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ABSTRACT

Transparent Conducting Oxides (TCOs) have unique optoelectronic properties which
allow visible light to pass through while having reasonably high electrical conductivity[1-3].
TCOs find a variety of applications ranging from uses in solar cells, optical displays, reflective
coatings, light emission devices, low-emissivity windows, electrochromic mirrors, UV sensors,
and windows, defrosting windows, electromagnetic shielding, and transparent electronics. The
conductivity of TCOs can be tuned from insulating via semiconducting to conducting as well
as their transparency adjusted depending on the donor/acceptor levels as well as the bandgap
of the material. This enables the realization of both n-type and p-type TCOs which make them
highly attractive for transparent opto-electrical circuitries and technological applications. Most
research activities have focused on the optimization of n-type TCOs, but many transparent
electronic applications require the necessity of p-type TCOs as well. There is a need to realize
p-type TCOs which offer high yield, scalability, and low cost. RF magnetron sputtering of TCO
sources can lead to high uniformity and homogeneity, along with the capability to control the
film thickness and deposition rate. It also allows for large-area deposition at a relatively low

cost and optimum thermal budget.

In this work, we investigate the realization of p-type CulnOx thin films by RF
magnetron sputtering using Cu20: In2Os target and study the effects of (i) post-deposition
annealing and (ii) substrate heating during a deposition for controlling the optoelectronic and
morphological properties. In the first part of the study, post-process annealing of the deposited
films was performed at temperatures ranging from 100-900°C in O, ambiance. The X-ray
diffraction (XRD) analysis performed on the samples identified the presence of Cu2lnzOs

phases along with CulnOz or In,Os for the films annealed above 500°C. A morphological study



performed using SEM shows the crystallization and the grain growth with an increase in the
annealing temperatures. Optical studies carried out on the films indicated a small bandgap

change in the range of 3.4-3.6 eV during annealing.

In the second part of the study, the effect of substrate heating during the deposition was
investigated to reduce the thermal budget of realizing the p-type CulnOxthin films and also to
increase the throughput. It is seen that substrate heating influences the material characteristics
more significantly than post-deposition annealing as we can tailor the thin film characteristics
in situ to initiate crystalline growth and control the proportion of indium oxide or copper oxide
phases to improve the transparency while retaining the p-type characteristics of the thin film.
Copper Indium Oxide (CulnOx) thin films were deposited by the RF magnetron sputtering
technique using a CuxO: In2O3 target at varying substrate temperatures up to 400°C. A
morphological study performed using SEM further confirmed the crystallization and the grain
growth (95-135 nm) with increasing substrate temperatures resulting in superior conductivity
and enhanced transparency of more than 70% in the 400-700 nm range. Optical studies carried
out on the films indicated a bandgap change in the range of 2.61-2.99 eV as a function of
substrate heating. XPS analysis of the thin films has also been carried out to identify the
oxidation state and bonding configurations of Cu, In, and O in copper indium oxide films.
Mutually exclusive requirements of having a p-type thin film along with increased conductivity
and high transparency were achieved by controlling the migration of indium oxide phases
during the sputtering process as verified by the XPS studies. This is due to the controlled
replacement of copper sites with indium while maintaining the p-type characteristic of the thin
film. Junction studies of the p-type CulnOx have been investigated with n-Si and ITO for
demonstrating heterojunction behavior which can potentially find applications in transparent

electronics, photodetectors, and solar cells. A p-CulnOx/n-Si heterojunction was fabricated

iv



with a measured knee voltage of 0.89V. The photovoltaic behavior of the device was

investigated and initial solar cell parameters are reported.
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CHAPTER ONE: INTRODUCTION

Transparent Conducting Oxides (TCOs) have a unique ability to allow visible
light to pass through them with comparably low absorption of electromagnetic waves within
the visible region of the spectrum as well as to conduct electricity. TCOs find many
applications in solar cells, optical displays, reflective coatings, light emission devices, low-
emissivity windows, electrochromic mirrors, UV sensors, and windows, defrosting windows,
electromagnetic shielding, and transparent electronics [4-11]. The conductivity of TCOs can
be tuned from insulating via semiconducting to conducting as well as their transparency
adjusted depending on the donor/acceptor levels as well as the bandgap of the material. This
enables the realization of both n-type and p-type TCOs which make them highly attractive for
transparent opto-electrical circuitries and technological applications. Most research activities
have focused on the optimization of n-type TCOs[12-15]. Well established n-type transparent
conducting oxides are SnO»:Sh/F, ZnO:In/All F/IB/Ga, In.03:Sn/F/Sb/Pb, Cd2SnO4 etc. Some
new n-type TCOs: Zn,SnO4, ZnSnO3, GalnOs3:Ge/Sn, AgIn02:Sn, MgIn204, CdSb20s:Y,
Zn2In20s, ZnGax04, INsSn3012, CdIN204:Sn etc. But many transparent electronic applications
require the necessity of p-type TCOs as well. Various models have been proposed to obtain
new types of p-TCO thin films and a large number of techniques have been adopted to fabricate
p-TCO thin films with better electrical and optical properties the maximum conductivity, the
conductivity of p-TCO thin films are still one or two orders of magnitude less than the
corresponding best n-TCO thin films. Increasing the conductivity of p-TCO thin films without
sacrificing their visible transmittance is the most significant challenge for p-TCO technology

to obtain high-performance active devices suitable for ‘‘Invisible Electronics’’[15]. It may be



noted that p-type transparent oxide semiconductors based on CuAlO2, CuGaO2, CulnOg,
SrCu202, and LaCuOCh (Ch = chalcogen) have been reported[15] Copper indium oxide-
copper aluminum oxide and copper gallium oxide-based thin-film materials have emerged as
the front runner for possible p-type TCO applications. Of the copper-based systems, the CulnO>
system is particularly interesting because it can be doped both p-type (with Ca) and n-type
(with Sn), allowing p—n homojunction to be produced. Synthesis of CuzIn.Os has been reported
only using either smeltering[16] or chemical processes, which involve synthesizing CuzIn2Os
from aqueous solutions of nitrates, chlorides, and sulfates of Cu, In, and Ga. Therefore, the
realization of p-type TCOs has been rather challenging and involves the use of chemicals that
present levels of toxicity and low yield or smeltering which results in a high thermal budget

for the fabricated device.

Transparent conducting oxides with delafossite structure have attracted much attention
because of their potential in preparing innovative transparent p-n junctions for these device
applications. They are also used as p-type and n-type semiconductive oxides to achieve wide-
bandgap p-n junction and devices. The bulk of research done on TCOs involve n-type TCOs
[12, 17-24]. Many transparent electronic applications require the necessity of p-type TCOs.
There are some research reports on p-type to meet these special types of applications.
Researchers are looking at the combination of copper indium oxide (CulnO) and copper
gallium oxide (CuGaO2) based on thin-film materials for possible applications [9, 25-34].
Some of the copper-based p-type TCOs are Copper aluminum oxide (CuAlOz), Copper gallium
oxide (CuGa03), and Copper indium oxide (CulnOz). There are some copper-based doped p-
type TCOs such as Iron doped copper gallium oxide (CuGaO2:Fe), Calcium doped copper

indium oxide (CulnO.:Ca), and Magnesium doped copper scandium oxide (CuScO2:Mg),



Magnesium doped copper chromium oxide (CuCrO2:Mg), and Calcium doped copper yttrium

oxide (CuYO2:Ca).

For the synthesis of transparent conducting oxide thin films and also on device
preparation, researchers were working on different kinds of materials like ZnO, CuAlO2 and
SrCuO, etc. Recently, the delafossite oxide of CulnO. showed bipolar conductivity with
different doping ions. Yanagi et al. reported the preparation of two kinds of CulnO> thin films
by pulsed laser technique. Unfortunately, PLD is not employed by industries because of the
difficulty in scaling up and the low-quality film due to the droplet formation. In this respect,
RF magnetron sputtering has several advantages such as high uniformity and homogeneity,
capability to control the film thickness and deposition rate, low cost to fabricate, ability to
achieve large-area deposition and no toxic gas or chemical in this process. The chemical
processes include synthesizing Cu2In20s from aqueous solutions of nitrates, chlorides, and
sulfates of Cu, In, and Ga [31]. At this moment, there have not been many attempts to
investigate Cu2In20s deposited by RF magnetron sputtering. RF Magnetron sputtering allows
films to be deposited with high uniformity and homogeneity as well as it provides the capability
to control film thickness and deposition rate [35]. It has an additional advantage of low cost
and large area deposition. In the first part of this work, the focus has been on the deposition of
Cu2In20s by RF magnetron sputtering using a single target of Cu2O: In.Oz in the ratio of 1:1.

The structural and optical properties of Cu2In2Os thin films were investigated.

Nair et al. fabricated a transparent thin-film p—n junction consisting of Ca and tin-doped
CulnO2 [16] by oxygen plasma enhanced reactive thermal evaporation. This allows for scalable
physical vapor phase deposition of the desired thin films. Thus, there is a need to realize p-type

TCOs which offer high yield, scalability, and low cost. RF magnetron sputtering of TCO



sources, if controlled in situ can lead to high uniformity and homogeneity, along with the
capability to control the film thickness and deposition rate. It also allows for large-area
deposition at a relatively low cost and optimum thermal budget. In the second part of this work,
we investigate the realization of p-type CulnOx thin films by RF magnetron sputtering and
study the effects of substrate heating for in situ controlling of the optoelectronic and
morphological properties. It is seen that substrate heating influences the material characteristics
more significantly than post-deposition annealing. We can tailor the thin film characteristics in
situ to initiate crystalline growth and control the proportion of indium oxide or copper oxide
phases to improve the transparency while retaining the p-type characteristics of the thin film at
a reduced thermal budget as compared to post-deposition annealing. Scanning electron
microscopy imaging has been used to obtain the grain size of the film and UV-Vis spectral
measurements have been carried out for transmittance studies. XPS analysis of the thin films
has also been carried out to identify the oxidation state and bonding configurations of Cu, In,
and O in copper indium oxide films. Junction studies of the p-type CulnOx have been
investigated with n-Si and ITO for demonstrating heterojunction behavior which can

potentially find applications in transparent electronics, photodetectors, and solar cells.

1.1 Copper-Based Delafossite Crystalline Structures
Copper-based TCOs have mainly two structures such as delafossite structures
and non-delafossite structures. The non-delafossite structures are orthorhombic structures and
spinal structures. Figure 1 shows the delafossite crystalline structure of copper indium oxide.
The delafossite structure (ABO>) is characterized by a layer of linearly coordinated A cations
stacked between edge-shared octahedral layers (BO2) where A is the Monovalent cation and B
is the trivalent cation. Delafossites are a family of materials having the CuMO> formula, where

M = Ga, Al, In, Co, etc [36]. The crystal structure consists of alternating stacks of MO>
4



octahedron layers and Cu ion layers. This layered structure leads to highly anisotropic physical
properties. The crystal chemistry of the delafossite structure will be discussed about phase
stability, the stability of dopants, and important physical properties such as low electrical
resistivity (102 -10% Q-cm) and high optical transparency due to its high optical bandgap.

Delafossite structures are usually synthesized at high temperatures[37-39].

Figure 1: Delafossite crystalline structure
(Alan V Chadwick et al 2010 J. Phys.: Conf. Ser. 249 012045)

1.2 Non-Delafossite Crystalline Structures

There are two types of non-delafossite crystalline structures are found in this type of

material such as orthorhombic crystalline structures and spinal crystalline structures.



1.2.1 Orthorhombic crystalline structures
Figure 2 shows the orthorhombic crystalline structures of the copper-based p-type TCOs. The
orthorhombic crystalline structures have a formula of A2B>Os where A is the monovalent cation

and B is the trivalent cation.

Figure 2 orthorhombic crystalline structure

(Degtyareva, V. (2013). Electronic Origin of the Orthorhombic Cmca Structure in Compressed Elements and

Binary Alloys. Crystals, 3(3), 419-430)

1.2.2 Spinal crystalline structure
Figure 3 shows the spinal crystalline structure of copper-based transparent conducting oxides.
The spinal crystalline structure has the AB>O4 formula where A is the monovalent cation and

B is the trivalent cation.



Figure 3: Spinal crystalline structure

(Pilania, G., Kocevski, V., Valdez, J.A. et al. Prediction of structure and cation ordering in an ordered normal-

inverse double spinel. Commun Mater 1, 84 (2020))



CHAPTER TWO: LITERATURE REVIEW

2.1 Transparent conducting oxides (TCO)
Transparent conducting oxides (TCOs) are high optical transparency and electrically
conductive materials with comparable low absorption of electromagnetic waves within the
visible region of the spectrum. The requirement should be that more than 80% transmittance in
the visible region and low resistivity (10 -10%) Q cm. TCOs are the compound semiconductors
structure of ABO2 where A, is the monovalent cation and B, is the trivalent cation. The opto-
electrical characteristics can be controlled by doping AyB;:D (D = dopant), with metals,

metalloids, or nonmetals [40].

Table 1 shows the published results regarding the transparent conducting oxides (TCOs) layers.
A variety of preparation methods and characterization techniques were carried out to develop

many TCOs as shown in Table 1

Table 1: A variety of preparation methods and characterization techniques were carried out to

develop many TCOs

Compound Dopant Preparation Characterization Reference

semiconductor

NiO Li Pulsed Laser SEM, XRD, XPS, and [41]
Deposition
(Different Li-concentr.) Transmission
Zn0O Na, Al Sol-gel, Annealing SEM, [42]

Photoluminenscence

Cr20s Mg, N Spray Pyrolysis XRD, Transmittance [43]




Compound Dopant Preparation Characterization Reference
semiconductor
CuCrO: Mg Sol-gel Technique SEM, XRD, and [44]
(Delafossite)
Transmission
Mgl—xZnxO In Pulsed Laser X-ray diffraction, [45]
Deposition
(Different substrates) HRTEM, and
Transmission
Mgi-xZnxO Al Magnetron Sputtering X-ray diffraction [46]
(different substrates)
Mg12Al14033 In high-temperature solid- X-ray diffraction [47]
(“Mayenite”) Al state reaction
CuAlO; laser ablation FESEM, X-ray [20]
diffraction, and
Transmittance
CulnO2 Ca, Sn oxygen plasma SEM, XRD, XPS, and [48]
enhanced reactive
thermal evaporation Transmission
Cu2In20s Smeltering, chemical, XRD, SEM, and [27, 49, 50]
and RF Sputtering
Transmission
CuGaz04 RF Sputtering SEM, XRD, XPS, and [25]

Transmission

Outstanding characteristics were provided by zinc, indium, and tin oxides. A well-known TCO

is Indium tin oxide (ITO) and the doping of zinc oxide with less than 5% Al (ZnO: Al)was

established in 1954. Some applications of transparent conducting oxides are Solar cells, Front

electrodes in flat panel displays, Optical displays, Reflective coatings, Light emission devices,




Low-emissivity windows, Smart windows, Electrochromic mirrors (rearview mirrors), UV
sensors, touch-sensitive control panels, Windows/defrosting windows, Electromagnetic
shielding, Transparent electronics, Invisible security circuits, Gas sensors, Biosensors,
Antistatic coatings, and Cold heat mirrors, etc. Most of the widely used oxide-based TCOs are
n-type conductors that ideally have a wide bandgap of >3 eV, the ability to be doped to
dissoluteness, and an electron-effective mass that ensures that the plasma absorption edge lies
in the infrared range. ITO is the most widely used TCOs in optoelectronic devices. The
transparent conductor must be cautiously processed to maximize optical transmissivity in the
visible spectra while attaining minimum electrical resistivity for use in optoelectronic
applications. There are two types of TCOs such as n-type TCOs and p-type TCOs. Well-known
and widely available n-type TCOs with low resistivity of 10~ Q cm are SnO2:Sh/F, ZnO: In/Al/
F/B/Ga, In203:Sn/F/Sb/Pb, Cd2SnQO4, etc. Some new n-type TCOs are such as ZnaSnQg,
ZnSn0s3, GalnOs:Ge/Sn, AgInO2:Sn, MglIn204, CdSh20s:Y, Zn2In20s, ZnGaz04, 1N2SN3012,

CdIn204:Sn etc.

2.2. Indium Tin Oxide (ITO) n-type

Indium tin oxide is an n-type TCO that is widely used for TCO applications such as
solar cells, flat panel displays, touch displays, smart windows, electrochromic mirrors, etc.
Indium tin oxide (ITO) is a ternary composition of indium, tin, and oxygen in varying
proportions. The ITO can be identified as either ceramic or alloy depending upon the oxygen
content. Typically, ITO comes across as an oxygen-saturated composition with a preparation
of 74% In, 18% Sn, and 8% O by weight. Oxygen-saturated compositions are so typical that
unsaturated compositions are termed oxygen-deficient ITO. It is transparent and colorless in
thin layers, while in the bulk form it is yellowish to gray. In the infrared region of the spectrum,

it acts as a metal-like mirror. ITO films are the most commonly used n-type transparent
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conducting thin films for transparent oxide applications due to their high electrical conductivity
and very good optical transparency. Indium tin oxide (ITO) is an optoelectronic material that
is applied widely in both research and industry. ITO can be used for several applications, such
as flat-panel displays, smart windows, polymer-based electronics, thin-film photovoltaics,
glass doors of supermarket freezers, and architectural windows. In this work, 1 used ITO as

the n-type TCO to make p-n heterojunction.

2.3 P-type TCOs
Although the transparent conducting oxides have a massive range of applications as mentioned
above, very little work has been done on active device fabrication using TCOs. The reason
behind this because that most of the above-mentioned TCOs are n-type semiconductors.
Nevertheless, the consistent p-type transparent conducting oxides (p-TCO), which are essential
for junction devices, were unexpectedly missing in thin-film form for a long time until in 1997,
Kawazoe et al. from Tokyo Institute of Technology, Japan, reported p-type conductivity in a
highly transparent thin film of copper aluminum oxide (CuAlO2+[20]. This provides an
opportunity to make transparent active devices for Transparent Electronics applications.
Copper bases p-type TCOs are Copper aluminum oxide (CuAlO2), Copper gallium oxide
(CuGa0y), and Copper indium oxide (CulnOz). Doped versions of some p-TCOs are Iron
doped copper gallium oxide (CuGaO:z:Fe), Calcium doped copper indium oxide (CulnO2:Ca),
and Magnesium doped copper scandium oxide (CuScO2:Mg), Magnesium doped copper
chromium oxide (CuCrO2:Mg), and Calcium doped copper yttrium oxide (CuYO2:Ca). Table

2 shows the various deposition technique reported for p-type TCOs.
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Table 2: Various deposition techniques reported for p-type TCOs

Deposition technique p-type TCOs

Pulsed laser deposition CuAlOz, CuGaO,, CulnO,:Ca, CuScO,, Cu,Sr0,, ZnO:N

R.F. magnetron CuAlO, CuGa, Fe .0, CuCr,, Mg/ .O,, CuScO

S 052 0.95 24y
PP CuSc, Mg, ,.0,, CuNi0.678b0.3Sn, ,..O,, AgCoO,,

NiCo,0,, (LaO)CusS, (La xSrxO)CusS, In 0,eAg,0,
CuzBasz, CuGa204,

D.C. Sputtering CuAlO,

Chemical vapor CuAlO,, ZnO:N

deposition

Sol-gel Technique CuCrO,

laser ablation CuAlO,

oxygen plasma enhanced ~ CulnO,
reactive thermal
evaporation

Smeltering, chemical Cu,In, Oy
process

2.4 Copper Indium Oxide (CulnQOy)
The realization of low resistive high transparency p-type TCOs will increase the usage of these
materials as the active semiconductors for transparent heterojunction fabrications. Copper-
based TCOs have the unique property of good conductivity, good transparency, and high
optical bandgap. To achieve the CIO delafossite structure, the process has to be tailored. A
very high-temperature process is required to obtain high transparency while maintaining the p-
type behavior. Of the copper-based systems, the CulnO. system is particularly interesting

because it can be doped with both p-type (with Ca) and n-type (with Sn), allowing p—n
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homojunction to be produced. The synthesis of Cu2In,Os has been reported only using either
smelting [49] or chemical processes, which involve synthesizing Cu2In,Os from aqueous
solutions of nitrates, chlorides, and sulfates of Cu, In, and Ga [27]. Therefore, the realization
of p-type TCOs has been rather challenging and involves the use of chemicals that present
levels of toxicity and low yield or smelting which results in a high thermal budget for the

fabricated device.
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CHAPTER THREE: EXPERIMENTAL PROCEDURE

3.1 Deposition of Copper Indium Oxide Thin Films for Post-Annealing studies

Figure 4 shows the schematic diagram of the RF magnetron sputtering system.

Observation —1 Vocuumgage

courtesy research gate

1- Substrate holder
2- Substrate

3- Target

4- Sputterng Gun

Figure 4. RF magnetron sputtering system schematic
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3.2 Deposition Studies
RF magnetron sputtering of copper indium oxide thin films was done on several glass

samples to find the deposition rate. The best deposition rate was identified and it follows.

e Base pressure : 5% 10° Torr

e RF Power 50 W

e Inertgas : Argon

e Argon flow rate :10 sccm

e Deposition pressure :10 mTorr

e Substrate temperature : Room temperature

e Distance from target to substrate :5cm

e Deposition time :7.5 minutes (270A/minute)
e Thickness : Approximately 2000 A

Figure 5 shows the custom build RF sputtering system capable of doing thermal evaporation
and DC sputtering features. The main advantages of using RF magnetron sputtering to deposit
the copper indium oxide thin films such as the high uniformity and homogeneity, and the
capability to control the film thickness and deposition rate. It also can achieve large-area
deposition as well as the low cost are the main advantages to use the RF magnetron sputtering

technique.
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Figure 5: Custom built RF Sputtering, DC Sputtering, and Evaporation system

Copper indium oxide films were deposited by a radio frequency magnetron sputtering system
using a CTI 100 cryogenic high-vacuum pump. A 600 W, 13.56 MHz RF power supply
(Dressler Cesar 136 FST RF Generator, Denver, CO, USA) was used to power the MAK 2
sputter gun (San Jose, CA, USA). The Advance Energy VarioMatch-1000 matching network
(Fort Collins, CO, USA) was used to match the source and the load impedance. All the
depositions were performed at a power of 50 W. The power was ramped up at the rate of 1
W/s. Glass substrates were used to deposit the films for annealing studies up to 400°C, whereas
quartz substrates were used for annealing studies above 500°C. The substrates were cleaned
with acetone and methanol in an ultrasonic bath followed by rinsing using DI water. The
samples were dried with nitrogen gas before loading them into the vacuum system. A 2”

powder pressed target of Cu20/1n203 (1/1 mol%, 99.9% purity), ACI Alloy Inc. (San Jose, CA,
16



USA), was used to deposit the films. A gap of 5 cm between the target and the substrate was
maintained to achieve a uniform film thickness.
A base pressure of 5 x 10 Torr was achieved before initiating the deposition. During the
deposition, the pressure was maintained at 10 mTorr with an argon flow of 10 sccm. The
deposition rate was found to be approximately 270 A per minute. This was measured using a
Veeco Dektak-150 profilometer (Plainview, NY, USA). All the depositions were conducted
for 7.5 min to achieve approximately 2000 A of film thickness. Post-deposition annealing was
conducted from 100 to 900°C for 90 min in Oz gas flow. Figure 7 shows the cube furnace used
for annealing the samples.

A deposition study was also performed with different substrate temperatures during
deposition. The deposition was done at room temperature, 100°C, 200°C, 300°C, and 400°C

respectively. The deposition conditions are as follows.

e Base pressure :5x 10 Torr

e RF Power 1100 W

e [|nertgas . Argon

e Argon flow rate :10 sccm

e Deposition pressure :10 mTorr

e Substrate temperature  RT, 100°C, 200°C, 300°C, and 400°C
e Distance from target to substrate :5cm

e Deposition time : 5 minutes

All the deposited films were measured in Veeco Dektak 150 Profiler to find the step height
(Thickness of the thin film). Figure 6 shows the thickness of the obtained films after 5 minutes

of deposition at varying substrate temperatures. It is seen that the final thickness obtained at
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higher temperatures reduces which may be attributed to higher thin film densities and lower
porosities. It is interesting to point out here that the substrate temperature also increases due to

collisions from secondary electrons.
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2000

Figure 6: Thickness vs substrate temperature during deposition.
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Figure 7: Programmable cube furnace for annealing the samples
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3.3 Thickness measurement
All the deposited films were measured using Dektak 150 profiler (figure 8) to identify the
thickness of the thin film deposited. To find the thickness of the film and the deposition rate,
mark a wide line using a sharpie before the deposition study sample is loaded into the chamber.
The samples were cleaned with acetone to remove the marked area to remove the film and
cleaned with water and dried with Nz. Al the samples were measured in hill-valley
configuration with 10mg stylus force in 30 seconds scan length to find the thickness of the

deposited film.

Figure 8: Dektak 150 Profiler to measure the thickness of the deposited thin film
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3.4 Characterization of Post-Annealed Copper Indium Oxide Thin Films
The XRD measurements were performed using a PANalytical Empyrean XRD system
(Malvern Panalytical, Westborough, MA, USA), using radiation from a Cu source at 45 kV
and 40 mA. Figure 9 shows the actual XRD system which used to do X-ray diffraction of the
annealed samples. The diffraction patterns were recorded between 26 angles of 15° and 60°,
and the phase information was analyzed using HighScore Plus software (Malvern Panalytical,
Westhorough, MA, USA). The surface morphology of the film was assessed using a field-
emission scanning electron microscope, Zeiss ULTRA-55 FEG SEM (Zeiss Microscopy,
White Plains, NY, USA). The optical transmission studies were performed using a Cary 100

UV-Vis spectrophotometer (Varian Analytical Instruments, Walnut Creek, CA, USA).
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Figure 9: PANalytical Empyrean XRD system, Malvern Panalytical, Westborough, MA

USA
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3.5 Morphological and optical studies of copper indium oxide thin films with
substrate heating
The surface morphology of the film was assessed using a field emission scanning electron
microscope, Zeiss ULTRA-55 FEG SEM (Zeiss Microscopy, White Plains, NY, USA). Figure
10 shows the actual Scanning Electron Microscope used for the morphological studies. The
optical transmission studies were performed using a Cary 100 UV-Vis spectrophotometer
(Varian Analytical Instruments, Walnut Creek, CA, USA). Figure 11 shows the UV visible
spectrophotometer to find the transmission of the annealed samples. The composition of the
films was determined using ESCALAB 250 Xi + X-ray photoelectron spectroscopy (XPS) by
Thermo Fisher Scientific with a monochromatic Al Ka source (1486.7 ¢V). Figure 12 shows
the actual X-ray photoelectron spectroscopy used to do the XPS analysis. To remove the
surface oxygen, an in-built monatomic EX06 ion source was used to perform ion milling of the
film surface before XPS measurements. Thermo Fischer Scientific Avantage (software version
5.9902) was used to identify elemental composition and fit the XPS peaks. A smart Shirley
function was used to subtract the background for the XPS spectra. The peak fitting was

performed by using a mixed Gaussian/Lorentzian function after background subtraction.
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Figure 10: Field emission scanning electron microscope, Zeiss ULTRA-55 FEG SEM, Zeiss

Microscopy, White Plains, NY, USA
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Figure 11 Cary 100 UV-Vis spectrophotometer (Agilent Technologies, Santa Clara, CA,

USA)

Figure 12 ESCALAB 250 Xi + X-ray photoelectron spectroscopy (XPS)
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3.6 Deposition of copper indium oxide thin films with various substrate
temperatures
Copper indium oxide films were deposited by a radio frequency magnetron sputtering system
using a CTI 100 cryogenic high-vacuum pump. A 600 W, 13.56 MHz RF power supply
(Dressler Cesar 136 FST RF Generator, Denver, CO, USA) was used to power the MAK 2
sputter gun (San Jose, CA, USA). The Advance Energy VarioMatch-1000 matching network
(Fort Collins, CO, USA) was used to match the source and the load impedance. During the
deposition, the pressure was maintained at 10 mTorr with an argon flow of 10 sccm. All the
depositions were performed at a power of 100 W. The power was ramped up at the rate of 1
W/s. Quartz substrates were used to deposit the films. The substrates were cleaned with acetone
and methanol in an ultrasonic bath followed by rinsing using DI water. The samples were dried
with nitrogen gas before loading them into the vacuum system. A 2” powder pressed target of
Cu20/In203 (1/1 mol%, 99.9% purity), ACI Alloy Inc. (San Jose, CA, USA), was used to
deposit the films. Highly dense single-phase targets for CulnO2 thin film growing are still
challenging, therefore a Cu20O-In,O3 composite target instead of a CulnO2 single-phase target
was used in this study. Further, having the composite target allows for more flexibility in
controlling the Cu20O and In203 phases in the deposited thin film. A gap of 5 cm between the
target and the substrate was maintained to achieve a uniform film thickness. A base pressure
of 5x10® Torr was achieved before initiating the deposition. The deposition rate was found to
be approximately 270 A per minute. This was measured using a Veeco Dektak-150

profilometer (Plainview, NY, USA).
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3.7 Fabrication of CulnOx heterojunctions and electrical studies
(@) 1-20 Q-cm n-type silicon was used to fabricate the Si heterojunctions. Aluminum as the
contact for the n-type silicon was deposited on the backside of the silicon using the thermal
evaporation technique. Post annealing at 400°C for 30 minutes in N2 ambiance was conducted
before depositing the CulnOx thin films. Figure 13 (a) shows the structure of the fabricated

device.

(b) A quartz substrate was used to fabricate the heterojunction on a transparent platform. 4000
A of copper indium oxide films were deposited with a substrate temperature of 400°C. 1 cm X
1 cm area was opened and the rest of the area was masked using aluminum foil and indium tin
oxide was deposited by RF magnetron sputtering (100 W, 10 mTorr, 10 sccm Ar) at room
temperature (RT) to obtain a thickness of 4000 A. A mask with several holes (1 mm diameter)
is used to deposit aluminum contacts on copper indium oxide (p-type) as well as indium tin

oxide (n-type). Figure 13 (b) shows the structure of the fabricated device.

Al Al
ClO Al

ClO

Quartz

(a) (b)

Figure 13: Device schematic for (a) n-Si/p-C10 heterojunction and (b) Quartz p-CIO/n-ITO

heterojunction.
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CHAPTER FOUR: RESULTS AND DISCUSSIONS

4.1 Post Annealing Studies
4.1.1 XRD Analysis
As-deposited films and films annealed up to 400°C did not reveal any diffraction peaks
indicating an amorphous nature. Although the XRD measurement was conducted between 15°
and 60°, due to the presence of a broad amorphous peak related to the quartz substrates, the 26

angle reported in Figure 14 is limited between 25° and 60°.

o In20; or CulnO:
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Figure 14: X-ray diffraction of the films annealed at 500-900°C in O2 for 90 minutes

Figure 14 shows the X-ray diffractograms of the films annealed at 500-900°C in an O

atmosphere. The film annealed at 500°C started showing low-intensity peaks related to the
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(210), (503), and (313) planes that have been attributed to the CuzIn,Os phase (JCPDSPDF#
30-0479). The films annealed at 600°C and above showed more peaks related to CuzIn20Os. It
was observed that the peak intensity and peak sharpness increased with an increase in annealing
temperature, denoting an increase in crystallinity. These identified planes match very well with
the CuzIn2Os-synthesized nanoparticles reported by Su et al. [20]. In addition to the Cu2In2Os
phase, a peak at 30.7° (006) was identified. This can be attributed to either the In,O3 or CulnO>
phase [31]. As-deposited films (not shown in Figure 14) did not display any diffraction peaks.

The grain size of the films annealed at 500-900°C was calculated using the Debye-

Scherrer equation (equation 1) [32].

B 0.9A (1)
~ PBcosO

Where 0 is the Bragg angle, f is the full width at half the maximum peak, A is the wavelength

of the X-ray, and D is the average grain size. The (313) peak was used for the calculation of
grain size. The average grain size of the CuzIn2Os films annealed at 500, 600, 700, 800, and

900°C were calculated to be 10, 13, 17, 21, and 27nm respectively.

4.1.2 Morphology studies

Figure 15 shows the SEM images of as-deposited Cu2In2Os thin films as well as those annealed
at a temperature varying from 500 to 900°C. Changes in the morphology were identified for
the films annealed at 500-900°C. As-deposited films and the film annealed at 500°C displayed
the presence of very small grains, as shown in figure 15 a and b. However, the film annealed
at 600°C and above showed an increase in grain size. This coincided with the results from the
XRD analysis where the diffraction peaks started to appear for films annealed at 500°C and
above. Both the SEM and the XRD analysis studies indicated that a minimum of 500°C is
required to initiate nanocrystalline growth. Continuous growth in grain size was subsequently
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observed for the films annealed at 600-900°C. It is worth mentioning that a pinhole-like
appearance was detected in films annealed at 800 and 900°C. Elemental analysis of all the
samples was performed using EDAX incorporated in the FESEM. Nearly equal ratios of Cu:
In were identified in all films. Table 3 shows the Cu2In.Os films composition as a function of

the annealing temperature.

Mag= S000KX DM = 300W Mag= S000KX 4T = 300k Dete 2 Sep 2021 [y

SgreAsinless WO 15mm Time 110600 e e
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Mag= S000KX O = 300w
SgAs e WOS 18mm

Mog= S000KX OMT= 300W Oue 2Sep 2021
S Asinlems WD 1S mm Time 111360

Mog= S000KX OMT=300W  Oue 16 5ep 2020
SowAsinles  WO* 08mm Teve 90048

Figure 15: SEM images of CuzIn.Os films (a) as-deposited and annealed at (b) 500°C, (c)

600°C, (d) 700°C, (€) 800°C, and (f) 900°C
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Table 3 Cu2In20s films composition as a function of the annealing temperature, measured in

EDAX.
Film Cuatm% | Inatm% | Oatm %
As deposited 13.0 11.3 75.7
Annealed at 500°C 12.6 12.7 74.7
Annealed at 600°C 13.7 14.7 71.6
Annealed at 700°C 13.8 14.1 72.1
Annealed at 800°C 14.6 14.9 70.4
Annealed at 900°C 15.4 14.0 70.6

4.1.3 Optical Studies

A Cary 100 UV-Vis spectrophotometer (Figure 11: Agilent Technologies, Santa Clara,
CA, USA) was used to perform the optical characterization of the annealed CuzIn2Os thin films.
Figure 16 shows the percent of transmission for the films deposited on glass and quartz
substrates and subsequently annealed from 100 to 900°C. Overall, the optical transmission
increased for the films annealed at different temperatures. The transmission values of the
annealed films were observed to vary between 70% and 90%. At a 450 nm wavelength, the
films annealed at 900°C displayed the highest transmission of 80%. However, the films
annealed at 900°C subsequently showed a decreasing trend in transmission beyond a 500 nm
wavelength. This could be attributed to an increase in grain size with annealing, as reported in

[33,34].
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Figure 16: Optical transmission spectra of the Cu2In2Os thin films annealed at various

temperatures.

4.1.4 Optical Bandgap

The optical transmission data were used to calculate the optical band gap of Cu2In2Os
thin films using the Tauc plot method [35-37]. Since the reflectance was identified to be less
than 5%, the absorption coefficient o was calculated directly from the transmission data [36].
The absorption coefficient a was calculated using Equation (2), where d is the thickness of the

film, and T is the percent of transmission. The optical bandgap (Eg) was estimated from
Equation (3).

o tn(}) o

(ahv)/™ = B(hv — Eg)
3)
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Where hv is the photon energy, B is a constant and Eg is the optical bandgap, and n=1/2 for the
direct bandgap transition. Figure 17 a-j shows the Tauc plot generated using the above
equations. The linear region of the curve was extrapolated to the x-axis to identify the Eg value.
The extrapolated values of the bandgap are listed in Table 4. The bandgap was reported for the
first time in this work for CuzIn2Os thin films. The bandgap was in the range of 3.4-3.6 eV. It
is worth mentioning that an increase in annealing temperature did not have any major effect on

the bandgap.

Table 4 The extrapolated values of the bandgap for post annealed samples

Annealing temperature (°C) |Bandgap (eV)

As dep 3.59
100 3.45
200 3.6
300 3.54
400 3.48
500 3.53
600 3.66
700 3.66
800 3.66
900 3.64
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Figure 17: Tauc plot of the Cu2In2Os thin films annealed at different temperatures
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4.2 Substrate Temperature Studies

4.2.1 XPS analysis

Figure 18 (a: i-iv) shows the XPS spectra obtained from the CulnOx films sputtered at
room temperature, 200°C, 300°C, and 400°C respectively. Peaks pertaining to only Cu, In, and
O were identified in the obtained XPS survey spectra shown in Fig. 18 (a: i-iv), thereby
confirming the phase purity. From Figure 18 (b:i-iv), two strong peaks are obtained at 933.8
eV and 953.7 eV, belonging to Cu 2,32 and Cu 2p1p, respectively [18]. The presence of Cu2+
species was confirmed by the satellite peaks between 940 and 950 eV. Figure 18 (c: i-iv) shows
the 3452 and 3432 indium core levels observed at a binding energy of 444.1 eV and 451.7
eV[18]. Oxygen 1s core level Figure 18 (d: i-iv) has been fitted with three Gaussian peaks
located at 529.5 eV, 531.3 eV, and 532.5 eV (marked 1, 2, and 3), respectively. Peak 1 is
attributed to oxygen attached to In (+3) while peak 2 is attributed to oxygen attached to Cu
(+1). Peak 3 is attributed to strongly chemisorbed oxygen which is normally observed at 532.2
eV [18]. It is seen from Figure 18 (d: i-iv) that the strength of peak 2 reduces relative to that of
peak 1. This indicates that there is a controlled addition of indium oxide phases to the thin film
as a result of substrate heating while maintaining sufficient copper oxide phases. The addition
of the indium oxide phases causes the thin film to become more transparent while the optimal
presence of copper oxide phases enables the film to retain its p-type characteristics. This is also
validated by the transmittance measurements for transparency as well as hot probe

measurements for the p-type behavior [16].
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Figure 18: (a) XPS spectra of CulnOx thin films with (b) copper peaks, (c) indium peaks, and

(d) oxygen peaks. Figure a-d: (i-iv) correspond to room temperature, 200°C, 300°C, and

400°C respectively

4.2.2 Optical analysis and bandgap

Figure 19 (a) shows the percentage transmission in 300 — 800nm wavelength for the films

deposited on quartz substrates at room temperature, 200°C, 300°C, and 400°C. Overall, the

optical transmission increases for the films deposited at higher temperatures. This is because

of the controlled addition of the indium oxide phases at the copper oxide sites as already

verified by the XPS analysis. It is seen that the percentage increase in transmittance varies up

to 25-100% between 400-700 nm wavelength for substrate temperature of 400°C. Figure 19(b)
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shows the percentage increase in transmittance for the deposited films due to the effect of
substrate heating with respect to room temperature deposition between 400-700 nm
wavelength. The optical transmission data were used to calculate the optical band gap of
CulnOx thin films using the Tauc plot method [51, 52]. Since the reflectance was identified to
be less than 5%, the absorption coefficient a was calculated directly from the transmission data.
The absorption coefficient o was calculated using Equation (4), where d is the thickness of the
film, and T is the percent of transmission. The optical bandgap (Eg) was estimated from

Equation (5).

a=§ln (%) 4)

(ahv)/™ = B (hv — Eg)... (5)

where hv is the photon energy, B is a constant, Eg is the optical bandgap, and n = 1/2 for the
direct bandgap transition. Figure 20 shows the Tauc plot generated using the above equations.
The linear region of the curve was extrapolated to the x-axis to identify the Eg value. The
extrapolated values of the bandgap are listed in Figure 20. The bandgap was in the range of
2.52-2.99 eV. Table 5 shows the bandgap values of the sample deposited in various substrate
temperature. It is worth mentioning that an increase in the bandgap is also attributed to the

addition of the indium oxide phases as it has a higher bandgap than copper oxide.
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Figure 19: (a): Transmittance spectra of CulnOx films on quartz at different temperatures

during deposition. (b) Percentage increase in transmittance for the deposited films due to the

effect of substrate heating with respect to room temperature deposition

Table 5 The extrapolated values of the bandgap for various substrate temperature

Substrate Temperature (°C)

Bandgap (eV)

Room Temperature 2.46 eV
200°C 2.52eV
300°C 2.73eV
400°C 2.99 eV
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Figure 20: Tauc plots of the CulnOx thin films deposited at different substrate temperatures

4.2.3 Morphological studies

Figure 21 shows the SEM images of as-deposited CIO thin films as well as those
obtained at substrate temperatures of 200°C, 300°C, and 400°C. Changes in the morphology
were identified as the substrate heating temperature was increased. Films with a substrate
deposition temperature of 200°C displayed the presence of very small grains, as shown in
Figure 21 (b) with respect to the film deposited at room temperature. Thus, a minimum of
200°C is required to initiate nanocrystalline growth as evidenced in the figure. However, an

increase in the grain size was seen for the films realized at an elevated temperature of 300°C,
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which continued to grow at temperatures of 400°C. The grain size of 10-30 nm was obtained

for the films deposited at 400°C.
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Figure 21: (a): SEM images of CulnOx films on quartz: (a) room temperature, (b) substrate
heater temperature of 200°C, (c) substrate heater temperature of 300°C, (d) substrate heater

temperature of 400°C

4.3 Heterojunction Studies

The heterojunction behavior of this material was investigated by fabricating p-n junction using
copper indium oxide thin films as the p-type TCO and Indium Tin Oxide as the n-type TCO.

The process flow and the characteristics are as follows.
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4.3.1 n-Si/p-Cl0O heterojunction devices

The structures of the fabricated devices as outlined in figure 13 (a). A 1-20 Q-cm n-type silicon
was used to make n-Si/p-CIO heterojunctions. As a back contact for the n-Si, the thermal
evaporation technique was used to deposit aluminum in the back of the silicon. The sample
was annealed at 400°C for 30 minutes in an N, ambiance. An approximately 4000 A of copper
indium oxide was deposited using RF magnetron sputtering at the substrate temperature of
400°C. A mask was used to deposit circular aluminum dots as a contact for the p-Type CIO

film. Figure 22 shows the fabricated n-Si/p-C1O heterojunction.

Figure 22: Fabricated n-Si/p-ClO p-n junction devices

The 1-V characteristics were performed using Keithly 2450 source meter. For the silicon-based

device, a knee voltage of 0.85 V was obtained. The I-V characteristics in the log scale are
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depicted in figure 23 which shows n-Si/p-CIO heterojunction behavior as well as the reverse

leakage current.

Current (Ampere)

10°¢ -

10-7 - T b T . T v T v T B T
-20 -15 -10 -5

Voltage (V)

Figure 23: 1-V characteristics (butterfly) of n-Si/p-C10O heterojunction devices

Figure 24 shows the I-V forward characteristics of the n-Si/p-CIO heterojunction devices

which shows the knee voltage of 0.85 V.
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Figure 24: 1-V characteristics (forward) of n-Si/p-CIO heterojunction devices

4.3.2 p-C10/n-1TO heterojunction devices

A quartz substrate was used to fabricate the n-ITO/p-ClO heterojunction on a transparent
platform. The structure of the fabricated device as shown in figure 13 (b). CulnOx (p-type) thin
films were deposited with a substrate temperature of 400°C. 1 cm x 1 cm area was opened and
the rest of the area was masked using aluminum foil. Indium tin oxide (n-type) was deposited
by RF magnetron sputtering (100 W, 10 mTorr, 10 sccm Ar) at room temperature to obtain a
thickness of ~4000 A. A mask with several holes (1 mm diameter) is used to deposit aluminum
contacts on copper indium oxide (p-type) as well as indium tin oxide (n-type). Figure 25 shows

the fabricated p-CIO/n-1TO heterojunction devices on a quartz substrate.
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Figure 25: Fabricated p-ClO/n-1TO heterojunction devices

Figure 26 shows the I-V characteristics (butterfly) for the quartz-based p-CIO/n-ITO

heterojunction with a knee voltage of 1.6V.
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Figure 26: 1-V characteristics (butterfly) of p-C1O/n-ITO heterojunction devices

The IV characteristics again confirm a p-ClO/n-ITO heterojunction which has many potential
applications in transparent electronics as both the layers have very high transmittance. Figure
25 shows the photomicrograph of the fabricated device on quartz substrate showing high

transparency.
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Figure 27: 1-V characteristics (forward) of p-CIO/n-ITO heterojunction devices

Figure 27 shows the forward characteristics of the p-Cl1O/n-ITO heterojunction devices. A knee
voltage of 1.6 V was observed in this study. The knee voltage is higher than the silicon-based
heterojunction. This is attributed to the bandgap of the devices such as the transparent device
has more indium phases which push the bandgap to the higher side since the indium oxide band

gap is higher than the silicon.

4.3.3 Heterojunction for light characteristic studies

A 1-20 Q-cm n-type silicon was used to make n-Si/p-ClO heterojunction for light
characteristic study. As a back contact for the n-Si, the thermal evaporation technique was used
to deposit aluminum in the back of the silicon. The sample was annealed at 400 °C for 30
minutes in an N2 ambiance. An approximately 4000 A of copper indium oxide was deposited

using RF magnetron sputtering at the substrate temperature of 400°C. Aluminum foil was used
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to wrap the sample and cut the E shape to open the contact for the copper indium oxide film.
Aluminum was deposited using the evaporation technique for the contact of the p-Type CIO
film. Figure 28 shows the fabricated n-Si/p-ClO heterojunction for the study of the light

characteristics.

Figure 28: Al/n-Silicon/CI/Al heterojunction for light characteristics performance

Light characteristics were also performed on the device, and an open-circuit voltage of 50 mV
and short circuit current of 5 pA was obtained. This confirms that the device is suitable for
optoelectronic applications including solar cells and photodetectors. Figure 29 shows the light

characteristics of the fabricated heterojunction.
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CHAPTER FIVE: CONCLUSION

The Cu2In20s thin films were deposited by the RF magnetron sputtering technique. The effects
of structural, morphological, optical, and electrical properties due to post-deposition annealing
at 100-900°C in constant O> flow were studied. Both the XRD analysis and the FESEM images
concluded that the minimum annealing temperature of 500°C was required to initiate the
crystallization and grain growth. Further increase in annealing temperature increased
crystallization and grain size. In addition to CuzIn.Os phases, the XRD results revealed the
presence of an additional phase corresponding to In.Oz or CulnO2. Optical studies showed a
bandgap of 3.4-3.6eV for the films. Copper Indium Oxide (CulnOx) films having a p-type
behavior along with high transparency, and superior electrical conductivity was deposited by
RF magnetron sputtering. This control over the electrical, morphological, and optical properties
was obtained in situ by varying the substrate temperature during the deposition process. While
the p-type nature was controlled by the presence of the copper oxide phases in the deposited
thin films, the transparency was controlled by the presence of indium oxide phases. XPS results
confirm that at elevated temperatures, the addition of indium oxide phases is favored resulting
in a higher optical bandgap (2.6-2.99 eV) and better transparency (>60% for 400-700 nm).
Optimal optical, electrical, and morphological properties were obtained for depositions carried
out at a substrate temperature of 400°C. Heterojunction behavior of the p-type CIO was
confirmed with n-Si and n-1TO thereby laying the basis for completely transparent TCO-based

optoelectronic devices.
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Future Works

Further processes have to be tailored to achieve the delafossite structure of copper indium oxide
(CulnOy). This can be achieved by using various compositions of Cu0: In2O3 targets. Oxygen
can be introduced along with argon in different ratios during sputtering. The other approach is
to use the dual sputtering technique with targets of copper and indium oxide in the O, ambiance

to achieve delafossite structure.
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