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MOTIVATION

This study was motivated by the need to improve the performance of cerium-doped indium
oxide (ICO) films as transparent conductive oxide (TCO) in silicon heterojunction solar cells
(SHJ-SC). Due to its great efficiency and cost-effectiveness, silicon heterojunction solar cells
have grown to be a significant competitor as the worldwide need for clean and sustainable
energy solutions grows. The effectiveness of these cells, however, is strongly dependent on the
quality of the TCO layers.

While ICO has high electrical conductivity and transparency, the deposition technique
has a considerable impact on its attributes. Because suboptimal deposition parameters might
result in lower solar cell performance, optimizing the deposition conditions of ICO is a crucial
scientific activity. The goal of this research is to maximize the potential of ICO films by precisely
tuning the sputtering process. Applying this material to SHJ-SC and increase its efficiency will
help in the progress of adopting sustainable energy sources.






ABSTRACT

Optimizing solar cell performance hinges significantly on perfecting the Transparent Conduc-
tive Oxide (TCO) layer, a critical component for efficient charge collection and light transmis-
sion in the solar cell. Due to their high electron mobilities, TCO materials based on In,Os appear
to be particularly interesting options for solar applications. Indium Tin Oxide (ITO) is one of the
most well-known and widely used TCO materials, but its performance is hindered by parasitic
free carrier absorption and light reflection, particularly in the near-infrared (NIR) spectrum. To
overcome these issues, researchers have turned their focus to other doped-indium oxides. This
study will focus on optimizing sputtered Cerium-doped Indium Oxide (ICO) for application in
Silicon Heterojunction solar cells (SHJ-SC). ICO's wide bandgap, exceeding 3.6 eV, guarantees
that a larger fraction of the solar spectrum reaches the silicon absorber layers. Notably, ICO
exhibits remarkable electron mobilities, surpassing 130 cm?/Vs when deposited with a heated
substrate. However, due to equipment constraints, all depositions in this study were done at
room temperature. To elevate ICO's optoelectrical properties, optimization of deposition pa-
rameters, such as oxygen flow, chamber pressure, sputtering power, and water vapor partial
pressure, was performed. This optimization yielded films with enhanced mobilities and trans-
parency, outperforming conventional laboratory-standard ITO films.

For a 35-nm-thick ICO layer, we achieved a mobility of 44.22 cm?/Vs, an average trans-
mittance of 85.23% and a resistivity of 8.56x10™* Q-cm. With the ICO:H layer, we achieved a
mobility of 44.56 cm?/Vs, an average transmittance of 84.77%, and a resistivity of 7.28x10™
Q-cm. At the device level, we obtained impressive efficiencies of 23.58% and 23.57% for cells
employing ICO and ICO:H, respectively. The former showcased a high V.. of 0.722 V, while the
latter achieved a Jsc of 40.53 mA/cm? These results place ICO as a promising alternative for ITO
as TCO in diverse photovoltaic applications.

Keywords: SHJ solar cells, TCO, Cerium-doped Indium Oxide, RF magnetron sputtering
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RESUMO

A otimizacdo de uma célula solar depende significativamente do aperfeicoamento da camada
de 6xido condutor transparente (TCO), critico para a coleta eficiente de carga e para a trans-
missdo de luz. Devido as suas elevadas mobilidades, os TCOs baseados em In,O3 sdo opcdes
interessantes para aplicagdes solares. O 6xido de indio e estanho (ITO) é um dos TCOs mais
conhecidos e utilizados, mas o seu desempenho é prejudicado pela absor¢do de transporta-
dores livres parasitas e pela reflexdo da luz, particularmente no infravermelho préoximo (NIR).
Para superar esses problemas, o foco esta a virar-se para outros 0xidos de indio dopados. Este
projeto concentra-se na otimizagdo de 6xido de indio dopado com cério (ICO) para aplicacdo
em células solares de heterojuncéo de silicio (SHJ). A ampla bandgap do 1CO, superior a 3.6
eV, garante que uma maior fracdo do espectro solar atinja as camadas absorventes da célula.
O ICO exibe mobilidades elevadas, ultrapassando 130 cm?/Vs quando depositado num subs-
trato aquecido. No entanto, devido a restricdes de equipamento, todas as deposi¢des neste
estudo foram feitas a temperatura ambiente. Para elevar as propriedades optoelétricas do ICO,
foi realizada a otimizagdo de alguns parametros de deposicdo, como fluxo de oxigénio, pressao
na camara, poténcia de pulverizacéo, e pressao parcial de vapor de agua. Esta otimizacao levou
a filmes com elevadas mobilidade e transparéncia, superando os filmes de ITO convencionais.

Para uma camada de 35 nm de espessura, o ICO alcancou mobilidade de 44.22 cm?/Vs,
transmitdncia média de 85.23%, e resistividade de 8.56x10* Q-cm. O ICO:H alcancou mobili-
dade de 44.56 cm?/Vs, transmitancia média de 84.77%, e resistividade de 7.28x10™* Q-cm. No
dispositivo final, obtivemos eficiéncias de 23.58% e 23.57% para células com ICO e ICO:H, res-
petivamente. A primeira apresentou um alto Vo de 0.722 V, enquanto a Ultima alcangou um
alto Jsc de 40.53 mA/cm?. Estes resultados colocam o ICO como uma alternativa promissora
para ITO como TCO em diversas aplicagdes fotovoltaicas.

Palavras chave: Células solares de SHJ, TCO, Oxido de indio dopado com Cério, Pulverizacao
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INTRODUCTION

1.1 Solar Photovoltaics Demand

Solar Photovoltaics (PV) emerges as a crucial catalyst in the landscape of global clean energy
transformations. Its importance is rooted in its capacity to serve as a fundamental driver in
achieving worldwide energy and climate ambitions. This need for renewable energy transition
comes from multifaceted causes, with climate change and global warming at the forefront,
stemming from the unsustainable use of non-renewable energy sources like oil, coal, and nat-
ural gas, which contribute to harmful greenhouse gas emissions'. Also, the continuous increase
of the world's population, coupled with the ever-rising energy requisites, contribute to this
demand for change. In response to these challenges, the global energy sector is embracing
the Net Zero Emissions Scenario (NZE)?, which outlines a roadmap to reach a state where the
net amount of CO, emissions produced is reduced to zero (the amount of greenhouse gas we
produce is no more than the amount taken away). To meet these ambitions, it is required for
the solar PV to remarkably upscale manufacturing capacity.

According to a study by the International Energy Agency (IEA)?, from 1990 to 2019 there
was a remarkable expansion rate for solar PV and wind power. These renewables experienced
impressive average annual growth rates of 36.0% and 22.6%, respectively, during this period.
A significant milestone in 2022 saw solar PV power generation surge by a record-breaking 270
TWh, constituting a 26% surge from the preceding year. This positioned solar PV as accounta-
ble for 4.5% of the total global electricity generation, being the third-largest contributor among
renewable electricity technologies, behind wind and hydropower”. Projecting forward to align
with the Net Zero Scenario, an ambitious target of approximately 8,300 TWh in annual solar
PV power generation by 2030 was set. To bridge the vast gap from the current capacity of
1,300 TWh, an average annual growth rate of around 26% between 2023 and 2030 is required®.
This growth was witnessed in 2022, yet sustaining this remarkable momentum within the PV
market relies on unwavering and enduring efforts.



1.2 Market Share of Different Solar Cell Technologies

There are numerous solar cells' technologies and designs that provide a wide range of solu-
tions for effective solar energy conversion, each with its own set of advantages. Figure 1.1
displays the market shares of different cell technologies worldwide, reported by The Interna-
tional Technology Roadmap for Photovoltaic (ITRPV)®. This report shows that there are three
main technologies being explored and employed in industry: TOPCon (Tunnel Oxide Passivated
Contact), PERC (Passivated Emitter Rear Cell), and SHJ (Silicon Heterojunction) cells. The choice
among these technologies’ hinges on factors like efficiency needs, compatibility, and cost con-
siderations, collectively shaping the dynamic landscape of solar photovoltaics to meet diverse
market demands for sustainable energy solutions.

The leader of market shares® is PERC. This cell presents a rear passivation layer, which
increases efficiency by lowering recombination losses®. In contrast, TOPCon cells are on the
ascent due to compatibility with existing manufacturing processes and cost competitiveness.
This technology shows impressive efficiency and passivation capability, obtained by applying
a tunnel oxide layer to the cell's surface, considerably decreasing recombination losses’. SHJ
cells are emerging as a promising contender, harnessing the power of multiple semiconductor
materials to achieve high efficiency. These cells combine amorphous and crystalline silicon lay-
ers, allowing for efficient charge carrier separation and collection, diminishing energy losses®.

100%

IBC |

90%

80%

70%

60%

50%

ITRPV 2023

40%
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B Si-based tandem

Figure 1.1 - Market shares' trend for various c-Si cell technologies. ITRPV 14" edition, March 2023°.

From Figure 1.1 we can see that, last year, PERC technology presented itself as the main tech-
nology used in industry, boasting a market share of almost 80%. However, current trends show
a gradual decline, being predicted that by 2033 its market share will go down to around 10%.
In contrast, TOPCon and SHJ technologies are still growing, although at different rates. TOPCon
ended 2022 with a market share of around 10%. However, its compatibility with existing solar



cell manufacturing processes, coupled with increasing research and development, is making
production become more optimized, so the cost of making these cells is becoming competi-
tive. With this, it is expected that by 2033, the market share for this technology will increase to
60%. As for SHJ, its journey holds a slower ascent, since it is still emerging in industry. Still, from
a modest 3% of market share last year, SHJ is predicted to increase to roughly 20% in 2033.
The Power Conversion Efficiency (PCE) record for SHJ-SC is, at the moment, 26.81%°. This tech-
nology is primed for substantial growth due to continuous research and development efforts,
focused at improving both the technology and manufacturing processes. In this work, the focus
will be on the SHJ technology.

1.3 Silicon Heterojunction Solar Cell

Silicon heterojunction solar cells (SHJ-SC) are based on an interface between two distinct sem-
iconductor materials, commonly amorphous and crystalline silicon, leading to the formation of
the so-called heterojunction. When sunlight reaches the cell, electron-hole pairs are excited.
These carriers are effectively selected by the heterojunction configuration, preventing prema-
ture recombination. This means that at each of the two heterojunctions (front and rear) there
is an uneven population of electrons or holes that can be available for current generation,
contributing to the cell's higher performance. Figure 1.2 represents the full solar cell's sche-
matic of the silicon heterojunction cells that were fabricated during this project.

260 - 300 um
FZ (n) c-Si
1-5Q.cm

Cu
Ag Seed
MgF2
ICO or ICO:H or ITO .
(n) a-si:H PP
(n) nc-Si:l

(i) a-Si:H

(p) nc-Si:H 30nm

1CO or ICO:H or ITO 150 nm

Ag 500 nm

Figure 1.2 - Schematics of the silicon heterojunction solar cells fabricated in this work.

A critical configuration emerges in the context of SHJ contact stack topologies. This configu-
ration includes both intrinsic (i) and doped (n/p-) a-Si:H thin layers. The intrinsic layers are
crucial for effective chemical passivation to the c-Si surface’ but also for constituting the first
layer of the selective carrier stack'"'?. The doped layers must present low activation energy for



both contacts to decrease the energy barrier for which electrons or holes can be selectively
transported across the heterointerface; and a higher bandgap than that of intrinsic a-Si:H is

t13

also recommended for hole collection in the p-contact'”. This arrangement incorporates a hy-

drogenated nanocrystalline (nc-Si:H) layer to function as carrier-selective contact (CSCs)'*®.
Notably, when combined with oxygen (nc-SiOx:H), it facilitates controllable optical and electri-
cal properties'”'®. As for the transparent conductive oxide (TCO), high conductivity and high
transparency is required. It is also important that the TCO presents high mobility and low con-
tact resistance with adjacent layers (minimum carrier concentration of ~10%° cm? ). The ap-
plied MgF, layer forms, together with the front TCO, a double anti-reflection coating. Finally,

the metal electrode should present high aspect ratio and low finger resistivity?*%'.

1.4 Transparent Conductive Oxides (TCOs)

One of the most critical layers to optimize is the TCO layer, since it is responsible for more
effective charge collecting and light transmission. When applied as front window, it must let
incoming sunlight into the absorber and excite electron-hole pairs, guaranteeing that a con-
siderable percentage of sunlight reaches the cell's absorbing layers. But, because it is in close
touch with the metal fingers, it must be sufficiently conductive to provide a low-resistance path
for the carriers through it. TCOs based on In,O3 are go-to materials to obtain high mobilities,
and one of the most known and used In,Os-based TCOs is Indium Tin Oxide (ITO). In the PVYMD
group, a 75 nm-thick ITO layer presents a mobility of 28 cm?/Vs and a resistivity of 47x10™ Q -
cm %, 1TO's performance is, however, diminished due to parasitic free carrier absorption and
reflection of light, mainly in the NIR.

To overcome these problems, other doped-indium oxides are investigated. Han, C., et
al. assessed and compared the performance of two other indium oxide-based TCOs with ITO:
tungsten-doped indium oxide (IWO)?, and hydrogenated fluorine-doped indium oxide
(IFO:H)*. Firstly, the performance of IWO for improved current in SHJ-SC was studied. When
compared to ITO-based reference cell, IWO-based SHJ cell showed an enhancement in its vis-
ible (VIS)-NIR optical response. Moreover, by applying an MgF; layer on top, the cell had effi-
ciency of 22.92%. Secondly, the performance of IFO:H for passivating contacts c-Si SC was
investigated, and broader optical band gap (3.85 eV) and higher mobility were obtained with
the IFO:H film in comparison with the ITO film. The final cell showed an efficiency of 21.1%.
Other materials have also been considered to replace tin (Sn) in ITO. An electron mobility of
~110 cm?/Vs was obtained for a 60-nm-thick Zirconium-doped In,Os layer deposited by RF
(Radio Frequency) sputtering®. Moreover, a mobility of ~150 cm?/Vs was obtained by the same
sputtering process for a 100-nm-thick hydrogenated In,0s layer®.

Another material that is now being currently explored is Cerium-doped indium oxide
(ICO). In this work, the sputtering of cerium-doped indium oxide will be optimized, and this



material will then be applied in SHJ-SC. Extensive study has been devoted to looking into the
electronic properties of CeO,. This focus arises from significant changes in the electronic con-
figuration driven by the existence of oxygen vacancies and the reduction of Ce** to Ce3* ions.
This liberation of oxygen is linked to the Ce sites' ability to undergo reversible conversion be-
tween the +4 and +3 oxidation states®®. Furthermore, the ionic radius of Ce** roughly approx-
imates that of In** (both with coordination number of 6), resulting in less microstrain next to

dopant sites”’. Its wide bandgap of >3.6%%%

allows a broader portion of the solar spectrum to
go through the TCO, reaching the underlying silicon absorber layers *.

ICO recently presented a mobility of 170 cm?/Vs when deposited by Reactive Plasma
Deposition (RPD)*'. When deposited by ion plating with dc arc-discharge, with substrate tem-
perature of 150 °C, mobilities of 130-145 cm?V/s have been reported® 2. As for RF magnetron
sputtering, Dey, K., et al.® reported a mobility of 71 cm?/Vs for ICO when deposited with a
substrate temperature of 160 °C. Heating the substrate helps in achieving these mobilities due
to improved crystallinity, however, due to equipment restrictions, all the depositions done in
this work were performed at room temperature. For a RF magnetron sputtered ICO layer de-
posited at room temperature, a 51.6 cm?V/s mobility has been shown by An, S., et al.%.

Two critical metrics may be used to determine the best properties of a TCO film: elec-
trical sheet resistance (Rs) and optical transmittance (T). Thicker TCO films have lower sheet
resistance, however they present lower optical transmittance. As a result, the effectiveness of a
TCO is dependent on the careful balance of these properties. To achieve this balance, a Figure
of Merit (FOM) can be introduced. The FOM used in this work was proposed by Haacke*, and

10
is mathematically described as FOM = T;‘q—VG, with Tave being the average transmittance in the
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wavelength range of interest, and Rs the sheet resistance of the film. A greater FOM suggests
a better compromise between TCO transparency and conductivity, which eventually contrib-
utes to better solar cell performance.

1.5 Objectives

In this work, deposition parameters of RF magnetron sputtered ICO were optimized in order
to improve the optoelectrical properties of this material to be employed in SHJ-SC. Since one
key goal of laboratory research is to be able to upscale the work to be industry compatible, RF
magnetron sputtering is employed, since it is an easily scalable deposition technique. Its adapt-
ability to different scales of production is of significant advantage, allowing for seamless tran-
sitions from research-focused experiments to commercial application. The optimized parame-
ters in this work were the oxygen flow during deposition, the chamber pressure, the sputtering
power, and the water vapor partial pressure. A post deposition annealing was also employed
to check for the temperature effect on this material's properties.






MATERIALS AND METHODS

2.1 1CO Deposition on 4' Glass

35-nm-thick layers of ICO were deposited onto 10 x 10 cm? Corning Eagle 2000 glass by RF
magnetron sputtering, with an 81.073 cm? target composed of In,0; (97 wt%) and CeO; (3
wt%). Before all depositions, the glass substrates underwent a 20-minute ultrasonic cleaning
process, with 10 minutes in an acetone bath followed by 10 minutes in an isopropyl alcohol
bath. After this, the substrates were dried with nitrogen gas.

Several deposition parameters were varied to obtain the optimum setpoints for the dep-
osition. First, the oxygen partial pressure was varied, followed by pressure, sputtering power
and, finally, water vapor partial pressure. The effects of post-deposition annealing at 180 °C in
an oven on optical and electrical properties were also investigated. The effects of substrate
temperature were not carried out since the heater from the magnetron sputtering equipment
was not functional, so all the depositions were performed at room temperature. The total
Ar+0O; flow was maintained at 20 sccm.

2.2 Solar Cells' Fabrication

Five silicon heterojunction solar cells were fabricated, varying only the TCO: two with ICO, two
with ICO:H, and one with ITO as reference.

First, float zone silicon wafers were dipped in an etching solution containing TMAH, H.O
and AT8 for 15 min at ~82 °C for double-side texturing. The samples were then rinsed in water
for 5 min and dried for 9 min. After, they were dipped in acetone for 30 min in order to remove
the rest of organic solvents and dried in air. Lastly, the wafers went through wet chemical oxi-
dation process to remove native silicon oxide, where they were dipped in HNO3 99% for 10
min and in HNO3 69% for also 10 min, being water rinsed in between and after for 5 min.
Finally, they were dried for 10 min. Right before going to the Plasma-Enhanced Chemical Vapor



Deposition (PECVD) setup, the wafers went through the Marangoni cleaning process, where
they were dipped for 5 min in 0.55% HF.

The deposition of ICO or ICO:H or ITO by RF magnetron sputtering and the metallization
process by copper plating were performed later by other group members. For TCO, a 50-nm-
thick (150-nm-thick) ICO or ICO:H or ITO layer was applied at the front (back) of the solar cell.
The rear thickness of ICO or ICO:H was employed according to the deposition rate obtained,
but it could be slightly different since it was not tested previously to the deposition. For curing
purposes, after the TCO sputtering on the devices, the cells were annealed for 5 min in air at
180 °C. A 110-nm-thick MgF; layer was e-beam evaporated on the front side of the final devices
for double layer anti-reflecting coating (DLARC) purposes. A full schematic of the fabricated
devices with the thickness of each layer is illustrated in Figure 1.2.

2.3 Characterization

The optoelectrical properties of the deposited ICO films were determined after every run of
depositions. Spectroscopic Ellipsometry (SE) M-2000DI system (J.A. Woollam Co., Inc.) was used
to determine the thickness of the deposited film (fitting the data using the Cody-Lorentz
model). Optical properties as transmittance (T) and reflectance spectra were obtained from a
spectrophotometric PerkinElmer Lambda 1050 system with total integrating sphere. Finally, to
measure sheet resistance, the four-point probe (4PP) method was used, and a Hall measure-
ment setup was used to measure mobility. Carrier concentration and resistivity were first meas-
ured by Hall, but later it was noticed that the equipment was not measuring these values cor-
rectly, so they were calculated based on theoretical equations. Finally, Haacke’s Figure of Merit
(FOM) was determined for each deposition run, and the following depositions were adjusted

taking this value into consideration. This FOM is mathematically described as:

10
TAVG

R
with Tave being the average transmittance in the wavelength range of interest, and Rs the sheet

FOM =

resistance of the film. The average transmittance was calculated by integrating the whole spec-
trum, from 300 nm to 1200 nm, and dividing it for 900 nm (the wavelength range). To check
uniformity, thickness and sheet resistance measurements were performed in different parts of
the samples, as shown respectively in Figure A.1. In the corresponding plots, the average devi-
ation is represented with an error bar. The solar cells’ characterization was also performed later
by other group members. Measurements of minority carrier lifetime (ter), implied open circuit
voltage (i-Voc), and implied fill factor (i-FF) were carried out using the lifetime tester WCT-120
from Sinton Instruments. The current density-voltage (JV) curves were obtained from an AAA
class Wacom WXS-90S-L2 solar simulator, and the external quantum efficiency (EQE) measure-
ments were performed using a home-built EQE setup.



RESULTS AND DISCUSSION

3.1 RF Magnetron Sputtered ICO

3.1.1 Oxygen Flow

The oxygen partial pressure is expressed as the oxygen gas flux divided by the inert gas flux
(argon). The oxygen vacancies present in the films are good scattering sites in the form of
ionized impurities that lower the mobility, thereby reducing the conductivity of the mate-
rial?’?8343> By using oxygen during sputtering deposition, the transparency of the films in-
creases due to lower optical losses by compensating a significant amount of oxygen vacancies
in the thin films. However, due to the lower amount of oxygen vacancies, the carrier concen-
tration will also decrease, which leads to films with higher resistance. Oxygen is quite a signif-
icant factor in sputtering and needs to be carefully balanced, so a study of this parameter
should be carried out to obtain the best tradeoff between transmittance and conductivity.

A total Ar+0O:; flow of 20 sccm was maintained to ensure low pressures. The oxygen
partial pressure effects on ICO films’ properties were evaluated by varying the gas mixture
composition in the deposition chamber. The oxygen content was varied between 1 sccm and
9 sccm, with an equal step of 2 sccm. Deposition with pure Argon atmosphere was also com-
pared. This deposition series was performed at room temperature, with no intentional heating.
Since the equipment’s heater could not be fixed by the time this project was over, all the fol-
lowing depositions were also performed at RT. The chamber pressure was kept at 4.0x1073
mbar and the deposition power was 45 W. Finally, the deposition time was 2400 s, except for
the processes following the power series. These parameters were based on previous optimiza-
tion with IWO in the PVMD group.



3.1.1.1 Optical Characterization

For the first deposition series, by using a deposition time of 2400 s for all samples, we obtained
thicknesses around 35 nm. Since this represents quite a slow rate of deposition, it was decided
to maintain the optimization for a 35-nm-thick film.

From Figure 3.1, we can see that by introducing oxygen in the chamber during deposi-
tion, an increase in deposition rate was obtained, from 0.85 to 0.90 nm/min.
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Figure 3.1 - Thickness and deposition rate for the oxygen flow series.

The transmittance spectra are consistent for all the deposited films due to the very small dif-
ferences in thickness, as we can see in Figure 3.2-a. The disturbance observed in all measure-
ments at 860 nm is a calibration error derived from the equipment.

Figure 3.2 displays the average transmittance of the films with increasing oxygen con-
tent, as well as the conductivity, to study the trade-off between this property and transmittance.
Conductivity (o) was deducted from the resistivity (p), for 6 = 1/p. The average transmittance
was calculated by integrating the whole spectrum, from 300 nm to 1200 nm, and dividing it for
900 nm (the wavelength range).

As mentioned above, the introduction of oxygen reduces the amount of oxygen vacan-
cies, reducing parasitic optical losses and increasing transparency. However, these results indi-
cate that the transparency of the films was not very sensitive to the oxygen content, having a
slight decrease in the visible range. Changes in oxygen content could have led to new absorp-
tion features in the visible range. Further analysis is needed to have a better understanding of
the relationship between oxygen content, film properties, and optical behavior, such as X-ray
photoelectron spectroscopy (XPS) in order to assess film composition and impurity levels, and
UV-VIS spectrophotometry to check for the absorption spectra.
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Figure 3.2 - a) Transmittance and b) average transmittance and conductivity for the oxygen flow series.

As for conductivity, the maximum value is obtained with an oxygen flow of 3 sccm. As expected,
higher oxygen content led to lower conductivities. These low conductivities result from an in-
crease in resistance caused by a decrease in carrier concentration as oxygen vacancies are filled,
as we can observe in Figure 3.3.

The best average transmittance obtained was 85.48 % for the sample with no oxygen
content. However, conductivity reaches its best value of 753.10 1/Q-cm for the sample depos-
ited with 3 sccm of O,. Taking this into account, and the average values for transmittance, we
note that the best trade-off between these two properties is obtained for the sample deposited
with 3 sccm of oxygen, with an average transmittance of 84.86 %.

3.1.1.2 Electrical Characterization

Figure 3.3 shows electrical properties (mobility, carrier concentration and resistivity) obtained
with increasing oxygen flow during deposition. To calculate the resistivity, sheet resistance
measurements (Rsy) were used in combination with the thickness (t) measurements, using p =
Rgy % t. The sheet resistance plot for this series, as well as its error bars, can be seen in Figure
A.2. Carrier concentration (N) was calculated with the equation N = o/(q - ), where q is the
elementary charge (1.6x107"° C) and p the mobility.

In low-oxygen conditions, the carrier concentration is higher due to the oxygen vacan-
cies. As oxygen content in the chamber increases, these vacancies are reduced, so the carrier
concentration ends up decreasing as well. This explains the higher resistivities obtained for
higher values of oxygen flow, since the number of oxygen vacancies is lower, lowering the
carrier concentration, and resulting in films with higher resistivity. The resistivity of the films
reached its lowest value of 1.33 x 1073 Q - cm when deposited with an oxygen flow of 3 sccm.

11
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Figure 3.3 - Mobility, carrier concentration and resistivity values for the oxygen flow series.

As for mobility, as reported by others®*

, itinitially increases, but, when we start to have higher
oxygen contents, mobility values start to decrease. This decrease could be due to collisions
between particles with oxygen as they approach the substrate surface, which can lead to films
with poor crystallinity, thus lower mobility. XRD measurements could be performed in order to
assess this behavior.

The highest mobility obtained was 37.47 cm?/Vs for an oxygen flow of 5 sccm. However,
using an oxygen flow of 3 sccm gives the best tradeoff between transmittance and conductiv-
ity, also ensuring a higher carrier concentration. With this, we continue with a mobility of 29.4

cm?/Vs, and a carrier concentration of 1.60x102%/cm?.

3.1.1.3  Figure of Merit

Table 3.1 shows the values for average transmittance and sheet resistance of each sample in
order to compare its Figure of Merit (FOM).

Table 3.1 - Figure of Merit for the oxygen flow series.

Oxygen Flow Average Transmittance Sheet Resistance Fom
(sccm) (%) (Q/sq) (x10%)
0 85.48 458.98 454
1 85.20 398.55 5.06
3 84.86 377.23 5.13
5 84.84 483.53 4.00
7 84.00 708.49 247
9 83.89 1463.76 1.18
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As predicted before, the highest FOM for this deposition series is achieved with an oxygen flow
of 3 sccm, so the following optimizations were performed using this value of oxygen flow. This
film presented a thickness of 35.2 nm, and its deposition rate was 0.88 nm/min.

3.1.2 Chamber Pressure

From this point on, the carrier concentration decreased, and this was most likely due to con-
tamination of the chamber with oxygen. This contamination could have come from the con-
stant changing of the equipment’s target, since there were other materials being deposited.
Nevertheless, it is important to assure N>10%° cm™ for device integration to achieve low con-
tact resistance with adjacent layers'.

The chamber pressure in magnetron sputtering has a direct influence on the ultimate
performance and attributes of the deposited thin film. If the pressure used during deposition
is too low, there is a decrease in ion flux at the target, and so the plasma needed for the
procedure may not be sustained in this condition. If the pressure is too high, for example, a
decrease in the deposition rate can occur, since there is an increase in the amount of collisions
experienced by sputtered particles directing to the substrate.

Within the pressure series, the chamber pressure range used was from 2.6x10 mbar
(lowest value that the equipment achieved) to 6x10° mbar. A larger range was previously tested
but higher pressures led to a far greater degradation.

3.1.2.1 Optical Characterization

First of all, from Figure 3.4, we can see that, for the same pressure used in the previous optimi-
zation, and using the same deposition time, the deposition rate decreased. There could be two
reasons for this: one, since the chamber could be contaminated with oxygen, higher contents
of oxygen during deposition has been reported* to decrease the deposition rate due to the
existing oxidation-rich environment, which can result in the development of oxides on the tar-
get surface, that can then be sputtered onto the substrate. As a result, the deposition rate may
drop due to the increased possibility of sputtering oxides rather than the desired material; two,
the spectroscopic ellipsometry setup was later reported to not have been measuring the thick-
ness with much precision, especially such thinner films.

Higher pressures can decrease the deposition rate due to sputtered particles undergo-
ing more collisions on their path to the substrate, but from ITO literature®® and from Figure 3.4,
we can see that increasing the pressure increased the deposition rate, in this case from 0.82 to
0.86 nm/min.

13
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Figure 3.4 - Thickness and deposition rate for the chamber pressure series.

The transmittance spectra with increasing background pressure, as well as conductivity and the
average transmittance of the films, are displayed in Figure 3.5.
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Figure 3.5 - Transmittance and b) average transmittance and conductivity for the chamber pressure series

Transmittance was not very sensitive to the chamber pressure, having only slight random var-
iations in the average transmittance. A pressure of 3 x 1073 mbar presented the best average
transmittance, and higher pressures increase the probability of collisions experienced by sput-
tered particles, so there could have been integration of additional defects (such as voids or
impurities). If this is what is happening, then these defects could be scattering/absorbing light,
lowering the film's total transmittance.

As for conductivity, we can see that it also initially improved and then decreased sharply
for pressures higher than 3 x 1073 mbar. This decreased can be attributed to the low carrier
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concentration due to low sputtering yield (number of atoms ejected from the target for each
incident ion) at higher pressures.

The best average transmittance obtained was 86.55 % for the sample deposited with a
chamber pressure of 3 x 10~3 mbar. Moreover, conductivity reaches its best value of 712.12
1/Q-cm for the same sample. This conductivity value is lower than the previous one obtained
for the oxygen series, but again we had a change in the bulk concentration.

3.1.2.2 Electrical Characterization

Figure 3.6 shows the mobility, carrier concentration and resistivity values obtained with increas-
ing chamber pressure. For pressures higher than 3 x 10~3 mbar, the resistivity starts to increase
due to the low sputtering yield at higher pressures. This low sputtering yield lowers the amount
of sputtered atoms that reach the substrate, reducing the carrier concentration. Also, with this
lower energy of the gas molecules, the crystallinity of the film can be degraded, since crystal-
linity often requires a certain level of energy for atoms to rearrange themselves into a well-
defined crystal lattice, so this lower energy may not be sufficient to achieve this structure. Less
crystallinity in a material introduces disorder, disrupting ordered pathways for charge carriers,
and increasing scattering. These factors collectively reduce carrier mobility and increase resis-
tivity. This can also explain the increase in the error bars for sheet resistance with increasing
pressures (Figure A.3) as the films may exhibit non-uniformity.
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Figure 3.6 - Mobility, carrier concentration and resistivity values for the chamber pressure series.

Even though the highest mobility obtained was 46.72 cm?/Vs for the sample deposited at a
pressure of 4 x 1073 mbar, the best tradeoff between transmittance and conductivity was for
the sample deposited at 3 x 1073 mbar. Also, resistivity presented its lowest value of
1.4 X 1073 Q - cm with this pressure. With this, we continue with a mobility of 41.13 cm?/Vs,
and a carrier concentration of 1.08x10%°/cm’.

15



3.1.2.3 Figure of Merit

Table 3.2 shows the values for average transmittance and sheet resistance for the different
samples deposited with increasing chamber pressure to compare its figure of merit.

Table 3.2 - Figure of Merit for the chamber pressure series.

Chamber Pressure  Average Transmittance Sheet Resistance FOM
(mbar) (%) (ohm/sq) (x10%)
2.6E-3 ‘ 85.24 458.83 4.41

3E-3 ‘ 86.55 425.53 5.54
4E-3 ‘ 86.37 681.12 3.39
5E-3 | 84.74 1226.74 1.56
6E-3 | 85.45 4727.43 0.44

The highest FOM for this deposition series is achieved with a chamber pressure of
3 X 1073 mbar. This film presented a thickness of 33 nm and a deposition rate of ~ 0.83
nm/min.

3.1.3 Sputtering Power

The energy of the ions bombarding the target material is affected by sputtering power, result-
ing in more energetic collisions, so the particles expelled from the target have higher velocities.
Higher velocities translate to more momentum and faster transit to the substrate, resulting in
a faster deposition rate. The increased frequency of collisions with increased sputtering powers

enhances the sputtering yield, leading to higher film density®"*

, which can result in enhanced
mobility and atom rearrangement during deposition. However, higher film density might com-
promise the optical transparency of the film, due to increased light scattering at interfaces and
grain boundaries.

With the pressure outcome, we followed using 3 X 10~3 mbar in this series. Five depo-
sitions with sputtering power varying from 30 to 90 Watt with a step of 15 Watt were done to
verify the effects of increasing sputtering power in the film’'s electrical and optical properties.
First, a batch was done to check the deposition rate with different sputtering powers. Later,
another batch was made so all the thicknesses of the films could be similar in order to compare

the effects of the sputtering power.

3.1.3.1 Optical Characterization

Figure 3.7 displays the thickness and deposition rate variation for increasing sputtering power.
The correlation between deposition rate and sputtering power appears to be approximately
linear, increasing from 0.62 nm/min at 30 W to 1.86 nm/min at 90 W. The error bars for thick-
ness appear to be relatively consistent for the various powers, implying that increasing power
is not affecting uniformity.
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Figure 3.7 - Thickness and deposition rate for the sputtering power series.

Figure 3.8 displays the transmittance spectra and the average transmittance and conductivity

of the films with increasing sputtering power.
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Figure 3.8 - a) Transmittance and b) average transmittance and conductivity for the sputtering power series.

As expected, increasing the power led to a decrease in transmittance in all the wavelength
range. From Figure 3.9 we can see that the carrier concentration increased with higher sput-
tering power values, and this affects the transmittance of the films. As mentioned above, the
possible higher film density with increasing power might compromise the optical transparency
of the film due to increased light scattering at interfaces and grain boundaries, but can increase
the conductivity by lowering the resistivity, which is corroborated in Figure 3.9 where we see a

decrease in resistivity.

The best average transmittance obtained was 88.06 % for the sample deposited with
the lowest sputtering power, and conductivity reached its best value of 1547.89 1/Q-cm for the
sample deposited with the highest sputtering power. The best trade-off between these two
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properties was obtained for the intermediate power of 60 W, which presented an average
transmittance of 85.23 % and a conductivity of 1167.57 1/Q-cm.

3.1.3.2 Electrical Characterization

Figure 3.9 shows the electrical properties obtained with increasing sputtering power. The re-
sistivity of the films decreased as the sputtering power increased, reaching its lowest value of
6.46 X 107* Q - cm for the film deposited with the maximum sputtering power tested (90 W).

From the error bars for sheet resistance (Figure A.4) we can see that increasing power
led to more uniform films. Higher power increases the sputtering rate, facilitating consistent
target material removal and improving film uniformity. However, we previously saw in Figure
3.7 that the error bars obtained for the thickness measurements were consistent for the various
powers, so again the spectroscopic ellipsometry setup was most likely performing exact but
not precise measurements.
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Figure 3.9 - Mobility, carrier concentration and resistivity values for the sputtering power series.

The increased energy of the sputtered particles with increasing power can allow these particles
to knock away oxygen atoms from the deposition, lowering the oxygen content and raising
the carrier concentration. The formation of a denser film at higher powers leads to smaller
crystal structures in the bulk®, leading to higher conductivity and carrier concentration but
lower mobility.

The highest mobility obtained was for the deposition made with the lowest power.
However, the carrier concentration is much lower. Considering the results for conductivity and
optical transmittance, the best option seems to be to use a power of 60 W for deposition,
having a mobility of 44.22 cm?/Vs, a carrier concentration of 1.65x10%°/cm?, and a resistivity of
8.56 X 107* Q- cm.
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3.1.3.3 Figure of Merit

For the power series, the FOM values are displayed in Table 3.3, presenting its best value for
the deposition made with a power of 60 W.

Table 3.3 - Figure of Merit for the sputtering power series.

Power Average Transmittance Sheet Resistance FOM
W) (%) (ohm/sq) (x10)
30 88.06 639.49 4.38
45 86.18 293.90 7.69
60 85.23 240.58 8.41
75 84.10 221.65 7.99
90 82.39 187.80 7.67

This film presented a thickness of 35.6 nm, and a deposition rate of ~1.22 nm/min.

3.1.4 Hydrogenation

Water vapor during deposition can have a significant effect on numerous properties of the
TCO layer. Effectively controlling the water vapor partial pressure is crucial for achieving suita-
ble doping levels*. However, using water vapor during deposition can lead to a reaction be-
tween this gas and the sputtered material, which can cause the formation of other species that
can affect film smoothness and uniformity, lowering the conductivity. When using low water
vapor pressures, the likelihood of interactions between this gas and the sputtered material or
other chamber is decreased, resulting in a purer, defect-free film with improved electrical prop-
erties.

With the power outcome, we followed using a sputtering power of 60 W. For the hy-
drogenation series, the goal was to test the effects of water vapor partial pressures on the film
in the range from 1077 mbar to 107> mbar, but the equipment did not go lower than
3 X 107®mbar. So three depositions with water vapor partial pressure varying from
3 X 107 mbar to 9 X 107® mbar with a step of 3 x 107® mbar were performed. However, it
was also difficult to control the water vapor partial pressure in the chamber, so the values were
not steady throughout the entire deposition.

3.14.1 Optical Characterization

Figure 3.10 displays the thickness and deposition rate variation for increasing water vapor par-
tial pressure. Within this range, we had a steady deposition rate around 1.20 nm/min.

We can see from the power series that the deposition rate decreased from 1.22 nm/min
to 1.20 nm/min when water vapor was introduced during deposition. The presence of water
vapor can introduce numerous elements that affect the deposition process, resulting in a
slower rate of film development. One of the reasons might be that water vapor can participate
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in chemical interactions with sputtered species or other species in the deposition environment.
These reactions may result in the creation of compounds that are less favorable to film growth

which can reduce the deposition rate.
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Figure 3.10 - Thickness and deposition rate for the hydrogenation series.

Figure 3.11-a displays the transmittance and reflectance spectra, and Figure 3.11-b the average
transmittance and conductivity of the films with increasing water vapor partial pressure. The
results for transmittance/reflectance showed that water vapor partial pressure had minimal
impact in these properties. When water vapor was introduced, the average transmittance had
a minimal decrease of less than 1 %. With increasing water vapor pressure, it seems that the
transparency of the films was not much affected, and that perhaps the sample deposited with
6 X 10~® mbar was not perfectly clean.

The conductivity decreased with increasing water pressure, so there could have been
reactions in the chamber that led to the introduction of flaws or contaminants into the layer,
lowering the conductivity. However, the conductivity has increased in respect to the sample
deposited with no water vapor in the chamber, and this could be due to higher carrier concen-
tration, as corroborated in Figure 3.12.

The best average transmittance and conductivity obtained was 84.73 % and
1373.781/Q-cm, respectively, for the sample deposited with the lowest water vapor pressure.
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Figure 3.11 - a) Transmittance and b) average transmittance and conductivity for the hydrogenation series.

3.14.2 Electrical Characterization

Figure 3.12 displays the values of mobility, carrier concentration and resistivity obtained with
increasing water vapor partial pressure. The resistivity decreased when water vapor was intro-
duced in the deposition, and increased with increasing water partial pressure, as explained
above. As for the error bars for sheet resistance measurements (Figure A.5), we can see that
these measurements were not uniform, and this could be due to the fact that water vapor can
change surface morphology, affecting uniformity.

The addition of water vapor to the deposition had minimal impact in the mobility. The
increase in carrier concentration in respect to the ICO film deposited with no water vapor was
also reported by Tutsch, et al,, (2021)*. Introducing water vapor in the deposition can lead to
the formation of semiconductor-oxygen bonds that passivate the surface, and this may inhibit
nucleation of crystalline phases. The formation of an amorphous arrangement results in less
lattice defects, which increases the carrier concentration®®. The further decrease in this property
could be due to a high amount of weakly bonded acceptor-type oxygen, and/or to the effective
incorporation of oxygen vacancy-type defects due to a more porous structure®.

The best transmittance and conductivity was for the sample deposited at 3 x 107¢ mbar-.
Also for this sample, resistivity reached its lowest value of 7.28 x 10™* Q - cm. This sample pre-
sented a mobility of 44.56 cm?/Vs, and a carrier concentration of 1.92x10%/cm?.
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Figure 3.12 - Mobility, carrier concentration and resistivity values for the hydrogenation series.

3.1.4.3 Figure of Merit

Table 3.4 shows the values for average transmittance and sheet resistance for the different
samples deposited with increasing water vapor partial pressure to compare its figure of merit.

Table 3.4 - Figure of Merit for the hydrogenation series.

Pressure Average Transmittance Sheet Resistance FOM

(mbar) (%) (ohm/sq) (x10™
3E-6 | 84.73 207.38 9.20
6E-6 | 82.01 219.07 6.28
9E-6 | 84.70 249.83 7.61

The highest FOM for this deposition series is achieved with a water vapor partial pressure of
3 X 107® mbar. This film presented a thickness of 35.1 nm and a deposition rate of 1.20
nm/min.

3.1.5 Annealing at 180 °C

Post-deposition annealing in thin films can have a variety of impacts in its characteristics. This
process, when performed in the proper conditions, can enhance the crystallinity of the film,
leading to bigger and well-defined crystalline grains, lower the amount of defects, improve
optical transparency, etc.3***" The results, however, are affected by annealing conditions, film
composition, and intended applications. To obtain the desired outcome while avoiding poten-
tial undesirable consequences such as increased defects or phase changes, annealing settings
must be carefully controlled. Characterization is critical to ensuring that the produced films fit
the standards of their purpose.
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100

Annealing was performed on the best ICO and ICO:H films in an oven at 180 °C for
varied time periods. Although a higher temperature generally results in an increased annealing
effect?®494? temperatures around 200 °C correspond to the maximal threshold for thermal sta-
bility of interface passivation and contact resistivity concerning a-Si:H-based contacts®#* in
SHJ-SC. Furthermore, it is noteworthy that these time periods were divided into phases rather
than being continuous. For instance, the 5-minute annealing consisted of the previous 2 min
followed by 3 min more. Similarly, the 10-minute annealing included the preceding 2 min plus
3 min, followed by an additional 5 minutes, and so on. Both electro and optical measurements
were performed 30 min after annealing.

3.1.5.1 Optical Characterization

Figure 3.13 shows the transmittance and reflectance spectra for ICO and for ICO:H films with
various annealing times. We can see that annealing generally degraded the transmittance for
both ICO and ICO:H. Liy, et al. (2023)*° studied how annealing temperature and annealing time
can impact the optoelectrical properties of ICO films produced via RPD at room temperature.
They found that the transmittance only improved after an annealing treatment with tempera-
tures above 190 °C, and considered 210 °C as the optimal annealing temperature. Increasing
the annealing temperature led to a higher intensity of the diffraction peak associated with the
(222) plane, suggesting an enhancement in the crystalline structure of the film. Also, the dif-
fraction peak of the (222) crystal plane shifts to a bigger angle, reflecting a decrease of internal
stress in the film.
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Figure 3.13 - Transmittance and reflectance spectra for a) ICO and b) ICO:H films with increasing annealing time.

As for the annealing time, since our films are only 35 nm, a short period of annealing should
be employed to not degrade the film. From Figure 3.13 we can see that for the ICO film, all the
annealing periods degraded the transmittance, but annealing for 2 or 5 min did not change
this property much. The fact that the film was not continuously annealed for the entire period
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could be an important factor to be considered, since the cooling step in between the two
annealing steps might make changes to the film's properties. Also, from Figure 3.14, we can
see that the carrier concentration had minimal changes for these two annealing periods. As for
the ICO:H film, with a 2 min annealing the transmittance decreased, then for 5 min it increased,
and then decreased again for 20 min, so the most suited annealing time could be in this range.
Nevertheless, for the studied annealing periods an increase in transmittance was not observed,
most likely due to suboptimal annealing temperature.

Lastly, the results for reflectance in both films show that this property was not affected
much by the annealing time, so the decrease in transmittance seems to be due to an increase
in absorption. Since no further characterization was performed, we can only speculate that
perhaps, since the annealing was performed in air, the specimens present inherently in this
environment could have been incorporated into the film during annealing, acting as impurities
that contribute to increased absorption. XPS measurements could help to assess this, providing
information about the chemical composition of the film's surface.

3.1.5.2 Electrical Characterization

Since sheet resistance was not measured for this optimization, only the mobility values on
Figure 3.14 are reliable to check the effect of annealing on the electrical properties, because
the carrier concentration values are not correct (due to the aforementioned problem with the
Hall equipment). Nevertheless, these values are still shown in Figure 3.14 for the trend could
be the same as with the correct values.

50 T 2.0
—=— |CO_Mobility

—s— |CO_Carrier Concentration
--e - |CO:H_Mobility
- -e- - |CO:H_Carrier Concentration 16

N
[0+]
T
*
I

Mobility (cm”2/Vs)
=
D

'
>
T

N
Carrier Concentration* (10419/cm”3)

42 L

Annealing Time (min)
Figure 3.14 - Mobility values and carrier concentration trend for different annealing time periods, both for the ICO

and ICO:H film. (*Carrier concentration values are not correct).

From the optical results, we saw that specimens could have been incorporated into the film
during annealing due to the air environment. If this is true, these specimens can create charge
traps or cause defects, resulting in the decrease of the carrier concentration that is seen in
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Figure 3.14 Liy, et al. (2023)* also showed that annealing reduced the carrier concentration
and increased the conductivity®, so conductivity measurements could serve as an indicator to
assess if this is what is happening, since this property would likely have decreased due to such
incorporation of air specimens. This decrease in carrier concentration might be offset by the
increase in mobility.

The annealing of this layer during the fabrication of the SHJ devices is nevertheless im-
portant for curing purposes, so a 5 min annealing was later employed when making the solar
cells. With this annealing time, the ICO film presented an average transmittance of 83.86 % and
a mobility of 44.83 cm?/Vs, and the ICO:H an average transmittance of 83.63 % and a mobility
of 47.66 cm?/Vs.

3.2 SHJ Solar Cell Application

From the TCO optimization, the 35-nm-thick ICO layer presented a mobility of 44.22 cm?/Vs, a
carrier concentration of 1.65x10°°/cm?, a resistivity of 8.56 x 10~* Q - ¢cm, and an average trans-
mittance of 85.23%. As for the ICO:H with the same thickness, it presented a mobility of 44.56
cm?/Vs, a carrier concentration of 1.92x10%°/cm?, a resistivity of 7.28 x 10™* Q - cm, and an av-
erage transmittance of 84.73%. When annealed for 5 min, the ICO film presented an average
transmittance of 83.86 % and a mobility of 44.83 cm?/Vs, and the ICO:H an average transmit-
tance of 83.63 % and a mobility of 47.66 cm?/Vs.

To check the impact of the optoelectrical properties of the optimized TCOs on full solar
cells, five SHJ-SC were fabricated, with the only variable being the TCO: two of them were
fabricated with ICO, two employing ICO:H, and one featuring ITO as a benchmark. The front
TCO is composed of a 50-nm-thick ICO or ICO:H or ITO layer, and the rear TCO is composed
of a 150-nm-thick ICO or ICO:H or ITO layer. Copper plating was employed as the metallization
process due to its reduced shading losses and finger resistance®, and a 110-nm-thick MgF>
layer was e-beam evaporated in the front side as Double Layer Anti Reflecting Coating (DLARC).

3.2.1 Minority Carrier Lifetime, I-FF, and |-Voc

The minority carrier lifetime (te) represents the average time before the minority carriers re-
combine after photo-induced excitation; so a longer lifetime is desirable for allowing more
time for these carriers to travel through the semiconductor, thus enhancing the overall perfor-
mance of the solar cell. The FF measures how effectively the solar cell converts light into elec-
trical power, being the ratio of the maximum power to the product of the Vo and the short-
circuit current (Isc). I-FF represents what the FF would be if the solar cell were to operate at its
i-Voc under the given conditions, so it basically represents the theoretical maximum FF achiev-
able by the solar cell. Similarly, the i-Vq is the theoretical maximum V. that the solar cell can
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achieve under certain conditions, typically for an injection level of charge carriers close to the
injection level observed under one-sun condition.

The measurements of ter, i-FF, and i-Voc are displayed in Figure 3.15. These properties
were measured before and after TCO sputtering, and as well after the annealing process ap-
plied to repair passivation quality. The tr was measured at a specific minority carrier density
of 1 x10%> cm™ because at this specific density level, the influence of Auger and radiative
recombination on recombination velocity becomes less pronounced, providing insights into
the nature of defects*. Moreover, this density value closely approximates the injection level
observed under one-sun condition?.

The ICO_#1 cell's minority carrier lifetime is much higher when compared to the other
cells. The i-Voc also presents a too high value that should be a measurement error. When meas-
uring the i-Voc and i-FF after annealing, the results for this cell seemed too random, so it was
chosen not to present them in Figure 3.15.
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Figure 3.15 - Measurements of minority carrier lifetime (te), implied fill factor (i-FF), and implied open circuit volt-

age (i-Voc) for the different fabricated cells.

After TCO sputtering, all the parameters were greatly reduced, for the sputtering process can
significantly impact the surface of the underlying semiconductor layers*’. Introducing stress,
flaws, and damage to the passivation layers increases the probability of carrier recombination,
leading to the reduced minority carrier lifetime observed, and, as a result, to the decreased Vo
and FF. When annealing is employed, some of the damage created by the TCO sputtering
process is repaired. With better passivation quality, some of the mechanical stress produced
during sputtering is relieved, and the surface recombination becomes lower, resulting in an
increase in minority carrier lifetime. This leads to an increase in Voc and FF, as observed in Figure
3.15. The lifetime and V.. values were increased but not totally restored, and it is important to
note that the annealing conditions, especially annealing temperature, are most likely
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suboptimal, but they were chosen based on device limitation. However, the FF values surpassed
the initial values.

The ICO cell (#2) presented the highest i-Vo. of all the cells, reaching a value of 0.745 V,
followed closely by the ICO:H cells, with an average value of 0.742 V. The reference ITO cell
presented an i-Vqc value of 0.734 V. As for the i-FF, the best value was for the ICO:H cells, with
an average value of 85.40%, followed by the ITO cell with 84.81% and, lastly, the ICO cell with
84.65%. The difference in the i-FF between the ICO and ICO:H cells can be due to the fact that
the ICO:H layer presents a lower resistivity compared to the ICO layer (7.28 X 10™* Q - cm and
8.56 X 10™* Q1 - cm, respectively). This lower resistivity implies that the charge transport in this
layer is more efficient, and this can improve the FF by lowering charge transport losses within
the cell.

3.2.2 EQE

The external quantum efficiency (EQE) focuses on the efficiency of the solar cell in converting
incident photons into electrical current that is collected externally from the device, taking into
account reflection and transmission losses at interfaces. At a given wavelength, achieving a
unity quantum efficiency requires the absorption of all photons of that wavelength, as well as
the collection of all the resultant minority carriers. Figure 3.16 displays the EQE spectra for the
best solar cells (ITO, ICO_#1 and ICO:H_#2) for each type of TCO, as well as the Jsc obtained

from these measurements (Jsceqe).
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Figure 3.16 - EQE measurements for the fabricated record cells, as well as for the ITO reference cell.

The EQE spectra presents some fluctuations from 600 nm to 1100 nm for all the cells. This
could be due to some surface contamination or just to measurement errors®,

In any case, the EQE results showed that using ICO/ICO:H enabled a current density
enhancement of more than 1 mA/cm? when compared to the ITO reference cell. Although the
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ITO cell presents a higher EQE for wavelengths below ~450 nm, the increased EQE of the
ICO/ICO:H cell in the visible and near infrared region of the spectrum led to this increase in the
current density from 39.10 mA/cm? (ITO) to 40.21 mA/cm? (ICO) and 40.45 mA/cm? (ICO:H).

3.2.3 JV Curves

The JV curves were utilized to obtain the solar cell parameters: Vo, Js, FF and efficiency (Eff).
The short-circuit current density (Jsc) represents the maximum photocurrent density attainable
from the device when working under short-circuit conditions. It was obtained from the current
values and the cell area (3.86 cm?). Figure 3.17 shows these curves for the record cells, as well
as the obtained cell parameters.
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Figure 3.17 - JV curves and cell parameters for the fabricated record cells, as well as for the ITO reference cell.

All the curves obtained showed similar behavior, with the biggest difference being the Js.. The
reference ITO cell presented a Jsc of 39.72 mA/cm?. By applying ICO instead of ITO, this value
increased to 40.39 mA/cm?, and by using ICO:H, the Jscincreased even more to a value of 40.53
mA/cm? The measured Jsc in the |-V measurements was, as reported by others®*, slightly
larger than the values obtained from the EQE curve.

The ICO:H cell presented the highest reduction when comparing its Vo before and after
the metallization process. From an i-Vo. of 0.743 V, we obtained a Vo of 0.719 V (lowest value
obtained among all the best cells), which is a drop of more than 20 mV. This shows that the
quasi-Fermi level splitting of both majority and minority carriers within the absorber was not
properly manifested in the external voltage?"*°°",

Nevertheless, high efficiencies of 23.58% and 23.57% were achieved for the cell with ICO
and ICO:H, respectively. When comparing these results to the cell fabricated with the reference
ITO, a significant enhancement is obtained, since the efficiency for the ITO cell was 23.03%.
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4

CONCLUSIONS AND FUTURE PERSPECTIVES

In this thesis, the impact of deposition parameters, such as oxygen flow, chamber pressure,
sputtering power, and water vapor partial pressure, on the optoelectrical properties of 35-nm-
thick cerium-doped In,Os (ICO) films deposited by RF magnetron sputtering were studied. The
effect of a post-deposition annealing process at 180 °C in an oven was also investigated. The
obtained films exhibited enhanced mobilities and transparency when compared to the con-
ventional standard indium tin oxide (ITO) films® at the PVMD group.

In the oxygen flow series, the carrier concentration was found to be decreased due to
the gradual extinction of oxygen vacancies from the lattice. The best mobility obtained, con-
sidering the tradeoff between transmittance and conductivity, was of 29.4 cm?/Vs for an oxy-
gen flow of 5 sccm, and this value is already higher than that for the optimized ITO (28 cm?/Vs)
within the PVMD group. In the chamber pressure series, the carrier concentration suffered a
decrease most likely due to contamination of the chamber with oxygen that could have come
from the constant changing of the equipment’s target. A pressure of 3 x 1073 mbar ensured
the best tradeoff between the optoelectrical properties, presenting the lowest resistivity value
of 1.4x 1073 Q- cm and a mobility of 41.13 cm?/Vs. In the sputtering power series, the in-
creased energy of the sputtered particles could have led to the formation of a denser film,
indicating smaller crystal structures in the bulk, which translated to higher conductivity and
carrier concentration but lower mobility. Considering the results for conductivity and optical
transmittance, the final best mobility achieved for the ICO film was 44.22 cm?/Vs, presenting
an average transmittance of 85.23% and a resistivity of 8.56 x 10™* Q - cm. For the hydrogena-
tion series, the equipment could not reach the desired lower values of water vapor partial pres-
sure, and the tested pressures were not steady throughout the entire deposition. Nevertheless,
the addition of water vapor to the deposition had minimal impact in the mobility, increasing
just to 44.56 cm?/Vs. However, the carrier concentration increased in respect to the ICO film
deposited with no water vapor, reaching a value of 1.92x10%%/cm?. Transmittance/reflectance
results showed that water vapor had minimal impact on the film's optical properties, but the
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conductivity increased in respect to the sample deposited with no water vapor in the chamber.
Finally, the impact of a 5 min post-deposition annealing process at 180 °C in an oven was
studied. The annealing temperature was set at that value due to device limitations. The carrier
concentration decrease for all the annealing periods, and Tutsch, et al., (2021)* reported that
this property in ICO:H films started to drop at temperatures around 130 °C. Annealing also
generally degraded the transmittance for both ICO and ICO:H films. It has been reported else-
where* that a 210 °C annealing process is the optimal temperature to anneal ICO films in air
in order to achieve the best results. In contrast, annealing in vacuum has been shown?®® to
reduce the resistivity due to the improved carrier concentration, leading to an increase in mo-
bility from 51 ¢cm?/Vs to 71 cm?/Vs. On device level, a nitrogen®* annealing atmosphere has
been reported to increase the Js..

Heating the substrate during deposition is known to help improve the crystallinity of
ICO films and therefore reach higher mobilities in the range of 130-170 cm?/Vs?’?'32, All the
depositions performed in this thesis were performed at room temperature, so it would be in-
teresting to study how this parameter would influence the properties of the film. Also, lower
water vapor partial pressures, or even more controlled pressures during deposition, can also
enhance the film's properties. Post-deposition annealing should also be studied for a 50-nm-
thick layer for the conditions to be better adjusted for the final device. Moreover, since several
important characterizations were not performed, such as crystallographic structure, chemical
composition, surface's topography, etc., a lot of results could not be fully understood, so a
better assessment for all the obtained results should be carried out to understand the effect of
all these varied parameters.

At device level, high efficiencies of 23.58% and 23.57% were achieved for the cell with
ICO and ICO:H, respectively, the first presenting a high V. of 0.722 V, and the latter a high Js
of 40.53 mA/cm? When comparing these results to the cell fabricated with the reference ITO,
a significant enhancement is obtained, placing ICO as remarkable substitute for ITO in the role
of the TCO layer for various photovoltaic applications. Furthermore, a decoupled front/back
choice of TCO (e.g. IWO front and ICO rear) might lead to further performance enhancement?®.
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A.1 Uniformity Measurements

To check thickness and sheet resistance uniformity, measurements were performed in different
parts of the samples, as shown in Figure A.1, respectively.

l\

a) b)

Figure A.1 - Points were a) thickness and b) sheet resistance were measured to check for the uniformity of the

films.

A.2 Sheet Resistance Measurements

In this section, the plots for sheet resistance measurements, as well as its error bars, are dis-
played for the different optimization series.
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Figure A.2 - Sheet resistance measurements and the corresponding error bar for the oxygen flow series.
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Figure A.3 - Sheet resistance measurements and the corresponding error bar for the chamber pressure series.
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Figure A4 - Sheet resistance measurements and the corresponding error bar for the sputtering power series.
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Figure A.5 - Sheet resistance measurements and the corresponding error bar for the hydrogenation series.
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