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ABSTRACT

SURFACE PREPARATION PASSIVATION AND PATTERNING
TECHNIQUES USED IN SILICON BASED HETEROJUNCTION SOLAR
CELLS

Donergark, Ergi
MS, Department of Physics

Supervisor: Prof. Dr. Rasit Turan

January 2017, 123 pages

For silicon Heterojunction (SHJ) solar cell technology features, a thin intrinsic
hydrogenated amorphous silicon (i a-Si:H) layer has inserted between the crystalline
silicon and doped amorphous silicon. The state of the art SHJ solar cell structure
involves low temperature depositions of a-Si:H layer by means of Plasma Enhanced
Chemical Vapor Deposition (PECVD) technique. Recent developments on SHJ solar
cells have been focused on increasing the passivation quality of a-Si:H layer and the
formation of all metal contacts on the rear side. In this thesis, the motivation is to
achieve high efficiency SHJ solar cells by improving the surface passivation properties
of thin a-Si:H film together with the integration of interdigitated back contact (IBC)
concept.

In this study, several surface preparation techniques including wet chemical
chemistry were implemented to solar cell fabrication sequence. The wet chemical
processes were optimized to reach the required surface cleanness appropriate for
device applications. Additionally, the effects of the pyramid edge rounding process
were investigated on the optical and electrical properties of the solar cell. Then, the
deposition parameters of i a-Si:H were optimized to enhance surface passivation.

Furthermore, the optimum post-annealing treatment parameters were determined to
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improve the sputtering induced damages. Consequently, the highest efficiency was
recorded as 12.5% and 15.8% for the samples with the cell area of 4 cm? and 0.9 cm?,

respectively.

In addition, a novel wet chemical etching approach for emitter patterning was
utilized in the fabrication of SHJ IBC solar cell. Moreover, for the emitter etching
process, the optimized wet chemical chemistry and application conditions were
demonstrated in term of the passivation quality of the etched areas. The passivation
quality of a-Si:H/silicon nitride (SiNx) stack layer was also investigated as a front
surface passivation and antireflection layer by combining with the etching method in
SHJ IBC fabrication sequence. As a result of the successful application of the
optimized process parameters, the production of 18% efficient SHJ IBC solar cells was

realized without any surface texturing.

Keywords: SHJ solar cell, a-Si:H, passivation, pyramid rounding, SHJ IBC, emitter
etching
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SILISYUM TABANLI HETERO-EKLEM GUNES GOZELERINDE
KULLANILAN YUZEY HAZIRLAMA, PASIVASYON VE PATERN
OLUSTURMA TEKNIKLERI

Déonercark, Ergi
Yiiksek Lisans, Fizik Bolimi

Tez Yoneticisi: Prof. Dr. Ragit Turan

Ocak 2017, 123 sayfa

Silisyum tabanli Hetero-eklem (SHJ) giines gbzesi i¢in, ince hidrojenize amorf
silisyum katmani Kristal silisyum katmani ile katkili amorf sisiyum arasina (i a-Si:H)
katmani yerlestirilmistir. En bilinen SHJ gilines gozesi yapisi, Plazma Destekli
Kimyasal Buhar Biriktirme (PECVD) teknigi ile a-Si:H katmaninin diisiik sicaklikta
biiyiitiilmesini igerir. SHJ giines gozeleri konusundaki son ¢alismalar, a-Si:H
katmaninin pasivasyon kalitesinin artirilmasi ve arka kisimda metal kontaklarin
olusmas1 iizerine odaklanmaktadir. Bu tezde amag; a-Si:H katmanimin ylizey
pasivasyonunu artirarak ve birbirine ge¢mis arka kontak (IBC) konseptini entegre
ederek, yiiksek verimli SHJ giines gozesi elde etmektir.

Bu caligmada, 1slak kimya kimyasi da dahil olmak {izere cesitli ylizey
hazirlama teknikleri, glines godzesi iiretim sirasina dahil edilmistir. Islak kimyasal
islemler, cthaz uygulamalari i¢in gerekli olan ylizey temizligine ulagsmak i¢in optimize
edilmistir. Ayrica, piramit yuvarlama isleminin, giines gozesinin optik ve elektriksel
Ozellikleri iizerindeki etkileri arastirilmistir. Ardindan, i1 a-Si:H’mn birikim
parametreleri, ylizey pasivasyonunu artirmak i¢in optimize edilmistir. Ayrica,
puskiirtme ile olusan hasarlar1 iyilestirmek i¢in optimum son tavlama islemi
parametreleri belirlenmistir. Sonug olarak en yiiksek verimlilik, sirasiyla hiicre alan1 4

cm?ve 0.9 cm? olan drnekler igin %12.5 ve %15.8 olarak kaydedilmistir.
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Bunlara ek olarak, emiter modeli i¢in yeni bir 1slak kimyasal asindirma
yaklagimi, SHJ IBC glines gézesi imalatinda kullanilmistir. Dahasi, emiter asindirma
islemi i¢in, optimize edilmis 1slak kimyasal kimya ve uygulama kosullari, asinmis
alanlarin pasivasyon Kkalitesi agisindan gosterildi. a-Si:H/silisyum nitrit (SiNy)
kiimesinin pasivasyon kalitesi, SHJ IBC iiretim sirasindaki asindirma yontemiyle
birlestirilerek on ylizey pasifize edici ve yansima Onleyici katman olarak da
incelenmistir. Optimize edilmis islem parametrelerinin bagarili bir sekilde
uygulanmasi sonucunda, herhangi bir yiizey yapilanmasi olmaksizin %18 verimlilige

sahip SHJ IBC glines gozeleri tiretimi gerceklestirilmigtir.

Anahtar Kelimeler: SHJ giines gozesi, a-Si:H pasivasyonu, piramit yuvarlama, SHJ
IBC, emiter asindirma
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CHAPTER 1

INTRODUCTION

Dramatic increase in energy demand all over the world pushes the research to
focus on alternative energy sources. World energy consumption is estimated to grow
by one-third between 2013 and 2040 as illustrated in Figure 1 [1-2], which is
proportional to the developments on technology, daily life standards and rapid increase
in world’s population. Today, 67% of total electricity generation is provided by fossil

fuels, which has a significant impact on carbon dioxide emissions.
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Figure 1: Estimation of world energy demand [2]
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The world is almost coming to end of the non-renewable energy sources such
as coal, natural gas and oil [3]. Furthermore, carbon emission from these sources has
a critical impact on the greenhouse effect and global warming. With respect to World
Energy Outlook published in 2009, it was predicted that nuclear electricity generation
capacity would be increased around 60% in the next 20 years [2]. Despite this scenario;
on 11" March 2011, the world has faced with incredibly heartbroken disaster, which
is called Fukushima Catastrophe. An earthquake on the coast of Japan with a
magnitude of 9.0 on the Richter scale caused a tsunami. The tsunami has destroyed the
nuclear power plant in Fukushima. Because of the radioactive contamination around

Fukushima, decades might be needed to make Fukushima habitable, again.

To supply energy demand of the world, nuclear power is one of the powerful
candidates; however, after the Fukushima catastrophe, people has felt a strong
disinclination about nuclear power. After this catastrophe, the German government has
announced a plan to shut down all nuclear power plants in the next 11 years. The aim
of this plan is to have 35% of the total energy consumption of Germany from
renewable energy sources until 2022, instead of nuclear energy [4].

As a result of concerns about the future of energy generation, renewable energy
researches have been increasing drastically. Today, sustainable and clean energy
sources (such as wind, hydro, geothermal and solar) have become the main focus of
energy generation. Photovoltaic (PV) solar energy provides a good opportunity to
shape the future of the world with a potential of unlimited energy.

1.1. History and Current Status of Photovoltaics

Solar energy originates in radiations emitting from the Sun that can be divided
into two: charged particles and electromagnetic radiations. Charged particles mostly
consist of electrons and protons with energies typically between 1.5 keV to 10 keV.
Electromagnetic radiation that comes from the sun exists with various wavelengths

including radio waves, infrared visible waves, ultraviolet, X-rays and Gamma rays.
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From this spectrum, only a couple of electromagnetic waves could reach the surface
of the Earth (visible spectrum, radio waves and a short-range of infrared waves). On
the other hand, most of the charged particles coming from the sun cannot reach the
surface of the Earth because of the magnetosphere [5]. The amount of energy reaches
the surface of the earth is about 1kW/m? and it is dependent on the latitude, altitude

and weather conditions.

Photovoltaic devices convert solar energy to electricity, directly. The discovery
of photovoltaic effect by Becquerel in 1839 is accepted as the starting point of PV
technology. Forty years later from this crucial observation, in 1876, the first PV
devices were constructed by William Adams and Richard Day by using selenium with
heated platinum contacts [6]. Later, the relationship between PV properties of metal-
semiconductor surfaces and existence of energy barrier was described by Goldman and
Brodsky in 1914. The theory behind the metal-semiconductor energy barrier layer was
found by W. Schottky and his colleagues in 1930°s [7].

In 1950’s, the developments in silicon electronics led to finding a way for
enhanced photovoltaic properties by p-n junction. The first silicon solar cell was
reported with an efficiency of 6% by Chapin, Fuller, and Pearson in 1954. In the same

year, the first cadmium sulphide p-n junction was reported with an efficiency of 6%

[8].

In 1970’s, as a consequence of the oil dependent energy crisis, alternative
energy sources were gained great interest including PV energy. In those years,
excluding space applications, the general trend was to find alternative materials for
producing photovoltaic devices more cheaply and to increase the efficiency values to
higher levels via using tandem and multiple band gap designs. In the late 1990’s, PV

production expanded at a rate of 15 -20% per annum [6].



technology trend is focused on crystalline Silicon (c-Si) based solar cells. Reduction
in the cost of raw materials led to a new application area on the photovoltaic devices.
In Figure 3, the best research-cell efficiencies are shown in a well-known chart and it
includes all kinds of photovoltaic devices such as multi-junction, single junction, thin

film solar as well as emerging PV technologies like dye-sensitized and organic solar

cells.
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Figure 2 shows the percentage of global annular production. The general
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Figure 2: Percentage of global annular production [9]
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Silicon solar cells are dominant in PV market because of two main reasons; (i)
silicon is one of the most abundant materials on earth’s crust and (ii) the production
cost of Si solar cell has been decreasing due to improvement on manufacturing
techniques. In Figure 4, the price reduction trend of c-Si solar cells is shown with

respect to years.
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Figure 4: Price of silicon PV cells [11]

c-Si solar cell technology is encompassed by p-type c-Si wafer due to historical
background and developments. On the other hand, the latest results on c-Si technology
show that the highest efficiencies are reported on n-type c-Si wafers that are
Interdigitated Back Contact (IBC) by SunPower and Heterojunction with an Intrinsic
Thin layer (HIT) by Panasonic [12] HIT solar cell gives better performance in terms
of high open circuit voltage, efficiency, low temperature processes and low

temperature coefficients.



1.2. Solar Irradiance

The power per unit area received from the Sun is called solar irradiance. On the
surface of the Sun, solar irradiance approximately equal to the spectrum of the black
body at 5760K [6]. The solar radiation reaches the surface of the Earth is about 1360
W/m?2. While incident light passing through the layers of Earth’s atmosphere, some
wavelengths could not reach to the surface because of absorption and scattering. This

loss is arising from the absorptive properties of water molecules and CO..
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Figure 5: Solar spectrum reaching the Earth surface [13]

The reduction in power of light is quantified by the Air Mass (A.M.) factor as

illustrated in Figure 5. It is defined as follows;

AM =

optical path length to Sun _ 1 (E 1 1)
optical path length if Sun directly overhead  cos(9) q. L.



The angle “0” defines the zenith angle. From above formula, AM 0 defines the
radiation just outside the atmosphere. When the Sun is directly overhead (6=0), the Air
Mass is 1. AM 1.5 corresponds to the angle 48.2° between the position of Sun and
vertical axis.

1.3. Working Principle of Solar Cell

A solar cell is basically electronic device acting like a diode. It converts
sunlight directly to electricity and produces both a current and a voltage. Most solar
cells are based on semiconductor p-n junctions. The fundamental operating principle

of a SHJ type cell is illustrated in Figure 6 and is as following:

e Absorption of the sunlight by solar cell,
e Generation of electron-hole pair,

e Separation of an electron-hole pair and collecting charge carriers through the

metal contacts.

AZO
(p™) a-SiH
(i) a-Si:H

n-type c-Si wafer

(i) a-Si:H
(n%) a-Si:H

Ag

Figure 6: Fundamental operating principle of solar cell



1.3.1. Formation of p-n junction

A p-n junction is formed by physical contact of n-type and p-type material.
Conduction and valance bands of each side will bend in vicinity of the junction and
the net current will be zero in thermal equilibrium. The band diagram of the p-n

junction is demonstrated in Figure 7.
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Figure 7: Band diagram of p-n junction

Due to the difference in charge carrier concentration between p-type and n-
type regions, diffusion of electrons from n-side to p-side and that of holes from p-side
to n-side occurs which results in positively and negatively charged region. Depletion
region (or space charge region) is an area where charge transition occurs between n-
and p- type regions as illustrated in Figure 8. Remaining region of each side of the

semiconductor is called as quasi-neutral region [14].
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Figure 8: Cross-sectional view of p-n junction

An induced electrical field at the depletion region leads to drift of minority
carriers through the junction which is resulted in increased collection probability of

charge carriers.

1.3.2. Light Absorption

The incident photon coming to the surface of solar cell interacts with material
in three possible ways; (i) reflected from the surface of material, (ii) absorbed by the
material or (iii) transmitted through the material by losing energy. Incident photon
energy should be equal or higher then band gap energy of the material to generate
current. In other words, the minimum energy needed to make electron transition from
valance band to conduction band is equal to band gap energy. For direct band gap
materials, both energy and momentum are conserved. Absorption coefficient () is

directly proportional to band gap energy and incident photon [14].

For indirect band gap materials, to conserve momentum, phonon emission or

absorption takes a role on the absorption of incident light.
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Figure 9: Electron excitation for an indirect band gap

As illustrated in Figure 9, to conserve momentum, either phonon is absorbed
or is emitted. The absorption coefficient depends on not only incident photon and band
gap energy but also the availability of phonons. Furthermore, absorption depth (photon
traveling distance in medium) is inversely proportional to absorption coefficient (a™1).
The absorption coefficient of material is deterministic on generation rate of electron
and hole pairs. In addition to absorption coefficient of material, reflection from the
surface of solar cell, incident photon flux and the shadowing losses due to the
metallization have effect on generation rate. The generation rate of electron and hole

pairs is calculated following equation;
G =1 -9 -rQ)HfM)aN)e **dA , (Eq. 1.2)
i

where s is grid shadow, r is reflectance, f is photon flux.
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1.3.3. Basic Solar Cell Parameters

The current - voltage behavior of a solar cell can be modeled by the ideal diode

equation (Eq. 1.2) under dark condition.

I=1o(ed/*T —1), (Eq. 1.3)

In Eqg. 1.3, I is the net current, I, is reverse saturation current determined by
material quality, q is the electron charge (eV), k is the Boltzmann’s constant (8.617x10"
®eV/K) and T is the temperature (K) of a solar cell. Under illuminated condition of a

solar cell, the current will be generated by incident light represented by;

qv

=1 (et —1) = Iy , (Eq. 1.4)

where Iy, refers to the current generated under illumination. In order to characterize
solar cells, the 1-V curve is conventionally shown in 1% quadrant and then the current

represented by;

= Iy~ o (ext — 1), (Eq. 1.5)

The incident light has an effect on the current (I1)-voltage (V) curve in the fourth

quadrant as shown in Figure 10.
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Figure 10: 1-V characteristic of solar cell under illumination and dark condition

Short-circuit current (Is¢) is the maximum current at zero voltage condition. In the

ideal case, Isc = Ijj;. Short-circuit current is dependent on;

e Surface area of solar cell (but it is usually expressed as short circuit current
density (Jsc) with eliminating the effect of area),

e Intensity of light and the incident light spectrum,

e Optical properties of material,

e The collection probability of electrons and holes.

Open-circuit voltage (V,.) is the maximum voltage that could be produced by solar

cell at zero current. The equivalent circuit model of solar cell is shown in Figure 11.

Rsh
ANAAA

M) Y

Figure 11: Equivalent circuit of solar cell
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The open circuit voltage for ideal solar cell can be defined as;

Isc+lp

Voc = %Tln(T) , (Eqg. 1.6)

where I, is dark saturation current. V.. changes logarithmically with respect to
sunlight. The dark saturation current depends on recombination through the bulk and
on the surface which means that value of V. is proportional to the quality of material.
Furthermore, the dark saturation current decreases as the band gap energy increases
which leads an increase on the open circuit values. In other words, the band gap energy

of the material has a deterministic effect on Voc.

The open circuit voltage can be also defined by carrier concentration as

following equation;

Voc = - In(FAER) | (Eq. 1.7)

n;

where N, is doping concentration, An is excess carrier concentration and n; is intrinsic
carrier concentration. Implied Voc term is determined from carrier concentration from
Eg. 1.7. The implied Voc is commonly calculated from effective lifetime

measurements.

Fill factor (FF) is the ratio of maximum power to product of total V. and Is¢ as the

following equation;

FF = Vmp-Imp — Pmp
Voclsc Pr

: (Eq. 1.8)
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Py is the theoretical power value of a solar cell. For the ideal solar cell, FF should be
equal to 1. It could be also calculated by the ratio of areas covered by the blue rectangle
that refers (P,,) to the red rectangle (Py) shown in Figure 12. Fill factor also defines

the squareness of |-V characteristic of solar cell.
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Figure 12: 1-V characteristic and FF calculation

Efficiency (n) is the ratio of power generated by solar cell compared to incident light

power density as the following equation;

: (Eq. 1.9)

Incident light power density (Pin) is determined by not only incident light
spectrum, but also altitude and latitude of the measurement point and angle of incident
light. Particular illumination conditions are defined for solar cell characterizations. The
Air Mass 1.5 Spectrum is The Standard Test Condition which has an incident light
power density of 1000W.m at room temperature.
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In solar cells, generated power is dissipated through parasitic resistance. In
Figure 11, the equivalent circuit is shown in single diode model including series (Rs)

and shunt (Rsh) resistances.

The main reason of series resistance (Rg) is metal-semiconductor interfaces,
current flow transverse in solar cell and metal itself. The series resistance is defined in
Eg. 1.10. To attain higher conversion efficiencies, series resistance should be

minimized.

Rs = (Dv=voc (Eq. 1.10)

On the other hand, the shunt resistance (Rgy) is mainly caused by defects through
manufacturing of Si wafers or production defects in c-Si solar cells. Shunt resistance
refers to alternative current paths that lead to undesired leakage. It is formulated in Eq.
1.11 as;

Rsi = (Gv=0 - (Eq. 1.11)

For the ideal solar cell, parasitic resistance should be Rg = 0 and Rgy =.

Quantum Efficiency (QE) is simply the ratio of converted and collected charges to a
number of incident photons. The integration of the QE over the solar spectrum results
in the amount of current generated by the solar cell. For the ideal solar cell, the QE is
defined as “1” and it means that all incident photons are converted and collected as

electrons as shown in Figure 13. For a solar cell, two types of the QE are considered;

External Quantum Efficiency (EQE) is the ratio of collected charges carriers to a
number of incident photons. Therefore, all reflection and transmission losses are taken

into account.
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Internal Quantum Efficiency (IQE) is the ratio of collected charges carriers to the
number of absorbed photons. Hence, the losses coming through reflection and

transmission are eliminated.

__ electron/s
EQE = ohotons/s (Eq. 1.12)
IQE _ electron/s (Eq 1.13)

absorbed photons/s

1.4. Heterojunction with Intrinsic Thin Layer Solar Cells

The researches on amorphous hydrogenated silicon (a-Si:H) and c-Si
heterojunction interface were started in 1983 by observation on the excellent
passivation quality of a-Si on the c-Si surfaces. The first heterojunction solar cell was

fabricated in 1983 by Hamakawa [15-16]. Sanyo was the pioneer of the c-Si
16



heterojunction solar cells. In 1992, the potential of a-Si:H technology and
heterojunction solar cell structure were demonstrated by Sanyo. The serial production
of heterojunction with intrinsic thin layer was achieved by Sanyo with module
efficiency 14.4% in 1997, and the solar cell structure denominated as the brand name
HIT [17-18]. In 2012, the brand name of Sanyo’s solar modules has changed from
“Sanyo” to “Panasonic”. Nowadays, Panasonic is the market leader of the HIT solar
cells. In 2013, Panasonic has achieved the world’s record conversion efficiency as
24.7% in cell area 143.7 cm? on a thin c-Si substrate (~100um) with the solar cell

structure shown in Figure 14 [19].

Surface grid electrode

p-type a-Si |

: / Monocrystalline silicon wafer
I-type -S| \ (CZ, n-type, texiured)

n-type a-Si

Rear surface elecrode  Transparent electrode

Figure 14: The cell structure of Panasonic [19]

Panasonic was reporteda new world’s record with 25.6% conversion
efficiency for its HIT solar cell in 2014 with the help of reduction recombination and
optical losses by using interdigitated back contacts and minimizing resistance losses.
However, in September 2016, Kaneka Corporation has achieved the world’s highest
conversion efficiency as 26.33% in a practical size (180 cm?) HIT solar cell as shown
in Figure 15 [20].
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Figure 15: The cell structure of Kaneka Corporation [20]

The key point behind the success of silicon heterojunction (SHJ) solar cells
belongs to the behavior of intrinsic thin a-Si:H layer that leads excellent surface
passivation resulting in high open-circuit voltages. The advantages of SHJ solar cell

structure from the perspective of processing steps could be listed as;

e Low process temperature (<200 °C) prevents degradation of bulk
quality.

e Low thermal budget.

o Simplified process steps compared to conventional c-Si solar cells.

e Developments on thin c-Si substrates (~100um).

Apart from Sanyo and Kaneka, several groups and industrial companies have
reported above 22% efficiency on SHJ solar cell with interdigitated back contact (IBC)
structure [21]. The recent interest has risen on IBC structure. In consequence of having
both contacts at the rear surface of the solar cell, reflection and shadowing losses due

to the front was eliminated.
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CHAPTER 2

FUNDAMENTALS OF SILICON HETEROJUNCTION SOLAR CELLS

Fabrication sequence of a typical SHJ solar cell can be investigated under two
main process steps; (i) surface preparation including wet chemical treatments and (ii)
device fabrication. The surface preparation starts with the chemical surface cleaning
and texturing of c-Si wafers. The wet chemical cleaning procedures have a great
influence on solar cell parameters. In order to get ultraclean surfaces, a couple of
standard wet chemical cleaning methods have been performed by several research
groups all over the world [22]. The device fabrication process includes the sequential
deposition of a-Si:H layers, the growth of Transparent Conducting Oxide (TCO) thin
films on the cleaned wafer surface, which is followed by the metallization process for
the formation of metal contacts.

2.1. Band Diagram

SHJ solar cells are formed by matching materials with different band gaps. The
optical band gap energy of a-Si:H layer is accepted around 1.80 eV where Si has band
gap energy of 1.12 eV. Due to the difference between the band gap energies, the
mismatch takes place on the conduction and valence band edge levels as shown in

Figure 16.
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Figure 16: Band diagram of heterojunction Si solar cell

In Figure 16, the band diagram is illustrated for the widely used SHJ solar cell
structure on n type c-Si substrate. The band diagram of the SHJ solar cell on p type c-
Si is described and explained in Appendix A. The barrier formed for the holes at a-
Si:H (p region) and c-Si interface with the height of AEv is called as spike. Holes are
accumulated at the spike and drifted either by tunneling through the barrier via trap-
assisted tunneling or by thermionic emission. Furthermore, secondary barrier is

formed for electrons at the conduction band of other interface.

2.1.1. Carier Transport Mechanism

In a solar cell, charge carriers are electrons and holes which move freely in a
lattice. If there is no external electric field, electrons and holes will move in a random
direction depending on their thermal energies. When an electric field is applied, bands
will be inclined, thus, carriers move along a specific direction. Under the effect of
electric field, the random velocity of carrier will be superposed as the net velocity
which is called drift velocity [14]. Drift velocity is directly proportional to the applied

electric field (E = |V@|). The drift velocity (7,) is found by the following equitation;
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[Val = [KE| = |uv9| (Eq. 2. 1)

where p is the mobility and the drift current densities for electrons and holes are

calculated by the following equations;

[ =qpia, = quppE (Eq. 2.2)
[t = qnig, = quunE (Eq. 2.3)

In the condition without external field acting, electrons and holes will move
randomly, however; they tend to move from higher concentration region to lower
concentration region. The velocity based on movements of carriers with respect to
gradient differences on concentration is called diffusion velocity [14]. Diffusion
currents of electrons and holes are calculated by the following equations;

J§ = —qDpWp (Eq. 2.4)

[T = gD, Vn (Eq. 2.5)
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where Dy is the hole diffusion coefficient and D,, is the electron coefficient. Total
current can be defined as a sum of drift and diffusion current for holes and electrons
as defined in the following equation;

Pdi Pdi 7arift 7arift
]tot = ]plff +]nlff +]pnf + nnf (Eq 26)

The diffusion current is become dominant on the current at high forward bias
for heterojunction structures as occur in p/n homojunction structures. Despite the drift
and diffusion currents, several tunneling mechanism could be describe for
heterojunction structure. The first mechanism is tunneling through barriers (spikes)
shown in the band diagram. The other mechanism is mutlitunneling by capture and
emission process. The mechanism indicates that the charge carrier is captured through
defects and the charge carrier tunnels through defects until it reaches conduction band
or recombines to valance band. This mechanism is called multitunneling capture and

emission [30].

2.2. Surface Preparation

2.2.1. Radio Corporation of America Clean

Developed by Werner Kern in 1965, the Radio Corporation of America (RCA)
cleaning is accepted as the preliminary surface preparation step for Si wafer before
fabricating solar cell [23-24]. The cleaning procedure includes the removal of organic
and metallic residues from the surface. For this purpose, two distinct chemical cleaning
recipes were developed in RCA which were named as RCA-1 (or Standard Clean 1)
and RCA-2 (or Standard Clean 2).
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RCA-1 Clean

RCA-1 (SC-1) clean is used to remove organic residues from Si surface. The chemical
reaction is based on oxidation with hydrogen peroxide (H202) —ammonium hydroxide
(NH4OH) — deionized water (H20) mixture whose temperature is kept at 70°C. It
oxidizes the surface and leaves with a thin oxide (< 2nm) on top of the surface [25]. In
order to attain an impurity free Si surface, the thin oxide layer should be removed by
a diluted hydrofluoric acid (HF) solution resulting in a hydrogenated surface.

RCA-2 Clean

RCA-2 (SC-2) clean is used to remove metal ions from Si surface. The chemical
reaction is based on oxidation with hydrochloric acid (HCI) — hydrogen peroxide
(H202) — deionized water (H20) mixture having temperature of around 70°C [23].

RCA-2 clean has similar wet chemical behavior with RCA-1.
Piranha Clean

Piranha Clean is also known as Sulfuric-Peroxide Mixture (SPM), is one of the
strongest cleaning method for organic residues from Si surface though not effective on
metal ions. It is also commonly used to strip photoresists. The chemical reaction is
exothermic and temperature of the solution rises up to 100-130°C. The solution is
prepared by using sulfuric acid (H2SO4) — hydrogen peroxide (H202) [25]. Similar to
RCA clean, it leaves behind a surface coated with a thin oxide layer at the end of the

reaction.

2.2.2. Surface Texturing

Surface texturing is needed to increase the absorption probability of photons
through an improved light trapping within Si during the fabrication of efficient Si solar
cells. Due to band gap energy of Si (1.12eV), photons coming with less energy than
1.12eV, which corresponds to the wavelength of ~ 1100nm, can not absorbed by Si.

In other words, it is not possible to generate of e~ h* pairs for incident photons with
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energy lower than 1.12eV. In addition to absorption losses, reflection losses also result
in a significant reduction in the cell performance. The reflection loss at 700nm
wavelength is around 40% for flat Si surfaces [26]. To minimize both reflection and
absorption losses, either thicker Si wafer should be used or surface of the wafer should
be textured in a way that optical path length of the incident photon is increased. In the
former case, the increased wafer thickness means that the distance traveled by
generated carriers is going to be increased before being recombined. This leads to a
decrease in the collection probability of charge carriers. Furthermore, production cost
iIs also raised if an increased wafer thickness is used in solar cell fabrication. For this
reason, the most reasonable solution to this problem is to optimize the optical path
length of the incident light by texturing the surface appropriately. The surface texturing
is generally realized by the wet chemical etching of Si. With the help of texturing;
incident light will interact more than one time with the surface which is positioned at
a certain angle with respect to the incident light. Thus, the light would be trapped
within the surface of the wafer. As a result, physically thin optically thick wafers would
be obtained. Anisotropic etching using alkaline solutions is widely applied to form
pyramids with random sizes and distribution on the surface which is the most common
way of light trapping for solar cells. Depending on the crystallographic orientation, the
etch rate of KOH is going to be differs due to different atomic densities at varying
orientations [27]. The etching mechanism is anisotropic which leads higher etch rate
along (100) than (111) direction as shown in Figure 17 and texturing is resulted in
random pyramids on the surface.

G e  —  —

Figure 17: Anisotropic etching
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The formation of random pyramids facilitate the incident light to interact with
the surface more than once therefore light can be trapped as shown in Figure 18. More
interaction with surface refers to increase on the optical path length of incident light
with a higher probability of absorption. The heights of the randomly distributed
pyramids is generally in the range of 8-10um [28].
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Figure 18: Schematic representation of reflection losses from flat (a) and textured
(b) surface

The surface texturing enhances the optical properties of Si solar cell and it is
one of the crucial steps for conventional Si solar cell production. On the other hand, it
leads the formation of valleys and sharp areas resulting in an increase in effective
surface area [29]. In turn, textured surfaces suffer from some drawbacks especially in
quality of electrical passivation made by growing a-Si:H layer due to increase in the
density of impurities and the crystallographic defects with larger surface area. As an
example, the change in the interface defect density (Di) measured by surface
photovoltage measurement following RCA cleaning and after formation of pyramids
is shown in Figure 19 [30].
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Figure 19: Change in Dit (E) on p-type Si surfaces after RCA cleaning and oxide
removal during the formation of pyramids [30]

The sharp edges of pyramids behave as the recombination centers for SHJ solar
cells which resulting in lower passivation quality because of the induced Dit. The lower
passivation quality of the textured surfaces could be solved by either decreasing
effective surface area with smaller pyramids or polishing the sharp regions of pyramids

by additional wet chemical treatments [30-32].

2.2.3. Pyramid Rounding by Wet Chemical Etching

In order to enhance passivation quality of a-Si on textured surfaces, isotropic
etchant could be used to round the tips of pyramids. A mixture of hydrofluoric acid
(HF) and nitric acid (HNOs) is one of the widely used solutions. The etching

mechanism consists of a couple of reactions as shown in Table 1;
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Table 1: Reactions involved during HF/HNOs3 treatment

NO2 formation HNO2 + HNO3; — 2 NO2+ H20
Oxidation of silicon by NO; 2NO2+Si  —  Si?* +2NO;~
Formation of SiO; Si?*+2(OH) — SiO2+H;
Etching of SiO» SiO2+6 HF — HaSiFs + 2H20

In this reaction sequence, HNOs acts as an oxidizing agent and then the formed thin
oxide layer is removed by HF. The etching mechanism of HF/HNOg includes electro-
chemical reaction oxidization of Si surface which is defined by Gerischer mechanism
[33]. Slight differences in the etch rate at areas of sharp edges causes a rounding effect
and the etchant also burns out the organic residuals attached on the surface. The
rounding etching process is inserted between two successive RCA cleanings [34]. At
this point, overetching of pyramids leads to an unexpected increase in surface
reflection. For this reason, the tradeoff between electrical gain from passivation and

optical losses should be optimized to get higher solar cell performance.

2.3. Amorphous Silicon

Amorphous phase is the most disordered state of material. Si is the member of
Group 1V-A on the periodic table and forms four bonds. Crystalline Si (c-Si) atoms
are arranged in a diamond structure. In contrast to c-Si, a-Si atoms are distributed
randomly without any order in a long range as shown in Figure 20. The random and
irregular distribution of Si atoms is generally resulted in unbounded valance electron

which is called as dangling bonds [35].
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Figure 20: Distribution of Si atoms (a) in crystalline and (b) amorphous form [35]

Dangling bonds behave as recombination centers in the solar cell. In spite of
that behavior, dangling bonds could be passivated by Hydrogen with forming a-Si:H
layer. For this reason, hydrogen content of a-Si:H layer has a deterministic effect on
passivation quality. Inside the a-Si:H layer, hydrogen content could reach up to 40%.
The extent of hydrogen content strongly depends on the deposition conditions of a-
Si:H layer [36]. The desired Hydrogen concentration in a-Si:H film is around 15-18%
to achieve excellent surface passivation [37-38].

2.3.1. Density of States

The density of states (DOS) distribution describes the number of states
available to be occupied by an electron in a system. Energy distribution of carriers and
carrier concentrations are characterized by DOS distribution. According to
semiconductor basic, the valance and conduction bands are continuous throughout the
material where electrons in the conduction band and holes in the valance band can

move freely. In Figure 21, DOS distributions of c-Si and a-Si are shown respectively.
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The irregular structure of a-Si:H results in localization of density states in energy gap.
Furthermore, the extent of irregularity is quantified by the degree of localization [39].
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Figure 21: Density of states (DOS) distribution of c-Si (a) and a-Si:H (b)

Due to the defect states of a-Si:H, it is not possible to define a forbidden energy
band gap as in c-Si. For this reason, the mobility band gap is defined as the energy
differences between tail states (mobility edges) of conduction and valance bands as
shown in Figure 21 (b). In other words, the mobility gap can be defined as energy gap
between the starting points of sharp decrease in tail states. The mobility gap of a-Si:H

is estimated as 1.8 eV which is larger than the energy band gap of ¢-Si (E; = 1.12eV).

2.3.2. Interface Trap Density

On the surface of the c-Si substrate, the localized energy states exist in the
forbidden energy band gap which is called interface trap energy states, due to
misalignment through the crystalline lattice structure. The interface trap states are
originated from the lattice relaxation on the surface, the impurity atoms inserted to the
crystalline lattice, reconstruction, dangling bonds on the surface and the layer covered
on the surface of c-Si. The density of interface traps has a significant effect on the

electrical and chemical properties in the Si surface and its vicinity.
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Due to the high density of free charge carriers in silicon, the interface trap states
leads to a space charge region (Qsc) formed within a few atomic layer above the
surface. At the interface, the charged surface states form a charged area called interface
charges (Qit) as demonstrated in Figure 22. The space charge region is formed under
the condition where interface and space charges are equal to each other Qit= Qsc In

thermal equilibrium [40].

c-Si (p) E,

Figure 22: Energy band diagram of the interface between a-Si:H (n+) and c-Si

The density of interface traps (Dit) is formulated by the following equation;

10Q;
Dit(E) = —-—%, (Eq. 2.7)

where the unit of Djt is cm2eVL.

The Ditlocated at the interface between a-Si:H and c-Si has a significant effect

on SHJ solar cell performance. Due to the high defect density at the interface (for
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values above 10! cm2eVY), V. value starts to decrease with respect to increase on
the Dit as shown in Figure 23, where the behavior at the interface between a-Si:H and

c-Si is simulated for various Dit values [41].
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Figure 23: Dependence of the Vo of a SHJ solar cell on the defect state density at
the interface Dit (E). The Dit (E) values at the x-axis represent only the mid-gap defect
density [41]

2.3.3. Deposition of Amorphous Silicon

Several deposition techniques are used for the fabrication of a-Si:H layer. The
most commonly used technique for fabrication of SHJ solar cell is Plasma Enhanced
Chemical Vapor Deposition (PECVD). Plasma is an ionized gas, described as the
fourth state of matter. In a typical PECVD system, plasma of reactant process gasses
is generated between parallel electrodes (anode and cathode) by using RF, DC or VHF

power source. The plasma includes reactive radicals, ions, molecules, neutral atoms
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and other excited species. These energized atoms and molecules interact with the
substrate surface and the reaction product is deposited as a thin film on the substrate
[42]. The PECVD chamber is schematically illustrated in Figure 24. The technique
allows deposition of variety types of films on the substrate at a relatively low
temperature. The lower deposition temperature in PECVD is one of the major
advantages of industrial solar cell production with cost efficiency.

Gases

Match —@

— Substrate

Figure 24: Schematic representation PECVD chamber

For a-Si:H layer deposition, silane (SiH4) gas is used as the source of silicon
and the capacitive coupling between cathode and anode excites SiH4 gas into the
plasma by RF power source, which initiates the deposition on the substrate [36,43].
The ratio of dilution SiHs4 gas and the temperature of substrate are decisive on
passivation quality of the deposited a-Si:H layer.
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2.3.4. Doping of Amorphous Silicon

To form a p-n junction and change the electrical properties of the
semiconductor, the material should be doped intentionally with impurities. For the
conventional c-Si solar cell, Group I11-A and V-A elements are using as dopants. The
impurity atoms take the place of Si atoms inside the crystalline structure with the
energy supplied by high process temperature (>800 °C) [44].

In 1975, LeComber and Spear discovered the ability of doping and controlling
electrical conductivity of a-Si:H by using phosphine (PHs) and diborane (B2Hs) [45].
However, doping of a-Si was observed to be less efficient compared to that of c-Si. In
1982, the phenomenon behind the lower doping efficiency was explained by Street
with the autocompensation model [46]. In that model, it was concluded that due to
self-inhibiting nature of doping a-Si, the maximum doping is limited and the doping
of a-Si leads an increase in the density of defect resulted in low charge carrier lifetime
[47].

2.3.5. Staebler - Wronski Effect

In 1977, Staebler and Wronski discovered the increase in the defect density of
a-Si:H after exposing the samples to light, called Staebler-Wronski effect (SWE). They
observed a loss analysis for the conversion efficiency of a-Si solar cell with p-i-n (pin)
structure over time. However, the SWE can be reversed by heating a-Si:H samples
above 150 °C [48]. Due to SWE, the conversion efficiency of pin solar cells can be
degraded up to 30% in the first six months, which is the major disadvantage of a-Si:H

solar cells.
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2.4. Recombination

When a solar cell is exposed to light, electrons are excited by incident photon
to conduction band and they tend to loss their energy and fall back into the valance
band again. When an electron in the conduction band is combined with a hole in
valance band, the resultant energy is released in various ways. This combination of a
conduction band electron with a valance band hole is called as recombination. The
excess energy does not contribute to energy production of the cell. The rate of
recombination is the limiting factor of charge carrier lifetime before being collected.
For that reason, recombination is one of the critical characteristics and has a significant
effect on the efficiency of solar cell. The relation between recombination rate (R in

cm3s1) and the lifetime (z in s) as the following equation;

An

T

R

, (Eq. 2.8)

where An represents excess carrier density (cm). For SHJ solar cell, due to
discontinuity in the lattice structure between bulk Si and a-Si, a high concentration of
dangling bonds exists at the interface where it behaves as a recombination center. The
recombination at the interface is called surface recombination (U) and defined as;

U = S.Ang, (Eq. 2.9)

where S is the surface recombination velocity (cm.s™) and Ang is the excess carrier
density at the surface. To qualify the surface passivation, generally surface
recombination velocity or the effective lifetime (z.f;) is preferred. The effective

lifetime is as the following;
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1 1 28
= + — Eq.2.10
Teff Thulk W (Eq )

Where W is the thickness of the wafer and t,,,,;, refers the bulk lifetime [6].

Main types of recombination mechanisms are; Shockley-Read-Hall (SRH),

radiative and Auger recombination.

2.4.1. Shockley-Read-Hall Recombination

The Shockley-Read-Hall (SRH) recombination, is the recombination through
the defects, involving four various interaction of an electron in the conduction band
with a hole in the valance band via trap energy states in the forbidden energy gap. The

possible interaction paths are shown in Figure 25.
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Figure 25: Transitions of SRH recombination (a) capture of electron, (b) emission
of electron, (c) capture of hole, (d) emission of hole
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For electron transition from conduction band to trap energy state (Figure 25 -
a), the rate of electron capture (R,,,) is determined by electron density n the conduction

band and the density of empty trap states within the bandgap as the following equation;

Rop = N V. 0. Ne. (1 — f(EL)) (Eq. 2.11)

where n represents the density of an electron in the conduction band, v,,, is the thermal
velocity o, is the capture cross-section for electron N; is the trap state density and
f(E:) represents the Fermi-Dirac distribution of trap energy states. The Fermi-Dirac

distribution is defined as the following equation;

f(E) = W (Eq 212)

On the other hand (1 — f(E;)) represents the probability of the empty trap states

which could be occupied by an electron [49].

In the case of electron emission (Figure 25 — b), the rate of electron emission
(Rey) is proportional to the number of trap energy states filled by electron as the

following equation;

Ren = en.Nt.f(Et) ) (Eq 213)

where the emission coefficient of electron is represented as e,, [49].

The rate of hole capture (R.,) and hole emission (R,,) could be written with

an identical approach as the following equations;
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ch = p. Uth. O-p.Nt.f(Et), (Eq. 2.14)

Rep = €. Ne. (1 = f(ED), (Eg. 2.15)

Above equations, g, is the capture cross-section for a hole and e, is the emission

coefficient of a hole [49].

In thermal equilibrium condition, the rate of electron emission to the
conduction band and the electron capture from conduction band should be equal to

each other.

Ren = Ren (Eg. 2.16)

N.Vep. 0. Ne. (1 = f(ED)) = en.Np. f(Er) (Eq. 2.17)

From the combination of Fermi-Dirac distribution function with Eg. 2.11, the emission

coefficient of electron (e,) becomes;

E¢—E,
e, = N.vg. N,. exp(tk—T) (Eg. 2.18)

Using a similar approach, the emission coefficient of hole could be derived as
the following equation;

E,—FE,
ep, = D. V. Ny exp(k—Tt) (Eq. 2.19)
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Under the non-equilibrium steady-state condition, the net rate of captured
electron from the conduction band must be equal to the net rate of holes captured from
the valance band with assuming that the emission coefficients are equal under thermal
equilibrium condition. Under this assumption, the rate of SRH recombination can be

derived as the following equation;

2
On.0p-Ne.(np—nyj)

Rsri = on(n+n)+op(p+p’)’ (Eq. 2.20)

where

! E| _Ec 12 EV—E
n =Nc.exp(tk—T) & p =N,,.exp(7t) (Eq. 2.21)

From the definition of lifetime, due to SRH recombination, the minority carrier
lifetime of holes in n-type material and the minority carrier lifetime of electrons in p-

type material could be found by;

TsRH,p = Remn Neoy (Eq. 2.22)

An 1

TSRHn = Renm  Neow (Eq. 2.23)

Due to the defective nature of a-Si:H layer, the defect through recombination

mechanism (SRH) is dominant on SHJ solar cells.
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2.3.2. Radiative Recombination

Radiative recombination known as band-to-band recombination, is the
sequence that the excited electron on conduction band falls back to valance band and
then recombines with a hole. The resulting energy is emitted as a photon with an equal
energy to band gap as schematically demonstrated in Figure 26. The probability of
radiative recombination is higher for direct band gap materials where it is less probable
for an indirect band gap such as Si. For this reason, the effect of the radiative

recombination could be neglected for a material having indirect band gap [50].
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Figure 26: Schematic of radiative recombination

The radiative recombination rate is proportional to excess carrier density as formulated

in the following equation;

Ry qdiative = B(np — nlz)’ (Eq 2-24)

where B is the radiative recombination coefficient. For silicon, B is equal to 2.1x10%

where it is several magnitudes of order lower compared to direct band gap materials.
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2.4.3. Auger Recombination

The Auger recombination occurs with the interaction of three charge carriers.
In contrast to radiative recombination, the excess energy is transferred to other charge
carriers as schematically shown in Figure 27.
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Figure 27: Schematic of the Auger recombination

During the Auger recombination, excess energy is either transferred to electron
or hole and the excited third charge carrier releases the gained energy to the lattice by
generating phonons and comes back to its original energy state. The rate of Auger

recombination is expressed as in the following equation;

Ryuger = (Can + Cpp)(pn — 1) (Eq. 2.25)

where C,, and C, are Auger coefficients for electrons and holes respectively.

The Auger recombination is strongly related with the injection level such that
the dominant recombination becomes the Auger recombination for higher injection
levels.
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Effective Lifetime refers the total effect of all kind of recombination on the bulk and
surface of silicon which is described as the following equation;

= - =———+——+——+=  (Eq.226)

Teff Thulk Ts Tradiative TSRH TAuger Ts

where the bulk lifetime is linked with SRH, radiative and Auger recombination.

2.5. Silicon Heterojunction Solar Cell

In SHJ solar cell technologies, the substrate of the cell is c-Si wafer and it is
responsible for carrier transport and absorption of the light. The p-n junction is formed
by doped a-Si:H layer with intrinsic a-Si:H layer which leads to a high surface

passivation quality.

2.5.1. Structure of an SHJ Solar Cell

The silicon heterojunction solar cell is obtained by depositing intrinsic a-Si:H
layers on double side of the textured silicon wafer for passivation and doped a-Si:H
layers on top of intrinsic a-Si:H for emitter and back surface field (BSF) formation.
Because of the low carrier mobility of a-Si:H, Transparent Conducting Oxide (TCO)
is needed to increase the collection probability of charge carriers. Following TCO
deposition, the final step is metallization process. Resulting SHJ solar cell structure
can be visualized in Figure 28. The rear side of Si wafer is fully covered with metal
contact to achieve maximum collection of charge carriers; on the other hand, a grid
structure is formed on the front side to allow light to diffuse into the cell. Each

deposition steps will be explained in details in Chapter 3.
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Figure 28: Structure of a Heterojunction Silicon Solar Cell

TCO’s are one of the fundamental components of optoelectronic devices. The
ideal TCO has metal like conducting properties with an ability of being fully
transparent for a wide range of wavelength. Commonly used TCO’s are Indium Thin
Oxide (ITO) and Aluminum doped Zinc Oxide (AZO) for SHJ solar cell applications.

2.5.2. Structure of Silicon Heterojunction IBC Solar Cell

The novel approach for the design of the solar cells is to localize all metal
contacts on the rear side of solar cell with a fully opened front surface which leads to
getting more light into the cell. Therefore, emitter and back surface field should be
formed on the rear side. Due to the IBC solar cell design, short-circuit current and
open-circuit voltage could be improved significantly. In recent years, research groups
have been working on various patterning methods for junction and rear contact
formation such as utilization of shadow masks [51], lift-off method [52] and etching
techniques including both wet and dry etching [53]. The simple structure of SHJ IBC

solar cell is illustrated in Figure 29.
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Figure 29: Demonstration of SHJ IBC solar cell

The front side of the wafer is passivated by a-Si:H and coated with a thin
dielectric material to enhance absorption of incident light by reducing reflection losses
and is called Anti Reflection Coating (ARC). The commonly used material for ARC
Is SINX which also provides excellent passivation quality. The rear side of the wafer is
passivated by a-Si:H layer. Then p-n junction is formed at rear side via emitter

patterning technique. The final process is formation of metal contacts.
Patterning Technique for SHJ IBC Solar Cell

Usage of wet chemicals for etching of a-Si:H is one of the alternative technique
with promising results. The method belongs to isotropic selective etching of a-Si:H
layer. For this purpose, i/p+ a-Si:H region could be patterned by HF- oxidizing agent
such as H20O2 and HNOs where i/n+ a-Si:H region could be patterned by a selective
etchant such as Tetramethylammonium hydroxide (TMAH) [54].

The etching mechanism of HF and HNOz has already been explained before as
a pyramid rounding step for SHJ solar cell. Addition to this feature, the similar solution

could be used for emitter patterning purposes with various concentrations [33].

The etching mechanism of HF and H2O: solution is as following;
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Table 2: Reactions occur during HF/ H20> treatment

Oxidation of silicon 2H20, + Si — 2H,0 + SiO;

SiO2 + 4HF — SiF4 + 2H20

Oxide removal
SiF4 + 2HF — HJSiFe

In contrast to HF/HNO3 etchant, the etching mechanism of HF/H2O> consists
of purely chemical oxidization reaction. As shown in Table 2, the oxidizing agent is
H202 and formed oxide is removed by HF. The etch rate is strongly depending on

doping type of a-Si:H and concentration of mixture [55-56].

TMAMH is one of the chemical etchant that used for random pyramid texturing.
Besides this property, it is preferred to pattern BSF (n* a-Si:H region) at temperatures
below 30°C. Due to its selectivity on boron doped a-Si:H layer, TMAH is used to
remove n* a-Si:H layer and the etching stops at p* a-Si:H region [57].

2.6. Metal Contacts

Metal contacts are one of the noteworthy components of solar cells, where
generated charge carriers are collected. The metallization of solar cells could be
achieved by a couple of methods such as thermal evaporation, screen printing or
sputtering. Depending on the metal and semiconductor that are contacted each other,

two type of junction could be formed, (i) Ohmic contact or (ii) Schottky contact.
Ohmic Contact

The junction formed between metal and semiconductor without a potential barrier for
the current flow is called Ohmic contact. In a case of forming contact with a n-type
semiconductor, the work function of the semiconductor (®g) must be larger than the
work function of the metal (&,,) to have an Ohmic contact. In other cases for p-type

material, 5 < ®,,. Alternatively, Ohmic contact can be obtained if the underlying
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substrate is heavily doped so that the current flow takes place by tunneling
independently from the work functions of both sides of the junction.

Schottky Contact

Schottky contacts are formed accompanied by a potential barrier against carrier
transport. The potential barrier (Schottky barrier) blocks charge carrier flow in one
direction. Schottky barrier is formed if &g < &, for n-type semiconductor or &g >
®,, for p-type semiconductor. In the case of heavily doped substrate, depletion region

and the Schottky barrier get narrower leading to excessive high tunneling current.
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CHAPTER 3

EXPERIMENTAL

The substrate used in fabrication of SHJ solar cell is p-type Czochralski (CZ)
Si wafers with a resistivity of 1-3 Q.cm, a thickness of 200 um and (100) orientation.
The device structure of SHJ and SHJ IBC solar cell has explained in Chapter 2. In this
thesis, enhanced surface passivation with pyramid rounding step and a wet etching
method for emitter patterning of SHJ IBC has been studied. In Chapter 3, experimental
procedures and characterization technique will be explained.

3.1. Fabrication Procedure for SHJ Solar Cell

The fabrication of SHJ solar cell begins with surface preparation including
surface texturing for light trapping and surface cleaning by wet chemistry to decrease
the density of interface states (Dit), thus to provide excellent surface passivation. The
process flow of single side SHJ solar cell is illustrated in Figure 30. The general
process flow could be divided into two main parts; (i) wet chemical processes and (ii)
growth of a-Si:H layers and formation of metal contacts. Wet chemical processes start
with random pyramid texturing step and standard surface cleaning to decrease the
interface defect density follows. At this stage, pyramid rounding step will be optimized

in terms of optical losses and gain in surface passivation.
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Figure 30: Process flow of SHJ solar cell including a) wet chemical process and b)
device structure

Device structure for SHJ solar cell includes deposition of intrinsic (i) and n* a-
Si stack layers by PECVD and sputtering of AZO. Final step is the formation of metal

contacts on both sides of solar cell.

3.1.1. Texturing

The first process of SHJ fabrication is texturing. In GUNAM cleanrooms,
random pyramid texturing was optimized under controlled environment by using wet
anisotropic chemical etchant. The optimized texturing solution contains H>O: IPA:
KOH with a respective weight distribution of 91.4%: 4.5%: 4.1%. The solution is
prepared in polypropylene container. To start the reaction, the solution is heated up to
75°C and wafers are etched for 40-45 minutes [44]. The textured wafers are dipped
into HF: HCI solution to remove oxide on Si wafers and neutralize residues belongings

to KOH. The sequence of chemical processes is illustrated in Figure 31.
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Figure 31: Wet chemical process sequences

After rinsing with DI-H20, wafers are dried under nitrogen gas flow which is

the last step for the texturing of Si wafers.

3.1.2. Standard Surface Cleaning

Sequences of chemical cleaning processes are adopted in fabrication period of
Si solar cells to get ultraclean surfaces. For this purposes, a sequence of RCA-1 (or
Piranha) and RCA-2 cleaning procedure is inserted as a standard cleaning procedure
in GUNAM laboratories. RCA-1 and RCA-2 solutions are prepared in specially
designed high purity quartz beakers and for each of them, magnetic stirrer is used to
mix the solution and get uniform oxidization through whole cassette of wafer. The
recipe of RCA-1 used in this study is NHsOH: H20.: H20 with volume ratio of 1:1:5
parts. Firstly, NHsOH and H>O solution is heated up to 70°C + 5°C and then H2O is
added into the solution. After the chemicals are mixed with the help of magnetic stirrer,
wafers are dipped for 10 minutes in the RCA-1 solution. The RCA-2 recipe is HCI:
H202: H20 volume ratio of 1:1:6 parts. Similar to RCA-1 cleaning, samples are dipped
in RCA-2 solution for 10 minutes at 70°C + 5°C.

Before starting cleaning sequence with RCA-1 and RCA-2 solutions, oxide
removal of Si wafers is carried out with HF: HCI: H2O solution with a volume dilution
of 1:1:50. Following oxide removal, samples are rinsed under DI-H.O flow. The
process sequence is demonstrated in Figure 32. After each chemical interaction, wafers
should be rinsed under DI-H20 flow to remove chemical residues from surface. It has

a crucial effect on blocking the contamination coming through each step. As
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mentioned before, RCA-1 & -2 processes oxidize the surface and to remove oxide and

get a clean surface HF: HCI dip is needed.

HF:H,CI Rinse RCA-2 Rinse HF:H.CI
cleaning cleaning
X
2
HF:HCI g
Dry Rinse F: . Rinse RCA-1
cleaning

Figure 32: The standard chemical cleaning in GUNAM

After the last HF: HCI dip, wafers are rinsed and dried under Nitrogen flow

which is the final step of cleaning.

The effect of RCA-1 & -2 cleaning on SHJ solar cell results will be investigated
in Chapter 4.

3.1.3. Pyramid Rounding Process

Pyramid rounding is an additional step to standard SHJ solar cell fabrication.
Since the sharp parts of random pyramids behaves as recombination centers, the
rounding step is an alternative way to increase passivation quality of a-Si:H layer. The
etchant HF: HNOs is applied between two successive RCA cleanings to round

randomly distributed pyramids. The process sequence is shown in Figure 33.
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Figure 33: Chemical process flow including pyramid rounding step

The etchant is prepared in polypropylene beaker at room temperature. Various
etching times were applied and examined for SHJ solar cells in terms of optical losses
and enhanced passivation quality of intrinsic a-Si:H layer. From this point of view,
optical losses due to rounding of pyramids should be minimized and electrical gain as

a result of enhanced passivation quality should be maximized.

3.1.4. GUNER Cluster System

GUNER (Giines Enerjisi) cluster system, which is produced by VakSis
(Vakum Sistemleri) Company, gives opportunity to fabricate a-Si, nano-crystalline Si,
micro-crystalline Si and SHJ solar cells without breaking vacuum in between
successive depositions. The system is shown in Figure 34. GUNER cluster system
consists of one inductively coupled plasma (ICP) chamber, three separate capacitively
coupled plasma (CCP) chambers, one sputtering chamber as schematically illustrated
in Figure 35. To fabricate SHJ solar cell, CCP and sputtering chambers are used to
grow a-Si:H and AZO layers respectively. The glass substrate with 25x25 cm? is used

as a holder for c-Si wafer [58].
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Figure 34: GUNER System

ccp n-type
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Figure 35: Schematic view of GUNER System
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The first step of device fabrication is placing wafer, which is already cleaned
at the beginning of the fabrication sequence using mentioned methods, into load lock
on the holder glass. The load lock chamber takes in vacuum with mechanical pumps
and the pressure could reach up to 107 Torr. Except load lock chamber, all other
chambers are always kept under vacuum. When the load lock pressure reaches to 10
Torr, the holder is moved to transfer chamber by a robotic arm. The transfer chamber
is always kept under vacuum with 10 Torr, which is capable of transferring the holder
from one chamber to another. The robotic arm could move in backward and forward
directions and rotate 360° inside the transfer chamber. When the holder is placed into

transfer chamber, it is ready to move to all other chambers.

In the fabrication of SHJ solar cell, CCP is generally used for deposition of a-

Si:H including i, p and n a-Si:H layers.

3.1.5. CCP Chambers

CCP is one of the strongest and commonly used design for deposition of a-Si:H
layers. In GUNER cluster system, three CCP chambers are adopted for growing
various kind of a-Si:H. All CCP chambers are connected to transfer chamber and have
mechanical and turbo pumps. As illustrated in Figure 36, each chamber is used for
deposition of a specific type of Si:H layer; either n, or p, or i a-Si:H. Using separate
chambers for each layer has a great impact on blocking contamination coming through

various doping agents.

The power supply used in CCP chambers is radio-frequency (RF) at 13.56MHz
with a maximum power output of 600W. Between anode and cathode, plasma is

formed and depending on inlet gasses, the thin film is deposited on the substrate.
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Figure 36: Schematic view of CCP chambers

The gas entrance is from the cathode side with a shower head design. The
heater is located at the anode side in order to control deposition temperature. Each
CCP chamber has a separate gas line. Common process gases are He, Hz, NHs, CHg,
CaFse, NF3 that are connected to all chambers due to several purposes such as plasma
cleaning, dilution of the process gases and etc. In addition to these gases, SiHs gas inlet
exists for all CCP chamber as common deposition gas. Besides that, BoHs gas inlet is
connected only to p-type CCP chamber whereas n-type CCP chamber has only PH3

gas inlet for doping.

During deposition, turbo gate valves are closed and the pressure is controlled
by the throttle valve to reach at desired vacuum level through common line. The
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process gasses are burned before releasing to atmosphere in the exhaust system which

is connected to common line.

3.1.6. Sputtering

Sputtering technique is extensively used into deposition of metals, alloys and
insulators. In sputtering technique, atoms from a specific target are ejected with
bombarding of high energetic ions and released atoms are deposited on the surface of
substrate. The sputtering chamber consists of two different targets. The first one is
silver (Ag) and the other one is AZO. Between heaters, targets are located as illustrated
in Figure 37. In contrast to CCP chambers, heaters are located on top of the substrate.
Another robotic arm operates inside the sputtering chamber to move the substrate in
lateral direction below the targets. During sputtering, lateral oscillation like movement
of robotic arm below the target makes growth more uniform in terms of film thickness.
The power supply is RF source at 13.56MHz with 5kW. Noble gas argon is used as

the source of energetic ions to bombard the target material.

P-—9

Figure 37: Schematic view of the sputtering chamber
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3.1.7. Metallization

Thermal evaporation is one of the widely used Physical Vapor Deposition
(PVD) techniques to form metal contacts. The system used for thermal evaporation,
which is schematically shown in Figure 38, basically consists of vacuum chamber,
pump, holder, power supply and resistive boat. Depending on the material to be
evaporated, either a resistive filament or a boat could be used to place and heat the
source material. The desired material is placed in the boat or filament. Electrical
resistance heats the boat and metal melts under high vacuum. Vacuum allows melted
metal vapor to rise and reach to surface of substrate without scattering or reacting with
other atoms in the chamber. For thermal evaporation, desired vacuum level is typically
below 4.0x10* Torr.

Holder —p—> < Substrate

Vacuum
chamber

.
e

system
Power

supply

Figure 38: Thermal evaporation system
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3.1.8. Thermal Treatment

For SHJ solar cells, post-annealing treatment is needed to eliminate sputter
damages induced during the AZO deposition and to get favorable metal contacts. In
GUNAM clean room two annealing system is under use. The first tool used during the
experiments works under atmosphere ambient and maximum temperature is 250°C and

it is produced by Niive Laboratory and Sterilization Technologies.

The second tool is Rapid Thermal Annealing (RTA) system, which is capable
of heating the substrate up to 1200°C in a several seconds. The RTA system is
produced by AnnealSys. A quartz tube is installed inside the furnace. The halogen
lamp, which is located around quartz tube, heats the substrate. The cooling of substrate

Is achieved by water flow around quartz. The system is shown in Figure 39.

Figure 39: AS-Micro RTA System
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3.1.8. Characterization Techniques

3.1.8.1. I-V Measurements

To analyze and characterize the fabricated solar cells, I-V measurements is the
most common method. The measurement is conducted by New Port Solar Simulator.
Under illumination of A.M. 1.5, current characteristic of solar cell is measured with
respect to applied voltage. The solar cell efficiency, open circuit voltage, short circuit
current, fill factor, series resistance and shunt resistance could be calculated from the

results of measurement.

3.1.8.2. Suns-Voc Measurements

Suns- Voc measurement system produced by Sinton Instruments, is another
extensively used characterization technique for solar cells and it is operating principle
very similar with 1-V measurements. In this technique, open circuit voltage value of

solar cell is monitored under decay in illumination intensity as shown in Figure 40.
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Figure 40: Light intensity and VOC as a function of time
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A flash lamp is used as source of incident light. The series resistance effect is
eliminated with providing I-V curve of solar cell in Suns-Voc measurements. In other
words, it is assumed that zero series resistance through the solar cell. The effect of

series resistance is eliminated by following equation,

Jimp = Jsc (1 L) (Eg. 3.1)

Iii(1sun)

I:
where —*—
Iiu(lsun)

is the normalized light intensity, J;,,, is the implied current density and
Jsc is the current density which is an input value for Suns-Voc measurement. Implead
current density is determined for each Voc value as a function of normalized density.
From this relation, pseudo J-V curve can be obtained with eliminating series resistance.
The equivalent circuit model of Suns — Voc measurement is schematized in double

diode representation of solar cell as shown in Figure 41.

\

% Voc

HORRY

Jo1 Jo2 RsH

Figure 41: Double diode representation of Suns-VOC measurement

The double diode equation is modified under zero series resistance to obtain
reverse saturation currents. The double diode equation is shown in the following

equation;
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I = (exp ((q(V—JRs)) B 1) T Jop(exp ((q(V—/Rs)) _VRs  (Eq.32)

n, kT np kT Rsy

where n; and n, are the ideality factor of the shown diodes in Figure 41, respectively.
In ideal case, n, is equal to 1 and n, is equal to 2. When the series resistance is

eliminated, the double diode equation is modified as the following equation;

14

Jsun = Jo1 (exp (%) - 1) + Jo2(exp (%) Ry (Eq. 3.3)

where n, is set to one. J,;, Jo, and n, values are obtained by least-squares method
from Suns — VOC data [59]. From this unique technique, pseudo efficiency, pseudo
fill factor, ny, n,, reverse saturation current in bulk (Jo1) and in depletion region (Jo2)
could be obtained. The reverse saturation current in depletion region is one of the
deterministic parameters of passivation quality in SHJ solar cell.

3.1.8.3. Reflection Measurements

Reflection measurement is generally used to characterize optical performance
of random pyramid texturing and anti-reflection coating. In GUNAM laboratories, the
set-up used in reflection measurements is consisted of a halogen lamp, chopper,
diaphragm, lens, integrating sphere, monochromator and detector. In this set-up, the
reflection could be measured in the wavelength range from 350nm to 1100nm. In order
to calibrate measurements, a BaSOs disc is used with 100% reflectivity. The

experimental set-up is schematized in Figure 42.
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Figure 42: Schematic view of reflection set-up in GUNAM

3.1.8.4. External Quantum Efficiency Measurements

External quantum efficiency is a technique used to get information about
quality of junction and recombination mechanisms of solar cells. In this technique, the
ratio of generated charge carriers to the number of incident photons is measured as a
function of wavelength. In GUNAM laboratories, the set-up used in external quantum
efficiency is consisted with a halogen lamp, chopper, lens, monochromator and current

amplifier. The QE set-up is schematized in Figure 43.
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Figure 43: Schematic view of QE set-up in GUNAM
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3.1.8.5. Sheet Resistance Measurements

Sheet resistance measurements, which are done by JANDEL-RM3-AR four
point probe, are carried out to determine the resistivity of AZO layers. To optimize
and characterize the post-annealing effects on AZO layer, this measurement technique

is used.

3.1.8.6. Scanning Electron Microscopy (SEM) Measurements

SEM measurement is crucial to understand surface morphology after random
pyramid texturing and pyramid rounding steps. The SEM images are taken by
QUANTA 400F Field Emission SEM in Central Laboratory at Middle East Technical
University.

3.2. Experimental Procedure for SHJ IBC Solar Cells

The SHJ IBC solar cells are fabricated and characterized in IMEC PV
cleanroom facilities at Belgium in i2 module group. In this study, chemically polished
6inch n-type FZ wafers are used as substrate with 2-4ohm.cm resistivity and 200pum
thickness. In IMEC’s i Module concept, SHJ IBC solar cells are fabricated on
epitaxially grown thin foils [54]. The front surface passivation and rear side emitter
formation are crucial steps which yields high efficient SHJ solar cell by improving
surface passivation and optical loss with IBC concept. Instead of epifoils, n-type FZ
Si wafers are used as substrate to investigate surface passivation quality and to
optimize emitter patterning method. The fabrication process flow and device structure
are shown in Figure 44. The fabrication starts with standard IMEC clean for surface
preparation purposes. Then, the front surface is passivated by a-Si:H/SiNy stack layer

and rear side junction are formed by depositing p* a-Si:H layer. At this point, a wet
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chemical etching method is investigated to pattern p* a-Si:H layer where details and
optimization of emitter patterning will be explained particularly in Chapter 4. Several
lithography steps and chemical etchings are applied through emitter and BSF

formation.

Cleaning

FS passivation

aSi-H i/pt

Litho/etch/strip

aSi:H i/nt+ n-type c-Si

Front surface passivation

Litho/etch/strip

ITO/Cu

N N N TN NN TNy My
| T N N N N NS N NS

Litho/etch/strip

(2) (b)

Figure 44: Fabrication process flow for SHJ IBC solar cell (a) and device structure

(b)

3.2.1. Surface Preparation

Surface preparation includes successive chemical cleaning steps before
applying passivation to the surface. A sequence of cleaning called “IMEC CLEAN”
includes two cleaning mixture [60]. The first step is preparation of Sulfuric Peroxide
Mixture (SPM) which is also known as Piranha solution. SPM consists with sulfuric
acid and hydrogen peroxide (H2SO4: H202) with a volume ratio 4:1. After SPM
treatment for 10 minutes, wafers are rinsed under DI-water to remove chemical
residues. Similar with RCA-1 and RCA-2 cleanings, SPM oxidizes the surface of Si.
For this reason HF: HCI: H20 treatment with a volume ratio of 1:1:20 is needed to
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remove thin oxide layer from surface of Si wafer. After rinsing under DI-water, the
second cleaning mixture RCA-2 is prepared as explained before. After the last HF:

HCI: H,0 treatment, wafers are rinsed and dried.

3.2.2 Front Surface Passivation

When the surface preparation is finished, Si wafers are ready for passivation
procedure. In IMEC Cleanrooms, two PECVD systems with CCP reactors with RF at
13.56MHz are used for front surface passivation purposes. The working principle of
these systems is almost similar with the GUNER System. The AK1000 In-line system
from Roth & Rau [61] is used for deposition of i, p* and n* a-Si:H layer depositions.
The Plasmalab system 100 from Oxford Instruments [62] is used for SiNx and i a-Si:H
layer passivation. For deposition of each layer, the optimized deposition parameters
are used to get high passivation and junction quality. After cleaning, various
passivation layers are grown on the front surface of wafers by PECVD systems. Then,
emitter is formed on the rear side of wafers where i/p™ a-Si:H stack layer is used as
emitter. At this stage, the quality of passivation is controlled by coupled lifetime tester.
Emitter layer is patterned via etching of i/p+ a-Si:H layer by wet chemical etching and

photolithography steps.

3.2.3. Emitter Patterning

Formation of emitter and BSF is the most decisive part for SHJ IBC solar cell.
In IMEC i2 module group, couple of approaches is used for this purpose; one is emitter
patterning via either chemical etching or plasma etching, other one is lift-off approach
via patterning of SiOx or SiNy sacrificial layer. In this thesis, emitter patterning via
chemical etching is focused on due to passivation performance of etched surfaces. For
this reason, a couple of etchants are used for etching of i/p* a-Si:H layer. After

passivation of front and rear side of Si wafers, front side is protected by photoresist
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and rear side (emitter side) is etched via various etchants. Then, the photoresist is
stripped of and etched surface of the wafer is cleaned by RCA-1 solution at 35°C and
rinsed under DI-water flow. Before i/n* a-Si:H layer growth for BSF formation, the
last HF:HCI:H-O is performed to remove oxide belongs to RCA-1. Deposition of i/n*
a-Si:H is performed in AK1000 with optimized deposition parameters in IMEC. When
BSF is formed, successive chemical processes are done in a sequence as patterning via
photolithography, selective etching of i/n+ a-Si:H layer and stripping of photoresist.
For etching of i/n+ a-Si:H layer, Tetramethylammonium Hydroxide (TMAH) solution,
which is selective etchant for p doped a-Si:H layer, is applied at room temperature with
a volumetric ratio in DI-water 1:12 [57]. The patterning process of both emitter and

BSF regions should be designed in a way to avoid overlapping of different regions.

3.2.4. Metallization

On top of the patterned a-Si:H layer, TCO and metal contacts are deposited.
Indium Thin Oxide (ITO) layer is sputtered as the TCO layer with covering both
emitter and BSF regions. Furthermore, the metal contact is deposited by e-beam
evaporation of Copper (Cu). Photolithography and chemical etching of ITO and Cu is
integrated into fabrication process to remove overlapping regions between emitter and
BSF where overlapping regions causes leakage current due to decrease on shunt

resistance.

3.2.5. Characterization

Despite the characterization techniques explained before, effective lifetime
measurements is widely used to obtain information about the quality of passivation.
To measure effective lifetime of a passivated Si wafer, there are techniques existing
such as Quasi-Steady-State Photoconductance decay (QSSPC) [63].
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A schematic representation of QSSPC set-up with calibrated lifetime imaging
is shown in Figure 45. In IMEC Cleanrooms, BT Imaging set is used to get
photoluminescence (PL) and calibrated lifetime PL images [64]. From this

measurement, uniformity and quality of the passivation could be obtained.

¢ 4l | [R camera

e

“““““ Sample
PC
‘ g Coil /
RF Storage
Bridge oscilloscope

Figure 45: Schematic representation of BT imaging system

The minority carrier lifetime 7., could be generalized by analysis of QSSPC data as

the following equation;

An(t)

Teff = LG (Eq. 3.4)
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where An(t) is the time dependent excess minority carrier concentration and G (t) is
the generation rate of excess carrier. Furthermore, PL imaging is simply calculated by
steady state technique as defined following equation;

Teff = ¢ - (Eg. 3.5)
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CHAPTER 4

RESULTS & DISCUSSION

4.1. Silicon Heterojunction Solar Cell Process Optimization

Process steps, depositions and characterization techniques of a SHJ solar cell
have already been explained in previous chapters. In this chapter, the effect of surface
preparation and dependency of i a-Si:H deposition parameters on solar cell

performance are investigated.

The single side SHJ solar cell structure without i a-Si:H between c-Si and
n* a-Si:H was chosen to clarify the effect of surface cleaning and pyramid rounding
process on the solar cell performance. The main ideas behind the chosen structure are
to simplify process steps and to optimize the preliminary surface preparation
processes. The surface preparation processes involve wet chemical surface cleaning,
rounding of sharp edges and hydrogen termination of dangling bonds. The structure of
single side SHJ solar cell is shown in Figure 46.

Ag Ag
AZO
(n*) a-SitH

p-type c-Si wafer

Figure 46: The structure of the SHJ solar cell
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The p-type CZ Si wafers with 1-3 Q.cm resistivity were used as the substrate
of this study. Single side SHJ solar cells were fabricated on 2x2 cm? Si wafer. The
front view of fabricated solar cell with finger-busbar configuration is shown in Figure

47.

Figure 47: The front view of fabricated single side SHJ solar cell

The optimized deposition parameters for n* a-Si:H layer are given in Table 3
[58]. Throughout whole study the optimized deposition parameters of n* a-Si:H were
applied for the fabrication of SHJ solar cells. The sputtering conditions of AZO film
was kept constant as RF power at 400 W, deposition pressure at 3 mTorr and Argon

flow rate at 125 sccm,), which results in 80nm thick AZO layers.

Table 3: Optimized deposition parameters of n+ a-S:H layer

Deposition |  Fgjs Fpus | Npys / Pressure | Power Tes:wbsétrr;ttjre
time (s) (sccm) | (sccm) Nsina | (Torr) (W) (poc)
160 200 50 0.05 1 50 180

The thickness of metal contacts was kept constant at 500nm for whole study
with the help of thickness monitor placed in thermal evaporation system. The c-Si hard
masks were used for the formation of front contacts. After evaporation of Ag, the

fabricated solar cells were annealed under atmosphere at 180°C for 20 minutes to
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minimize sputtering defects and get a good quality contact between metal and c-Si on

rear side.

Before introducing results, it would be beneficial to clarify relation between
surface passivation and solar cell parameters. The depletion region is located at the
interface between a-Si:H layer and c-Si substrate for SHJ solar cell. For this structure,
surface passivation means that passivation of dangling bonds at the interface. The
surface passivation improves the effective lifetime resulting in relatively low reverse
saturation current (lo) especially at the depletion region (lo2). Considering the solar cell
parameters, Voc is strongly dependent on lo. In other words, Voc values should be
increased relatively for passivated samples. On the other hand, Isc value is improved
relatively low for passivated samples. On this point, the passivation quality of sample
could be understood from either Voc value of solar cell or effective lifetime

measurement.

4.1.1. Wet Chemical Cleaning

The first study conducted for SHJ solar cell was insertion of the sequence of
RCA clean into available fabrication procedure. Formerly textured wafers were used
as substrates for solar cells. In total 8 SHJ solar cells with an area of 4cm? were
fabricated, from 4 of which were exposed to RCA cleaning and combined with others
in the last oxide removing step by HF: HCI (2%: 2%) cleaning. Then, n* a-Si:H layer
with 10-15nm thickness and AZO were deposited in GUNER cluster system. After
formation of metal contacts, I-V measurements were conducted under illumination.
After post-annealing of solar cell at 180°C, I-V measurements were done and results

are shown in Table 4.
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Table 4: 1-V measurement results of solar cell with and without RCA clean

Sample Vo Jse FF Rs Rsu (%)
P mv) | maemd) | @) | @ | @ |
The best w/o
RCA clean 407 24.86 3830 | 223 | 17.34 | 4.85
Average w/o 404 2422 3630 | 252 | 1567 | 434
RCA clean . . . . .
The best with
RCA I 456 24.95 4419 | 191 | 3324 | 629
Average with 434 24.84 4143 | 189 | 2862 | 5.63
RCA clean : . . . .

Results show that the main contribution on the efficiency increase is arising
from increase in Voc and FF values. As mentioned earlier, the improvement in Voc
value is directly proportional to improved surface quality by removing impurities with
the help of RCA clean. It is understood from comparison of the best results with and
without RCA clean, the enhancement on efficiency is more than 1%. J-V graph of the

best solar cell with RCA clean before and after annealing is shown in Figure 48.
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Figure 48: J-V graph of the efficient solar cell with RCA clean
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It is worth mentioning that as clearly seen from Figure 48 and results, the
problematic parts are passivation quality and leakage current that results in low shunt
resistance and it is valid for all solar cell results. To clarify the problem exhaustively,

Suns-Voc measurements were conducted and results are listed in Table 5.

Table 5: Suns-Vqc results of solar cell with and without RCA clean

Voc 2 2 Pseudo p
Sample (mV) Jo1 (mA/cm”) | Joz (mA/cm*) (%)
T h;”c"j’c‘;e"’lzo”’ 430 | 1.8x10° | 1.0x10°5 9.3
The bei;;;”’ RCA | 480 | 61x1071 | 37x10°¢ 10.8

The dominant term influencing Jo value is Jo2 term, which refers to reverse
saturation current in depletion region. For SHJ solar cells, depletion region is formed
between c¢-Si and n” a-Si:H layer as explained in Chapter 2. Jo2 values strongly depend
on Dj; resulting in defects through recombination in depletion region. Suns-V results
show that to get excellent SHJ solar cell, the surface passivation quality should be
increased, which will result in higher Vo and lower Jo2 and will reduce recombination
in depletion region. The dominant recombination basis belongs to SRH recombination.
The formation of random pyramids leads to increase in interface defect density as
discussed in Chapter 2. In order to improve recombination behavior of pyramids, the
next step is to increase passivation quality by optimizing and adding chemical

rounding of random pyramids into cell fabrication.

4.1.2. Pyramid Rounding

The pyramid rounding process is inserted between two successive RCA cleans.
The optimization of rounding tips of pyramids is divided in to two subtopics; (i) optical

loss analyses and (ii) passivation quality analyses. To analyze optical loss, random

73



textured wafers were exposed to HF: HNO3 (1:15) mixture at room temperature for

various etching time. Reflection measurements were conducted on the etched samples.

The reflection results are shown in Figure 49.
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Figure 49: Reflection results of etched samples

Reflection results show that the increase on the reflection value of 80s etching
is less than 2%. However, there is a sharp rise on the reflection results after 90s etching.
Because of relatively significant increase in reflection, it is not suitable to do etching
more than 90 seconds where the reflection is raised by more than 10%. Moreover, the
pyramidal surface has roughly become almost optically flat in terms of reflection value
where the flat Si surface has around 40% reflection. On the other hand, below 60s
etching, the variation of reflection is less than 1%. In terms of optical loss analyses,
pyramid rounding process could be adapted to solar cell fabrication for etching
durations below 60 seconds. Moreover, the etch rate of the mixture is calculated as

1.5pum/min with using differences on the weight of Si wafer. Before integration of the
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method, surface morphology of Si wafers was investigated by SEM images as shown
in Figure 50.

I— 10pm —I

Figure 50: SEM images a) without etching b) 30s etched c) 80s etched and d) 120s
etched textured wafer

In Figure 50-a, the sharp tips of random pyramids is brighter than other SEM
images. At this point, the cross-section views should be taken to make more clear
observation on etching. However, it is clearly seen from SEM images that 120s etched

sample where most of the pyramids were etched away result in rough surface.

The next step is to identify behavior of the pyramid rounding on SHJ solar cell
parameters. The Voc values are strongly depended on the surface passivation quality.
As sharp edges of pyramids rounded the passivation quality should be increased
resulting raise in Voc The pyramid rounding process was integrated in between two
successive RCA cleans. SHJ solar cells were fabricated under various etching time of
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pyramids including reference sample with random pyramid texturing. The solar cell

results after annealing at 180°C are shown in Table 6.

Table 6: Results for various etching time

Sample / Vo Jse FF Rs Rsu n
Etching time (mV) (mA/cm?) (%) Q) Q) (%)
Reference 498 24.61 46.43 1.25 | 80.72 | 7.81
50s etch 536 23.82 54.96 1.64 | 105.07 | 8.73
60s etch 538 22,24 58.01 1,91 | 530.94 | 9.02
80s etch 540 21.91 54.32 1.89 | 250.16 | 8.78
120s etch 545 21.82 52.98 1.90 [ 113.35 [ 8.59

Depending on etching time, Voc, FF and Rsn values are increasing. The rise on
the Voc values indicates that the sharpness of pyramids are eliminated and thus
resulting in relatively high quality passivation. Moreover, significant improvement
was achieved on the shunt resistance results which refers significant enhancement on
leakage current mechanisms. On the other hand, the Jsc values are inversely
proportional to etching time as expected. Due to the rounding of pyramids, the
reflection loss is increased with resulting relatively low Jsc values. On the efficiency
results, dominant effect is enhancement on the quality of passivation which is valid for
below 80s etching. However, starting from 80 seconds and longer etching times,

dominant term becomes optical losses that results in lower efficiencies.
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Figure 51: The variation on (a) Voc and (b) Jsc with respect to etching time

Etching time dependence of VVoc and Jsc is shown in Figure 51, respectively.
The increase on the Voc and shunt resistance indicates enhancement on passivation
quality. To identify current losses, Suns-Voc measurements were conducted and

results are given in Table 7.

Table 7: Suns-Voc results of 60s etched sample

Sample (Zc{c]) Jot (mA/cm?) | Joz (mA/cm?) Pscztl/:i)o n
Reference 501 5.3 x 10712 9.2x10°° 12.16
60s etching 558 3.8x 10712 8.4 x 1077 13.97

Results show that Jo> value was decreased in an order of magnitude for etched
sample. This indicates that surface passivation quality is enhanced due to elimination
of pyramid sharpness effect and decrease on effective surface area as theoretically
discussed in Chapter 2. The results show that the feasible etching time range is below
80 seconds in terms of optical loss analysis. Contrary to optical performance,
passivation quality is increasing with increasing etching duration. Consequently,
etching time was optimized as 60s where the highest efficiency achieved and the

etching process was adapted to cell fabrication sequence with optimized parameter.
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4.1.3. Hydrogen Termination of Surface Dangling Bonds

The last HF: HCI treatment is known as HF passivation. It is a widely used
method to passivate Si surface through Hydrogen termination of dangling bonds. For
this reason, the last HF: HCI has a significant effect on SHJ solar cell parameters [65-
66]. In order to optimize HF passivation step, the volume ratio of HF: HCI diluted by
DI-water was fixed at 2%: 2% and various HF: HCI treatment duration was scanned.
Solar cells were produced including optimized rounding pyramid process and all other
process conditions were kept constant except HF: HCI treatment time. The cell results

are shown in Table 8.

Table 8: Results for various HF: HCI treatment time

T}rli tgg t Voe Jee FF | Rs | R | o0
Time (mV) [ (mA/cm?) (%) Q) Q)
70 541 29.56 5075 | 1.92 | 8734 | 9.19
80s 542 29.11 5226 | 1.88 | 101.17 | 9.79
90s 543 29.13 5248 | 1,65 | 114.82 | 10.60
1205 528 28.55 5075 | 2.56 | 132.23 | 8.96

The effect of H-termination in the last wet chemical process is clearly seen
from Voc and n values. The variation of n values is around 1%. After this point, HF:
HCI dipping time was optimized as 90s. It is injected in the standard SHJ solar cell
fabrication. Then, 8 SHJ solar cells were produced where 4 of them were exposed to
optimized rounding step and combined with others in the optimized HF: HCI

treatment. The average results are shown in Table 9.
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Table 9: Average results with and without rounding step

Sample Voe Jse FE Rs Rsi (%)
P (mV) | (mA/cm?) (%) Q) (0)) pe
Average w/o 482 2844 | 5342 | 1.52 | 12234 | 9.45
rounding step

Average with
rounding step

522 27.10 57.51 | 1.79 | 278.72 10.11

The best cell efficiency was achieved by the combination of optimized

parameters for pyramid rounding and HF: HCI treatment. J-V graph of the best cell is

shown in Figure 52.
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Figure 52: J-V curve of the best cell

4.1.4. Optimization of Intrinsic a-Si:H Layer

Deposition of i a-Si:H layer is one of the decisive part on the solar cell

parameters due to providing excellent surface passivation quality. The lower reverse

saturation current density than 4 fA/cm? was achieved by i a-Si:H layer passivation
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[67]. The process flow and device structure are shown in Figure 53. Optimized surface
preparation methods including pyramid rounding and HF: HCI steps were used in solar
cell fabrication. Then, i/n* a-Si:H stack layer was growth on the c-Si substrate. SHJ
solar cells were fabricated under various deposition conditions of i a-Si:H layer, where
deposition parameters of n* a-Si:H and AZO were kept constant as previous study. The

thickness of i a-Si:H layer is set to 7+1nm for each set of deposition.

RCA-2 Cleaning

Pyramid Rounding AZO

(n™) a-Si:H
(i) a-Si:H

RCA-1 Cleaning

p-type c-Si wafer

Figure 53: Experimental flow for SHJ solar cell
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Evaporation of Ag
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[ ]
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[ ]
[ )
[ )

Post-annealing

In order to optimize i a-Si:H layer, SiH4 flow rate was kept constant at 350
sccm and substrate temperature at 200°C. Various deposition powers were applied
between 15-100 W and deposition pressure was altered from 0.3 to 1 Torr. Moreover,

the post-annealing treatment was done for each solar cell at 180°C.

In the first set, the deposition pressure was kept constant at 1 Torr and effect
of various deposition powers on solar cell parameters was investigated. The results are
shown in Table 10. The structure with the highest efficiency without i a-Si:H layer is
named as “without 1 a-Si:H” and It is chosen as reference sample for the following

studies.
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Table 10: Results for deposition power at 1 Torr

PECVD Voc J sc 0 RS RSH 0

Power mv) | marem?) | FFOD | (q) @ |"O
Without 547 28.03 6122 | 135 | 576.96 | 11.84
i a-Si:H
IsSw 481 29.82 40.62 | 3.56 | 27.10 | 7.28
0w 520 29.52 56.01 148 | 164.38 | 10.74
50w 499 30.24 4540 | 232 | 42.08 | 8.65
100w 492 28.30 5423 | 1.52 | 12374 | 9.10

Results show that the optimum deposition power for 1 Torr is 30 W with a Voc
of 520mV and efficiency of 10.74%. There is a strong correlation between Voc values
and plasma power where higher plasma power is led to relatively low passivation
quality. The reason could be correlated with plasma damage at the interface boundary.
However, the shunt resistance are significantly low for the plasma power at 15 and
50W. For the results obtained deposition at 15W, the series resistance is quite high

where leakage current is also high. From the results, higher defective behavior of i a-

Si:H was observed as decreasing deposition plasma power below 30W and 1Torr.

In the second set, the deposition pressure was kept constant at 0.6 Torr and

solar cells were fabricated under two various deposition powers. The results are shown

in Table 11.
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Table 11: Results for deposition power at 0.6 Torr

PECVD Voc J sc 0 RS RSH o
Power mV) | ma/em?) | FFOO) | (q) @ |"
Without 547 28.03 6122 | 135 | 576.96 | 11.84
i a-Si:H
20W 541 28.29 5751 | 1.68 | 549.20 | 10.99
25W 514 30.14 4739 | 231 | 9465 | 9.17

Slight gain is observed on efficiency and Voc values compared previous
experimental set. Moreover, the solar cell fabricated at respectively high plasma power
was showed relatively low shunt and high series resistance. Moreover, the decrease in

FF values was resulted lower conversion efficiency.

In the last set of depositions, the deposition pressure was kept constant at 0.3
Torr and solar cells were fabricated for deposition power at 15 W. The results are
shown in Table 12.

Table 12: Results for 15W and 0.3Torr

P ECVD Voc J sc 0 RS RSH Py
Power mV) | maem?) | FFOD 1) | @ [MOP
Without 547 28.03 6122 | 135 | 576.96 | 11.84
ia-Si:H
5w 522 28.88 4236 | 370 | 4601 | 801

The S-shape behavior was observed at lowest deposition pressure and plasma
power. J-V curves for the samples deposited various conditions are shown in Figure
54,
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Figure 54: J-V graph of various deposition conditions
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Figure 55: Voc results for various deposition power and pressure
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The efficiency of solar cells was decreased at a considerable amount due to
decline in Voc and FF values. In the last set of experiment, the decrease on FF value

is directly proportional to relatively high increase in series resistance.

In general the source of series resistance belongs to metal contacts. However,
if the two low power depositions are compared obtained at 1 Torr, 15 W and at 0.3
Torr 15 W, both of them have very high series resistance. It can be concluded that the
lower deposition power than 20 W leads a significant increase on series resistance. To
identify passivation quality of various deposition powers, the overall Voc results are

integrated in the graph shown in Figure 55.

The reference point refers to the highest Voc value obtained from SHJ solar
cells fabricated with only n+ a-Si:H layer. Any results with i a-Si:H was not exceeded
the reference solar cell which means that the passivation quality of i a-Si:H was not at
the desired value compared to expected Voc values exceeding 740mV for excellent

passivated wafers by i a-Si:H [19].

The deposition parameters of i a-Si:H layer was optimized as 0.6 Torr and 30
W at 200°C with 350 sccm SiHs. The next step is optimization of post-annealing

treatment.

4.1.5. Optimization of Post-annealing Treatment

The post-annealing is needed in order to repair sputter damages. Moreover, the
thermal treatment after deposition of a-Si:H layer is known as improving passivation
quality of the interface [67]. To investigate the effect of post-annealing treatment on
SHJ solar cells, the experimental flow was splitted into two different device structures

as shown in Figure 56.
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Figure 56: Device structure of post-annealing experiments (a) on only AZO layer (b)
on SHJ solar cell

Relatively thick oxide layer with 80 nm thickness was used as mask layer to
form potantial barrier where AZO was sputtered on top of the oxide layer. Afterwards,
four point probe measurements were conducted before and after post-annealing
treatment. RTA system and the furnace described in Chapter 3 were used for

annealing.

In the first set, AZO was sputtered at two different thicknesses (80nm, 600nm).
Moreover, 5 various annealing temperatures were chosen. Before RTA treatment, four
point probe measurements were conducted on 4 different points of sample and average
sheet resistance and resistivity values are listed as a reference shown in Table 12.
Afterwards, samples were treated in RTA system under 250 sccm N2 flow rate with 5
min annealing duration. For all annealing temperatures, the ramp up time was 3s.
Finally, the four point probe measurements were carried out on 4 different points of

sample. The average resistivity and sheet resistance results are shown in Table 13.

The sharp rise on resistivity of AZO layer is observed above 300°C post-annealing
treatment in RTA system. The resulting variation on resistivity value is exceeding
order of magnitude for treatment done at 500°C. For this reason, the post-annealing
above 300°C is not applicable for solar cells. Moreover, any improvement could not
be observed on the resistivity results for all annealing temperature and thicknesses,

where the resistivity of AZO decreases down to 9.81x10* Q.cm in literature [68].
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Table 13: Resistivty results for RTA treatment

Annealing | Sheet Resistance Res:;;ir:/r:y of Sheet Resistance Resggg\rﬁir;y of

temperature | of 80nm (€/sq) (x10~3Q.cm) of 600nm (x10-3Q.cm)
Reference 148 1.18 17.56 1.05
180°C 316 2.52 17.74 1.06
200°C 356 2.84 18.59 1.11
300°C 880 7.04 34.05 2.04
400°C 1100 8.80 127.5 7.65
500°C 2180 17.4 9220 553

The second annealing set was designed on the same substrate. In this

experiment set, lower annealing temperatures were aimed again by using the furnace

for annealing at for 20min. In this time, the annealing ambient was atmosphere.

Furthermore, the various deposition powers for AZO were also included in the post-

annealing treatment study. Obtained resistivity results are listed in Table 14

Table 14: Annealing effect on resistivity AZO growth by various power

AZO at 200W AZO at 300W AZO at 400W

e | Ry | SR ey
Reference 4.63 1.22 1.33
160°C 1.02 1.63 1.34
180°C 1.15 1.79 1.59
200°C 1.17 1.68 1.44
220°C 0.98 2.33 1.89
240°C 4.54 3.25 2.23
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The resistivity of thin AZO layer is depending both deposition condition and
the post-annealing temperature. The lowest resistivity value achieved in GUNAM is
0.98x10~3Q.cm. The variation on resistivity value with respect to various post-

annealing treatment is shown in Figure 57.
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Figure 57: The resistivty values for various post-annealing treatment

Except the deposition at 200 W, layer resistivity increases with respect to
annealing temperature. However, the sample deposited at 200 W unexpectedly gives
better performance after post-annealing. The lowest resistivity value was achieved
after annealing at 220°C for 20min. At this point, the temperature restriction for AZO
film was found as 220°C and above that temperature, the film loses its conductivity

resulting in undesired consequence on the corresponding cell performance.

After analyzing effects of post-annealing treatment on AZO film, the

temperature range between 180°C to 250°C was adapted to fabrication process flow to
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identify overall effect on SHJ solar cell. For each temperature, the annealing duration

was fixed at 30 min. Corresponding device results are shown in Table 15.

Table 15: Device results after annealing

té?;l;:f;iﬁ%e (Xo\i) (mzi?ccmz) FF(%) | Rs(@ | R | p(%)
180 °C 514 29.07 4466 | 399 | 88.83 8.36
200°C 547 2921 5122 | 229 | 12476 | 1024
220°C 557 29.03 4993 | 231 | 74.58 10.10
240°C 540 27.79 3845 | 398 | 25.22 6.66
260 °C 534 16.67 2187 | 1523 | 893 2.44

The passivation quality of a-Si:H layer was slightly increased resulting in Voc

higher than 550 mV. The sharp decrease of Jsc, n and FF values was observed above

220°C. The variation on solar cell parameters with respect to post-annealing

temperature is shown in Figure 58. The maximum point of Rsy was observed for

annealing at 200°C together with the lowest Rs. Thus, relatively higher efficiency is

observed for the sample annealed at 200°C.
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Figure 58: (a) Voc, (b) Jsc, (c) FF, (d) n, (e) Rs, (f) Rsn variation with respect to
annealing temperature

J-V curves are shown in Figure 59. The S-shape behavior was observed for
samples annealed at 180°C and 240°C. Series resistance dramatically increases as
expected due to behavior of AZO layer at high annealing temperatures. Furthermore,
the sample annealed at 260°C loses expected I-V behavior due to higher Rs and lower
RsH.
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Figure 59: J-V curves for different annealing temperature

The notable influence of post-annealing treatment was observed on all solar
cell parameters. The last set of experiment was designed to make more precise
optimization. For this purpose, annealing temperatures were selected as 200°C and
210°C. This time, various annealing durations were applied for chosen temperature

values.

The results of the last optimization set showed that the annealed samples at
210°C gave better performance. J-V curves for the samples annealed at 210°C are
shown in Figure 60 and the results are listed in Table 16. In table 16 “B.” refers to

before annealing and “A.” refers to after annealing.
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Figure 60: J-V curves of various annealing duration
Table 16: Solar cell results with respect to post-annealing duration at 210°C

Annealing (\r:R?) (miffmZ) FF(%) | Rs(®) | Rsu(2) | n(%)

Time s TalBe [A |B]Aa|B]alB]aAalB]A
10 min 420 | 542 | 29.38 | 30.24 (48.72|53.33[1.97|1.98|182|415|7.53| 10.5
20 min 416 | 545 | 28.96 | 29.63 [49.90/56.78(1.88|1.85| 268 | 898 | 7.53|11.76
30 min 406 | 541 | 29.53 | 30.05 46.73]|58.06(2.08|1.35|117|615|7.01|11.82
The best 20 | 424 | 546 | 28.53 | 29.28 [49.25(62.51{1.93(1.10( 252 [1358|7.19(12.48

min

After the last set, the post-annealing treatment was optimized as 210°C for 20

minutes under atmosphere. EQE of the best performing cell is shown in Figure 61.
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Figure 61: EQE result of the efficient solar cell

The Suns-Voc results are listed in Table 17. The highest pseudo efficiency was

achieved as 15.68% with 551mV Voc.

Table 17: Suns-VOC results for two efficient solar cells

Sample ID Voc (mV) Jo1 (mA/cm?) Jozo(mA/cm?) | p (%)
#1 551 1.8 x 10711 1.0 x 10719 15.68
#2 550 3.4x 1011 3.7 x 10710 15.58

The lowest Joz value is achieved as 1.0x1072° mA/cm?. The total improvement
on reverse saturation current on depletion region achieved by the optimization of post-
annealing study is almost around two order of magnitude. That shows the enhancement

on passivation quality of SHJ solar cell by thermal treatment.

In Figure 62, J-V curve of the best SHJ solar cell with 0.9cm? effective cell
area fabricated in GUNAM is shown.
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Figure 62: J-V curve of the best SHJ solar cell fabricated in GUNAM Laboratories

After optimization of all process steps, the Voc values were still lower than the
reference SHJ solar cell (without i a-Si:H layer). The excellent passivation of a-Si:H
layer provides Voc exceeding 740mV. In this point of view, the passivation quality
could be still said to be low. To enhance the passivation quality of i a-Si:H, design of
the i chamber has been changed. The plasma box was constructed in the chamber to
achieve more uniform heating profile through whole substrate surface resulting in
more uniform i a-Si:H layer. After this modification, the effective lifetime values are

exceeding 3ms with only i a-Si:H (7nm) coating on double side of FZ n-type Si wafer.
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4.2. Silicon Heterojunction IBC Solar Cell

In Imec, i> module group is currently concentrated on SHJ IBC solar cell
fabricated on thin Si monocrystalline foils (called as epifoils) [54]. Under this
circumstance, the fabrication process flow was shaped to integrate thin foils. Through
the study done in Imec, both 200um thickness and 2-4ohm.cm resistivity FZ and CZ
Si wafers were used. The fabrication sequence and device structure is schematically
illustrated in Figure 63. The sequence starts with IMEC Clean and follows front
surface passivation. At this point, applicability of a-Si:H and SiNx stack layer has been
worked in terms of passivation quality where SiNx is known as one of the excellent
materials for ARC purposes. Through the study, Imec standard recipe was used for
deposition of i, n*, p* a-Si:H and SiNx layers, where the depositions were carried out

below 200°C. PECVD system was used for the deposition of mentioned layer.

Cleaning

FS passivation

ifpt a-Si::H

Litho/etch/strip

in* aSi:H

n-type c-Si

Front Surface iasiivaiion

Litho/etch/strip

ITO/Cu

NN N N NN
N W ) WY | W W W N— ) W—

Litho/etch/strip

Figure 63: Fabrication sequence and device structure in Imec

After front surface passivation, the successive process step is formation of
junction with p* a-Si:H and BFS with n* a-Si:H. In the formation of junction, a wet

chemical etching method was introduced as an emitter pattering technique developed
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in Imec. In the formation of BSF, the selective etching method was used to pattern n*
a-Si:H layer [57]. The final process step is metallization with ITO and Cu stack.

4.2.1. Front Surface Passivation

The first study conducted in Imec was the passivation quality of i a-Si:H/SiNx
stack and the applicability of the stack layer to SHJ IBC solar cell concept. Under this
scope, formerly cleaned by IMEC clean n-type CZ wafers were used. After cleanings,
HF treatment was done to remove oxide layer from the surface. The a-Si:H layers were
deposited by PECVD system to double sides of wafer as demonstrated in Figure 64
(@). To check the quality of passivation, the minority carrier lifetimes and calibrated
PL images were measured. After that, SiNx layers were coated double sides of

passivated sample as demonstrated in Figure 64 (b).

SiNx
- aSiHG
n-type c-Si wafer n-type c-Si wafer
- aSiHG
(a) (b)

Figure 64: Passivated samples with (a) i a-Si:H layer and (b) i a-Si:H/SiNx

The lifetime results of both i a-Si:H and i a-Si:H/SiNx stack layer are listed in
Table 18.
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Table 18: Lifetime results

Sample ID i a-Si:H layer i a-Si:H / SiNx stack
# T=2.64 ms 1=3.02 ms
Jo= 4.1 fA/cm? Jo= 4 fA/cm?
4o t=2.33ms t=3.53ms
Jo= 5.7 fA/cm? Jo= 5.5 fA/cm?
43 1=4.93 ms T=7.05ms
Jo= 3.8 fA/cm? Jo= 3.4 fA/cm?

The results show that after SiNx deposition, the lifetime results are slightly
increased except 3™ sample where the resulting Jo values are still in the same range.
The passivation quality of 3" sample was increased in a respectable range. As a result

of SiNx deposition, the passivation quality of i a-Si:H layer could be enhanced.

Figure 65: Calibrated PL images after (a) i a-Si:H deposition and (b) SiNXx
deposition

In Figure 65, calibrated PL images of i a-Si:H and i a-Si:H/SiNx stack layers
(sample ID #1) are shown, respectively. On the right of the Figure 65, the calibrated

lifetime scale is shown in ps. From this scale, the yellowish areas on the image gives
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higher lifetime results respectively. According to the PL images, impressively uniform
passivation layers and high lifetimes were achived by a-Si:H/SiNx stack layer. The

effective lifetime vs minority carrier density graph of the sample 1 is shown Figure 66.
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—1a-Si:H + SiNx
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Figure 66: Effective lifetime results

Besides the lower reflection and absorption property of SiNx layer, the stack
layer is a valuable candidate for the front surface passivation of SHJ IBC solar cell in
terms of high lifetime and low Jo values. The next step is to observe behavior of stack
layer after thermal treatment. For this purpose, four various post-annealing
temperature were selected. After thermal treatment, the lifetime measurement was
conducted for each. The ageing study was conducted on the thermally treated samples
under cleanroom environments for 45 days. The aging and post-annealing study was

combined together as shown in Table 19.

97



Table 19: Results for post-annealing and ageing studies

¢ Before After | After1 | After 45

Tann (°C) (I;‘i':l) Annealing | T (ms) | 14 days | Month days

T (ms) T (ms) T (ms) T (ms)
200 15 7.05 4.26 3.8 3.6 3.6
200 30 7.05 6.34 5.5 5.5 5.5
200 45 7.05 6.05 5.0 4.5 3.2
220 15 3.53 2.3 2.2 2.2 2.0
220 30 3.53 3.1 2.7 2.6 1.9
250 15 3.53 2.96 2.5 2.5 2.1
250 30 3.53 34 33 3.2 3.2
300 30 3.02 1.9 1.7 1.7 1.6

Results show that after post-annealing of the samples, the effective lifetime
values were decreased especially the sample annealed at 300°C. The decrease after
post-annealing can be related with either thermal treatment or ageing of the layers. At
this point, the ageing study showed that the effective lifetime values were fixed after
1 month in cleanroom atmosphere and it is valid for the most of the samples.

The i a-Si:H/SiNXx stack layer was yield in promising lifetime results including
ageing and it was decided as a front surface passivation layers.

4.2.2. Rear side passivation

The second study was determination of emitter patterning technique for the
fabrication of SHJ IBC solar cell. For the study, 3-4 ohm.cm resistivity n-type FZ
wafers were used as a substrate. The technique worked in this study is etching of i/p*

a-Si:H layer resulting opened areas on Si surface and re-passivation of the etched areas

98



by i/n™ a-Si:H by forming BSF region on the rear side. For this purpose, two wet
chemical etchants were used,; (i) buffered HF (BOE): HNOs: H20 and (ii) BOE: H20x.

The experimental sequence was designed as shown in Figure 67 for each wet
chemical etchant. The first, i/p* a-Si:H layers were deposited both side of the wafers.
Then deposited layers were removed away by the etchant. After cleaning of wafers,
the i/n™ a-Si:H layers were deposited on the both sides. After each deposition, the
effective lifetime and PL images were measured to check quality of passivation and to

control etching profile by PL images.

Standart Cleaning (RCA clean)

Deposition i/p* a-Si:H n-type FZ wafer

RCA — 2 Clean

n-type FZ wafer

[ J
[ J
( Etching |
[ J
[ J

Deposition i/n* a-Si:H

Figure 67: Experimental sequence and device structure

In the first run, the etch rates were calculated for the various concentration of
buffered HF by measuring the thickness of a-Si:H layer and the re-passivation quality
of ethed areas was checked via coating with i/n* a-Si:H layers. Before ethcing of i/p*
a-Si:H layer, the effective lifetime was 3.2ms. The results belonging to re-passivation

of the sample are shown in Figure 68.
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Figure 68: Correlations between BOE and etch rate, effective lifetime

Results show that increasing buffered HF concentration leads to a rise on the
etch rate where the lifetime results acts inversely proportional to concentration. The
lowest etching rate (8nm/min) was yielded in 450 ps lifetime after passivation by i/n*
a-Si:H layer as the highest value of the experiment set. The lowest concentration was
selected and time depending etching study was performed via selected etching. Effects
of various etching time on the passivation quality was investigated. From the
calculated etch rate, the i/p* a-Si:H layer should be etched around for 18 minutes. For
this reason, duration times were selected as 10, 15, 20 and 25min to observe transition
from unsufficient etching to overetched region. After i/p* a-Si:H layer deposition, the
effective lifetime was 3.2ms. After etching and re-passivation of the sample, lifetime
measurement and PL images were taken. The lifetime calibrated PL images are shown

in Figure 69.
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Figure 69: Calibrated PL images of repassivated samples after (a) 20min (b) 15min
(c) 20min (d) 25min etching

The results show sharp decrease on the lifetime for the higher etching time.
Moreover, the general passivation quality of the etched area was comparatively low
with respect to achieved on front surface passivation. In the Figure 69-a, It can be
concluded that the formerly deposited a-Si:H layer could not be etched in 10 min as
expected. When the passivation region was not etched totally, the former passivation
was not killed by etching. However for 20 min etched sample, it was clearly seen that
the sample could not be passivated by i/n* a-Si:H layer. At this point several
experiments were designed to understand reason of the passivation problem.
Surprisingly, it was found that the passivation quality of the etched areas could be
improved by surface cleaning methods, which needs relatively high wet chemical
oxidation temperatures (>70°C). On the sample exposed to Piranha, RCA-1 and RCA-
2 cleanings after totally etching of i/p™ a-Si:H layer, the effective lifetime results were
exceeded 3ms via i/n* a-Si:H deposition. However the nature of cleaning processes, it
oxidizes the a-Si:H layer and etches the emitter region resulting in degradation of
effective lifetime results. Therefore the utilization of oxidizing agent is crucial in terms
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of maintain the passivation of emitter region. The cleaning processes were restricted
below 35°C. RCA-1was selected as cleaning process due to effective removal of
organic residues. In fabrication procedure, photolithography steps were inserted to
pattern rear side and the RCA-1 solution is effective on cleaning of residues belonging
to photoresists. Due to the lack of re-passivation quality of BOE: HNOz3: H20 solution,
the alternative mixtures were investigated for patterning of i/p* a-Si:H layer. At this
stage, a wet chemical etching approach was introduced for the purpose of BOE: H.O>
patterning. As discussed earlier, the main difference between these two etchants is that
the first one has electrochemical whereas other has chemical etching mechanism. For
the electrochemical etching of a-Si:H layer, the reaction mechanism depends strongly

on concentration of BOE resulting in low passivation values.

From experimental view of using BOE: HNOz: H>O solution, it is hard to
control etch rate due to the correlation between etch rate and ageing or conditioning of
solution. To identify ageing effect on the etching mechanism, an experiment was
designed. The fresh BOE: HNOs: H20 solution was prepared and after each 1 hour
initially i/p* a-Si:H substrates were etched and passivated via i/n* a-Si:H deposition.
The results are listed in Table 20. From these results, the quality of etching in terms

of passivation was obviously poor and unstable through various ageing time.

Table 20: Results for ageing study

Ageing Fresh After 2 | After4 | After6 | After 8 | After 24
Time solution hours hours hours hours hours
[Effective | 575 450 725 60 60 600
lifetime (us)

To identify the etching quality in terms of resulting passivation, various BOE
concentrations were used. For each concentration, the etch rate was also calculated and
the resulting effective lifetimes were measured including calibrated PL images.
Initially i/p* a-Si:H layer deposited samples that have 3.7ms effective lifetime were

used . The samples were etched via BOE: H202 solution following RCA -1 cleaning.
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Samples were re-passivated by i/n* a-Si:H layer after cleaning process. The final step
was the measurement of effective lifetime values. The effective lifetime, etch rates and

calibrated PL images are listed in Table 21.

Table 21: Reuslts for various concentration of BOE

Lifetime Calibrated
Concentration | Etch rate | results after lifetime Color scale
of BOE: H202 | (hm/min) | repassivation .
(ms) images
1: 5 (15 min ‘
etching) 12 4.3
2000
1800
1: 1Q (30 min 06 40
etching) 1600
1400
1: 3Q (40 min 045 21 -1200
etching)
-1000
800
1: 1(_)0 (60 min 0.25 32
etching) 600
311.8
1: 3(_)0 (125 min 015 29
etching)
kd

Results showed that the etch rate of solution is directly proportional to

concentration of BOE. However, depending on concentration, the longer etching
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duration was needed for total removal of i/p* region which exceeding 30min of
etching. In terms of applicability to solar cell application, longer etching times are not
desired. Moreover, the longer etch duration means that the longer exposure time of
photoresist to wet chemical solution which results in compatibility problem of

photoresist with the chemical solution.

The effective lifetime results showed that the excellent passivation could be
reached via higher concentration of BOE. The calibrated lifetime images also support

the effective lifetime results with fairly uniform passivation through whole surface.

To identify improvement achieved by the new solution, Transmission Electron
Microscopy measurements were done for the samples etched via BOE: H20> (1:5) and

via BOE: HNOz: H20 solutions. The results are shown in Figure 70, respectively.

(a) Vi g S

Figure 70: TEM resutls for (a) sample etched by BOE: H>0> (b) BOE: HNO3: H20

From TEM images, the roughness of the surface could be seen clearly.
However, on the sample etched by the buffered HF: HNOs: H20 solution (Figure 70
b), the porous like surface is observed, which results undesired situation in terms of

passivation quality. The comparison of various etchants is shown in Table 22.
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Table 22: Comparision of etchants

Resist o
Etchant o Etch rate | Passivation
compatibility

BOE: HNOs : H20 Not
OK LOW

(1.5:500:200) stable
BOE : H202 (1: 10) OK Stable HIGH
BOE : H202 (1:5) OK Stable HIGH

To sum up the experiments done up to now, the new chemical etchant was
introduced with promising effective lifetime results compared to other one. Moreover,
BOE: H,O, with concentrations 1:5 and 1:10 were selected for solar cell fabrication
since the highest passivation qualities were achieved with these solutions. Before
starting fabrication of SHJ IBC solar cells, the last step was to check the re-passivation
quality of selected etchant with patterning via photolithograph as process steps

schematically shown in Figure 71.

— “

n-type c-Si

(a) (b)
e

(c) (d)

Figure 71: Shematic representation of process steps
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Formerly cleaned FZ n-ype Si wafers were passivated by i/p* a-Si:H layer on
both side. Then, i/p* a-Si:H layers were patterned by BOE: H.0. with
photolithography. After resist strip process by acetone and isoproponal alchol, the
samples were also treated by RCA-1 clean at 35°C. At this point, the PL images of
etched sample was taken to identify the patterning quality of the etchant. The PL image

is shown in Figure 72.

Figure 72: PL image of etched area

The profile of etched areas are clearly seen in Figure 72. After removal of oxide
via HF: HCI treatment, i/n* a-Si:H layer was deposited double sides of sample. The
PL images and effective lifetimes were measured. The callibrated PL images are

shown in Figure 73.

Figure 73: After i/n* deposition on the etched samples by BOE: H,0: at
concantration of (a) 1:5 and (b) 1:10
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The results of calibrated PL images were breathtaking in terms of the uniform
re-passivation on the etched areas. It was hard to detect patterned areas because of
relatively high effective lifetime values. The effective lifetime results are shown in

Figure 74.

IE+04
1E+03 1
2
EIE+02 1
3 .
&
IE+01 4 BOE: H202 1:5
BOE: H202 1:10
]E+00 1 i IlIIll: 1 1 Illlll: i i I T 1
SE+13 SE+14 SE+15 SE+16

Minority carrier density (cm™)

Figure 74: The effective lifetime results of BOE: H202 for various concentrations

The BOE: H20. etchant with concentration of 1:5 was yield in a better
perfomance in terms of effective lifetime after repassivation. For this reason, the
etchant was integrated to solar cell fabrication process as the emitter etching technique.
The fabrication processes of SHJ IBC solar cell is shown in Figure 74. The process
flow was started with deposition of front surface passivation (i a-Si:H/SiNx stack) and
emitter on the rear side resulting in an effective lifetime higher than 3ms. Then, emitter
was patterened via BOE: H>O> (1:5) to remove i/p+ a-Si:H layer as shown in Figure
75 (b). At this stage, the front surface was protected by covered photoresist. The BSF
region was deposited to whole rear side (Figure 75(c)). The BSF region was patternned
to block shunt between junction via sencondary photolitghrophy step. TMAH was the
etchant used for i/n™ a-Si:H layer patterning where TMAH is one of the selective
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etchants on p-doped region. This means that the etching reaction is stopped when it
reaches to p* a-Si:H layer. The final step is deposition of ITO and Cu and patterning
of metal contacts by photolitgrophy step.

|

n-type c-Si n-type c-Si

(a) (b)

(c) (d)
—— l—
ITO ITO
G Cu
Figure 75: Fabrication flow of SHJ IBC solar cell

During the fabrication flow, the calibrated lifetime images were taken to check
the quality of passivation. Figure 76-a shows the calibrated lifetime image after front
surface passivation and emitter formation and Figure 76-b shows right after

passivation of etched areas via i/n+ a-Si:H layer.

Figure 76: Calibrated PL images after (a) front and rear side passivation and (b) re-
passivation
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Results showed that uniform passivation of patterned areas were achieved with
effective lifetime higher than 1.5ms. Later, mentioned process flow was followed and
2x2cm? SHJ IBC solar cells were fabricated. The results of solar cells are listed in
Table 23.

Table 23: The SHJ IBC solar cell results

Jsc o o
Sample Voc (mV) (mA/cm?) FF (%) n (%)
The best of 5 701 35.8 71.9 18.1
Average of 5 693 35.5 70.4 17.3

The achieved highest efficiency was 18.1 % with the mentioned emitter etching
method on the chemically polished sample without any surface texturing. The J-V

curve of the efficient solar cell is shown in Figure 77.

0,04 T
0,035 f
0,03 4
0,025
P
g 0,02
< i
- [
0,015 4 Voc=701 mV
[ Jsc=35.8 mA/cm?
0.0l 1 n=181%
0,005
0 e L S B —
0 0,1 0.2 03 0.4 08

V)
Figure 77: The efficient solar cell J-V graph
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The emitter etching method was introduced to fabrication process of SHJ IBC
solar cell with providing high surface passivation. However, the cell results showed
that the FF values were comparatively low. Since, the method has not been combined
with surface texturing to achieve higher JSC values, relatively high efficiency could

be reached as a further improvement on the etching method.
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CHAPTER 5

CONCLUSION

Raise in energy demand leads the research area to focus on alternative energy
sources all over the world. One of the strongest candidates on alternative energy
sources is solar energy, particularly photovoltaics which has the opportunity to convert
sun light directly to electricity. Due to the sharp decrease on production cost of Si
wafer, the solar energy market is manipulated by Si based solar technologies. Among
all Si based technologies, SHJ solar cell has become a favorite in terms of higher

efficiency opportunity and low thermal budget.

Recent developments on SHJ solar technology are based on increasing
passivation quality of a-Si:H layer and integrating IBC concept to SHJ solar cells. In
this thesis, the main objectives were to obtain enhanced surface passivation resulting
higher Voc values and to introduce a novel approach to IBC concept which is called

the wet chemical etching method.

In GUNAM, the effect of wet chemical cleaning methods on the solar cell
parameters was investigated and 13.8% relatively efficiency gain was attained by only
getting clean surface on SHJ solar cells. The pyramid rounding process was optimized
in terms of optical loss and electrical improvements. The optimized rounding process
was inserted to standard fabrication sequence of SHJ solar cell with exceeding 10.6%
efficiency. The impact of Hydrogen termination before deposition of a-Si:H layer were
studied and optimized. The highest efficiency obtained by SHJ
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type solar cells (without i a-Si:H layer) is 11.84% under optimized surface preparation
techniques.

For standard SHJ solar cells, the key point behind the excellent surface
passivation is based on the nature of a-Si:H, which has the opportunity to obtain high
Voc values by passivation of dangling bonds by Hydrogen atoms. From this point of
view, the deposition parameters of intrinsic a-Si:H were optimized and 11.0% efficient
SHJ solar cell was fabricated. The effect of post-annealing treatment was studied both
on AZO layer and on solar cell. It is concluded that the critical annealing temperature
is 220°C and above that temperature, conductivity of AZO decreases significantly.
After optimization of post-annealing and | a-Si:H deposition conditions, the highest
efficiency in GUNAM was recorded as 12.48% efficiency on 4 cm? cell area and
15.84% efficiency on 0.9 cm? cell area with 544mV Voc, 32.87mA/cm? Jsc and
68.08% FF. After the study conducted in this thesis, the design of i chamber was
upgraded and plasma box was inserted to chamber. After renovation of the chamber,
the experiments conducted on the passivation quality showed that the record effective
lifetime value is exceeding 3.2ms with 7nm i a-Si:H depositions on both side of FZ n-

type Si wafers.

In Imec i module group, the passivation quality of i a-Si:H/SiNx stack layer
was studied for the purpose of SHJ IBC solar cell front side coating. The highest
effective lifetime obtained by i a-Si:H/SiNx is 7.05ms. The ageing study was
conducted on i a-Si:H/SiNx stack layer. Besides the higher passivation quality of of i
a-Si:H/SiNx stack, it showed quite stable behavior in ageing study in terms of effective
lifetime. The highest effective lifetime obtained by ageing 45 days in cleanroom
atmosphere is 5.5ms. For the formation of junction on the rear side, wet chemical
etchants were compared with respect to passivation quality of etched areas. Moreover,
the wet chemical etching method by BOE: H202 was introduced with giving relatively
high surface passivation on the rear side of solar cell The BOE: H20> etchant was
optimized in terms of re-passivation quality resulting 4.3ms effective lifetime by
deposition of i/n+ a-Si:H on both side. After optimization, the etching method was

augmented to SHJ IBC solar cell fabrication. The SHJ IBC solar cells were fabricated
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with the introduced etching technique on 4cm? and 18% efficiency, 701mV Voc,
35.8mA/cm? Jsc and 72.0% FF was achieved without any surface texturing.
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APPENDIX A

BAND DIAGRAM

SHJ solar cells could be also formed on p type c-Si substrate with matching

materials with different band gaps as illustrated in Figure 78.
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Figure 78: Band diagram for SHJ solar cell on p type c-Si substrate

The barrier formed for the holes at a-Si:H (n region) and c-Si interface with the
height of AEc is called as spike. Electrons are accumulated at the spike and drifted
either by tunneling through the barrier via trap-assisted tunneling or by thermionic
emission. Furthermore, secondary barrier is formed for holes at the valance band of

other interface.
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