8.9[25]. All the used values are summarized in Table 3.1 and

the dopant density is evaluated using the Eq. (3.2) as Nd = 7 × 1024 m−3. From the

equation, we can also see that if the Vpinch were of the magnitude of a volt, the dopant

density would be have been upto two orders of magnitude lower.

Vpinch −78.8 V
Vso 0 V
dsemi 7 nm
dins 200 nm
εsemi 8.9
εins 4.5

Nd 7× 1024m−3

Table 3.1

Nature of dopants

In our discussion so far, we have only spoken of the InOx being n−doped but haven’t

addressed the origin and nature of this doping. Unlike Si where external atoms are

required to be introduced into the lattice structure to generate n−doping, metal oxides

are able to become natively doped, due to the formation of oxygen vacancies. If an

oxygen atom escapes from the lattice or is not present at a site due to defects, its metal

co-ion is left with two electrons, that could be donated to the lattice[30]. Hence, we

can estimate the oxygen vacancy concentration1 from the Nd above as NVO = Nd/2 =

3.5× 1024m−3.

Indium Oxide is especially known for having a high background electron density[30].

In fact, Indium Oxide is often doped with Gallium precisely to suppress this oxygen

vacancy formation [32], and the mechanism is also at work in IGZO[33].

1The actual relationship between oxygen vacancies and free electrons may be more complicated than
the simple picture presented here[31]
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Zinc Oxide TFT

In the case of ZnOx, two layers of ZnOx were spin-coated in succession to reach a

semiconductor thickness of the order of 6−8nm. The transistor shows very low currents,

indicating non-conducting behavior. It is not entirely clear why the ZnOx transistors are

non-conducting. The optical measurements show the right signatures for Zinc Oxide and

the presence of a double layer should ensure that the entire active area is covered by the

semiconductor. It is, however, still possible that the semiconductor gets etched during

the RIE of the via in the ESL layer, resulting in no contact between the source-drain

electrodes and the transistor channel.

As an additional check, we manufactured bottom gate/bottom contact transistors, in

which a similar behaviour, i.e. non-conductive TFTs, was observed. Therefore, the low

currents for ZnOx could be attributed to improper conversion of the precursor and/or

contact issues.

3.4.2 Bi-Layer Transistors

In the above section, we presented the performance of devices based on single layers

of InOx and ZnOx. In the case of InOx, it seems that the semiconductor suffers from

excessive doping and a high background charge.

SiO2 | InOx | ZnOx heterostructure TFT

Figure 3.8: A bi-layer oxide TFT with ZnOx on top of InOx

In Figure 3.8, we show the transfer characteristic for a device made up of a bi-layer

heterostructure with InOx on bottom and ZnOx on top.
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The transistor was driven at a source-drain voltage of 1V and the gate was sweeped from

−20V to 20V and back. At the highest gate bias of 20V , the device showed a mobility of

1.4 cm2/V s, a low switch-on voltage (Vso = 0 at Ids = 10−11 A) and an log
(
Ion
Ioff

)
ratio

of 6. The subthreshold swing of the transistor is 0.6V/dec. Although the mobility is

lower than reported in literature for Indium Oxide[34], the bi-layer device shows a major

improvement over the single layer of Indium oxide discussed in the previous section.

We see that depositing a thin layer of ZnOx upon the InOx layer improves the transistor

behavior when compared to a single-layer InOx device. The Indium Oxide seems to be

passivated, i.e., its background charge density is greatly reduced. A physical passivation

effect is less likely because the activey layer in the single-layer device was also physically

covered by the etch-stop-layer (ESL). Interestingly, Tetzner and co-workers[35] have

reported through surface XPS measurements the presence of Indium on the surface of

: IZ heterostructures (< 13 nm) prepared from solution. Further, the amount of Indium

increases with the post-deposition annealing temperature. The presence of Indium even

when the Indium Oxide (5− 7 nm) layer is covered by a layer of Zinc Oxide (4− 6 nm)

provided evidence for the migration and intermixing of ions. In reference [34], it was

demonstrated that a layer of Y2O3 passivates an Indium Oxide thin film and makes the

Vso less negative. A similar effect may be at work here due to the ZnOx. These reasons

lead us to conclude that a chemical passivation effect is more likely.

Figure 3.9: A bi-layer oxide TFT with InOx on top of ZnOx

SiO2 | ZnOx | InOx heterostructure TFT

In Figure 3.9, we show the transfer characteristic for a device with an inverted bi-layer

structure, i.e., ZnOx with InOx on top of it. The ZnOx seems to be able to passivate
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the InOx layer even when it is at the bottom, supporting the assumption of a chemical

effect.

The transistor was driven at a source-drain voltage of 1V and the gate was sweeped

from −20V to 20V and back. At the highest gate bias of 20V , the device showed a

mobility2 of 0.6 cm2/V s, a positive switch-on voltage (Vso = 1 at Ids = 10−11 A) and

an on-off ratio of 5.4. The sub-threshold swing of the transistor is at a slightly smaller

value of 0.5V/dec.

An important difference between this device and the earlier bi-layer device that partic-

ularly stands out is the etching profile. As shown in the figure, there seems to be a

serious problem of under-etching when the ZnOx layer is placed underneath. In other

independent experiments as well, we have noticed that ZnOx etches faster than InOx.

In the current bi-layer structure, the accumulation of charges at positive bias may be hap-

pening either at the SiO2/ZnOx interface or the ZnOx/InOx interface. A lower mobility

could result from the first case, in line with the expectation that Zinc Oxide exhibits

lower mobility than Indium Oxide [14]. In the second case, the mobility could still be

different because an InOx/ZnOx interface is qualitatively different from an SiO2/InOx

interface. In principle, this difference may be resolvable through capacitance-voltage

measurements. An attempt in this direction will be described in the next section.

Capacitance measurements

For the aforementioned heterostructure transistors, Figure 3.10 shows a capacitance-

voltage (CV) measurement performed on 100×100 µm2 MIS (metal-insulator-semiconductor)

diodes at a driving frequency of 10 kHz with an A/C input of 100 mV for both our bi-

layer structures. In our MIS diodes, we expect two regimes − a depletion regime at

negative voltages, where the capacitance measured would be that of the entire stack

(gate Insulator + InOx + ZnOx), and an accumulation regime where the measured ca-

pacitance would correspond to the capacitance between bottom metal and the interface

where accumulation happens (this is expected to take place at the interface of the gate

insulator and the semiconductor). In principle, the capacitance in the accumulation

2Corrected for the actual dimensions of the semiconductor island
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Figure 3.10: Capacitance measurements for bi-layer oxide MIS diodes

regime corresponds to the capacitance of the gate insulator and a difference in this value

for both the MIS diodes should shed light on the nature of the accumulation interface.

However, within the same graph, the difference we see in the difference in capacitance in

the accumulation and depletion regime is much higher than expected. The capacitance

of the semiconductor layers is upto 40 times higher than the capacitance of the gate
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insulator (dsemi = 10−12nm and dSiO2 = 200nm), and when in depletion, in principle

this semiconductor capacitance is added in series to the gate insulator capacitance, the

difference in capacitance between the two regimes should be in the range of 0.05−0.1 pF .

This is much lower than the difference we see in our measurements (indicated in Figure

3.10).

A Digression

To explain this difference, we would need to re-consider the geometrics of the capacitance

structures in our device. In Figure 3.11, we show a microscope image (top view) for the

InOx with ZnOx on top MIS diode, demarcating the metal pads (labeled Metal and

Gate), semiconductor island (Semiconductor) and the contact area between the metal

and the semiconductor (labeled Contact opening + Metal). Gate insulator SiO2 and ESL

SiO2 are not visible. Figure 3.12 shows the side-view of the MIS diode schematically

along with the equivalent capacitance circuits in accumulation and depletion. We will

explain these cases separately.

Figure 3.11: Top view of various layers in the MIS diodes in our devices

Accumulation:

As shown in the Figure 3.11, in the accumulation regime, the interfacial layer is most
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Figure 3.12: Schematic illustrating the different geometrics in accumulation and de-
pletion and the equivalent capacitance circuits

likely formed at the interface of the gate insulator (SiO2) and semiconductor. In such

a case, the semiconductor can act as an extension of the top metal contact. Since the

semiconductor island is larger than the top metal contact in area, the overlap region

to be considered for the capacitor increases, giving a capacitance that is higher than

expected. If one assumes an area of Aacc = 110× 110µm2, a gate insulator thickness of

200nm and a dielectric constant of 4.5, this translates to a capacitance of 2.41 pF .

Depletion

In depletion, the semiconductor can no longer act as an extension of the metal contact.

Therefore, the actual overlap region for the capacitance shrinks, resulting in a smaller

capacitance that is of the area Adepl = 90 × 90µ m2. Assuming a layer thickness of

10 nm and a typical dielectric constant of εsemi = 10, the total capacitance corresponds

to a value of 1.57 pF .

However, there is an additional parallel capacitance contribution from the outer metal

areas that are not in contact with the semiconductor. The area of this capacitance

would be Aouter = [100× 100− 90× 90]m2. Using the values as above, this corresponds

to a capacitance of 0.37 pF . The new capacitance would have to added in parallel to
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the depletion area capacitance. Therefore, the total capacitance in the depletion regime

corresponds to around 1.94 pF , resulting in an difference of around 0.47 pF between

accumulation capacitance and depletion capacitance for our nominal parameters, which

is close to the difference we see in practice for both our structures.

Our initial motivations in considering the capacitance measurements were to obtain in-

sights into where the accumulation happens in our semiconductor. However, the actual

geometrics of our devices on the sample substrate introduce complications and subtleties

that cannot be dealt with the nominal values of the gate insulator thickness, ESL thick-

ness, and dielectric constants, the precise values have to be known. At this stage, we

are only able to provide a consistent explanation for the large difference in capacitance

we see within the same measurement for accumulation and depletion regimes.

3.4.3 Multi(3+)-layer Transistors

In the earlier sections, we looked at single and bi-layer heterostructure transistors. Here,

we will present a qualitative overview of our experience with fabricating 3+-layer devices

made from alternating layers of Indium Oxide and Zinc Oxide. To recap, each new layer

was spin-coated on the old layer, treated with UV-Ozone and finally soft-baked before

moving onto the next layer. All the layers are then annealed together at 0C in air

to achieve full-conversion to the respective oxide. A consequence of this procedure is

that each of the layers in the stack “sees” an unequal amount of thermal and UV-Ozone

budget. With this caveat in mind, we show the transfer characteristics of four multi-

layer devices in Figure 3.13. To refer to the structures in an easy way, we will adopt the

following notation:

- : represents the substrate along with the gate insulator (SiO2)

- Z represents a Zinc Oxide layer of thickness ≈ 4 nm

- I represents an Indium Oxide layer of thickness ≈ 7 nm

Therefore, :ZIZ would refer to a layer stack where Zinc Oxide, Indium Oxide and

Zinc Oxide are deposited one after another.

We start with : ZIZ, which is closest in structure to the bi-layers we had considered in

the previous sections. While the specific curve is transistor-like (Vso = −9.6V, Ion/off =
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Figure 3.13: Transfer curves for tri-layer and four-layer oxide heterostructure tran-
sistors

6.4, µFE(Vgs = 20V ) = 3.6 cm2/V s), it is surprising that the device shows a consider-

ably more negative switch-on voltage than its bi-layer counterparts particularly : ZI,

which only lacks an additional ZnOx layer on top. Further, CV measurement for : ZIZ

(shown in Figure 3.14) displays considerable clockwise hysteresis3, indicating the pres-

ence of a large number of traps at the interfaces (SiO2/ZIZ interface, : Z/IZ interface

and : ZI/Z interface). Further, the spread of Vso across multiple : ZIZ devices ranges

from −2.5 V -50 V , as shown in Figure 3.15 indicates a large amount of variability, which

was not seen in the case of the bi-layer strucures. This lack of reproducibility makes

drawing any hard conclusions about 3+-layer devices further difficult. The spread could

be a result of variation in the layer thicknesses of final semiconductor stack across the

6”× 6”substrate4. It is remarkable that the addition of an extra layer of ZnOx to : ZI

has arguably worsened the performance and reliability of our devices.

3Hysteresis is also present in the : ZIZ transfer curve in 3.13, but is masked by the scale of the
x− axis

4In our experience, spincoating such large substrates could result in difference of upto 1 − 2 nm per
layer
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Figure 3.14: CV characteristic for : ZIZ.

If we go back to the transfer curves of other multi-layer devices shown in Figure 3.13, the

considerable difference in the nature of graph of : IZZI and : IZI is slightly remarkable.

While : IZZI shows a single smoothly increasing transfer curve, : IZI has two regimes,

as if a first channel that turns on at ≈ −75 V and a second channel that turns on at

≈ −35 V − a behavior that might have something to do with the smaller thickness

of ZnOx in the : IZI device. However, these substrates show poor statistics and very

negative switch-on voltages as in the case of : ZIZ. For : ZIZI, we could not find

a single device among the 55 measured PEMs on the substrate that “turns off” even

at a negative gate bias of −80 V . Finally, it should be mentioned that the problems

of under-etching seen for : ZI (Figure 3.9)are also encountered for these devices. The

overall trends are summarized in Figure 3.16.

Devices that have two InOx layers are more likely to have larger negative switch-on

voltages. In light of our multilayer recipe (recapped above), complications related to

migration and intermixing of ions, and issues related to variations in the layer thicknesses

could couple to produce the poor reliability that we see for multilayer devices.
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Figure 3.15: Sweep data for 42 [: ZIZ] devices

Figure 3.16: Comparing all multi-layer devices w.r.t the switch-on voltage

3.5 Summary

In this chapter, we started with an introduction to and the fabrication of transistor

devices and have dealt with single-layer and bi-layer devices made from solution pro-

cessed indium and zinc oxide thin films. It was found that while Indium oxide showed

large switch-on voltages, most likely due to a heavy background charge from its oxygen

vacancies, Zinc oxide was found to be non-conducting. However, bi-layers of indium

and zinc showed a suppression of charge carriers and a mobility of around 1.4 cm2/V s.

Capacitance measurements demonstrated the role of accumulation of charge carriers

at the interface, although certain geometric effects make it difficult to derive physical
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parameters like the relative permittivity of the semiconductor layer. Moving onto 3+

layer heterostructures, we see that there are complications related to large off-currents

that emerge, indicating potential problems with the processing conditions, consequence

of this procedure is that each of the layers in the stack “sees”an unequal amount of

thermal and UV-Ozone budget



Chapter 4

Conclusion

In this work, we have studied the properties of binary oxides of Indium and Zinc, and

their potential use as active layers in TFT devices. The relatively simple and cost-

effective technique of spin-coating was used to prepare the layers. To a limited extent,

the layer thicknesses could be tuned by varying the spinning speed during deposition.

In terms of optical properties, both InOx and ZnOx layers are highly transparent, show-

ing a transmission of > 90% in the visible region. It was investigated whether the

optical bandgap of the material varies with the thickness of the semiconductor layer.

We could not detect a large enough change that could indicate confinement. We note

that in the spectral region where we would like to investigate this dependence, the ex-

perimental method starts to reach the limits of its accuracy. Furthermore, previously

reported[19][20] confinement effects were obtained for InOx and ZnOx prepared from

different precursors. Lastly, it is important to consider the effects of interface states,

both at the semiconductor-air interface and substrate-semiconductor interface, on the

measured bandgap and its change with semiconductor thickness. If confinement effects

are not important, it would understandably undermine our original motivation of using

thickness variation as a pathway to bandgap tuning.

In the fabrication of our transistors, we opted for a top-contact, bottom-gate architecture

with a protective ESL covering the semiconductor layer in our devices. The patterned

nature of the oxide layer eliminates many potential leakage paths, thereby increasing the

reliability of the measurements. We had fabricated eight types of transistors during the

39
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course of our investigation which are grouped as follows along with a short conclusion

about each group:

• Single-layer devices (: I, : Z)

While the Zinc Oxide based device was found to be non-conducting, the Indium

oxide device shows a large negative switch-on voltage, which we attribute to a high

background charge within the semiconductor.

• Bi-layer devices (: ZI, : IZ)

In comparison to single-layer devices, bi-layer devices perform better. The addition

of a Zinc Oxide layer seems to passivate the Indium Oxide, leading to a low switch-

on voltage and good transistor-like behavior. : ZI shows a µFE = 0.6 cm2/V s

and : IZ a mobility of µFE = 1.4 cm2/V s. Hence, it is concluded that bi-layer

devices are an improvement over single-layer devices.

• Multi-layer devices (: ZIZ, : IZI, : IZZI, : ZIZI)

In comparison to bi-layer devices, multi-layer devices suffer from large off-currents,

hysteretic effects and poor reliability. At this stage of the investigation, this behav-

ior is attributed to complexities originating from ion migration and poor interfaces,

arising from the processing recipe used for the layers.

In light of the above conclusions, we will now make some recommendations for future

work.

Recommendations

To address the single-layer transistors first, an understanding of the reasons behind the

high background charge in Indium Oxide and the low-conductivity of the Zinc Oxide

would very helpful. In consultation with the supplier, any sub-optimum processing

conditions must be addressed and taken care of. If the high background charge in Indium

Oxide cannot be brought down, thinner layers may be employed to make transistors

with less negative switch-on voltages. In the case of Zinc Oxide transistors, the use of

Al, which has a work function closest to that of Zinc Oxide [36], for the source-drain

electrodes could clarify any contact and injection issues.

In the case of bi-layer and multilayer transistors, two main issues need to be resolved - 1)

nature of the interface between the oxide layers and 2) identification of the interface most
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Figure 4.1: Tauc bandgaps vs. layer thickness for various binary oxides. Half-filled
symbols - indirect band gap, full-filled - direct bandgap

important for accumulation of charges in forward bias. Transmission electron microscopy

(TEM) on the heterostructures would be very helpful in identifying the sharpness (or lack

thereof) of the interfaces, while lateral images from the same method would be useful in

understanding the morphology of the thin films. To investigate accumulation, carefully

designed capacitance structures with well-defined metal contacts and semiconductor

islands, along with an accurate knowledge of the dielectric and ESL thicknesses, and

their relative permittivities is recommended. Accurate CV measurements would also

allow the depth profiling of electron concentration through an NC−V analysis[14].

In addition to this, processing differences and their effects on mixing at the interfaces,

and the chemical composition of the deposited layers would need to be studied closely,

since these physical/chemical characteristics may in turn determine critical parameters

like the mobility and switch-on voltages of the transistor devices. Further, the problem

of under-etching should not be ignored and an optimized process needs to be designed

that accounts for the differing etching rates of layers in the semiconductor stack.

Finally, an entire zoo of metal oxides and their combinations are potentially available to
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make heterostructures. In Figure 4.1, we show Tauc bandgaps extracted from transmis-

sion and reflectance data of various binary oxides processed from solution. In moving

from InOx to YOx, we span a broad bandgap range of 3.3 eV to 5.5 eV , providing av-

enues for various combination of semiconductors and consequently various combinations

of energy level alignments for heterostructures. To speculate, the interplay between the

theoretical picture of electron confinement at an interface and the practical reality of

intermixing of ions at the interface could provide an interesting playground for future

research.

THE END



Appendix A

Optical Analysis

For doing the reflectance and transmission measurements, a Cary 5000 UV-VIS

Spectrophotometer was used. The device comes with an integrating sphere set up

which is able to capture majority of the reflected or transmitted light. In this

experiment, the transmission through a sample and diffuse reflectance are measured.

Diffuse reflection of light is the reflection of light from a surface at many angles, unlike

specular reflection, which is mirror-like and happens at the angle of incidence. For an

amorphous sample with a rough surface like an oxide thin film, it makes most sense to

measure the diffuse reflectance. The positions of the sample w.r.t to the integrating

sphere and the incident beam are shown below for transmittance and reflectance

measurements.

Figure A.1: The transmittance and reflectance setup in an integrating sphere spec-
trophotometer. Light from a lamp is incident on a thin film and the transmitted/re-

flected light is captured in the circular compartment.

Light falling on a thin-film can undergo three processes transmission, reflection

(diffusive), and absorption. If incident light is I0, then the following equations can be

defined:

43
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T =
Itrans

I0

R =
Irefl

I0

A =
Iabs

I0

And the following mathematical relationship holds,

A+R+ T = 1

For performing a Tauc analysis, the physical quantity to be determined from

absorption data is the absorption coefficient. The absorption coefficient determines

how far light penetrates into a material before it is absorbed by the material. If I0 is

the incident intensity of light, the intensity of light a distance d is given by,

I(d) = I0e
−αd

where α is the absorption coefficient and has units of cm−1, implying that the

absorbed light in the sample of thickness d is given by I0 − I(d). For thin films, a

simple classical model of transmittance and reflectance can be employed to derive their

relationship to the absorption coefficient. In this model, it is assumed that second

order reflections, arising from reflections at the oxide-glass interface and glass-air

interface maybe reflected. In a similar way, second-order transmissions along with

absorption by the quartz substrate are neglected. This is illustrated in Figure A.2

Figure A.2: A simple model for relating the absorption coefficient to the transmittance
and reflectance. Transmissions and reflections in green are ignored.
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the reflection at the interfaces needs to be taken into account. From literature[37] , an

approximate formula for calculating the absorption coefficient is given as

T = (1−R)e−αd

From the absorption coefficient so determined, a plot[21] of

1. (αhν)2 vs. hν gives the direct band gap

2. (αhν)0.5 vs. hν gives the direct band gap



Appendix B

AFM verification of ellipsometric

thickness

For the case of InOx layers, thicknesses > 7 nm were verified across ellipsometric and

profilometric measurements, which validates the ellipsometric method for lower

thicknesses as well. For the case of ZnOx, we saw that all accessible ellipsometric

thicknesses are < 5 nm, which are not accessible through profilometry. To perform a

quick check on the validity of our ellipsometric model for ZnOx, we therefore

performed a quick check one Si-substrate that was coated with ZnOx at 3000 rpm.

The sample was scratched when it was wet and still in the glove box, post-processed to

achieve full conversion, and the scratch was located and an AFM scan of size

40 µ m × 40 µ m was made. From the AFM image so obtained, a profile is

extracted and regions of Si-surface are identified and contrasted with the regions of

oxide-surface. From the thickness difference between these two regions, a value for the

thickness of the oxide layer itself is identified and checked against the ellipsometric

measurement. A good agreement is found.

46
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Figure B.1: AFM measurement, profile extraction and thickness verification for ZnOx
layer coated on a Si-substrate
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