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ABSTRACT

THREE DIMENSIONAL CRYSTALLINE SILICON SOLAR CELLS

Baytemir, Giilsen
Ph.D., Department of Physics
Supervisor: Prof. Dr. Rasit Turan

December 2018, 148 pages

Three-dimensional crystalline silicon solar cells have been attracting attention with its
remarkable electrical and optical performance. In this geometry, nano/micropillars
allow minority carrier collection in the radial direction and shorten the path length of
the photogenerated carriers. Furthermore, with appropriate geometry of the pillars the
solar cell efficiency is enhanced due to the reduced surface reflectance and increased

light harvesting.

Throughout this study, metal assisted etching (MAE), a top-down method was applied
through photolithography to fabricate micropillars. Firstly, radial junction cells with
different micropillar lengths, including the longest ~6 um, were fabricated by applying
different etching durations. The maximum efficiency value, 15.90 %, was obtained
from the cell with longest micropillars since with the increase in pillar length, higher
Jsc values were obtained due to the reduced surface reflection and higher junction

area.

Radial and planar junction solar cells were then fabricated using Si wafers
contaminated with Au impurities having U-shape diffusion profile in Si. The

efficiencies of the radial junction solar cells, which allow photogenerated carriers to



be collected over shorter distances, were less affected by contamination than planar
junction solar cells. This is consistent with the expectation that the cells with radial

geometry are less sensitive to the quality of the material used.

Moreover, the solar cells with different thicknesses were fabricated to increase the
proportion of the region containing micropillars in the cell and to reduce the
fabrication cost by allowing the use of thin Si substrates. Firstly, longer micropillars
were obtained by increasing HF concentration in the MAE solution to suppress the
lateral etching and instead of H.O, using ethanol which has a lower surface tension to
obtain smooter etching. The efficiency value of 17.27 %, one of the highest efficiency
values in radial junction cells, was obtained from the cell containing 11.5 pm
micropillars. By decreasing the thickness of the cells, it was observed that the
efficiency values were less affected in three dimensional solar cells than in planar

junction cells due to less decrease in Voc and Jsc values.

Keywords: Radial p-n Junction, Metal Assisted Chemical Etching, Photolithography,

Metal Contamination, Thin Si Solar Cells
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UC BOYUTLU KRIiSTAL SILISYUM GUNES HUCRELERI

Baytemir, Giilsen
Doktora, Fizik
Tez Danismani: Prof. Dr. Rasit Turan

Aralik 2018, 148 sayfa

Ug boyutlu kristal silisyum giines hiicreleri, dikkate deger elektriksel ve optik
performansiyla ilgi gormektedir. Bu geometride, nano/mikro siitunlar, fotojenlenmis
tagtyicilarin radyal dogrultuda, daha az mesafe katederek toplanabilme olasiligi
artirthir. Ayrica, uygun geometride siitunlarin tasarimiyla, ylizey yansimasinin

azalmasi ve 151k emilimi artirilmasi saglanarak hiicredeki verimlilik yiikseltilir.

Bu ¢alismada boyunca, Si mikro siitunlarin iiretimi i¢in yukaridan agagiya bir yontem
olan metal destekli asindirma (MAE), fotolitografi yardimi ile uygulanmstir. Ilk
olarak, farkli asindirma zamanlar1 uygulanarak, en uzun ~6 pm siitunlar igeren, farkl
siitun uzunluklarinda radyal eklem giines hiicreleri tiretilmistir. Siitun uzunlugundaki
artmayla birlikte, azalmis yilizey yansimasi ve daha uzun eklem alani nedenleriyle
daha yiiksek Jsc degerleri elde edildiginden en yiiksek verimlilik degeri olan % 15.90,

en uzun siitunlar iceren hiicreden elde edilmistir.

Sonrasinda, Si i¢erisinde U seklinde difiizyon profiline sahip Au ile kontamine edilen
Si pullar kullanilarak hiicreler iiretilmistir. Fotojenlenmis tasiyicilarin daha kisa
mesafe katederek toplanabilmesini saglayan radyal geometrili hiicrelerin

verimlilikleri, diizlemsel hiicrelere gore kontaminasyondan ¢ok daha az
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etkilenmislerdir. Bu, radyal bir geometriye sahip hiicrelerin malzemenin kalitesine

daha az duyarl olmas1 beklentisiyle uyumludur.

Ayrica, mikro siitiinlarin olusturdugu bodlgenin oranini artirmak ve ince silisyum
kullanimina olanak saglanmasiyla maliyeti azaltmak amaciyla farkli kalinliklarda
hiicreler iiretilmistir. MAE ¢ozeltisi igerisindeki HF konsantrasyonu artirilarak yanal
asindirma, H2O ¢6ziiciisli yerine yiizey gerilimi daha diisiik olan ethanol kullanilarak
daha piirlizsiiz bir asindirma saglanmistir. ~11.5 pum siitunlar i¢eren hiicrelerden,
bilinen en yiiksek degerlerinden olan % 17.27 degerinde hiicre verimi elde edilmistir.
Hiicrelerin kalinliginin azaltilmasiyla, iic boyutlu hiicrelerde, diizlemsel hiicrelere
kiyasla, Voc ve Jsc degerlerindeki azalisin ¢ok daha az olmasindan dolay1 verimlilik

degerlerinin daha az etkilendigi gozlemlenmistir.

Anahtar Kelimeler: Radyal p-n Eklemi, Metal Destekli Kimyasal Asindirma,

Fotolitografi, Metalik Kontaminasyon, Ince Si Giines Hiicreleri
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CHAPTER 1

INTRODUCTION

“We are like tenant farmers chopping down the fence around our house for
fuel when we should be using Nature’s inexhaustible sources of energy — sun, wind
and tide...

I'd put my money on the sun and solar energy. What a source of power!
I hope we don't have to wait until oil and coal run out before we tackle that.”
Thomas Alva Edison,

in conversation with Henry Ford and Harvey Firestone (1931).

Many years ago, Thomas A. Edison, the inventor of the light bulb, recognized the
capacity of the sun as an almost unlimited source of energy. Although the depletion
of fossil fuel reserves has been getting closer, the full potential of solar power is yet
to be controlled by humanity. Solar energy could be harvested using different
methods. Photovoltaic energy conversion remains the most appealing approach since
it converts the readily available energy source, solar energy, directly into electrical
energy [1, 2]. Hence, solar photovoltaic (PV) devices could be more practical and
applicable than other renewable energy sources, i.e. wind power, fuel cells,
geothermal energy, and biofuels. On the other hand, larger device areas are necessary
for efficient collection of solar energy in comparison with fossil fuels which can be
burned in small stations. However, PV applications can be small, local and distributed

that can ultimately eliminate the need for the construction of large grids.



When considering different energy resources, we see that the cost of energy generation
is perhaps the important factor determining their wide spread usage. Despite their
catastrophic damage to the environment, almost 85% of energy demand are still
supplied from fossil fuels. On the other hand, although we know that solar energy is
clean, infinite, available almost everywhere, its use has been limited mainly due to the
high cost of energy generation from solar radiation. However, in the last two decades,
tremendous decrease in the manufacturing cost and improvement in the efficiency of
the devices have made solar electricity generated by PV systems very competitive with
the other resources. The so-called Levelized Cost of Electricity (LCOE) from PV has
reached the level of 4-5 c$/kWh in Turkey which is lower than almost all other energy
resources including coal, nuclear power and natural gas. So, the solar energy is on its
way to become the cheapest energy source. In this journey, there are still some
economical, physiological and technical problems that need to be overcome.
Therefore, for an ultimate victory, more effort in the development of technically

feasible and low-cost photovoltaic devices is required.

This thesis focuses on a non-conventional device architecture providing a high
efficiency and hopefully a low-cost alternative to present devices. This new solar cell
design consists of radial p-n junction micropillar arrays and allows separate
optimization for the design requirements of light absorption and carrier collection, the

conditions required for efficient energy conversion in a photovoltaic device.

This thesis is composed of 7 chapters. In this first chapter, the motivation in
photovoltaics and the suggested solar cell design concept are mentioned and
discussed. In Chapter 2, literature review about the studies on enhanced carrier
collection, improved light absorption and fabrication of radial junction solar cells is
given. In the 3" chapter, metal assisted etching method used to fabricate radial
geometry in this thesis is detailed and the process steps are explained. In chapter 4,
fabrication and the results of radial junction solar cells with different geometry are
mentioned. Chapter 5 and 6 demonstrate the comparison of the conventional and radial

junction solar cells on high- and low-quality materials, and on thin Si substrate,



respectively. In the 7" chapter, the last chapter, the studies of this thesis are concluded

with a summary of the previous chapters.

1.1. Energy Crisis, Climate Change and the Demand of Renewable Energy

In recent years, the science community and the popular news media have had many
discussions about the energy crisis and climate change. These debates originate from
the fact that the use of fossil fuels preferred due to their low cost has been increased

along with population growth and they have started to run out.
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Figure 1.1. Decrease in some fossil fuel reserves over the years [3].

According to Central Intelligence Agency (USA) reports, the annual consumption of
oil in fossil fuels is more than 4 billion tons. Even if the increase in population is
ignored altogether, the total oil will completely run out in 2052. The natural gas is
another fossil fuel with higher reserves, but the dependence of gas is likely to increase
due to the decrease in oil reserves. As a result, the gas is expected to run out by the
year 2060. Even though the coal is expected to last longer, by the year 2088 it will



also be depleted (Figure 1.1). When new fuel reserves are discovered, this process can
be extended slightly [3, 4]. As fossil fuels begin to run out, the dependence of the
world on remaining fossil fuels will be accelerated. For this reason, new energy
sources are required and this issue, which concerns the whole world, is a matter of
political and scientific debate.

Furthermore, the socioeconomic dimensions of the current climate change are
menacing. Greenhouse gas emissions have risen to extremely high levels, despite
increased policies for climate change mitigation.
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Figure 1.2. Annual greenhouse gas emissions by different gases [5].

According to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC) 2014: Synthesis Report, CO2 emissions from fossil fuels and industrial
processes accounted for 78% of total greenhouse gas emissions growth between 1970
and 2010, and a similar percentage (high confidence rate) curve was introduced
between 2000 and 2010 (Figure 1.2). CO. emissions per year have reached 32 GtCO>
for fossil fuels and grown further by 3% between 2010 and 2011 and 1 to 2 % between



2011 and 2012. In 2010, CO2 remained to be the largest greenhouse gas emission, with

a value of 76% of total human greenhouse gas emissions in 2010 [5].

When all these underlying reasons of scientific and political debates are combined,
renewable and carbon-free energy sources have gained attention. The use of renewable
and carbon-free energy resources is becoming more and more necessary to stabilize
the CO; levels in the disturbed atmosphere. Figure 1.3 shows a comparison of the
amount of energy sources available from different energy sources [6]. No renewable
energy source other than solar energy has the capacity to create such an enormous
energy. For this reason, photovoltaic technologies have been gaining more and more

recognition by public and politicians as well as financial and industrial sectors.
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Figure 1.3. Comparison of finite and renewable energy reserves [6].

1.2. Photovoltaic Solar Energy

The photovoltaic solar energy (PV) is one of the thriving industries all over the world
due to the fact that it directly converts solar energy into electricity with the benefit of

being carbon-free. Solar thermal and photoelectrochemical cells are the alternative



devices for the solar energy conversion. While solar thermal devices use solar
radiation in order to heat a liquid that is later used to drive a turbine to generate
electricity, photoelectrochemical cells use a photoactive electrode to start the chemical
reaction to produce electricity. Among solar energy devices, PV is considered to be
the first choice as it offers low cost and flexible options in the sense that it can be used
in small scales as well as large scales. In addition, it is modular; and exhibits long term
stability and relatively high efficiency. In order to accelerate the usage of PV systems,
studies focusing on materials, devices, and systems are intensively continuing around
the world. The aim of the most of these studies is to reduce the cost of manufacturing
and increase the efficiency by discovering alternative device designs with superior

performances [7, 8].

The working principle of PV systems, conversion of solar radiation into electricity, is
based on the photoelectric effect which was first observed by French physicist,
Edmund Becquerel, in 1839 [7-13]. In photoelectric effect, the photons are absorbed
by electrons present in the valence band of the material. If the absorbed photons have
enough energy to excite these electrons to the conduction band, the basis of the electric
current in the circuit is formed. These electrons should be transported to the contacts

and collected by the external circuit.

Materials can be classified as metals, semiconductors and insulators. Presence of a
forbidden energy gap and its value play an important role in determining the electrical
and optical properties of materials. As it shown in Figure 1.4, in metals, the valence
and the conduction bands are overlapped. Therefore, all electrons can participate in
the conduction process making the material very conductive. In the case of an
insulator, the band gap energy between the valence and conduction electrons is very
large, which means that a large amount of energy is required to excite the electrons to
the conduction band. The lack of electrons in the conduction band makes the
conduction very difficult and sometimes impossible. Moreover, photons with high
wavelength may not be energetic enough to excite electrons to the conduction band.

In semiconductors, there exists a small enough gap between the valence and



conduction bands that allows control of conduction via thermal or optical excitement

of the electrons.
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Figure 1.4. Band gap energy of metal, semiconductor and insulator materials.

If the energy of the photons is higher than the band gap energy, the electrons can easily
be excited. For this reason, in general, semiconductor materials which are able to

absorb a large part of the solar spectrum are used for fabrication of solar cells [10].

1.3. The Solar Cell Device

After the discovery of photoelectric effect by Becquerel in 1839 [9], in 1876, it was
reported in a solid for the first time: under illumination, the conductivity of selenium
changes. Later William Grylls Adams (who succeeded by Maxwell as professor) and

his student showed that under illumination, electrical power can be generated [14].

Soon after, the first solar cell panel was fabricated by the New Yorker inventor Charles
Fritts in 1883. Between 1-2% conversion efficiency was obtained by coating selenium

with a thin layer of gold [15].
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Figure 1.5. First solar cell sketch from Russel Ohl's patent [16].

The pioneers of photovoltaic effect were not able to understand PV effect well enough
to develop solar cells further. However, the discovery of photoelectric effect and
guantum physics in 1905 by Albert Einstein led to the understanding of the basic
scientific principles of PV and thus improving it. In 1941, the first solar cell made of



silicon was patented by Russel Ohl [16, 17]. The sketch of the first p-n junction solar

cell is shown in Figure 1.5.

However, it took years to improve solar cells beyond 1-2% efficiency. The first silicon
p-n junction solar cell with an efficiency of 6% was fabricated in 1954 at Bell
Laboratories (Figure 1.6).

A New Silicon p-n Junction Photocell for Converting
Solar Radiation into Electrical Power

D. M. Cuarmy, C. S. Furrer, axp G. L. PearsoN
Bell Telephone Laboratories, Inc., Murray Hill, New Jersey
(Received January 11, 1954)

HE direct conversion of solar radiation into electrical power

by means of a photocell appears more promising as a result

of recent work on silicon p-n junctions. Because the radiant

energy is used without first being converted to heat, the theoretical
efficiency is high.

Figure 1.6. An image from the original publication of 6% efficient first silicon solar cell fabricated at
Bell Telephone Laboratories [18].

The performance of PV devices has been improved through the years with the
development of the necessary production techniques as well as a better understanding
of the quantum processes. Today, PV technology has become a big industry with total
installed capacity of 400 GW. The capacity of PV is expected to increase even further

towards being one of the primary energy resources of human kind.

1.3.1. The Operating Principle of the Solar Cells

The working principles of a solar cell are based on carrier generation and collection

mechanisms. This is usually implemented by a p-n junction in a semiconductor, which



provides an electric field to separate electron and hole pairs. A simple solar cell

structure and the band diagram is shown in Figure 1.7 (a) and (b).

(a) 6\6{\0“ (b) photon

conduction band valence band

n-type
semiconductor

photogenerated
electron

n-type «—
semiconductor

p-type
semiconductor | = electron p-type
semiconductor

@ —p-njunction
photogenerated
hole

Eg
band gap

back contact

Figure 1.7. (a) Solar cell structure, (b) the band diagram.

When a p-n junction is formed, free electrons of n-type semiconductors and holes from
the p-type region near the contact undergo a recombination process leaving behind
positively and negatively charged dopant atoms on the n-side and p-side, respectively.
This region which resembles an electric dipole system (i.e., a parallel plate capacitor)
and depleted from free carriers is called the depletion region. An electric filed is then
developed across the region. A p-n junction without any external input is in
equilibrium between carrier generation, recombination, diffusion and drift in the
presence of electric field in the depletion region. Due to the electric field which creates
an obstacle to the diffusion of the carriers, the majority carriers which enter the
depletion region move back towards the region they originate. However, some
majority carriers with high velocities may cross the junction region by diffusion
despite the presence of the electric field. Carriers that cross the junction represent

minority carriers. In equilibrium, these minority carriers may travel a distance equal
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to the diffusion length before they recombine. In equilibrium, the current caused by
the diffusion of the carriers, diffusion current, is equal to the current which enables
the minority carriers reaching the edge of the diffusion region to be swept across due
to the electric field in the junction region, drift current. Therefore, in equilibrium, the
electron drift current and electron diffusion current, the hole drift current and the hole
diffusion current balance out and there is no net current passing through the device.
However, when a voltage is applied across the solar cell device, such that the electric
field generated by the p-n junction decreases, it enables the diffusion of the carriers
and leads to an increase in the diffusion current, i.e. forward bias. When a voltage is
applied to increase the electric field, diffusion current decreases, i.e. reverse bias. With
the applied voltage, while the change in the diffusion current is observed, the drift
current remains almost unchanged. In fact, the width of the depletion region varies
with the applied voltage. In the forward bias condition, there will be a small increase
in drift current as the depletion region width increases. On the other hand, there is a
small decrease in drift current for reverse bias condition due to the decrease of the
width of the depletion region. However, in silicon solar cells, the change in drift

current is a second order effect.

Here, it should be noted that only photons with higher or equal energy to the
semiconductor bandgap energy are absorbed and create e-h pair generation and

photogenerated current.

1.3.2. Current-Voltage Characteristics

When the solar cell is connected to the load that biases the junction in forward
direction, photogenerated current (J.) causes voltage drop across the load. The biased
p-n junction results in bias diode current (Jo) in opposite direction to the J.. Therefore,

the total current under the illumination condition is,
J=Jp =] =JolexpED) = 1] -]y (1.1)
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where Jo is reverse saturation current, k is the Boltzmann constant, q is charge of the
electron and T is the temperature. However, this equation is for the ideal case whose
equivalent circuit diagram is shown in Figure 1.8-a. In the real case, shunt resistance,
Rsh which accounts for various leakage currents due to different recombination effects
and series resistance, Rs which accounts for ohmic losses in the bulk material, metal
contacts during the current collection and the metal-semiconductor interface affect the
performance of the cell. Then the modified version of the current equation under

illumination is,

J=Jo —Ju = Jolexp(=2Ey _ 114 (EL2s _, (1.2)

nkT Rsph

Where n is the ideality factor which accounts for the nonideal p-n junction diode. The

equivalent circuit diagram for the realistic case is shown in Figure 1.8-b.
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Figure 1.8. Equivalent circuit diagram of solar cell in a) ideal case, b) realistic case.

A typical J-V characteristic of a solar cell under dark and illuminated conditions is
given in Figure 1.9. The photogenerated current JL would be zero under dark condition.

The J-V curve is shifted downward with the photocurrent generated.
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Figure 1.9. Current—voltage characteristics of a typical solar cell in dark and illuminated condition.

The overall performance of a solar cell is evaluated by using the device parameters as

listed below,
1- The current density at zero bias, short circuit current (Jsc),
2- The voltage at zero current, open circuit voltage (Voc), and

3- MPP, where the maximum power can be obtained. Two important figures of merit
are calculated from these three quantities. The first one is the fill factor (FF) which is
defined as [1],

Vyepd
FF = Sureee (1.3)
ocYsc

where Vipe and Juvep are the voltage and current at MPP, respectively. The second one

is the power conversion efficiency (1) defined as [1],

:VMPP‘JMPP — JSCVOC FF (1 4)
P P '

n

n
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1.3.3. The Shockley-Queisser Limit

Since the first practical photovoltaic device fabricated at Bell Laboratories in 1954
[18], many studies have been conducted in order to increase the efficiency of solar
cells. However, as emphasized in the famous article of William Shockley and Hans
Queisser, [19], there exists a certain limit to the efficiency of solar cell devices. In
1960, when the maximum energy efficiency obtained from the solar cells was 9-10%,
they calculated the maximum efficiency with some assumptions to be 30% for an
energy band gap of 1.1 eV. They applied detailed balance limit using the feel of
thermodynamics, to calculate this limit. One of their assumptions was to consider
absorption as a step function. For every photon absorbed by the solar cell with energy
equal or greater than band gap energy, one e-h pair is generated. The photons whose
energies are below band gap energy cannot be absorbed by the solar cell. Their
argument depends on the reciprocity between absorption and emission: if a material
is absorptive, then due to the Kirchhoff’s law of thermal radiation, this material is
emissive in thermal equilibrium. The solar cell and the sun are modelled as blackbody
in their argument, at 300 K and 6000 K respectively. Another assumption was that the

only recombination loss comes from the radiative recombination.

The Shockley-Queisser limit places the maximum solar conversion efficiency around
33.7% for a single p-n junction device with a band gap of 1.34 eV and using an AM

1.5 G solar spectrum.

However, unlike the assumption of the Shockley-Queisser limit, not all photons with
energy higher than the band gap energy, in fact, can be absorbed by the solar cells
which causes low Jsc values. For instance, some photons may disappear due to high
front reflection or poor absorption. Low absorption problems occur in solar cells
which contain substrates with poor absorption properties or some thin film solar cells
[1] owing to their small thickness. In order to reduce the reflection and to increase the
optical path of photons circulating in the device, some advanced optical designs have

been suggested [20, 21]. Radiative recombination which is the dominant loss
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mechanism for solar cells close to Shockley-Queisser limit, can be effectively
suppressed to increase V. The photogenerated carriers can radiatively recombine to
create a photon per electron-hole pair. These photons can be re-absorbed, however,
most of them are disappeared by leaving the device or being parasitically absorbed by
non-photovoltaic sides or backside mirror. With design improvements, emitted

photons can be re-absorbed, and the photon recycling can be provided.
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Figure 1.10. Fundamental loss components for solar cells and the efficiency limits of the solar cells
as a function of band gap energies [22, 23].

Fundamental loss components and the efficiency limits of the solar cells which consist
of common semiconductor materials as a function of band gap energies are shown in
Figure 1.10. Thermalization loss originates from the absorption of a photon with
considerably higher energy than material band gap. For solar cells fabricated from
semiconductors with low band gap energies, thermalization losses are dominant. The
sub-bandgap loss mechanism is dominant for the solar cells fabricated from high
bandgap semiconductors. Accordingly, for ideal solar cells, the band gap is required
to be between 1.1 and 1.7 eV.

In Figure 1.11, available record efficiencies and the efficiency improvements of solar

cells from the most commonly used materials are shown [24-66]. Also, Table 1.1
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summarizes the highest achieved efficiencies from the materials used to fabricate solar

cells in the last years [66].
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Figure 1.11. The highest confirmed single-junction terrestrial cell efficiencies measured under the
global AM1.5 spectrum (1000 W/m2) at 25°C [24-66].

Among all the materials used to fabricate solar cells, GaAs and Si are the most
remarkable materials since the cells containing these materials have the highest
efficiency values. Nowadays, GaAs solar cell has the closest value to its own
Shockley-Queisser limit with the efficiency value of 28.8%, while with 26.7%

efficiency, Si solar cell is still below its ultimate limit value [66].

Moreover, although none of them have higher efficiency values than the conventional

ones yet, there are lots of alternatives to the Shockley-Queisser single junction limit
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reported such as, multi-exciton generation [67], intermediate band gap states [68] and

hot carrier collection [69].

Table 1.1. Record single-junction terrestrial cell efficiencies measured under the global AM 1.5
spectrum (1000 W/m2) at 25°C.

Substrate Efficiency Area Vo Jsc FF Company,
(%) (cm?) (V) (mA/cm? (%)  Description
Si (crystalline) 26.7+05 79  0.738 42.65 84.9 Kaneka,
n-type IBC
Si 223+0.4 4 0.674 41.08 80.05  FhG-ISE,
(multicrystalline) n-type
GaAs (thin film) 28.8+09 0.9 1.122 29.68 86.5 Alta
Devices
GaAs 264+0.8 1006 1.030 29.8 86.0  Fraunhofer
(crystalline) ISE
GaAs 18.4+0.5 4 0.994 23.2 79.7 RTI,
(multicrystalline) Ge
substrate
InP (crystalline)  24.2+0.5 1.008 0.939 31.15 82.6 NREL
CIGS 229+05 1.041 0.744 38.77 79.5 Solar
Frontier
CdTe 21.0+0.4 1.062 0.876 30.25 79.4  First Solar,
on glass
Si (amorphous) 10.0£0.2 1.001 0.896 16.96 69.8 AIST
Perovskite 209+0.7 0991 1.125 24.92 74.5 KRICT
Dye Sensitized 11.9+0.4 1.005 0.744 22.47 71.2 Sharp
Organic 11.2+0.3 0.992 0.780 19.30 74.2 Toshiba
CZTS 10.0+0.2 1.113 0.708 21.77 65.1 UNSW
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Also, as the Table 1.1 indicates, the solar cells fabricated from all the materials except
crystalline silicon are in the laboratory scale. Studies on crystalline silicon solar cells

continue to achieve higher efficiencies and to improve its availability in industry.

1.4. Crystalline Silicon Solar Cells

Crystalline silicon (c-Si) based solar cells remain to be the most remarkable
photovoltaic solar cell technology, accounting for about 95% of the photovoltaic
market [70] because of silicon’s several beneficial properties: 1. The second most
abundant element in the earth’s crust. 2. Its sensitivity to the electromagnetic spectrum
range emitted by the sun with band gap energy of 1.12 eV. 3. Its non-toxicity and
stability. 4- Silicon based solar cells are readily square with the silicon-based
microelectronics such as integrated circuits and transistors [71-73]. Among c-Si solar

cells, single c-Si cells attract attention with their excellent conversion efficiency.

1.4.1. Fabrication of c-Si Solar Cells

c-Si solar cells are usually composed of an p-n junction of n-type emitter (< 1pum) on
a thick (usually >100 um) p-type c-Si wafers. Although it is available commercially
today, solar cells made on n-type substrate are less common. Figure 1.12 demonstrates
the fabrication steps of standard c-Si solar cells fabricated on p-type substrate.

Fabrication process steps are also described below.
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Figure 1.12. Fabrication process of conventional crystalline Si solar cells.

Surface Texturing: The band gap energy of silicon (1.12 eV) corresponds to a

wavelength of 1100 nm. The photons whose energy are less than 1.12 eV, i.e., high

wavelength region of the solar spectrum,

are not absorbed by Si to create electron-

hole pairs. As a result, almost 50% of solar radiation cannot be absorbed by Si. As it

is understood from the Figure 1.13, if the

Si wafer has enough thickness, then it can
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absorb the photons up to 1100-1200 nm. When the thickness of Si is increased, the
light absorption is enhanced, however, the possibility of carrier recombination also

increases due to longer path length of the generated carriers.
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Figure 1.13. Absorption coefficient and depth of intrinsic Si at 300 °K as a function of wavelength
[74].

The optical path length is defined by the distance travelled by the photon before it
leaves the material. In order to increase the amount of absorption in Si, the path length
should be increased either by increasing the thickness of the wafer or employing some
light trapping strategies. Increasing the thickness brings along additional cost which
is not desirable. Hence, a mechanically thin but optically thick device needs to be

developed.

One effective strategy is the texturing of Si surface by wet chemical anisotropic
etching of potassium hydroxide (KOH) solution. At the textured Si wafer surface,

incoming light is refracted at an angle, not perpendicular to the surface, so that the
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light undergoes internal reflections within the material as illustrated in Figure 1.14.
As a result, the possibility of absorption of light and thus the carrier generation is

increased.

Non-textured Flat Silicon Wafer Surface Textured Silicon Wafer Surface

(a)

Figure 1.14. Schematic of reflection of light from a) flat and b) textured Si wafer surfaces

Solid State Diffusion: P-n junction formed by solid state diffusion is considered to

be one of the most critical steps of the solar cell production.

The electrical properties of a crystalline material can be changed via the doping
process by adding impurity atoms to the crystal. Si is in the fourth group of the periodic
table and forms four covalent bonds with the nearest neighbor atoms. N-type doping
of Si is obtained by the fifth group elements such as phosphorus (P), arsenic (As) or
antimony (Sb) with five valence electrons. When a five-valence electron atom is added
to the system, the four valence electrons establish covalent bonds with the Si atoms.
However, the fifth electron, which is not tightly connected to atom, can move easily
through the lattice even at room temperature, increasing the conductivity of Si. For p-
type doping of Si, third group elements such as boron (B) are widely used. These
trivalent electrons cause the formation of covalent bonds with Si atoms, and likewise,

the missing electron or excess hole provides an increase in the conductivity.

Doping is achieved by breaking the lattice bonds and rearranging the bonds between
the other lattice or impurity atoms. Breaking the lattice bonds and reformation the

bonds require high temperature, therefore doping process is usually performed around
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800-900°C. In fabrication of a standard solar cell, liquid phosphorus oxychloride
(POCIs) is used as a P source to form an n-type layer on a p-type Si. POCls is carried
to the furnace with nitrogen (N2) gas and oxygen gas (O2) used to assist in the
deposition of POCls:

4POCl, +30, — 2P,0; +6Cl, (1.5)
2P,0, +5Si — 4P +5Si0, (1.6)
The P atoms are first implanted in the oxide layer and then diffuse towards the wafers
by the concentration gradient. Schematic of diffusion furnace for doping of Si is

shown in Figure 1.15. After the doping process, the phosphosilicate glass (PSG)
formed on the surface of the wafer is removed from the surface by HF solution.
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Figure 1.15. Schematic cross-sectional view of a tubular diffusion furnace for solid state diffusion.
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Antireflective Coating: In solar cell devices, it is desirable to reduce the reflectance
ratio as the reflective losses reduce the photovoltaic conversion efficiency. This results
in an increase in the number of photons absorbed and hence an increase in the
efficiency of the device. In addition to the texturing, which reduces the reflection to
certain level, an anti-reflection coating (ARC) is also applied to reduce the reflection
values even further. An anti-reflection coating, which is usually a thin layer of
dielectric material with a specifically selected thickness, reduces reflection from the
surface by an interference effect such that the phase difference between the wave
reflected from the top surface of the antireflective coating and the semiconductor
surface leads to a destructive interference for certain wavelengths and enabling a net

decrease in the reflectance.

When the light enters a semiconductor surface with a refractive index of ns from a
medium with a refractive index of no, the reflectance, R is as in Equation 1.7, whereas
when this semiconductor surface is deposited with an AR layer with a refractive index

Na, R is given by Equation 1.8:

2
n,—n
R=(° J (1.7)
ny, + Ny

2 2
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where 6 is the angle of incidence. The reflectance takes its minimum for normal

R =

(1.8)

incidence (8 = 0), at:
n, =+/NN, (1.9)
The minimum thickness of an AR coating required for destructive interference is given

as.
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t=—"- (1.10)

The refractive index and the thickness of the AR film for lowest reflectance can be
calculated using Equations 1.9 and 1.10. Assuming ns = 3.44 for Si and no = 1 for air,
the optimum ARC refraction index is calculated as 1.87. The lowest reflectance at 600

nm which is the highest spectral irradiance of the solar spectrum, is found to be 80.2
nm.

The reflectance spectrum for bare and textured Si with and without deposition of an
AR film as a function of wavelength are shown in Figure 1.16. It is deducted from the
figure that in the visible range (400-700 nm) the average reflectance of bare Si is
~35%, while the average reflectance of the AR film deposited bare Si is below 15%.
When combined with texturing, the average reflectance of the AR film deposited Si is
below 10 % and almost zero at 600 nm. This demonstrates the importance of using

ARC for more efficient solar cell fabrication.
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Figure 1.16. Reflectance spectra of flat and textured Si with and without ARC.
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In conventional c-Si solar cells, a thin Si nitride layer with a refractive index of na =
2.00 is commonly used as AR coating. Following the considerations given above, the
nitride layer has the lowest reflectance at 75 nm for a wavelength of 600 nm. Si nitride
deposition is carried out with a PECVD system at a temperature of 300-400°C using
silane (SiH4) and ammonia (NHs) gases with the chemical process;

3SiH, +4NH, - Si,N, +24H, (1.12)

Metallization: In order to collect the generated carriers from the solar cell, metal
contacts are necessary. To obtain high efficiency solar cells, the metal grids should be
carefully designed and fabricated. Electrically, it influences the fill factor due to grid
line resistance and the series resistance through the contact. On the other hand,
optically, the metal gridline with high reflecting properties reduces the absorption and

hence the short circuit current.

As shown in Figure 1.17 (a), the top contact is composed of busbars and fingers. The
current collected from fingers is delivered to busbars which is directly connected to
the external load. In order to improve the performance of the solar cells, following
crucial points should be taken into the consideration for an optimum top contact
design: 1- The larger distance between the fingers causes the greater resistive losses
in the emitter. For this reason, the distance between the fingers should be as short as
possible. On the other hand, a shorter spacing between the fingers means more fingers
on the surface causes more shadowing losses. 2- The greater resistance the metal
contacts have, the greater resistance the grid has. Therefore, low resistance metals
should be preferred and fingers with high aspect ratio should be formed as shown in
Figure 1.17 (b).
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Figure 1.17. (a) Schematic of resistive components and current flow directions, b) Top contact
schemes.

In solar cell fabrication, the top and the back contacts are usually formed by screen
printing metallization method. In this method, in order to print the grid pattern on the
wafer, a squeegee is used to apply force to the metal paste through the mask. Paste
quality, pressure and the speed of the squeegee, snap off between screen and sample
play an important role in the quality of printing. For front side metallization, grid
pattern mask is used to form silver (Ag) finger and busbar contacts while back side
metallization mask allows the entire back of the cells to be covered with aluminum
(Al). Back surface field (BSF) formation and Ag diffusion through Si nitride layer,
ARC, take place in firing process which is one of the most important steps of
metallization. Usually, a conveyor belt furnace with multiple heating zones is used for
this process. Belt speed and zone temperatures are the crucial parameters to be

carefully adjusted for a successful firing process.

Edge Isolation: The front contact is connected to the back contact through the emitter
around the edge of the solar cell. As a result, the solar cell performance is decreased

due to the electron-hole recombination at the edges of the cell.
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Figure 1.18. Schematic of a solar cell, before and after edge isolation by laser grooving.

By electrically isolating the front and back sides of the cell, short-circuiting problem
at the edge can be solved. As illustrated in Figure 1.18, this can be accomplished by

laser grooving of the front surface edges until the p-type region is reached.

1.4.2. Low Cost Routes in c-Si Solar Cell Technology

Solar cells are produced on both monocrystalline silicon (mono-Si) and
polycrystalline silicon (also specified as multicrystalline, mc-Si) wafers [75, 76]. M-
Si wafers are generally grown by the Czochralski method [10, 11], while mc-Si wafers
are grown by directional solidification. Solar cells fabricated on mono-Si generally
have higher efficiency than the cells fabricated on mc-Si due to the crystal defects,
however, excellent crystal structure of mono-Si results in high production costs [10-
12, 77-80].

Efforts to improve the production rate of the photovoltaic industry while reducing cost
have led to the development of new crystallization methods. Thus, solar cells based
on mc-Si have arisen as a good alternative. The use of mc-Si has become alluring due
to the lower manufacturing cost. However, mc-Si solar cells have lower efficiency

values than single c-Si solar cells. Hence, new approaches to improve the performance
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are needed. An improved mc-Si solar cell will lead to low cost, high efficiency c-Si

solar cell manufacturing, which is highly desirable.

Many PV specialists around the world are working on improvement of the solar cell
technology to improve the performance/cost ratio towards the victory of solar energy
over the other energy resources. One promising approach in doing so is to develop
new solar cell structures which permits the use of relatively lower quality materials
like metallurgical Si instead of high-quality electronic grade Si. Low quality materials
often have high-level impurities or high density of defects, which lead to low minority
carrier diffusion lengths. When they are used as an absorbent base in a planar p-n
junction solar cell geometry, carrier collection becomes limited by the high carrier
recombination rate. In a solar cell, before carrier collection, a photon creates an
electron-hole pair which is separated by a built-in electric field. For the current to be
accumulated, generated charge carriers should be able to cross the thickness of the

device. That is, for a planar solar cell having a p-type base,

L >t (1.12)
o
and,
L>1 (1.13)
(04

where L is the electron diffusion length for p-type base, L is the thickness of the cell
shown in Figure 1.19 and 1/a is the optical thickness of the Si material (from the

integration of absorption co-efficient a(A) over all the wavelengths, As).
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L>1/a

Figure 1.19. Conventional, planar solar cell design. The cell thickness L should be greater than the
optical thickness 1/ o. and minority electron diffusion length Ln should be long enough that minority
carriers could reach the junction region before recombination.

In a planar p-n junction geometry, to produce highly efficient solar cells, the optical
thickness of the material should be small enough to collect all carriers generated.
However, with its indirect band structure and low absorption property, the thickness
of the wafer should be high to maximize the absorption. This dilemma can be solved
by introducing light trapping structure that can increase the optical path length through
multiple scatterings before the light beam leaves the device. In the case of low-quality
material with low diffusion length, it is hardly possible to fabricate high efficiency
solar cell with conventional geometry and texturing on thick crystal wafer. In this case,
a new device geometry enabling charge collection with short carrier diffusion needs
to be developed [81-83].

One potential solution for the design is to separate the directions of light absorption
and collection of carriers into orthogonal spatial directions. Orthogonalizing the
direction of light and minority carrier transportation was first proposed in 1966, in the
form of J. F. Wise's "vertical multi-junction” (VMJ) solar cell [84, 85]. This device
has vertical junction concept, i.e. incident light is parallel to junction, rather than a
horizontal junction in which incident light is normal to the junction. The advantage of

such a device, seen in Figure 1.20, is that many vertically structured junctions provide
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higher collection probability for generated minority carriers, hence increase the

collection efficiency.

hv

L>1/a

-

Figure 1.20. Vertical Multijunction (VMJ) solar cell design. The cell thickness L should be greater
than the optical thickness 1/ a, but with this design, the low minority carrier diffusion lengths Ln can
be obtained so that any minority carrier is within the diffusion length.

A similar idea for increasing the probability of carrier collection was put forward in
1994 [86]. However, as opposed to the vertical multi-junction (VMJ), it was designed
in such a way that the junctions would be perpendicular to the incident light, just as in
the conventional planar p-n junction solar cells. This idea emerged in the form of a
"parallel multi-junction™ (PMJ) solar cell, in which the solar cells are composed of
consecutive polarity n- and p-type, by connecting similar layers of polarity in parallel,

shown in Figure 1.21.

Both designs are similar in that, even in optically thick cells which have low minority
carrier diffusion length, the light generated minority carriers are arbitrarily close to
charge separation region. Theoretically, in the case of multi junction cells formed with
layers thinner than the minority carrier diffusion length, the collection of
photogenerated carriers is provided. Moreover, as the material quality is reduced, the
performance of the conventional single junction cell is greatly decreased, while multi-
junction cell performance remains nearly unchanged. It is also contemplated that

multi-junction cells have tolerance to metallic impurities [87]. However, fabrication
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of PMJ cells is quite challenging and is not possible with standard Si technology
processes. A more realistic structure is to use so called radial junction solar cell

structures which will be explained below.

hv

L>1/a

Figure 1.21. Parallel Multijunction (PMJ) solar cell design. It is necessary that the cell thickness L
should be greater than the optical thickness 1/ a, but with this design, the low minority carrier
diffusion lengths Ln can simply be obtained so that any minority carrier is within the diffusion length.
Although this minority carrier diffusion and light harvesting direction are parallel, this design has the
basic properties of VMJ design.

In this thesis, the solar cell device consisting of arrays of c-Si micropillars, each with
a radial p-n junction, is proposed as a method to provide high efficiency and low cost
by enabling the use of low-quality material. The p-n junctions in the radial direction
will allow the separation of light absorption and carrier collection in orthogonal spatial
directions, as in vertically (VMJ) and parallel multi-junction (PMJ) solar cells. Each
individual p-n junction of the cell can be long, where the light enters to the cell, allows
optimal light absorption and also the collection of generated carriers on the other

direction shown in Figure 1.22.
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Figure 1.22. Radial p-n junction solar cell design. It is necessary that the cell thickness L should be
greater than the optical thickness 1/ a, but as in the PMJ and VMJ designs, the low minority carrier
diffusion lengths Ln can be obtained so that any minority carrier is within the diffusion length.

This thesis focuses on the demonstration of radial junction concept using micropillar
structures shown in Figure 1.22 and its application to low quality material. A
comparison with the planar cells is also given. How radial junction cells can be formed
on thin substrates that are highly desirable for lowering the cost is also investigated.
Fabrication of micropillars on large surface areas is also a challenging and interesting
task from technological point of view. In order to fabricate radial junction solar cells
containing micropillars, metal assisted chemical etching (MAE) through
photolithography has been employed. The experimental process of forming the radial
structure with MAE, the formation of the radial p-n junction solar cell on the high-

and low-quality materials, and radial junction cells on thin substrates are discussed.
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CHAPTER 2

RADIAL JUNCTION FOR SOLAR CELLS

"1 have no doubt that we will be successful in harnessing the sun's energy. If

sunbeams were weapons of war, we would have had solar energy centuries ago."

George Porter

2.1. Introduction

Solar cells are devices that convert the sunlight into the electricity. In
crystalline Si solar cells, to achieve this photovoltaic transformation, it is necessary
that firstly, electron-hole pairs are generated in the material with absorption of sunlight
and then these charges are separated from each other by Coulomb force owing to the
electric field built in the space charge region in p-n junction and thus photovoltaic
current is created. However, most of the photogenerated carriers are formed outside
of the space charge region because in c-Si, this region is usually shallower than the
length of the light absorption. Thus, it is necessary for minority carriers to diffuse long
enough to reach into the space charge region in order to be separated by the electric
field. Therefore, the semiconductor which is used for the device fabrication should be
single crystalline and should have as high purity as possible. In this wise, the
photogenerated carriers can diffuse further and are more likely to be collected before
they recombine. During the production of a solar cell device, it is also important to
keep production and material costs as low as possible. However, high purity materials

are expensive, and inexpensive materials have high density of defects or impurities.
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In recent years, radial junction Si solar cells have been proposed as an alternative
device geometry to reduce the cost of fabrication of crystalline Si photovoltaics. This
structure has a high-density array of Si pillars enabling to separate the direction of
carrier collection from the direction of light absorption [88, 89]. Therefore, it is not
required to use high quality but expensive Si material which has a long minority carrier
diffusion length. In addition, it has been shown in previous studies that, it is possible
to increase the light absorption and the optical path length to values above the classical
limit by means of appropriate design in array geometries and with photon management
[90].

2.2. Literature Review

2.2.1. Enhanced Carrier Collection

In planar solar cells, in order to ensure efficient absorption of the solar spectrum, the
absorption length in c-Si needs a thick absorber layer (Figure 2.1-a), usually thicker
than 100 um. Therefore, in order to increase the collection efficiency, it is necessary
to use high-purity, single c-Si for high minority carrier diffusion length. Si material
with high impurity and crystalline defects will have a short minority carrier diffusion
length due to recombination of electrons and holes [91, 92]. The solar cells, formed
from radial p-n junction, enable the directions of the carrier collection and light
absorption to be separated orthogonally and thus, makes the length the minority
carriers should travel very short [89]. As can be seen in Figure 2.1 -b, the Si material
can be thick enough in the light absorbing direction, but thin for carrier collection in

the radial direction.
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Figure 2.1. Schematic of a) planar and b) radial junction geometries.

Kayes et. al. have developed a device physics model for a rod solar cell, each rods
with a p-n junction in the radial direction. According to this model, the high aspect
ratio in the rods allows the use of a material of enough thickness to provide short
collection lengths for generated carriers that facilitate efficient collection of the
photogenerated carriers in materials having low minority carrier diffusion lengths.
When the carrier recombination rate in the depletion region is not too high i.e., the
carrier lifetime is longer than 10 ns, it is mentioned that the radial junction solar cell
should provide a great improvement in efficiency compared to planar solar cells. As
it is understood from Figure 2.2-a, planar geometries result in low efficiencies due to
the traps which exist even only in quasineutral region. However, high efficiency
values can be obtained in radial junction geometry despite the traps that exist not only
in quasineutral but also in the depletion region. As it is seen in Figure 2.2-b, the high
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efficiency values can still be obtained with radial p-n junction geometry even if the

trap density in the depletion region is large [89].

a) Si Planar Cell b) Si Radial Cell

Efficiency (%)
Efficiency (%)

Cell Thickness, L 1pm  100nm w L. Cell Thickness, L 1um 100 nm L=R

Figure 2.2. Efficiency as a function of cell thickness L and minority-electron diffusion length Ln for a)
planar p-n junction silicon cell and b) radial p-n junction silicon [89].

Later, M. Gharghi has demonstrated a model based on the collection probability of the
generated carriers for radial junction. In that study, the optimum range of the radius
of the rods depending on the cell parameters and material qualities was derived.
According to the results of the model, the improved efficiency of the cells decreases
quickly at the rod radius below the carrier diffusion length [93]. Moreover, both
experimentally and theoretically, there are lots of studies in literature about how the
radial junction geometry enhances the collection probability and conversion efficiency
of the solar cells [90, 94-102].

2.2.2. Improved Light Absorption

In order to obtain high efficiency results, improvement in light absorption is important
as much as enhanced carrier collection. Previous studies have shown that appropriate
design in radial junction solar cells improves the optical absorption [100, 102-105].
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In the study of L. Hu and G. Chen the design and optimization process of the periodic
silicon wire array structure for optical absorption were analyzed. The effect of
different wire lengths on light absorption was investigated. Moreover, a Si thin film
which has the same length for the optical absorption, 2,33 um, was analyzed for
comparison. Light absorption results with respect to the photon energy are shown in
Figure 2.3. As a result of their calculations, interaction between wires explains the
approved absorption of photons in the high frequency regime. Hence, compared to
thin films, periodic array structure has small reflection advantage at high frequencies.
On the other hand, the enhancement on light absorption at low frequencies could not
be achieved since Si has small extinction coefficient at this region. However, using
the structures which have longer wires or applying light trapping techniques, higher

light absorption can also be achieved at low frequency regime [103].
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Figure 2.3. a) Schematic of the periodic silicon wire array structure. b) Absorptance of the wires with
L=1.16, 2.33, and 4.66 um (d=50 nm). The absorptance of a thin film is included as a reference
[103].

In another theoretical study [104], the researchers have examined the dimensions of
the silicon wires including the diameter, the length of the wires and the filling ratio to

determine the optimal geometry for maximum light absorption. According to their
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calculations, proper wire diameter and the filling ratio could enhance the light
absorption in the structure, by getting electric field through the wires. In their study,
the wire length was fixed at 20 um, while for the wire radius 50 nm, 200 nm and 3 um
were used. The filling ratio was set to 30%. For comparison, scattering parameters of

6 um and 20 um thick Si films were investigated.

In Figure 2.4, absorptance, reflectance and transmittance values with respect to
wavelength are shown. According to these graphs, wire array geometry has lower
reflectance at shorter wavelengths therefore it has higher absorptance than Si film.

Moreover, when the radius of the wire is increased, absorption rate decreases.
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Figure 2.4. (a) Absorptance, (b) reflectance, and (c) transmittance spectra of 20 um long Si wires
with radii of 50 nm, 200 nm and 3 um. The parameters of 6 and 20 um thick Si films are shown for
comparison. The filling fraction is fixed at 0.3 [104].

An experimental study on light trapping ability of the wire-array structure provides
crucial information on the design of the radial structure [100]. In that work, both planar
and radial junctions were investigated using wire array structures. In other words, wire
arrays were formed from nano and microwires and as a result, planar and radial
junctions were obtained. According to their results, some parameters such as wire

diameter and length are also important, however, forming radial junction is a
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prerequisite to enhance the performance of the cells. Using capacitance-voltage

measurements, these two possible junctions were identified. When the depletion

region was very thin, the max capacitance was obtained. As it can be understood from

Figure 2.5, The C-V measurements of the 1 um and 2 um wire array solar cells show

a larger Cmax in comparison to planar and 0.5 um wire array cell. It was concluded that

in the presence of radial junction, larger Cmax is obtained.
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Figure 2.5. (a) Experimental C-V measurement on the wire array structure and reference cells. Wire
array solar cells represent two kind of junction: Radial and Planar. (b) Geometry of radial p—n

junction structure [100].

According to the result of the theoretical and experimental studies, it is possible to

obtain cells with high efficiency by increasing the light absorption and the carrier

collection in a cost-effective way using wire array-radial junction cells. However, the

important factor here is that the geometry of the radial structure should be suitable for

high efficiency. Therefore, the fabrication methods of wire array structure should be

examined to obtain the desired geometry.
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2.2.3. Fabrication of Radial Geometry

At present, there exist two main methods to prepare the wire array structures on
substrates (such as Si wafers or glasses), known as “top-down” such as metal-assisted
electroless etching [99, 106, 107] and deep reactive ion etching [108, 109]; and
“bottom-up” such as vapor-liquid-solid (VLS) growth [90, 106, 110-116], and metal-

organic chemical vapor deposition [117].

The first wire array solar cell which consists of p-type/intrinsic/ n-type (p-i-n) coaxial
silicon nanowire arrays was fabricated with the help of VLS method [110]. In this
approach, which is based on chemical vapor deposition (CVD), a catalyst, mostly an
Au film is used to mediate the growth. Firstly, Au film is deposited onto Si substrate.
Then the wafer is annealed at temperatures higher than the Au-Si eutectic point to
create Au-Si alloy on the wafer surface. As the liquid alloy becomes supersaturated
with Si originated from the CVD deposition, Si starts to precipitate to form a wire

shape.

In the first wire array solar cell study mentioned above, after the single c-Si wire p-
core was synthesized by a nanocluster-catalyzed VLS method, a Si shell of n-type Si
was formed using CVD. After the growth of main device structure, SiO2 was deposited
as front surface passivation by means of plasma enhanced chemical vapor deposition
(PECVD). Standard electron beam lithography, KOH selective etching to expose p-
core and contact deposition on the p-core and n-shell via thermal evaporation were
applied to fabricate coaxial nanowire devices having selective contact points on the p-
core and n-shell regions. These first wire array cells with single core/shell structure
had 230 mV open circuit voltage and the conversion efficiency value up to 3,4% [110].
Later, it was shown that the radial p-n junction of Si wires produced by VLS method

is very promising for photoelectrochemical (PEC) solar cells [112, 113].

However, the conversion efficiency values obtained from the radial structured solar
cells produced by the VLS method up to that time were below the expected 15%
photovoltaic efficiency of the device physics models [89, 95]. In 2010, Putnam et al.
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reported up to 7,9% efficiency value via VLS method, using Si substrate whose active
volume is equivalent to 4 um thick wafer [116]. Moreover, their cells had better
performance values, Voc 0f 500 mV, Jsc Values of up to 24 mA/cm? and FF values of
above 65%. Figure 2.6 shows the schematic of the radial p—n junction fabrication
processes applied. As a catalyst, Cu was used. After wire arrays were formed, samples
were etched to remove the catalyst along with a thin layer from the Si surface before
the growth of 200 nm thick oxide layer with thermal evaporation. A
polydimethylsiloxane (PDMS) layer was coated at the bottom of the wires in order to
prevent bottom of the wires to be etched during the oxide removal in HF solution.
After removing the PDMS, radial p-n junctions were formed only in the upper region

of the Si microwires by phosphorus diffusion with a junction depth of 80 nm.

i PDMS

Catalyst

Thermal

p-Si Wire Oxide

Diffused
Emitter (n-Si)

Oxide
Removed

Figure 2.6. Radial p—n junction fabrication process. (a) VLS-grown with Cu catalyst, p-Si microwire
array structure. (b) Catalyst removal, thermal oxide growth and PDMS layer deposition. (c) Removal
of the thermal oxide. (d) Removal of the PDMS and phosphorus diffusion [116].
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Even though VLS growth mechanism is widespread among the bottom up approaches,
other mechanisms are also possible for wire growth such as vapor-solid-solid (VSS),
vapor-solid (VS) and dislocation-mediated growth [118-121]. The catalyst abides
solid rather than forming a eutectic liquid during the VSS process. The precursor
disintegration is accelerated by the catalyst due to the phase difference. VS mechanism
is based on surface energy difference between the crystal planes on top of the wires to
ensure growth rather than using catalysts. The dislocation mediated mechanism relies
on defect sites to join the atoms along a threading dislocation causing the growth in

the same way.

In the case of bottom-up approach, impurities are introduced during growth, which
then cause recombination. Therefore, this approach is not a very suitable for the
manufacturing of solar cells. Moreover, the growth requires temperatures to be usually
higher than 320°C [122]. On the other hand, in the case of top-down approach, Si
micro and nanowires are formed by etching Si wafer near room temperature. The
resultant wires have the same crystal structure as the initial material. This is a clear
advantage of the top-down techniques as the standard Si wafers have perfect crystal
structure with low impurity and defect concentration. A lithography step such as e-
beam, optical lithography, micro/nano imprint or nanosphere lithography is used to
create the mask pattern on the surface [123-125]. After lithography, the patterned
surface is etched by deep reactive ion etching (DRIE) or metal assisted etching
methods [99, 106-109, 125].

One of the reported studies is summarized as an example here. In this work [109],
radial p-n junction silicon solar cells were fabricated by DRIE method. The production
steps to obtain radial junction cells were, bead synthesis, dip coating to form single
bead layer on the surface, DRIE to obtain wire array geometry, and p-n junction
formation by diffusion as shown in Figure 2.7. The SEM image of close-packed silica
beads assembled on a silicon wafer is shown in (a). Single-layer silica beads films

acted as a mask for (DRIE) with SFs to obtain periodic wire arrays seen in (b) and (c).
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Dipcoat n-type silicon Deep reactive ion etch Remove beads in HF and

in silica bead solution (DRIE) to form nanowires diffusion dope to form
radial p-n junction

Figure 2.7. Wire array fabrication process (top). SEM images of (a) single layer of silica beads on a

silicon wafer, (b) completed ordered silicon nanowire radial p-n junction and edge of finger contact

(inset), (c) cross-sectional SEM of the solar cell. (d) Optical image silicon wire radial junction solar
cell [109].

In this process, wire radius and separation are controlled by size of the beads while
the wire length is decided by etching time. However, since the silica beads are also
etched slightly, the resultant wire radiuses are always smaller than the radius of the
initial silica beads. As a result, 390 nm wire diameters were obtained with 8 minutes
etching although the bead diameters were 530 nm. After reaching the desired wire

length which is 8-20 um, the silica bead mask was removed by hydrofluoric acid.
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Since the initial wafer type is n-type, the process was followed by boron diffusion.
According to diffusion equation calculations, junction depth was 160 nm. This means
that the p-n junction was a radial junction. The contact formation was obtained by
aluminum/palladium sputtering which enabled to fill completely between the wires.

As a result, 5-6% efficiencies were obtained from these radial cells.

An alternative and low-cost etching technique based on wet chemical metal assisted
etching was developed to fabricate arrays of radial p-n junction microwires and
conical nanowires (CNMW) for photovoltaic applications [99]. Metal assisted
chemical etching is the method used in this thesis work and will be explained in detail

in the next chapter.

Agnanoparticles AntidotPR

*Electroless Etching (EE)

5

KOH KOH
Bunched NWs+MWs  Tapered NWs + MWs MWs
(CNMW)

Figure 2.8. Schematic illustration of (CNMW) of MWs and tapered NWs: (1) Deposition of Ag
nanoparticles by galvanic displacement following the formation of antidot photoresists. (2) Wire
structure formation by MAE. (3) Formation of the CNMW structure by KOH etching (4) Further

KOH tapering to obtain only nanowire residues [99].

Fabrication steps used in the above-mentioned work [99] are shown in Figure 2.8. Si
wires were formed on p-type, 1-10 ohm.cm, Si (100) wafer. Before the metal assisted
wet chemical etching, circular photoresist dots were periodically patterned by low-
level optical photolithography. The photoresist dots determine the radius and the

spacing between the microwires. In this work, 1.5 um thick antidot photoresists with
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1 wm radii were defined on the substrates. Later, using the galvanic displacement,
silver nanoparticles were deposited on the substrates. The galvanic displacement
solution contains de-ionized water, 4.8 M HF and 0.01 M AgNOs and MAE solution
contains de-ionized water, 4.8 M HF and 0.5 M H2O>. After 20 minutes of etching,
micro and nanowire array formations with a length of 10 um were obtained. Radius
of the nanowires and microwires were 25-100 nm and 1 pum, respectively. After
cleaning remaining silver nanoparticles and photoresist in nitric acid and acetone, 30%
KOH solution at 20 °C for 60 sec. was used to make the ends of the nanowires sharp.
Increasing the KOH etching time resulted in a decrease in the areal density of tapered
nanowires which then disappeared at 240 s. As a result, a rugged surface morphology
on the samples were observed. The two major benefits of this work are the optical
absorption enhancement with tapered nanowires due to multiple scatterings and the
electrical improvement with the micro-sized wires due to the increased junction area.
The considerable cell performance from tapered nanowires and microwires with a Voc
of 500 mV, a Js of 20.59 mA/cm?, an FF of 69.78% and a conversion efficiency of

7.19 % were achieved.

2.3. Challenges in Radial Junction Solar Cell Technology

Significant achievements have already been obtained in many studies including ours
presented in this work (Table 2.1). However, many problems arising from the
electrical degradation are to be solved for an actual application of this approach to
industrial scale. These problems are listed and briefly discussed below:

1. Fabrication of radial structures with uniform geometry and distribution.
2. Fabrication of the structures on large surface area.

3. Replacing the expensive photolithography technique with a cost-effective
production technique.

4. Passivation of the large surface area created by radial structures.

45



Table 2.1. A summary of different types of radial junction solar cell results.

Description Geometry Method Jsc Voc FF Efficiency
(mAlem?) — (mV) (%) (%)
Combination of
J-Y Jung et nanowires and  low-level optical
al, Al-BSF microwires, 10 lithography 20.59 500 69.78 7.19
solar cells, pum in length followed by
2010 [99] and 2 pm in MAE
diameter
M. C. Microwire
Putnametal.,  arrays, 43-49
Flexible c-Si um in length VLS 24 500 >65 7.9
solar cells, and 2-3 pm in
2010 [116] diameter
H. P. Yoon et Microwire
al., AI-BSF  arrays, 25 pm in Optical
solar cells, length and 7.5 lithography and 20.0 560 78.1 8.7
2010 [108] pum in diameter DRIE
J.D. Nanowire
Christesen et arrays, 2 pm in
al., HIT solar  length and ~260 VLS 9.8 441 69 2.99
cells, 2012 nm in diameter
[97]
G.lJiaetal., Nanowire
HIT solar arrays, 900 nm
cells, 2012 in length and MAE 27 476 56.2 7.29
[126] 300 nm in
diameter
Microwire
M. Ghargi et arrays, 22 umin  Photolithography
al., HIT solar  length and 20- followed by 31.1 591 66.4 12.20
cells, 2012 30 um in DRIE
[94] diameter
H. Shen et Micropillar
al.,al., HIT  arrays, 10 pm in
solar cells, length and 8 um DRIE 23.6 550 75.4 9.8
2013 [96] in diameter
G. Jiaetal., Irregular shape
HIT solar nanowire
cells, 2014 arrays, 500-600 MAE 20.2 530 82.19 8.8
[127] nm in length
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H-D. Um et Microwire
al., AI-BSF  arrays, 10 um in

solar cells,  length and 2 um MAE 33.2 5477 713 13.0
2015 [101] in diameter
K. Leeetal. Microwire
Al-BSF solar arrays, 10-30 Photolithography 33.8 573 76.0 14.7
cells, 2016 pum in length and DRIE
[102] and 2 pm in
diameter
K. Leeetal. Nano/micro
Al-BSF solar ~ hybrid, 10-30  Photolithography, 39.1 581 75.8 17.3
cells, 2016 pum in length DRIE and MAE
[102] and 2 pm in
diameter
G. Baytemir Microwire
etal. AI-BSF  arrays, 6 umin  Photolithography 38.9 583 68.8 15.6
solar cells,  length and 4 um and MAE
2017 [128] in diameter
I. Hwang et Microwire
al. Al-BSF arrays, , 30 um  Photolithography 34.6 570 76.2 15.0
thin solar in length, 2 pm and DRIE
cells 2018 in diameter
[129]

In order to benefit from the advantages of radial junction commercially, these
important problems must first be addressed and overcome. It is relatively
straightforward to obtain uniformity in geometry and distribution. However, some
limitations exist in determining the size of the structures. Despite some challenges,
fabrication of radial geometry on a large surface area is still possible with the current
lithography approach. However, for a cost effective and mass production,
photolithography is not a suitable technique. One of the most challenging problem is
the high recombination rate on the surface of large amount of surface created by the
radial structures. This surface has a rough and defected structure after the etching
process, which provides an easy path for carriers to recombine. These defect structures
need to be passivated in order to obtain high carrier life time, which is necessary for a

high efficiency solar cell.
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CHAPTER 3

METAL ASSISTED ETCHING THROUGH PHOTOLITHOGRAPHY::
MICROPILLARS ON P-TYPE MONOCRYSTALLINE SILICON

“We have this handy fusion reactor in the sky called the sun, you don't have to do

anything, it just works. It shows up every day.”

Elon Musk

3.1. Introduction

Silicon, which maintains to be the most crucial material for semiconductor
technology, is promising for the fabrication of devices in various technologies such as
solar cells [94, 97-117], opto-electronics [111] and nanoelectronics [130, 131] with its
micro-nano structured surface. The parameters such as crystalline quality [132],
crystalline orientation [133, 134], size and orientation of the used crystal silicon
material [135] affect the properties of these structures [136] and therefore the
applications of the produced devices. Hence, it is very important that the fabrication

steps of the micro-nano structures should be controlled in a very precise way.

As mentioned in the previous chapter, several top-down and bottom-up methods such
as VLS, RIE and MAE have been developed to form Si micro-nano structures. Among
these methods, MAE has attracted considerable attention in recent years due to its low
cost and simplicity. It is a method that can be implemented entirely using chemicals,
which do not require any expensive equipment. The second important feature is that
the parameters such as cross-sectional shape, radius, length, crystal orientation, doping

type and level can be controlled. For example, regardless of the crystal orientation of
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the substrate, various methods have been developed to form vertical or inclined micro-
nanowires, although the chemical etching method is inherently anisotropic [137, 138].
In addition, it is possible to grow only circular-base wires by other methods such as
VLS, while the different shapes can be formed by the MAE method. The wires that
are formed on the monocrystalline substrates by MAE are generally rougher than those
obtained by VLS growth, however, they usually exhibit better crystalline quality.
Moreover, RIE tends to cause defects close to the etched area, which in turn leads to
the production of lower efficient devices, for example by forming recombination
regions in the solar cells. On the other hand, wires obtained by MAE do not contain
crystallographic defects even they are rougher [132]. In addition, MAE can be used to
grow micro-nanostructures on not only Si but also some other semiconductors such as
Gallium Arsenide (GaAs) [139, 140] and Gallium Nitride (GaN) [141]. Micro-nano
structures by MAE have been demonstrated to be applicable to many areas from solar
energy conversion [99, 106-109, 125, 135, 136] to thermal power conversion [142]
and chemical and biological sensing [143-145]. Hence, the MAE method is

increasingly attracting attention for the formation of micro-nano structures.

Since it is the method applied in this thesis study to fabricate the radial geometry, first,
the theory behind the MAE method is explained in the following section, and then
experimental results of MAE with the aid of photolithography method used for the

formation of these structures are given.

3.2. Metal Assisted Etching

Although it is well known that MAE is a galvanic process based on the oxidation and
dissolution of silicon, it has been the subject of debates since it was first reported by
Dimova-Malinovska et al. in 1997 [146]. In general, in metal assisted etching, a
substrate, which is partly covered by a noble metal, is exposed to an etchant, consisting
of an oxidative agent and HF. This noble metal, which can be in two different phases,

acts as a catalyst in the etching reaction. The first of these is the liquid phase, usually
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metal salt, and in this case, metal deposition at the surface and etching of the surface
occur at the same time. Next phase is the solid phase catalyst which is coated on the
surface prior to the etching. As a result, the region beneath the noble metal, acting as

a catalyst, is etched faster than the region without the metal.

Basic mechanisms of the MAE technique are described and discussed below.

3.2.1. Catalyst Types and Their Reaction Mechanisms

3.2.1.1. Liquid Phase Catalyst

Si sample is immersed into the mixture of HF and metal salt which then decomposes
and forms the catalyst in ionic form. The AgNOs/HF solution is usually used to etch
the silicon in liquid phase catalyst etching process. Using AgNOs/HF solution, Peng
et al. [147] described the Ag deposition process during etching, comparing the Si
energy levels and the metal reduction potentials. By the attraction of the electrons from
the Si valance band, the Ag* ions reduce to solid Ag since Si valance band energy
level is higher than the Ag*/Ag energy level (cathodic reaction). Hence, the silicon
atom, which has lost the valence band electrons, begins to oxidize (anodic reaction)

and is then dissolved by HF. The cathodic and anodic reactions are given as,

Cathode: Agt +epp = Ag°(s) (3.1)
Anode: Si(s) + 2H,0 — SiO, + 4H™ + 4eyp (3.2)
Si0,(s) + 6HF — H,SiF, + 2H,0 (3.3)
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As can be understood from Figure 3.1 and from the cathode and anode reaction
equations, Ag nuclei are formed to create pits on the surface. The resulting Ag nuclei
are more electronegative than silicon and therefore attract electrons from Si to become
negative and form regions for the subsequent reduction of Ag*. However, while the
region underneath the Ag particles is etched, this region, covered by the Ag particles,
will continue to grow. If the Ag particles continue to grow and the entire surface is
covered, the etching will be terminated. Therefore, metal-assisted etching of Si

requires HF to reach the metal-Si interface.

Ag*

Si

Ag Nucleation Ag particle growth and local Ag induced pit
— —
induced oxidation

Figure 3.1. Schematic illustration of electroless Ag deposition and etching process on Si wafer
immersed in HF/AgNO3 solution.

Instead of AgNO3, other oxidants such as KAuCls, K2PtCle or Cu (NO3z)2 can be used
for the etching mechanism. In these cases, it was observed that the Si wafer surface
was induced with Au, Pt or Cu particles [147]. However, although the etching method
obtained by forming the catalyst by the electroless deposition method is simple, it is
limited in terms of structures obtained on the surface. For example, liquid phase
catalyst is not suitable for forming regular structures or for forming microwire-
structured surfaces instead of nanowires. Nanowire diameters can only be roughly
adjusted by applying oxidants and HF at different concentrations [148]. Catalysts in

solid phase are required to obtain structures more regular and desired sizes.
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3.2.1.2. Solid Phase Catalyst

There exist many ways to deposit a solid catalyst on the Si surfaces, such as sputtering,
thermal evaporation etc. However, to deposit a thin catalyst layer in desired shape,
some methods are used before the deposition, such as photolithography, interference
lithography, nano-sphere lithography etc. Hereby, after metal assisted etching, desired
structures on the surface are formed. During etching, the regions coated with a thin
layer of metal subjected to an etchant solution of HF and H.O: are oxidized faster and
formed SiO: is etched by HF to form cavities through the metal precipitates [145].
Noble metals such as Pt [149, 150], Pd [151], Au [152] and Ag [21] are widely used
in metal assisted etching. Figure 3.2 shows a schematic representation of the MAE

applied to create the desired structures on the surface.

The proposed reaction mechanisms to explain the chemistry of the solid catalyst MAE

are given in the following equations:

Cathode: the reduction of H>O2, which occurs more rapidly around the metal [153],

H,0, + 2H* - 2H,0 + 2h* (3.4)

Anode: Si and SiO2 dissolution by HF,

Si + 12 HF + 6h* — 2H,SiF, + 6H* + H, (3.5)
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Figure 3.2. Schematic illustration of metal assisted etching of silicon via solid phase catalyst; pillars,
holes, sheets a) pre-etching b) after etching.

In the previous section, it has been mentioned that HF must reach the metal-Si
interface in order to be able to etch the silicon. For this reason, in the solid-phase
catalyst MAE process, it is necessary to deposit metal with desired pattern. This makes
the solid phase catalyst more advantageous than the liquid phase catalyst because the
catalyst can be patterned with various lithographic approaches prior to deposition in a
wide variety of structures on Si, as shown in Figure 3.2, and the desired structures are

formed on the surface.
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3.2.2. Mass Transport

There are two mechanisms proposed for the transport of reagent and byproducts
shown in Figure 3.3. According to the first mechanism proposed, which is seen in
Figure 3.3 (a), Si atoms are oxidized and dissolved at the interface between the noble
metal and the Si substrate, and reagent and byproducts diffuse along this interface
[147, 154]. This approach is reasonable for surfaces containing small lateral sized
noble metal particles because the diffusion of the reagent and byproducts travel a short
distance at the interface before reaching the oxidized region. However, there are no
explicit experimental evidence supporting this suggestion for the cases involving

larger metal interfaces.

(a) (b) HF, Hzo\z . SiFSA2

~

_5“:62 N’ Noble Metal

HF -~

1
1
H Noble Metal
1

=3

Si wafer Si atoms

Figure 3.3. Schematics of proposed mass transport mechanisims for MAE. (a) the reagent and
byproduct diffuse along the noble metal and Si substrate interface. Si atoms are oxidized in this
interface. (b) Si atoms are dissolved and diffuse through noble metal to the metal and solution
interface and are then oxidized in this interface.

According to the second mechanism proposed, given in Figure 3.3 (b), the back bonds
of Si atoms in contact with the noble metal are broken and the free Si atoms diffuse
through the noble metal to the interface of the noble metal and the solution where Si
atoms are oxidized and etched. The noble metal used for the MAE does not need to
have small lateral size in this case. This etching can take place with noble metals in

film or particle form [145].
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3.3. Application of MAE Through Photolithography

In this thesis, the micropillars with cylindrical shape are formed by MAE method. In

this section, the methods used to obtain the radial geometry on p-type substrates are

described. As shown in the following figure, before applying MAE method, the

desired metal shape was obtained by so called lift-of technique followed by the

photolithography process. The details of all the steps are given below.

Sample
Preparation

Photoresist

T '

Noble metal

Thermal
Evaporation

Photoresist

Noble metal

Lift-off
Si
micropillars
Metal
Assisted
Etching
Si micropillars
Metal
Removal

Figure 3.4. Schematic illustration of micropillar array structure fabrication steps.

3.3.1. Sample Preparation

In order to get rid of metallic and organic contaminations, Si wafers were cleaned by
two different RCA standard cleaning steps, namely RCA-1 and RCA-2.
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In the RCA-1 cleaning, organic contaminations are removed from the Si wafer surface.

So-called piranha cleaning can also be used to remove organic contaminations.

First, 300 ml of deionized water (DI water) was mixed with 50 ml of ammonium
hydroxide (NH4OH) and heated up to 70-80°C. Then 50 ml of hydrogen peroxide
(H202) was added to this solution. The Si wafers were then dipped in the solution for
10-15 minutes. Later, they were rinsed with flowing DI water for 5-10 minutes.
Following the rinsing step, the oxide layer formed on the surface was removed using

5% HF solution and then the samples were rinsed again.

In the RCA-2 cleaning, inorganic/metallic contaminations are removed the from Si
wafer surface. First, 250 ml of DI water was mixed with 50 ml of hydrochloric acid
(HCI) and heated up to 70-80°C. Then 50 ml of hydrogen peroxide (H202) was added
to this solution. The Si wafers were then dipped in the solution for 10-15 minutes.
Then, they were rinsed with flowing DI water for 5-10 minutes. Afterwards, the oxide
layer formed on the surface was removed using 5% HF solution. After the rinsing and

drying, the samples were ready for the photolithography step.

3.3.2. Photolithography

In this thesis, a lift-off technique based on photolithography was used to form the
desired metal pattern on the surface prior to MAE. As given in Figure 3.4, it is first
necessary to obtain circular dot photoresist (PR) patterns on the surface to form
micropillars. After creating circular dot PR patterns on the surface, lift-off process is
applied because in addition to the wet or dry etching, the lift-off is a common method
to obtain metal patterns with um and sub-um range shapes on the surface. Application
and the thickness of the PR layer should be adjusted carefully for a successful lift-off
process. After the PR patterns are formed on the surface, the metal film with the
desired thickness is evaporated on to the patterned PR film. For a successful
application of lift-off technique, an undercut profile at the side walls of the PR pattern

and a discontinuity in the metal film are highly desirable as shown in Figure 3.5
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Figure 3.5. Comparison of a) undercut sidewall profile that causes discontinuities in coating and
easier lift-off and b) overcut sidewall profile.

Positive PRs do not have crosslink that keeps the softening point up to 110-130 °C.
However, since these temperatures frequently occur in typical metal coating, they
would be rounded and are completely coated. This makes the lift-off process difficult.
Even if the PR features do not soften, positive PRs only allow flat sidewalls, which
also causes sidewall coating. On the other hand, negative PRs are designed to create
undercut sidewalls. The cross-linking of the resins of the negative PRs helps to protect
the undercut during coating even at very high coating temperatures. In this way, the
sidewalls are not coated during the metal coating, which facilitates the subsequent lift-
off process [155].

In this study, the PR AZ 5214 E was used for photolithography steps. This PR can be
used as both positive and negative resist. In this study, image reversal process was
applied, and AZ 5214 E was used as a negative mode to have PR patterns with

undercut sidewalls.

Compared to the process in which positive PRs are directly used, image reversal
process requires an additional image reversal bake after exposure and then flood
exposure without a mask. Thus, the sidewalls of the PR show a pronounced undercut
profile shown in Figure 3.6.
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Figure 3.6. Schematic illustration of obtaining undercut sidewall profile by image reversal process

The PR thicknesses were measured by applying the spin speed between 2000 and 5000
rpm with the help of Dektak surface profiler. The results are shown in Figure 3.7. The
optimum PR thickness for the subsequent steps of the process was determined as 1.4
um. For this reason, 3500 rpm was used for the PR coating process. The rest of the
photolithography process was carefully optimized and applied in all the radial
geometry formation processes on the surface. Following the PR coating on the surface,
a pre-bake process for 1 minute at 110°C temperature and then 30 mJ/cm? UV
exposure dose was applied using OAI Model 500 mask aligner system. The image
reversal bake that was applied for 2 minutes at 120°C and then 150 mJ/cm? UV dose
was exposed for flood exposure. The samples were developed about 60-70 seconds

using the MIF-319 developer.
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Figure 3.7. AZ 5214 E PR thickness as a function of spin speed.

After all the optimization steps, appropriate PR patterns whose SEM image is shown
in Figure 3.8, were easily obtained and the subsequent steps were regularly processed.
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Figure 3.8. Scanning electron microscope image of PR patterns with undercut sidewall profile on Si
substrate
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3.3.3. Thermal Evaporation

In this thesis, Au was used for MAE process since it has appropriate etch rate as a
catalyst for MAE and the thermal evaporation technique was used to coat the Au layer
on the PR patterns. As thermal evaporation has unidirectional deposition flux, it at
least carries out Au coating of the side walls of the PR patterns and facilitates the

subsequent lift-off step.

In the thermal evaporation process, Au was placed in the tungsten boat, the chamber
was pumped down with a two-stage pumping system to approximately 10 Torr. The
current was slowly increased to heat the tungsten boat resistively and the coating was

carried out.

The deposited Au layer should be neither too thick nor too thin for the lift-off process
in order to remove Au on the PR patterns without any problems. Au film with
excessively high thickness can be hardly lifted off while a thin layer can be lifted
everywhere. In this study, the thickness of the Au catalyst was optimized to be about

20 nm evaporated with a coating rate of 2-2.5 A/sec.

3.3.4. Metal Lift-off

Lift-off is a simple method to obtain the metal layer with desired patterns on the
surface, especially for those noble metal layers such as gold and platinum which are
difficult to be removed. During lift-off process, the photoresist under the metal layer
is removed with solvent, removing the metal layer on it, and leaving only metal layer
which was directly coated on the surface. Ultrasonic agitation helps to break the metal

layer at the edge of the photoresist so it can be applied during lift-off.

In this work, the photoresists were dissolved in acetone with ultrasonic agitation for 1

min. after thermal evaporation of 20 nm of Au. As a result, Au layer with circular
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holes was left on the samples. An example of such samples before and after lift-off

process is shown in Figure 3.9.

Figure 3.9. Optical microscope images of (a) PR patterns before lift-off, (b) Au layer with the circular
holes after lift-off process.

3.3.5. Metal Assisted Etching of Si

In this step, the concentrations of HF and H20: in the MAE solution were studied. The
results are discussed in the next chapter. It was observed that the smoothest etching
profile was obtained with MAE solution containing [HF] = 1.8 M and [H202] = 0.4
M, when it was applied to 1-10 ohm.cm, p-type Si wafers with an Au layer of
approximately 20 nm thickness. The same concentration was applied for the MAE
process for different patterns on Si wafers with the same properties. After obtaining
micropillars on the surface by MAE process, the aqua regia solution obtained by
mixing nitric acid and hydrochloric acid in a volume ratio of 1: 3 was used to remove
the gold layer from the surfaces of the samples. The etch rate of aqua regia is nearly
10 um/min for gold, at room temperature [156]. Therefore, in order to get rid of the
gold layer from the samples entirely, they were immersed in this mixture for 10
minutes after each MAE process. Figure 3.10 shows SEM images of micropillars
obtained after 60 minutes MAE applied with 1 um diameter holes with 2 um period

mesh patterned Au film.
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Figure 3.10. Scanning electron microscope images of micropillars on the surface of silicon wafers at
two different magnifications.

Agqua regia solution has a very strong oxidative effect [156] due to the formation of

nitrosyl chloride (NOCI) given in the following equation,

HNO, + 3HCl -» NOCl + 2Cl + 2 H,0 (3.7)

Therefore, the samples were immersed into the HF solution to remove oxide layer
from the surface after the etching process. Then they were rinsed again to for final

cleaning.
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CHAPTER 4

SILICON MICROPILLARS FOR SOLAR CELL APPLICATIONS:
RADIAL JUNCTION ON P-TYPE MONOCRYSTALLINE SILICON?

“The use of solar energy has not been opened up because the oil industry does not

own the sun.”

Ralph Nader

4.1. Introduction

As understood from its theory mentioned in Chapter 1 and the results of the studies in
the literature given in Chapter 2, radial junction solar cells have an alternative device
geometry to conventional planar solar cells and have a potential for high optical and
electrical performance. This geometry enables the minority carrier collection in the
radial direction and thus shortens the length that the carriers travel before they reach
the junction. It also optically improves solar cell efficiency by reducing reflection from
the surface and increasing light trapping with nano/micropillars on the surface.
However, in order to achieve the high electrical and optical performances mentioned
above, the nano/micropillars on the surface should have the proper geometry, i.e.

diameter, length and period [90].

Since it has perfect crystalline structure without grain boundaries, mono-c Si has the

virtue of high minority carrier lifetime. For this reason, micropillar arrays have been

! The contents of this chapter have been published in 2017, G. Baytemir, F. Es, A. S. Alagoz and R.
Turan “Radial junction solar cells prepared on single crystalline silicon wafers by metal-assisted
etching” Phys. Status Solidi RRL, 11, 1600444 and Phys. Status Solidi RRL, 11, 1770326.
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formed on mono c-Si wafers, using metal assisted etching as described in detail in
Chapter 3. The geometry, distribution and the shape of the pillars have been studied
through a series of experiments, aiming to reach an optimum set of process parameters.
Following this optimization processes, solar cells were fabricated on a variety of
samples with different pillar configurations. Optical and electrical performances of
the solar cells were investigated. As a result, one of the highest reported efficiency
achieved from the radial junction solar cells was obtained. It was concluded that such

solar cells could be an alternative to traditional planar solar cells.

4.2. Experimental Procedures

For solar cell fabrication, 500 um thick, boron doped, polished mono c-Si wafers with
a resistivity of 1-10 Q.cm were used. Radial junction solar cell fabrication steps are
given in Figure 4.1. First, RCA-1 and RCA-2 cleanings were applied to the wafers and
then the photolithography method was used to define distribution of the micropillar

array and the lateral geometry.

In the photolithography step, the openings in the photomask were exposed to 365 nm
light at intensity of 30 mJ/cm? after the wafers were coated with AZ 5214 E photoresist
by spin coating at 3500 rpm for 45 seconds. The photomask used in this study contains
circular opaque structures with a diameter of 4 um in a period of 6 pm. Following the
image reversal process, the samples were exposed to 365 nm light at intensity of 150
md/cm? for flood exposure and then non-exposed regions were developed.
Subsequently, a 20 um thick Au layer was coated by thermal evaporation and the
circular photoresist dots was removed from the surfaces by ultrasonic agitation in
acetone bath. In this way, 6 um periodically patterned Au thin film on the surfaces
with circular holes of 4 um in diameter was obtained. Finally, c-Si wafers were etched
by MAE solution with [HF] = 1.8 M and [H202] = 0.4 M for 10-90 min. to obtain
various lengths of micropillars. The samples were then immersed in aqua regia

solution to remove the Au catalyst layer from the surface. Subsequently, with RCA-1

66



and RCA-2 cleanings, organic photoresist residues, Au residues, and other organic
and metallic contaminants were removed from the surface. Later, the samples were
immersed in HF: HCI solution in order to remove the oxide layer formed on the surface
after RCA-1 and RCA-2 cleanings.

p-type Polished Wafers
]
Micropillar Structure by Application of MAE through Photolithography
|
Phosphorus Doping
]

Oxide Passivation
]
Anti Reflective Coating
]
Screen Printing Metallization
]
Co-Firing
]
Edge Isolation

Figure 4.1. Process sequence for radial junction solar cell production.

The samples were then doped by phosphorus using SEMCO Engineering LYDOP
furnace. In the doping process, using POCIs as source gas, the surfaces were coated
with phosphosilicate glass (PSG) film at 830 °C temperature for 25 min and P atoms
diffused into the samples at drive-in step by annealing for 20 min. PSG layer formed
on the surface was removed by HF solution. P atoms distribution profile, as measured

by Secondary Mass lon Mass Spectrometry (SIMS) is shown in Figure 4.2. The
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junction depth is estimated to be around 0.4 um which is much smaller than the

diameter of the pillar (4 um).
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Figure 4.2. Phosphorus diffusion profile measured by SIMS method at EAG Laboratuaries. The inset
shows schematics of radial geometry after doping.

Following the doping process, the surface of the micropillars were passivated with 10
nm dry oxide formation using oxidation tube of the furnace at 830 °C for 30 min. Then,
using SEMCO Engineering Direct Plasma PECVD system, as anti-reflecting coating
(ARC) with a thickness of around 75 nm of SiNy:H layer was deposited on the front
sides of the samples. In the metallization step, screen printing metallization technique
was used to form full aluminum (Al) layer on the back surfaces and silver (Ag) finger
and busbar formation on the front surfaces. For the diffusion and the sintering of the
metals, 6 zones BTU International conveyor belt furnace was used. However, high
temperature processes as co-firing are very delicate to wafer thickness. Due to the
thermal capacity of silicon, varied wafer thicknesses result in a differing co-firing
temperature profile. Therefore, co-firing conditions were optimized using 500 um

planar cells and then the optimum one which has ~900 ° C peak temperature, at the
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belt speed of 275 cm/ min. applied to radial junction cells. Finally, edge isolation was
performed by cutting the edges of the samples mechanically. -V measurements were
performed at room temperature, under AM1.5G by using solar simulator. Metal
shadowing due to silver busbar was subtracted to calculate the active solar cell
efficiency. Reflection and EQE measurements were performed with an integrating

sphere - monochromator setup.

4.3. Results and Discussion

4.3.1. Photolithography and Metal Assisted Etching

After photolithography step using 1.5x1.5 cm? photomask which contains circular
opaque structures with a diameter of 4 um and a period of 6 um, rainbow-like color
of the samples is seen in Figure 4.3. This diffraction pattern indicates the regularity of

the patterns on this large area.

Figure 4.3. Image of the well-ordered photoresist dots on the sample after photolithography.

The dependency of the length of the micropillars on the duration of the etching is
shown in the Figure 4.4. It was observed that the length of the micropillars increases

69



linearly with the etching time and the etching rate was calculated as 0.17 um/min by

using least square fit method.
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Figure 4.4. Micropillar length with respect to duration of MAE by [HF] = 1.8 M, [H202] = 0.4 M,
H20 solution.

Depending on the etching duration, well-ordered and vertically aligned micropillar
arrays obtained in different lengths are shown in Figure 4.5. In the MAE etching
mechanism, the extracted holes diffuse to the areas covered by noble metals as
explained in the Chapter 3. However, some oxidation/etching process can take place
in the regions which are not covered by metal due to the diffusion of extra holes from
the metal region. This results in surface roughness outside of the intended region
[157]. The etch rate in the lateral direction is much lower than in the vertical direction
[158]. Therefore, as understood from Figure 4.5, while micropillars were obtained at
nearly the same diameter for different etching times, for long periods of etching, i.e.
more than 50 minutes, the side walls and tips of the micropillars began to deteriorate
due to slow lateral etching despite the absence of metal. For this reason, in this study,
samples with a maximum duration of 50 minutes of MAE were used for radial junction

solar cell fabrication.
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Figure 4.5. Low-magnification and higher-magnification (insets) cross-sectional SEM images of
silicon micropillar arrays at length of (a) 1.7 um (10 min. etching), (b) 2.3 um (20 min. etching), (c)
3.2 um (30 min. etching), (d) 5.0 um (40 min. etching), (e) 6.1 um (50 min. etching), (f)13.9 um (90

min. etching).

4.3.2. Reflectance

Figure 4.6 shows the reflectance spectrum of the samples metal assisted etched for 10-
50 min. a) before and b) after ARC. The reflection results of planar and pyramid
textured samples are also given as a comparison. In this measurement, the wavelength
range between 350 nm and 1100 nm was chosen because c-Si weakly absorbs the

photons with wavelengths longer than 1100 nm, while the spectral power density is
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very low below 350 nm. First, it is clear that the reflectance of samples with
micropillars, both before and after ARC, decreased as micropillar length increased.
Before ARC, it is seen that, while the samples with micropillars have lower reflectance
than the planar one, their reflection results, especially the result of the sample with
longest micropillar, 6.1 um, has a reflectance value which is very close to pyramid
textured sample. On the other hand, after the ARC, the pyramid textured sample has

very low reflectance compared to the samples with micropillars.
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Figure 4.6. Reflectance spectrum for samples having different length of micropillars a) before ARC
and b) after ARC. Reflection results of planar and pyramid textured samples were inserted for
comparison.
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The reflection results can be compared more quantitively by looking at the AM 1.5G
weighted reflection averages before and after ARC coating. The weighted reflection

is given as:

00
SO0 T B )4 a5 ¢ A

R = 4.1
" f315100$1r1:1m1A.M.1.5 c)dr (4.1)

where, R(A) is the reflectance from the surface at the wavelength A, Iam.156 (1) is the

intensity of solar radiation at a specific wavelength A [159].

AM 1.5G weighted light reflection characteristic of c-Si micropillars with increasing
length in comparison with planar and pyramid textured surface are shown in Figure
4.7 with and without ARC.
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Figure 4.7. Average reflectance for each micropillar length before and after ARC. The length zero is
for planar samples. Reflection results of pyramid textured samples were inserted as reference lines.
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As expected, both before and after ARC, micropillars showed lower Ry than planar
geometry and Ry decreased with increasing micropillar length. On the other hand,
the average reflection from the micropillar surface remains to be higher than the
pyramid-textured surface coated with ARC. The reflection from the micropillar
surface can be improved by optimizing the SiNx layer since it is optimized for the
pyramid textured surface. However, it should be noted that these results are in
agreement with previously reported values for similar surface structures [99, 100,
102].

4.3.3. Optimization of Co-firing Process for Metallization

Si surface with a 3-dimensional structure requires special metallization process
optimization for a good electrical connection to the underlying device. After screen
printing of the metal fingers on the front side, an optimization study was performed
for the co-firing step. A typical co-firing temperature profile which was taken using
Datapaq Thermal Profiling System is given in Figure 4.8. This profile is commonly
used for standard solar cell fabrication in our laboratory and applied at a belt speed of

500 cm/min.

In the first part of this curve, that is, until the wafer reaches the melting layer of the
Al layer, the organic compounds in the metallic pastes, which allow the paste to adhere
to the wafer surface evaporate. This process also provides the diffusion of passivating
hydrogen from the SiNx layer to the silicon substrate. When the temperature reaches
above 660°C, the aluminum on the back-side melts and the silicon dissolves in the
molten Al forming a Si-Al alloy. During cooling, the silicon is segregated from the
melt and recrystallized as the epitaxial Al-doped layer which creates an Al-back
surface field. At the peak firing temperature, silver contact formation on the front side
is formed. The glass frit in metallic paste digs SiNx layer while Ag particles pass

through the molten mixture and form a conductive layer [160].
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In order to create good contact formation, co-firing is a very important step. It is seen

from the figure, for 180 um thick solar cells, sintering takes place around 20 sec. Since

500 um thick wafers were used in this study, we assumed that the sintering would take

longer time because of the thermal capacity of silicon.
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Figure 4.8. A typical co-firing temperature profile for ~180 um thick solar cells

Therefore, a firing step optimization was performed using 500 um thick planar solar

cells which went through the same processes as the radial junction devices except

photolithography and MAE. The results of the experiments are shown in Table 4.1

and Figure 4.9. It is seen that, best solar cell performance is obtained with belt speed

of 250 cm/min. Therefore, for our 500 um thick, three-dimensional radial junction

solar cells, a little thinner after the formation of micropillars, 275 cm/min firing belt

speed at ~900 °C peak temperature was applied for co-firing step.
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Table 4.1. The performance parameters of the 500 um thick planar solar cells with respect to
different firing belt speeds at 900 C peak temperature.

Firing Belt Efficiency Voc Jsc FF
Speed (%) V) (mA/cm?) (%)
(cm/min)
150 10.65 0.551 30.46 63.46
175 11.98 0.569 31.12 67.67
200 13.86 0.583 32.50 73.17
225 14.56 0.585 33.35 74.63
250 15.83 0.589 35.97 74.72
275 14.96 0.584 35.59 71.98
300 2.48 0.559 15.79 28.13
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Figure 4.9. The performance parameters with respect to different firing profiles for 500um thick
planar solar cells
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4.3.4. Solar Cell Results

The J-V characteristics of the radial junction solar cells fabricated with different
micropillar lengths are shown in Figure 4.10 and corresponding performance values
are shown in Table 4.2 and Figure 4.11.

NE Micropillar Length
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Figure 4.10. J-V curves of radial junction solar cells for different micropillar length.

Table 4.2. Performance Values of Radial Junction Solar Cells with different micropillar length.

Micropillar Efficiency Voc Jsc FF
Length (um) (%) (V)  (mA/cm?) (%)
1.7 12.2 0.570 31.0 69.1
2.3 13.2 0.587 31.6 71.2
3.2 14.0 0.583 32.7 73.4
5.0 154 0.577 35.4 75.2
6.1 15.9 0.575 37.5 74.1
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It has been observed that the performance of radial junction solar cells increases with
increasing micropillar length, which is in correlation with average reflection values.
We also see that this increase mainly comes from the increase in the short circuit

current density.
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Figure 4.11. Jsc, Voc and Efficiency curves as a function of micropillar length

Considering the results of the reflection graphs and the obtained short circuit current
density (Jsc) results, the optical absorption of the cells increases with increasing
micropillar length, and therefore the maximum efficiency value was obtained from the
cell with ~6 um long micropillars. In order to understand the mechanisms, the internal
quantum efficiency (IQE) spectra of the radial junction solar cells shown in Figure
4.12 were calculated from external quantum efficiencies (EQE) and reflection
measurements as a function of wavelength, IQE = EQE / (1-R). At low wavelengths,
IQE provides information about emitter recombination because of the shallow
absorption of these photons in Si. On the other hand, high-wavelength photons are
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absorbed deeper in Si wafers, so high-wavelength IQE results provide information on
minority carrier diffusion length depending on passivation and back surface

conditions.
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Figure 4.12. 1QE spectrum for the Radial Junction Solar Cells with different micropillar length.

Although the sample with minimum pillar length (1.7 um) has an unexpectedly low
IQE values, which can be related to the experimental errors, other samples exhibit a
clear tendency in the IQE measurements. It is obvious that as the micropillar length
increases, the blue and then the visible response up to the wavelength of 700 nm of
the radial junction cells increase. This increase in the IQE values in the blue region
indicates an effective charge collection near the surface of the sample. The presence
of the micropillar on the surface has two major effects: one is the effect of radial
junction which shortens the length to the junction, the second effect is the light
trapping which result from the scattering of the light beam from the surface features.
A combination of these two effects is expected to increase the efficiency of the
collection in the region close to the junction. The light beam spending more time at
the surface region results in more absorption and more effective collection of the

electrons due to the presence of radial junction. Another important device parameter
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Is the open circuit voltage, Voc, which is a function of the recombination of generated
charge carrier. Because of high defect and contamination density, the recombination
at the surface is particularly important in solar cell devices. For this reason, increasing
the surface area leads to high recombination rate and thus low Vo values. When the
surface is textured with three dimensional structures, like micropillars, the surface area
increases significantly, which is expected to have a negative effect on the Vo values.
In agreement with this expectation, the Vo values decrease with the increasing pillar
length as can be seen in Table 4.2 (except for 1.7 um sample). However, the decrease
is surprisingly small indicating that the increase in the surface area does not have a

detrimental effect on the V¢ values.

Another way of looking at the device properties is to analyze the dark J-V curve from
a fundamental device point of view. Dark J-V curves of cells with planar and radial

junction are compared in Figure 4.13.
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Figure 4.13. (a) Semilog, (b) Linear dark J-V characteristics of solar cells with planar and radial
junction having 6,1 um micropillar length.
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The ideality factors of the diodes were calculated as 1.7 and 3.2 for planar and radial
junctions, indicating a lower quality junction in the radial junction devices. Moreover,
the deviation from the ideality is seen to be larger at lower voltages, which is usually
attributed to the enhanced recombination at the junction [96, 108]. Therefore, it can
be generally concluded that the high surface area results in high recombination current
at the junction which is not far from the surface of the micropillar. This is however
not affecting the Vo values very significantly. Voc performance, device quality and
the ideality factor can be improved by a proper passivation which can be a subject of

a future study.

4.4. Conclusion

In this study, well-ordered micropillar arrays with different lengths were uniformly
formed by photolithography and MAE techniques on the surface of p-type, single c-
Si wafers. In photolithography step, a photomask which contains circular opaque
structures with a diameter of 4 pm in a period of 6 um was used to obtain radial
junction solar cells, i.e. to have micropillars on the surface whose radius is greater than

the junction depth of 0.4 pm.

Effect of metal assisted etching time on micropillar length and effect of micropillar
length on surface reflection were studied. It was observed that micropillar length
increased linearly by etching time with a rate of 0.17 pum/min. Reflection
measurements revealed that increased micropillar length results in lower average
reflectance. In addition, prior to anti-reflective coating, surfaces with micropillars
have lower reflectance than planar surfaces. Depending on the pillar length, the
reflectance can be obtained as low as that of pyramid textured surfaces. On the other
hand, after ARC, the average reflection of the pyramid textured surface is always the
lowest one as the SiNx optimization is based on this structure. However, the reflection
results obtained from samples with micropillars are in accordance with the literature

values for similar surface structures.
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In order to fabricate radial junction solar cells, standard POClI3 tube furnace doping,
SiO2 passivation, PECVD SiNx coating as ARC, screen printed metallization, co-
firing of the contacts and edge isolation were followed. The samples which were
etched from 10 to 50 min. were processed to fabricate radial junction solar cells since
applying more than 50 minutes etching caused deterioration on the side walls and the
tips of the micropillars due to slow lateral etching. Since optical reflection from solar
cells surface decreased with increasing micropillar length, solar cell short circuit
current (Jsc) and efficiency (n) increased. This was also supported by IQE results and
as a result, the maximum efficiency value was obtained from the cell with 6.1 um long
micropillars. The best solar cell efficiency is 15.9 % and this is one of the highest
reported values obtained from the radial junction solar cells prepared by MAE

technique.

Radial junction solar cells fabricated with nano/micropillars are expected to have
efficiency values in the range of 15%-18% depending on pillar size and quality [161].
Although the efficiency value obtained in this study is consistent with the literature, it
is still possible to achieve better efficiency values from radial junction solar cells with

better passivation techniques that will reduce surface recombination.
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CHAPTER 5

GOLD IMPURITIES IN CRYSTALLINE SILICON:
RADIAL JUNCTION SOLAR CELLS ON LOW QUALITY CRYSTALLINE
SILICON WAFERS?

“Following the light of the sun, we left the Old World.”

Christopher Columbus

5.1. Introduction

Purity is one of the most crucial property of electronic materials. If a material has
99.99% purity, it is generally considered to be pure material in many applications.
However, if it is to be used in microelectronics and photovoltaic applications, a purity
level of 99.99% is not sufficient as it corresponds to high contamination. This is
because a trace amount of impurity can have a high impact on the electronic properties
such as conductivity and carrier lifetime. On the other hand, although high efficiency
is obtained from the devices produced with high-purity materials, the cost of the
produced devices is also increased. For this reason, it is highly desirable to use low

quality material to reduce costs.

The impurities of the crystalline silicon material can be divided into 2 categories;
contaminants and dopants. The dopant atoms, i.e. boron, arsenic, phosphorous, are

intentionally added to the material to adjust the resistivity of it to be used in fabricating

2 The contents of this chapter have been submitted for publication. G. Baytemir, F. Es and R. Turan,
(2018) “Comparison of Influence of Gold Impurities on the Performances of Planar and Radial Junction
c-Si Solar Cells”
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the devices. However, contaminant atoms occur during the production of the c-Si
material, unintentionally. For the production of silicon, some carbon based agents are
used and they are important souces of contaminants since they consist of different

amounts of Ca, S, P and some metal impurities, such as, Au, Pt, Fe, Co, Ni, Cu [162].

The study (WH study) conducted by Westinghouse Corp [163] in the 1980s for the
effect of impurities on the performance of solar cells is still used as a reference.
However, since then, advances in cell processing enable to use low-cost materials in
non-traditional cell structures, thereby achieving close efficiency values to the

traditional ones. Therefore, there is a need for detailed studies.

In this thesis, solar cells were fabricated on c-Si contaminated with Au impurities. The
purpose here is to show that radial junction solar cells can have an advantage on low
purity materials. At the same time, conventional planar cells are produced on these

low-quality materials to examine how impurities affect the performances of both cell

types.

In this chapter, the role of metal impurities in Si material is discussed before going to
cell production, and then the results of Au metallic contaminations on the performance

values obtained from planar and radial junction cells are given.

5.2. Metal Impurities in Crystalline Silicon

This section describes how metallic impurities affect the material properties. The
metal impurities in the silicon wafers are present as foreign atoms in the crystalline
structure of the silicon. These atoms may be point defects in the lattice structure by
acting as substitutional or interstitials, as well as on the wafer surfaces. Since each
element has its own unique property, such as atomic size, the distribution of impurities
in the wafers depends on which type of atoms they are. More generally, the chemical
status and distribution of impurity atoms depend on the solubility and diffusivity of

those atoms. Impurity atoms are the cause of defect energy levels within the band gap
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energy levels of silicon. This greatly affects the electronic properties of the devices
fabricated from that silicon crystal due to increasing the possibility of recombination

of the carriers.

5.2.1. Solubilities and Diffusivities of Metal Impurities

The maximum dissolved impurity concentration in a material is defined as the
solubility of the impurities when thermal equilibrium is achieved. The thermal
equilibrium and thus solubilities of the impurities depend on the applied temperature.
In addition, it is also dependent on the surface conditions of the material. [164]. High
diffusivity causes impurities to move towards a higher solubility area, for instance to
phosphorus-rich layer, or to regions where crystal defects occur. Since dissolved
impurities behave as recombination centers by creating new energy levels within the
band gap, it is preferable to collect the impurities into precipitates to decrease the
recombination probability per atom and thereby to increase the minority carrier
diffusion length.

5.2.2. Diffusion Mechanisms

In metals, self diffusion takes place if there is no net mass transport, however, the
impurity atoms carry out diffusions randomly along the crystal. Several atomic
mechanisms have been suggested for self diffusion and inter-diffusion. The
energetically favored mechanism involves replacing an atom with a neighboring
vacancy: substitutional diffusion. The impurity atoms performing the interstitial
diffusion mechanism diffuse by jumping from one interstitial site to neighboring one
as they are small enough to capture the interstitial regions. In this diffusion, the
number of interstitial sites that the atoms occupied is usually large, therefore the
required energy is only for motion. Also, it is faster than the substitutional diffusion.
Some elements can alternate between these two mechanisms. In semiconductors,

elements are usually dissolved as substitutional, but then they can be moved by fast
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diffusion in interstitial form [165-167]. Transition from interstitial sites to
substitutional sites takes place in the presence of vacancies or self-interstitial atoms
and defined as Frank-Turnbull mechanism [165-168]. Another reaction involving self-

interstitials is defined as kick-out mechanism [169].

According to the results of studies on concentration profiles of Au, at temperatures of
800°C and above, it diffuses in silicon via on kick-out mechanism and has a U shape
diffusion profile in silicon [170-173].

5.3. Experimental Procedures: Radial Junction Solar Cells on Low Quality
Silicon Wafers

As described in the previous section, it is known that gold diffuses in silicon very
quickly as an interstitial atom and then is converted as substitutional impurity atom,
which is very active electrically, by means of the kick-out mechanism. In many
previous studies, it has been observed that Au has a U shape diffusion profile at
temperatures between 700-1300 °C [174-177]. It was argued that the radial junction
solar cells can have relatively good performance on materials with low quality, and
this would reduce the fabrication cost. In this study, Au which has a fast diffusion
mechanism in silicon was used to decrease the quality of the Si wafers since it diffuses
across the entire surface. The effect of the gold impurities in silicon on bulk lifetime
of wafers was examined systematically. Then using these Si wafers at low quality,
planar and radial junction solar cells were fabricated and the effects on the solar cell
performance were investigated. As a result, while the efficiencies of the cells in the
planar junction formed from Si wafers containing Au contamination are reduced in
high amounts, the solar cells in the radial structure are not much affected using these

low-quality wafers.

In all steps of this work, for lifetime measurements and to fabricate solar cells, 275
um thick, single side polished, boron doped monocrystalline silicon wafers with

resistivity of 1-10 Q ¢ cm were used. In order to create metal contamination in the
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wafers, at least 10 nm gold layers were thermally evaporated on the surface of the
wafers and then these gold layers were diffused into the wafers at 800 °C for 1 hour

under nitrogen atmosphere.

Before proceeding to solar cell fabrication, a lifetime study was carried out. In order
to determine whether Au impurities have been introduced into the samples or not, 3
different samples were prepared. The PL lifetime measurements were taken, and the
bulk lifetime of these samples were examined afterwards. The first one of these
samples is the reference sample without any Au impurity and any thermal treatment.
The second and third samples were subjected to Au contamination by diffusion. After
Au diffusion, these samples were kept in aqua regia solution to remove the gold
residues from the surfaces. The third one, unlike the second one, was later etched in a
20 % KOH solution at 80 °C temperature for 10 minutes, allowing 10 um to be etched
from both sides of the sample. In this way, it is understood that Au with a U-shaped
diffusion profile in the silicon is sufficiently diffused in the middle regions of the
samples or not. The prepared samples were deposited with 20 nm Al,O3z with atomic
layer deposition (ALD) method for surface passivation after applying RCA-1 and
RCA-2 cleanings to remove organic and metallic contaminations. Finally, they were
activated by annealing at 425 °C for 30 minutes under Nz atmosphere.
Photoluminescence (PL) lifetime measurements were performed to determine the bulk
lifetime values after activation. Following bulk lifetime measurements, solar cell

production whose steps are shown in the Figure 5.1 was carried out.

After removing the undiffused gold layer on the surface using the aqua regia solution,
the samples were made ready for forming the radial geometry by performing RCA-1
and RCA-2 cleanings. The radial geometry was formed on both contaminated and
uncontaminated samples. In order to define the distribution of the radial geometry and
to obtain micropillar array pattern, photolithography and MAE methods were applied
as in Chapter 3 and Chapter 4. Considering the efficiency results of the cells fabricated
in the previous chapter, all radial geometry junction samples were subjected to 50

minutes of etching in this work. Because gold was used as a catalyst for MAE, it was
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also removed from the surfaces using aqua regia solution after forming micropillars

on the surfaces.

Au contaminated ] [ Uncontaminated ]
b I I
Radial Planar Radial Planar
Geometry Geometry Geometry Geometry
J— [ [ .
Phosphorus Doping

|
Oxide Passivation
]
Anti Reflective Coating
]

Screen Printing Metallization

Co-Firing
]
Edge Isolation

Figure 5.1. Process sequence for planar and radial junction solar cell productions on Au
contaminated and uncontaminated Si wafers.

For the fabrication of solar cells, all samples, with and without gold contamination,
micropillars being formed and planar, were immersed in HF: HCI solution to remove
oxide deposits on the surface. Later, RCA-1 and RCA-2 were applied for organic and
metallic cleanings, respectively and were then dipped again in HF: HCI solution to
remove the oxide layer resulting from the cleaning procedures. Subsequently, as in the
previous chapter, using POCl; as the source gas at 830 °C for 25 minutes in a SEMCO
Engineering LYDOP furnace, the surfaces of the samples were coated with
phosphosilicate glass (PSG) and phosphorous atoms diffused into the samples at 20
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min. drive-in step by annealing. Thus, all the samples were doped with phosphorus
and doping depth of about 500 nm and 50 €)/o sheet resistance at the samples were
achieved. After removing PSG by HF solution and cleaning of the surfaces by RCA-
2, the surfaces of the samples were passivated by 10 nm dry oxide formation, formed
in the oxidation tube of the furnace at 830 °C temperature for 30 min. As an
antireflection coating layer, around 75 nm of SiNx:H was deposited on the front sides
by PECVD at 380 °C. For the contact formation, Ag busbar and fingers to the front
sides and full Al layer to the rear sides were formed by screen printing metallization
method. Since the optimum firing characteristics of the samples in this study were
unknown to obtain high efficiencies, firing processes at ~900 °C but at different speeds
were applied. For the characterization of the samples, the methods used in the previous

chapter were applied.

5.4. Results and Discussion

The carrier lifetime distribution obtained from the PL lifetime mappings are shown in
Figure 5.2. Furthermore, the lifetime values of the samples were also measured by
Sinton Lifetime Tester. For a minority carrier density (MCD) of 10%° cm, the lifetime
of the reference sample without any contamination and heat treatment (in accordance
with Figure 5.2-a) exhibited around 119 psec, while the lifetime of the Au
contaminated samples without and with surface etching were measured to be 4.93 usec
and 8.15 psec by Sinton Lifetime Tester, respectively, in accordance with Figure 5.2-
b and Figure 5.2-c.

As expected, the lifetime was severely reduced relative to the reference sample having
no Au contamination. Although a slight increase was observed in lifetime of sample
etched from the both sides, the lifetime was observed to be still very low compared to
the reference samples in both etched and unetched samples, indicating that Si wafer is

fully contaminated by Au.
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Figure 5.2. Photoluminescence lifetime mapping and after 20 nm Al203 deposition and activation.
(a) reference sample, (b) 10 nm Au coated and diffused at 800C for 1 h (c) 10 nm Au coated, diffused
at 800C for 1 h and 10 um etched from both sides.
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After standard solar cell process steps, different firing speeds were applied during the
formation of solar cells. Appropriate co-firing parameters must be applied to obtain
the Al back surface field (BSF) formation and to allow the front silver fingers and
busbars to dig into the nitrate layer without damaging the junction. Since the properties
of firing vary according to the sample thicknesses and the thicknesses of the wafers
used here were 275 um, thicker than standard solar wafers, slower firing belt speeds
had to be applied. For this reason, all samples were fired at speed of 250 to 500

cm/min.

Electrical characterization of the solar cells was provided by ENDEAS Quicksun solar
simulator at room temperature. Metal shadowings only due to silver busbars were
subtracted to calculate active solar cell efficiencies. Performance parameters as a
function of firing belt speed as shown in Figure 5.3 and Table 5.1. while the planar
solar cells had their best results at a range of 325-375 cm/min, the best results for the
radial junction solar cells were obtained at 400-450 cm/min. firing belt speeds. The
reason for the cells in the radial structure to have best results at faster firing speeds is
that the samples became somewhat thinner during MAE. At the firing speeds outside
of those ranges, all the cells suffered from a low fill factor. For this reason, the results

were evaluated for both cell types based on their own firing belt speed intervals.
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Figure 5.3. Performance parameters of Au contaminated and uncontaminated planar and radial
junction solar cells as a function of firing belt speed.
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Table 5.1. Performance parameters of Au contaminated and uncontaminated planar and radial
junction solar cells as a function of firing belt speed.

Junction Type- Firing Belt Jse Voc FF  Efficiency
Substrate Speed (cm/min) (mA/cm2) (mV) (%) (%)
325 33.26 603 76.81 15.38
PJ-Uncontaminated 350 34.44 610 76.73 16.13
375 33.46 610 76.96 15.70
325 30.00 587 71.50 12.59
PJ-Au contaminated 350 29.60 588 73.62 12.81
375 30.30 597 70.42 12.74
400 34.04 592 76.42 15.40
RJ-Uncontaminated 425 36.83 587 7354 15.90
450 34.79 591 76.18 15.67
400 33.76 579 73.82 14.46
RJ-Au contaminated 425 35.49 580 73.82 15.20
450 33.18 586 74.59 14.51

According to the results of the short circuit current density (Jsc), as a result of carrier
collection, it was observed that in the samples without contamination, the radial
geometry cells have somewhat higher values than the values of planar geometry cells,
while it was observed that this difference obviously increases in cells containing gold
contamination. Since open circuit voltage (Voc) is a measure of the amount of
recombination, radial junction cells, both with and without Au contamination, have
lower Vo values due to high surface area. It can be improved with better surface
passivation techniques. However, even after Au contamination, less decrement in Voc
was observed, compared to the planar structure cells. The decrease in the fill factor
(FF) is another parameter that plays a role in further reducing the performance of solar
cells. As seen in the same figure and table, the FFs of the cells were significantly

reduced in contaminated cells. As in the Vo and Jsc results, it was observed that FFs

92



were less affected in radial junction solar cells. As a consequence of all these
performance parameters, the efficiency values of the solar cells showed that radial

junction solar cells were less affected from Au impurities.

Table 5.2. The average of the performance parameters of Au contaminated and uncontaminated
planar and radial junction solar cells.

Junction Type- Jsc Voc FF Efficiency
Substrate (mA/cm2) (mV) (%) (%)
PJ-Uncontaminated 33.72+0.7 608+7 76.83£0.1  15.74+0.4
PJ-Au contaminated 29.97+0.4 591+6 71.85+£1.8  12,72+0.1
RJ-Uncontaminated 35.22+1.6 590+3 75.38+1.8 15,66+0.2
RJ-Au contaminated 34.14+1.3 581+5 74.08+0.5 14,71+0.5

The average performance parameters of the three different cells for all types and their
average J-V curves are given in Table 5.2 and Figure 5.4. The same interpretations

could be mentioned according to their averages.

According to the literature, radial junction solar cells consist of nano/micropillars are
expected to give efficiency values in the range of 15%-18% depending on pillar
geometry [161]. In addition, it is possible to obtain energy conversion efficiencies up
to 16% even with low purity silicon [89].

In this study, we have shown that energy conversion efficiencies from the planar and
radial geometries, which consist of samples with the same feature and have the same
process steps, are close to each other, (on average) 15.74% and 15.66%, respectively.
However, from planar and radial cells formed from intentionally contaminated
samples, on average 12.72% and 14.71% efficiencies were observed. This corresponds

to a relative decrease of 6.07 % in the efficiency of radial junction and 19.19 % in the
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planar junction. This is in agreement with the expectation that radial junction solar

cells are less sensitive to the quality of the wafer used.
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Figure 5.4. Circuit current density vs. voltage graph obtained from the averages of the parameters of
Au contaminated and uncontaminated planar and radial junction solar cells.

In order to understand the degredation mechanisms and their causes, the internal
quantum efficiencies of the solar cells shown in Figure 5.5 were calculated from their
external quantum efficiencies EQE and reflection measurements as a function of
wavelength. At low wavelengths, IQE provides information about emitter
recombination because of the shallow absorption of these photons in silicon. On the
other hand, high-wavelength photons are absorbed deeper in silicon wafers, so high-
wavelength IQE results provide information on minority carrier diffusion length
depending on passivation and back surface conditions. In this study, the change in IQE
values in high wavelengths depends on the variation in direct bulk recombination,
since a change in the back surface of the samples is not examined and it is assumed

that Au contamination does not affect the back surface properties.
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Figure 5.5. Averages of Internal Quantum Efficiencies of Au contaminated and uncontaminated
Planar and Radial Junction Solar Cells as a function of wavelength

Solar cells in both type of geometries, in the emitter region gave high IQE values. On
the other hand, degradation of IQE curves of the cells containing Au contamination at
high wavelengths are due to bulk recombinations. In both types of geometry, Au
contamination caused a visible decrease in IQE values at high wavelength region.
However, as in the performance parameters, in IQE results, it was observed that

RCSCs were less affected by this contamination.

5.5. Conclusion

In this study, it was shown that solar cells with three-dimensional radial junction are
less affected by the use of low-quality materials than those with planar junction cells.
This is because, as an advantage of the geometry of the radial junction, minority

carriers in these cells need to travel a shorter distance to reach the junction region.
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To illustrate this, the wafers to be used for solar cell fabrication were intentionally
contaminated with metal impurities. In order to create metal contamination in the
wafers, at least 10 nm gold layers were thermally evaporated on the surface of the
wafers and then the gold layers on the surface of the wafers were diffused into the
wafers at 800 °C for 1 hour under nitrogen atmosphere. They were contaminated by
Au, which is used in many studies and shown to have a U-shaped diffusion profile.
Before proceeding to solar cell fabrication, a lifetime study was carried out. According
to the results of PL lifetime mapping and Sinton lifetime tester, the lifetime was
severely reduced relative to the reference sample having no Au contamination,

indicating fully contamination of Au.

For comparison purposes, the planar and radial junction cells were also fabricated
using high quality materials. In the fabrication of radial junction solar cells, well-
ordered single crystalline micropillar arrays were formed by MAE through
photolithography, as explained in Chapter 3 and Chapter 4. Subsequently, standard
cell formation procedures after surface cleaning were applied to all the samples. Since
the optimum firing characteristics of the samples were unknown, various belt speeds

were applied for co- firing process.

As a result, the efficiency from samples with the planar and radial geometries and
having no contamination are close to each other, with their average efficiency values
of 15.74 % and 15.66 %, respectively. On the other hand, in the case of metallic
contamination, the efficiency of the cells with radial junction degraded much less
compared to the planar junction with the values of 14.71 % and 12.72 %, respectively.
This is in agreement with the expectation that cells with a radial geometry are less
sensitive to the quality of the material used. In addition, these results show that future
structural optimizations providing optical gain as well as electrical gain enable the
usage of materials with low lifetime and thus lower fabrication costs without reducing

the solar cell performance.
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CHAPTER 6

RADIAL JUNCTION SOLAR CELLS
ON THIN CRYSTALLINE SILICON WAFERS

“Solar power is the last energy resource that isn't owned yet - nobody taxes the sun

2

yet.

Bonnie Raitt

6.1. Introduction

6.1.1. Towards Radial Junction, Thin c-Si Solar Cells

It is predicted that silicon will continue to be used in a foreseeable future due to its
natural abundancy together with high efficiency properties in photovoltaic cells and
the fact that it has been studied for many years and is a well-known material. However,
in the fabrication of solar cells, efforts are made to reduce the cost of fabrication with
high efficiency efforts. In addition, it is tried to be manufactured in a flexible structure
to be installed on the materials used for daily necessities. In recent years, perovskite
[177], organic [178], dye sensitive solar cells [179] have been the subject of many
studies due to their flexible structures and low costs. However, despite all these
studies, the efficiency values obtained from these cells are very low compared to the
efficiencies obtained from silicon solar cells. Therefore, it is necessary to reduce the
thickness of the silicon amount used in Si solar cells in order to utilize the excellent

properties of the silicon, and to reduce the fabrication cost.
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Thin Si solar cell production reduces costs by not only because of less material
consumption, but also by allowing the usage of low-quality Si materials with short
carrier diffusion length. Thin Si solar cells are attractive because they allow high open
circuit voltage in the cell by reducing recombination possibility. However, Si has a
low absorption coefficient as it is a semiconductor with indirect band gap.

Planar solar cell fabricated from thin silicon wafers have absorption losses in the near
infrared region due to the low absorption coefficient and have a surface reflection of
more than 30%, resulting in decrease in the efficiency. Therefore, in order to prevent
efficiency losses, light harvesting strategies such as the application of surface
texturing, forming nano or micro structures on the surface should be applied. Although
nanostructures are promising in terms of light absorption, solar cells containing
nanostructures have a large surface area, and they are fully doped after the doping
process. Therefore, they exhibit low efficiency in the short wavelength region of the
spectrum due to Auger recombination. In contrast to nanostructured cells, the cells
containing micropillars on the surfaces, i.e. three-dimensional junction solar cells, are
more suitable for thin solar cells, since they have both light trapping and carrier

collection properties, as schematized in Figure 6.1.

hv

Figure 6.1. Schematic of radial junction solar cell with thin, flexible substrate.
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6.1.2. Si Wafer Thinning

Si wafer thinning is an important process for MEMS applications. It can be used to
thin the wafer itself, to remove the irregular structures from the surface or to polish
the surface of the Si wafers. There are four main techniques for wafer thinning:
mechanical grinding, Chemical Mechanical Planarization (CMP), Atmospheric
Downstream Plasma (ADP) Dry Chemical Etching (DCE) and wet etching [180]. In
the mechanical grinding and CMP, in order to thin the wafer, a wheel and water or
chemical slurries are used and combined for the reaction with the wafer. In dry or wet

etchings, chemicals are used to thin the wafer.

In this work, wet etching was used to thin the wafers, since it is a simple, fast and cost-
effective technique and it works properly. In wet etching method, usually a mask is
used to protect undesired region from thinning. While some chemicals are isotropic
etchants like HNA, the combination of HF, HNO3 and acetic acid (CHsCOOH), the
others are anisotropic like KOH, tetramethylammonium hydroxide, (TMAH)
ethylenediamine pyrocatechol (EDP).

1] I8 ]

>

Isotropic Etching Partially Anisotropic Etching Completely Anisotropic Etching

Figure 6.2. (a) Isotropic, (b) Partially Anisotropic, (¢) Completely Anisotropic etchings.

In isotropic etching (uniform in all directions), the etching rate is similar in all the
directions. Therefore, the wafer is removed laterally at the similar rate of etching
downward. On the other hand, in anisotropic etching (uniform in one direction),

etching rates are different for different crystallographic orientation. The working
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principles of these two types of chemical etchings are shown Figure 6.2. In this study,
Si wafers were thinned by KOH.

6.2. Experimental Procedures

In this work, 275 um thick, double side polished, boron doped monocrystalline silicon
wafers with a resistivity of 1-10 Q « cm were used. During the entire thesis work, the
photolithography on the polished wafers was applied before MAE processes as
described in Chapter 3. During the photolithography process, the samples should be
hard contacted with the photomask. Therefore, the micropillar arrays were formed
first, and then the thinning was performed from the back sides. Firstly, for radial
junction cells, it has been tried to obtain samples with as long micropillars as possible
and to increase the ratio to flat region as much as possible since the aim here is to
investigate how radial junction and planar junction solar cells would be affected when
they are fabricated on thin substrates. According to the results of Chapter 4, the lengths
of micropillars increase with metal assisted etching time. However, for long periods
of etching, i.e. more than 50 minutes, with the solution of [HF] = 1.8 M, [H202] = 0.4
M, H20 the side walls and tips of the micropillars began to deteriorate due to slow
lateral etching. Therefore, in order to control lateral etching, higher HF concentration
was applied. Moreover, to obtain more vertical and smooth etching, the etchant
solution with low surface tension was used. The etchant solution [HF] = 5.4 M, [H202]
= 0.4 M, Ethanol was used and to etch the tips of the micropillars, a KOH study was

performed.

After obtaining smooth micropillars, a new solar cell optimization study was
performed to decide the length of the pillars for high performance solar cells. As

described in the previous chapters, standard solar cell processes were applied.

After deciding optimum micropillar length and sample preparation, 50 wt. % KOH
etching at 80-90° C was performed to fabricate planar and radial junction Si solar cells

with various thicknesses. However, since KOH would also etch the micropillars and
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disrupt the radial structure, the front sides of the samples with micropillars were
protected with SiNx and then the etching was performed using a single side hole teflon

holder. The planar samples were etched from both sides without using holder.
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Figure 6.3. Process sequence for planar and radial junction solar cell productions at various
thicknesses.

After removing SiNx layer from the surfaces of the radial junction solar cell samples
by high concentration of HF solution and after removing metallic and organic
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contaminations from all the samples’ the surfaces, standard solar cell processes were
applied as described in previous chapters. However, some of the thin cells suffered
from contact formation. Therefore, Al thermal evaporation and annealing at 800 °C
for 40 min. was applied for the back sides of the cells. For the front sides, it was
necessary to apply photolithography to open finger/busbar areas for the applicability
of Ag thermal evaporation. Since it is a troublesome process for thin samples, screen
printing metallization was applied for the front sides and for co-firing, belt speed
optimization was performed with respect to cell thicknesses. The solar cell fabrication

process steps are shown in Figure 6.3.

6.3. Results and Discussion

The aim of this study is to show that for thin solar cells, radial junction with
micropillars on the surfaces has an advantage over planar junction. For this purpose,
for the radial junction cells, firstly it was tried to prepare samples with as long
micropillars as possible compared to the underlying planar region. However, as
explained before, in the MAE etching mechanism, the extracted holes diffuse to areas
covered by noble metals, but they can also diffuse into the other areas which are not
covered by metal, if they are not depleted at the metal-semiconductor interface. Even
the rate of etching in the lateral direction is slower than in the vertical direction, surface
roughness can be observed outside of the intended region for long etching durations
[157, 158]. According to the results of Chapter 4, understood from Figure 4.5, for
long periods of etching, i.e. more than 50 minutes, the sidewalls and tips of the
micropillars began to deteriorate due to slow lateral etching. Since it is not possible
to apply more than 50 min. etching with the solution of [HF] = 1.8 M, [H20.] = 0.4
M, H20, it was decided to use a different etchant solution to obtain deeper and smooth

micropillars.
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In order to reduce pores effect and improve etching result, the solution with the same
HF and H2O> concentrations was prepared but ethanol was used instead of H,O. SEM

results of the samples etched in these two different solutions is given in Figure 6.4.

Figure 6.4. The cross-sectional SEM images of the etched samples with [HF] = 1.8, M [H202] = 0.4
M, (a) H20 (b) Ethanol; the etching duration was 60 min.

As seen in the figure, the etching result was improved using etchant solution
containing ethanol which has a low surface tension. The possible reason of this etching
result could be that ethanol containing solution influenced the diffusion and solubility
of HF and H20, resulting in a smoother etching. However, even though etching was
improved, there were still pores on the tips of the pillars and lateral etching was also
observed because of the extra holes which were not depleted at the metal-
semiconductor interface and oxidize the sidewalls of the micropillars due to the
difficulty of HF transport. Since this would be more problematic for longer etching
durations, the HF concentration was increased in order to avoid lateral etching and

pores on the tips.

The assumption is consistent with the results seen in Figure 6.5. Even though the pores
were still observed on the tips of the micropillars after using the solution of [HF] =
5.4 M, [H202] = 0.4 M, Ethanol, smoother etching was observed by increasing the HF
concentration.
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Figure 6.5. Low-magnification and higher-magnification (insets) SEM images of the etched samples
with H20-[H202] = 0.4 M and (a) [HF] =1.8 M, and (b) [HF] =5.4 M; the etch duration was 60
min.

Thereafter, to ensure that there is no lateral etching for long durations, 300 min. of
MAE with the etchant solution [HF] = 5.4 M, [H202] = 0.4 M, Ethanol, and then to
avoid pores on the tips of the micropillars, 1% KOH etching at 75-80 °C was applied
to the samples for 1, 5, 10, 20, 30 seconds.

Although MAE process was performed for so long, no lateral etching was observed
(Figure 6.6-a). From this point, it can be said that the solution used is suitable for long
etching processes which is required to obtain long length micropillars.

As it is understood from Figure 6.6- a and b, no significant change was observed for
1 sec KOH etching. For 5- and 10-seconds etchings, (Figure 6.6-c and d) the tips of
the micropillars were smoother. However, the tips of the micropillars were thinned.
More than this, for 20 and 30 seconds etching, (Figure 6.6-e and f) and the bottoms of
the pillars were also thinned and they would have a smaller diameters than the junction
depth while fabricating solar cells. Since, 3-D junction solar cell property will not be
achieved, it was decided not to apply KOH etching after forming micropillars.
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Figure 6.6. Low-magnification and higher-magnification (insets) SEM images of the samples after the
application of 1% KOH etching at 75-80 OC for, (a) 0, (b) 1, (c) 5, (d) 10, (e) 20, (f) 30 seconds
following MAE with [HF] = 5.4 M [H202] = 0.4 M, Ethanol solution; the etching duration was 300
min.

After understanding that the solution is suitable for obtaining deep and smooth
structures, standard cell processes were performed before going to the fabrication of
thin solar cells. The aim was to observe the applicability of doping, passivation and
metallization processes with the increase in junction area. Therefore, firstly the
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samples were metal assisted etched for 60, 180, 300, 720, 1200 minutes and the length
of the micropillars are 3.8, 11.5, 20.0, 47.1, 64.9 um, respectively. The cross-sectional

SEM images of the samples are shown in Figure 6.7.

Figure 6.7. The cross-sectional SEM images of the samples etched for (a) 60, (b) 180, (c) 300, (d)
720, (e) 1200 minutes with [HF] = 5.4 M [H202] = 0.4 M, Ethanol solution.
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Figure 6.8. Micropillar length with respect to duration of MAE by [HF] = 5.4 M, [H202] = 0.4 M,
Ethanol solution.
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The dependence of the length of the micropillars on the duration of the etching by
[HF] =5.4 M, [H202] = 0.4 M, Ethanol solution is shown in Figure 6.8. The length of
the micropillars increases linearly with the etching time and the etching rate was

calculated as 0.056 pm/min.

After removing Au layer from the surface, and applying necessary surface cleaning
procedures, standard solar cell processes were applied. A.M. 1.5 G weighted
reflectance characteristic of the surfaces with various micropillar lengths, after SINx
deposition is graphed in Figure 6.9. For comparison, weighted reflectance results of
pyramid textured, and planar surfaces are also given. As expected, micropillars
showed lower Ry than planar geometry and Ry decreased with increasing micropillar
length as in Chapter 4. On the other hand, the average reflectance from the micropillar
surface remains to be higher than the pyramid-textured surface coated with ARC.
However, the sample having around 65 pm length micropillars has a very similar
reflectance result to pyramid textured surface, ~3%. This is very promising that with
a further optimization, lower reflectance results can be achieved with micropillar

decorated surfaces.
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Figure 6.9. Weighted reflectance for each micropillar length after ARC. The length zero is for planar
samples. Reflectance results of pyramid textured sample was inserted as reference line.
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The J-V characteristics of the radial junction solar cells fabricated with the new
micropillar lengths are graphed in Figure 6.10 and corresponding performance values
are tabulated in Table 6.1. The average of performance values of planar solar cell is
also given. In Chapter 4, it was concluded that the performance of radial junction solar
cells increases with increasing micropillar length, which is in correlation with their

average reflection values.

40 T
30 4
o Micropillar Length
E204{ o0 §
2 —A—38 um
= ~@— 11.5um %
= —»—20.0 um
101 ¢ 47.1um 7
—0—64.9 um
0 1

0 100 200 300 400 500 600
Voltage (mV)

Figure 6.10. Current Density vs Voltage curves of the radial junction solar cells with different
micropillars length. The J-V curve of planar junction solar cell is also given as comparison.

In this study, with the new etchant solution, longer micropillar lengths were obtained
and it was also observed that the average reflection values decrease with increasing
pillar length. Jsc results increased up to 11.5 um pillar length and similar Voc results
were obtained from the cells with 3.8 and 11.5 um micropillars. However, the
parameters were not improved for longer micropillar lengths. The highest Voc value
was obtained from planar junction solar cell. The probable cause of that, the
passivation becomes difficult for the cells which have longer micropillars.
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Table 6.1. Performance parameters of the radial junction solar cells with different micropillars
length. The averages of the performance values of the planar solar cell are given as a comparison.

Micropillar Efficiency Voc Jsc FF

length (um) (%) V) (mA/cm?) (%)
0 15.74 0.608 33.72 76.83
3.8 15.88 0.600 34.66 76.38
11.5 17.27 0.602 36.41 75.59
20.0 13.40 0.563 33.40 71.24
47.1 12.34 0.552 33.76 66.20
64.9 10.85 0.521 31.04 67.13

In addition, although it is reasonably expected to increase the carrier collection with
the increasing micropillar length, any increment was not observed in Jsc results after
11.5 um pillar length. Moreover, the FF values began to decrease with the increase in
length. Therefore, the process steps applied for long micropillar cells should be
developed. As a result of the standard processes performed, the highest performance
values were obtained from the cell containing 11.5 pm micropillars and the highest
efficiency is 17.23%.

Figure 6.11 shows the EQE spectra of radial junction solar cells with various
micropillar lengths. According to EQE results, at the short wavelength region, the cells
with longer micropillars were remarkably improved. It can be concluded that three-
dimensional junction was provided considering the junction depth, i.e. 400 nm. The
generated minority carriers were able to be separated and collected since the length of
the carriers required to reach the junction was shortened. Also, the absorption of the

lights at short wavelengths was enhanced with the increment of the pillar length.
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Figure 6.11. External Quantum Efficiency Spectra of Radial Junction Solar Cell with various
micropillars length.

In order to clarify the enhancement of EQE at the short-wavelength region, IQE
spectra was calculated from reflectance and EQE spectra. The results are shown in
Figure 6.12. According to IQE results, reflectance effects are not included, at short
wavelength region, all the samples with different micropillar lengths have similar
values. Therefore, it can be concluded that the reason why EQE results in this region
is increased with the length of the micropillars is due to the decrease in the reflection
results as the length of the pillars increases. Hence, with the standard solar cell
processes, the collection of the carriers could not be increased with micropillar length.
On the other hand, at long wavelength region, the IQE results decreased obviously
with the micropillar length. This is due to a thinner planar area with the increase in the
pillar length. Therefore, light absorption at high wavelength region is reduced. This

explains why the solar cell performance decreases as the length of the pillar increases.
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Figure 6.12. Internal Quantum Efficiency and Reflectance Spectra of Radial Junction Solar Cell with
various micropillars length.

Considering all these results with the J-V results together, it was decided to fabricate
thin solar cells using the samples with an average of 11.5 um micropillar length from

which the highest performance values were obtained.

The SEM images of the solar cells with various thicknesses after the application of 50
wt. % KOH etching at 80-90° C and the standard solar cell fabrication processes are
shown in Figure 6.13 As shown in Figure 6.13- a, b, c, after KOH etching for 1 hour
170-180 pum, for 2 hours 90-100 um and for 3 hours 15-30 um thick samples were
obtained. In Figure 6.13- e and f, an SEM image and a picture of 1.5 h double sided

etched ~18 um planar solar cell are seen. The thinnest solar cells had flexibility

property.
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Figure 6.13. The cross-sectional SEM images of a)1 h b)2 h ¢)3h etched radial junction solar cells, d)
Ag finger on micropillars, €) SEM image, f) picture of thinnest planar solar cell.

However, after the metallization and optimized co-firing with respect to thicknesses
were applied, the thinned radial junction solar cells and the planar cells with 15-30 um
thicknesses suffered from very low FF results. The EQE spectra of the samples are
shown in Figure 6.14. Since co-firing process was optimized with respect to the
thicknesses of solar cells, it was thought that the contact problem is due to the back
side full Al metallization. There was not any problem during printing; however, as the
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sample thickness decreased, bending effects were observed after co firing. Therefore,
the results for all the samples decreased with increasing etching time. On the other
hand, the etching was performed using a single side hole teflon holder for radial
junction solar cells, so thicker Al layer had to be printed on the thinned region due to
the support region of the samples. Therefore, all the thinned radial junction cells

suffered from very low performance results.
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Figure 6.14. EQE spectra of unetched and etched a) planar and b) radial junction solar cells with
metallization problem.

Therefore, thermal evaporation technique was used for the back-side metallization.
Al-BSF was obtained by annealing at 800 °C temperature for 40 min. under Nz atm.
For the front sides, screen printing and optimized co-firing with respect to the wafer

thickness were applied.

The performance parameters are tabulated in Table 6.2 and J-V results are graphed in
Figure 6.15.
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Figure 6.15. J-V curves of planar and radial junction solar cells with various thicknesses.

When the thickness of the solar cells decreases, it can be expected that the Vo results
would decrease. On the other hand, with a decrease in solar cell thickness, the light at
the long wavelength region of the solar spectrum may not be absorbed very well or
the carriers can be generated away from the junction region. According to the results,
both Jsc and Vo results for both type of the cells decreased with the decrease in the
thickness of the solar cell. However, radial junction which enhances the performance
of the solar cell both optically and electronically, has an advantage when the cell
thickness decreases. While there was a very rapid decrement in the values of Jsc and
Vo in planar junction solar cells, a slower reduction in radial junction solar cells was
observed. The change in Jsc and Vo values as a function of cells thickness is also

shown in Figure 6.16 for both types of solar cells.
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Table 6.2. J-V curves of planar and radial junction solar cells with various thicknesses.

Junction type- Efficiency Voc Jsc FF

etching duration (%) (V) (mA/cm?) (%)
PJ- 275 pm 14.13 0.570 32.39 76.54
PJ-170-180 um 13.79 0.565 32.08 76.07
PJ- 90-100 um 13.06 0.551 31.98 74.09
PJ- 15-30 um 12.7 0.544 30.86 75.69
RJ- 275 um 14.19 0.568 32.26 77.36
RJ- 170-180 um 14.03 0.565 31.67 78.43
RJ- 90-100 pm 13.94 0.562 31.59 78.42
RJ- 15-30 um 13.28 0.556 31.55 75.65
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Figure 6.16. The change in a) Jsc and b) Voc values of planar and radial junction solar cells with
respect to cell thicknesses.

In Figure 6.17, IQE and reflectance spectra of planar and radial junction solar cells
with different thicknesses are given. The decrement at the long wavelength region of
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IQE spectra of the cells in different thicknesses supports the decrement in Vo results.
As can be seen in the IQE spectra, the decrement at long wavelength in planar junction

cells is more than that of radial junction solar cells.
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Figure 6.17. IQE and reflectance spectra of a) planar and b) radial junction solar cells as a function
of wavelength with respect to cell thicknesses.

As a result, it was observed from both performance parameters and IQE results that

radial junction solar cells were less affected by the use of thin Si substrate.

6.4. Conclusion

In this study, it was shown that solar cells with three-dimensional radial junction are
less affected by the use of thin Si substrate than those with planar junction cells. The
reason is that minority carriers in these cells need to travel a shorter distance to reach

the junction region in radial junction solar cells.

Since photolithography was applied to obtain micropillars on the surfaces and the
samples were hard contacted during UV exposure, first the radial geometry was
obtained then the samples were thinned. In order to protect micropillars from KOH
etching, front sides of the radial junction cells were coated by SiNx and single side

KOH etching was performed. After standard solar cell fabrication processes and
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optimized co firing conditions for wafer thicknesses, it was understood that screen
printing metallization was not applicable for the fabrication of thin solar cells due to
bending effects. Later, back side Al metallization was carried out by thermal

evaporation technique.

As aresult, the efficiency of the samples with the planar and radial geometries on thick
Si substrates are close to each other, with the average efficiency values 14.13 % and
14.19%, respectively. On the other hand, when the cell thickness is decreased, the
efficiency of the cells with radial junction degraded much less compared to the planar
junction since Vo values in radial junction cell were less effected by thinning. This is
in agreement with the expectation that cells with a radial geometry whose carrier
diffusion length to reach the junction is shortened are less sensitive to the material
used. At the end, 12.7 % and 13.28 % conversion efficiencies were obtained from 15-

30 pum thick planar and radial junction solar cells, respectively.
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CHAPTER 7

CONCLUSIONS

“Keep your face to the sun and you will never see the shadows. ”

Helen Keller

In this thesis, radial junction solar cells with three-dimensional carrier collection
property were studied. This type of solar cells contain densely packed Si
nano/micropillar arrays on their surfaces. This geometry facilitates to separate the
directions of charge carrier collection and light absorption and also provides a high
junction area which depends on the aspect ratio of the pillars. Since it relaxes the long
carrier lifetime requirement, three-dimensional, radial junction solar cell allows the
use of low-quality substrate whose minority carrier diffusion length is shorter than the
optical absorption depth. Moreover, with appropriate design of the pillar geometry,
i.e. period, pillar length and diameter, the solar cell efficiency is enhanced due to the

reduced surface reflectance and increased light harvesting.

Throughout this thesis work, to fabricate micropillars in appropriate geometry on the
surfaces of solar cells, MAE method was used. Before applying MAE, the desired
metal shapes were obtained on the surfaces by photolithography followed by thermal
evaporation and lift-off processes.

In the first part of this thesis, the effect of micropillar length on the optical and
electrical performances of the solar cell was studied. According to P atom distribution
profile measured by Secondary Mass lon Mass Spectrometry (SIMS), junction depth

was estimated to be around 0.4 um. Therefore, the radii of the micropillars were
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determined as 2 um so that the pillars are not fully doped and form radial junction.
Until the tips and the sidewalls of the micropillars started to be etched, different metal
assisted etching durations were applied to obtain micropillars in various length, the
longest being about 6 um. In order to fabricate radial junction solar cells, standard
processes for POCIs3 tube furnace doping, SiO> passivation, PECVD SiNx coating as
ARC, screen printed metallization, co-firing of the contacts and edge isolation were
followed. Due to the thermal capacity of silicon, varied wafer thicknesses result in a
differing co-firing temperature profile. Therefore, co-firing conditions, such as peak
temperature and belt speed were optimized with respect to wafer thicknesses.
According to the solar cell performance results, Jsc and efficiency values increased
with increasing micropillar length since optical reflection from solar cells’ surface
decreased. As a result, the maximum efficiency value was obtained from the cell with
~6 um micropillars. The best solar cell efficiency was obtained as 15.90 % which is
one of the highest reported values in radial junction solar cells prepared by MAE

technique.

The main purpose of the use of the radial junction solar cells is to ensure the
availability of low quality, inexpensive materials in solar cell production, since it
reduces the path length of minority carriers to reach the space charge region.
Therefore, as another solar cell work, it was shown that the three-dimensional junction
has an advantage over planar junction when Si wafers intentionally contaminated with
metal impurities, were used. Au metal impurities with a U-shaped diffusion profile in
Si, were diffused into the Si wafers for contamination. After the application of
standard solar cell fabrication processes, while the efficiencies of the cells with radial
and planar geometries having no contamination were close to each other 15.66% and
15.74%, in the case of contamination, the efficiency of the cells with radial junction
degraded less compared to the planar junction with the values of 14.71 % and 12.72
%, respectively. The reason is that Jsc values in radial junction solar cells were affected

less since the photogenerated carriers diffuse short distances to be collected. The
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results are consistent with the expectation that solar cells with radial geometry are less

sensitive to the quality of the substrate material used.

Moreover, a comparison of the performances of the planar and radial junction solar
cells on different thicknesses Si wafers was investigated. The aim was to increase the
proportion of the region containing micropillars in the cell and also to reduce the
fabrication cost by allowing the use of thin Si substrates. Therefore, before the
fabrication of thin Si solar cells, it was decided to change the MAE solution
concentrations and the etchant in the solution to obtain longer micropillars. By
increasing the HF concentration in the MAE solution to suppress the lateral etching
and instead of H20, using ethanol which has a lower surface tension, smooter etching
was observed. Smooth micropillars up to 65 um in length were obtained on the
surfaces and the surface reflection values were reduced to ~3% close to the reflection
value of the pyramid textured surfaces. However, since the standard cell production
processes were not optimized according to the micropillar length, the cell efficiency
of 17.27%, one of the highest efficiency values in radial junction cells, was obtained
from the cell containing 11.5 um micropillars. In order to decrease the solar cell
thicknesses, 50 % KOH anisotropic etching at 80-90°C was performed for different
time durations. Since Al screen printing metallization for thin solar cells was not
suitable due to bending effect, Al thermal evaporation was applied for back sides and
annealing at 800 °C was performed for 40 minutes. By decreasing the thickness of the
cells, it was observed that the efficiency values were less affected in three dimensional
solar cells than in planar junction cells. With the decrease in solar cell thickness, the
light at the long wavelength region of the solar spectrum may not be absorbed very
well and the carriers can be generated away from the junction region. However, radial
junction which enhances the performance of the solar cell both optically and
electronically, had an advantage when the cell thickness decreases and so, less
decrease in Voc and Jsc values was observed. As a result, while the efficiencies of the

planar and radial junction solar cells were close to each other ~14 %, before decreasing
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the cell thicknesses, from 15-30 pm thick planar and radial junction cells 12.70 % and

13.28 % efficiency values were obtained, respectively.

This thesis demonstrates that the three-dimensional p-n junction solar cells have an
advantage over planar solar cells in the use of low-quality materials as well as for the
solar cells with thin substrates. However, even if they have an advantage over
conventional planar solar cells, high performance values in compliance with today's
standards could not be obtained. Even if radial junction solar cells, with larger junction
area provide an increase in the short circuit current, they suffer from surface
recombination which leads to low open circuit voltage. Therefore, for future studies
other passivation methods such as atomic layer deposition (ALD) can be applied

taking the advantage of its conformality.
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