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ABSTRACT

To achieve efficiencies approaching the theoretical limit of 29.4% for industrially
manufactured solar cells based on crystalline silicon, it is essential to have very low
surface recombination velocities at both the front and rear surfaces of the silicon
substrate. Typically, the substrate surfaces feature contacted and uncontacted regions,
and recombination should be limited for both to maximize the energy conversion

efficiency.

Uncontacted silicon surfaces are often passivated by the deposition of silicon
nitride (SiNx) or an aluminum oxide film with SiNx as capping layer (Al2O3/SiNx stack).
Further, proper surface preparation and cleaning of Si wafers prior to deposition also
plays an important role in minimizing surface recombination. In the present work, the
effect of various cleans based on different combinations of HCI, HF, HNO3s, and ozonated
deionized water (DIO3) on surface passivation quality of boron-diffused and undiffused
{100} n-type Cz Si wafers was studied. It was observed that for SiNx passivated Si, carrier
lifetime was strongly influenced by cleaning variations and that a DIOs-last treatment
resulted in  higher lifetimes.  Moreover, DIOs+HF+HCI-HF—-DIOs and
HNOs—HF—HNO3 cleans emerged as potential low-cost alternatives to HCI/HF clean in

the photovoltaics industry.

Transmission electron microscopy (TEM) studies were carried out to get insight
into the origin of variation in carrier lifetimes for different cleans. Changes in the surface

cleans used were not found to have a significant impact on Al203/SiNx passivation stacks.



However, an oxide-last cleaning step prior to deposition of SiNx passivation layers was

found to create a 1-2 nm SiOx tunnel layer resulting in excellent carrier lifetimes.

For contacted regions, low surface recombination can be achieved using
passivated carrier selective contacts, which not only passivate the silicon surface and
improve the open circuit voltage, but are also carrier selective. This means they only allow
the majority carrier to be transported to the metal contacts, limiting recombination by
reducing the number of minority carriers. Typically, carrier selectivity is achieved using a
thin metal oxide layer, such as titanium oxide (TiOz) for electron-selective contacts and
molybdenum oxide (MoOx) for hole-selective contacts. This is normally coupled with a

very thin passivation layer (e.g., a-Si:H, SiOx) between the silicon wafer and the contact.

In the present work, TiO2-based electron-selective passivated rear contacts were
investigated for n-type c-Si solar cells. A low efficiency of 9.8% was obtained for cells
featuring a-Si:H/TiOz2 rear contact, which can be attributed to rapid degradation of surface
passivation of a-Si:H upon FGA at 350°C due to hydrogen evolution leading to generation
of defect states which increases recombination and hence a much lower Voc of 365 mV
is obtained. On the other hand, 21.6% efficiency for cells featuring SiO2/TiO2 rear contact
is due to excellent passivation of SiO2/TiO2 stack upon FGA anneal, which can be
attributed to the presence of 1-2 nm SiO2 layer whose passivation performance improves
upon FGA at 350°C whereas presence of large number of oxygen vacancies in TiO2x

reduces rear contact resistivity.



Likewise, MoOx-based contacts were investigated as hole-selective front contacts
for an n-type cell with a boron-doped emitter. It has been previously reported that cell
efficiencies up to 22.5% have been achieved with silicon heterojunction solar cells
featuring a front contact wherein MoOx is inserted between a-Si:H(i) and hydrogenated
indium oxide (10:H). However, device performance and FF degrades upon annealing
beyond 130°C. In this work, contact resistivity measurements by TLM technique in
combination with TEM studies revealed that degradation of device performance is due to
oxygen diffusion into MoOx upon annealing in air which reduces concentration of oxygen
vacancies in MoOx and increases contact resistivity. The increase in contact resistivity

reduces FF resulting in deterioration of device performance.
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CHAPTER 1:
INTRODUCTION

1.1 History of photovoltaics

In 1839, French physicist Edmond Becquerel observed that an electric voltage
developed between two electrodes of an electrolytic cell when he shone light onto this
system. This effect is known as the photovoltaic effect. Subsequently, attempts were
made to develop devices that could convert light into electricity. These devices were
known as photovoltaic solar cells. The first functional PV device based on Se wafers was

developed by an American inventor named Fritts in 1883.[1-4]

The first commercial solar cell which was a p-n junction solar cell was developed
in 1954 at Bell Laboratory by David Chapin, Calvin Fuller and Gerald Pearson. It was the
first solar cell capable of converting enough of the sun’s energy into power to run every
day electrical equipment. Its efficiency was reported to be 6% and was used to power
telephone lines in rural areas.[2, 5-7] In the same year, 6% efficient thin-film
heterojunction solar cell based on Cu2S/CdS was reported. A year later, RCA Lab, USA
reported a 6% efficient GaAs p-n junction solar cell. Around the same period, similar
efficiencies were also reported for CdTe thin films solar cells. A few years later in 1970,
Alferov et al loffe Institute in USSR reported first heterojunction solar cell based on

GaAlAs/GaAs.[4]

The year of 1973 is often regarded as the beginning of modern era of photovoltaics.

In that year, group of PV researchers and representatives of various US government



scientific organizations met in the town of Cherry Hill, New Jersey, USA with the goal of
evaluating the merits of PV and its potential applications. At the Cherry Hill Conference,
decision was made to provide government support for research and development of PV
which led to the formation of the US Energy Research and Development Agency which
became the US Dept. of Energy. Later that year in October, major oil producing nations
in the Persian Gulf led by Saudi Arabia imposed the first World Oil Embargo which led to
guadrupling of international crude oil prices. This sent shock waves throughout the
industrialized world and forced major world governments to initiate steps for reducing
dependence on oil and instead focus more on alternate energy sources especially solar
energy. It was only after the 1973 oil shock that major government policy decisions were
taken in order to encourage research and application of photovoltaics in terrestrial

applications.[4]

1.2 Need for solar energy

Today, most of the energy is generated by burning fossil fuels (coal, oil, natural
gas) and other non-renewable sources. However, fossil fuel sources such as coal and
natural gas are limited and there is pressing need to look for alternate sources of energy.
Additionally, over dependence on fossil fuels for meeting energy requirements will
increase greenhouse emissions at a time when there is a pressing need to address the
problem of climate change. On the other hand, nuclear energy poses environmental
problems related to storage or disposal of nuclear waste. Moreover, major nuclear

accidents such as the one at Chernobyl in former Soviet Union on 26" April, 1986 and

2



more recently at Fukushima on 11" March, 2011 have exposed the looming dangers
associated with nuclear technology. Moreover, with global estimated to be 7.3 billion
people in 2015 and expected to grow to reach 8 billion by 2030, global energy demand is
going to increase as well.[8] Moreover, as world economies develop, per capita energy
consumption is going to increase as well. In such a situation, there is an ever-increasing

need for mankind to explore alternate sources of energy which are clean and renewable.

Although wind, geothermal, hydroelectric and ocean thermal energy have
emerged as promising alternative energy sources which are clean and environment
friendly, they are limited by their low technical potential which is defined as the achievable
energy generation of a technology, given system performance, topographic limitations,

environmental, and land-use constraints.

On the other hand, solar energy is the earth’s major renewable energy resource
and the exploitation of the energy from the sun is the potential key to a sustainable energy
production in future. Solar energy offers a very large amount of technical potential of over
1000 EJ which is nearly twice the 2010 global primary energy supply of 510 EJ.[9]
Conversion of sunlight into electricity using photovoltaic cells emits essentially no toxic or
greenhouse gases, it requires no moving parts and does not produce noise, while the
material requirements are extremely low. Only production and disposal/recycling of
devices are critical in their effects on the environment. Photovoltaic systems can be

installed in principle in every region of the earth. With the energy from the sun being so



plentiful, the challenge then lies on scientists and engineers to harness this energy using

efficient and cost-effective solar cells.

1.3 Physics of solar cells

Silicon is an indirect bandgap semiconductor with a band gap of 1.1 eV. By doping
it with boron or phosphorous, it can be made p-type or n-type respectively. When p-type
(B-doped) and n-type (P-doped) are brought together, a p-n junction is formed. A solar
cellis a typical p-n junction semiconductor diode which can convert incident radiation into
useful electrical work. When light is incident on the solar cell, the incoming photons are
absorbed and their energy is converted into electron-hole pairs. Each of the photons with
an energy hv >Egap (band gap) can give energy equal to Egap to the photo-generated
electron-hole pair while the excess energy (hv - Egap) is lost due to thermalization. The
photo-generated electron-hole pairs generated within the depletion region are then

separated by the built-in voltage within the depletion region (Figure 1-1).

p-type n-type
semiconductor semiconductor
region region
e glectron
The combining of n hole
electrons and holes o
depletes the holes . negative ion
in the p.reg';on and from filled hole
the electrons in the positive ion
n-regioin near the from removed

junction. electron

depletion
region

Figure 1-1: Schematic of depletion region for a p-n junction[10]
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The majority carriers in p-type semiconductor are holes while electrons are the
majority carriers in n-type semiconductors. The free electrons from n-type migrate over
the p-n junction to recombine with holes in the p-type semiconductor. A region is created
wherein all the electrons and holes are recombined. This region at the junction is termed
the depletion zone. At the junction, a negative charge develops at the edge of the
depletion zone in the p-type semiconductor while a net positive charge forms at the edge
in the n-type semiconductor. Therefore, a potential develops within the material known as
built-in voltage. This built-in voltage drives the photo-generated electrons through to the
external circuit. The product of electric current and voltage is the electric power that can

be used to run varied applications.

To understand the electronic behavior of a solar cell, it would useful to create an
equivalent electrical model. An ideal solar cell can be thought of as a current source in
parallel with a diode. To account for losses due to resistance at the contacts as well as
due to shunting paths within the cell, series and shunt resistances are added to the
equivalent circuit. The dark (non-illuminated) characteristics of the diode and the

photogenerated current and the solar cell equivalent circuit are shown in Figure 1-2.



E Dark
e Rs
; s VOLTAGE - I\/\/\/—b—o
- Ip Ish
. I
J / by ‘“'“-..,Hluunmlﬂﬂ CT) Rsh Vv
BN .

Figure 1-2: (a) I-V curve of a solar cell under dark and illuminated conditions.[11]

(b) Equivalent circuit of a solar cell.[12]

The equation for an I-V curve of a solar cell follows from the equivalent circuit

shown in Figure 1-2(b) and is given by the relation

I'=1,—1Ip—1Ip (1-1)
I = output current

I, = photogenerated current

I, = diode current

Is, = shunt current

When diode characteristics and Kirchhoff's law are applied to equation 1-1, we get

(1-2)

q[V+IRg|
I=1, -1, {e—mws . 1} _ VtiRs
Rp



I, = reverse saturation current

V = output voltage

R, = shunt resistance

Rg = series resistance

m = diode ideality factor

1.4 Device parameters

1.4.1 Short circuit current (Isc)

The short-circuit current is the current through the solar cell when the voltage
across the solar cell is zero (i.e., when the solar cell is short circuited). It is purely due to
the generation and collection of photo-generated carriers. Hence, for an ideal solar cell,
Isc equals the I.. In other words, Isc is the largest current which may be drawn from the

solar cell.

Isc can be increased by improving the light absorption within the cell. This can be
accomplished using anti-reflection coatings (ARCs) at the front surface. Alternatively,
surface texturing is also employed to increase the amount of light entering the cell by
deflecting the incident light after reflection back to be incident on cell another time.

Furthermore, surface texturing can also reduce losses due to reflection at the rear by



increasing the angle of incident at the front surface which results in light being reflected
internally within the cell. These processes within a surface textured substrate are

illustrated in Figure 1-3.

Incident beam

o

Secondary incidence Internal reflection

Absorber material

Rear reflection

Figure 1-3: Schematic illustration of reducing surface reflectance and increased light-

trapping by surface texturing

1.4.2 Open circuit voltage (Voc)

The open-circuit voltage is the maximum voltage available from a solar cell, and
this occurs at zero current. The open-circuit voltage corresponds to the amount of forward
bias on the solar cell due to the bias of the solar cell junction with the light-generated
current. As evident from equation, Voc is dependent on photo-generated current (I.) and
reverse saturation current (lo). Since lo is caused by recombination within the cell,
reducing the recombination reduces lo and increases Voc. Recombination will be

discussed in detail in chapter 2.



1.4.3 Fill factor (FF)

To obtain maximum power from cell, Isc and Voc needs to be maximized. However,
no useful power can be obtained at these operating conditions. The point at which
maximum power can be obtained from the cell is known as maximum power point (MPP).
Ideally, this is where the solar cell should be operated.

Another important cell parameter is the fill factor(FF) which relates MPP to Isc and

Voc and is given by the relation

FF = 5’"—1" (1-3)
Prax = Vulu (1-4)
Vy = voltage at maximum power

Iy = current at maximum power

The FF of a cell is dependent on the series resistance Rs and shunt resistance Rsh.
As evident from equation, power is dissipated across Rs as current flow though the cell.
As a results FF and maximum power reduces with increase in Rs. The power loss due to

Rs is given by the relation

Ploss,RS = (1 - M) (1-5)

Vm

For small values of Rs, Iv=Isc and VmM=Voc. Therefore, FF loss can be given by the

relation



FFloss,Rs ~ (1 - %) (1'6)

VO Cc

On the other hand, shunt resistance provides an alternate path for the dark current
to flow and reduced cell output. For an ideal cell, Rsh=«~. However,if value of Rsh is

substanially lower, FF and power loss is given by the relation

VOC
FFioss,rg, = Prossrg, = (1 - _) (1-7)

IscRsh

1.4.4 Conversion efficiency (n)

It is the percentage of the solar energy shining on a solar cell that is converted
into usable electricity. Improving this conversion efficiency is a key goal of research and
helps make PV technologies cost-competitive with conventional sources of energy. It is

defined by the relation

_ VoclscFF
Pin

(1-8)

1kW

m2

P;, = incident power taken as corresponding to AM 1.5G solar spectrum

Typically, terrestrial solar cell efficiencies are reported under illumination from AM
1.5G spectrum which has an integrated power density of 1kW/m?2. Here AM represents
Air Mass which is a measure of how absorption in the atmosphere affects the spectral
content and intensity of the solar radiation reaching the Earth’s surface. It is defined by

the relation
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av = J1+(5) (1-9)

H
S = length of a shadow cast by an object of height H

Just above the Earth’s atmosphere, the radiation intensity, or Solar Constant, is
about 1.353 kW/m? and the spectral distribution is referred to as an air mass zero (AMO)
radiation spectrum. The AM1.5G spectrum is representative of the spectral irradiance that
reaches the earth's surface at a solar zenith angle of 48.2°. It is intended to take into
account various atmospheric effects such as absorption and scattering that takes places

due to presence of water vapor and other elements.

1.5 Silicon PV

Ever since the first commercial solar cell based on c-Si was reported by Bell
Laboratories in 1954, c-Si has dominated the PV industry and this trend is likely to
continue in the foreseeable future.

Currently, nearly 90% of PV modules manufactured today are based on c-Si
wafers which includes both mono- and multi-crystalline Si. A major driving force behind
this is the fact that wafer-based silicon has been widely used in the integrated circuit
industry for so long, which enables us to utilize a technology that is already well
understood for manufacturing PV cells and modules. Other advantages of c-Si include
high module efficiency (16 — 22%), low manufacturing cost ($/Wp), excellent long-term

module stability (> 20 years), material abundance and non-toxicity.[4, 13]
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Although, most of the industrially manufactured solar cells have achieved energy
conversion efficiencies of 17-21%, it is still lower than at the laboratory scale efficiencies
of up to 26.3% and 21.3% that have been achieved for mono-crystalline and multi-
crystalline silicon solar cells respectively and even further lower than theoretical upper

limit of efficiency as prescribed by Shockley-Quisser limit of 29%. [14, 15]

The lower efficiencies obtained for industrially manufactured solar cells is mainly
due to electronic recombination occurring at the surfaces resulting in lower Voc. Hence, a
reduction in surface recombination is essential to obtain high efficiency industrial solar
cells. This is possible by employing effective surface passivation mechanism in these
cells.[14, 16] Therefore, a lot of research has been done recently on various passivation

layers and passivated contacts.

In this work, various aspects of surface passivation of c-Si solar cells were
investigated with the help of transmission electron microscopy (TEM) to understand the
passivation performance of SiNx and Al2Os/SiNx passivated Si as well as that of carrier-
selective contacts namely TiO2 (electron-selective) and MoOx (hole-selective). An
overview of surface passivation and electron microscopy will be presented in chapters 2
and 3 respectively. The impact of surface preparation on passivation performance of SiNx
and Al203 will be discussed in chapters 4 and 5. The role of electron-selective TiO2-based
rear contacts and hole-selective MoOx-based front contacts on device performance will

be discussed in chapters 6 and 7 respectively.
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CHAPTER 2:
SURFACE PASSIVATION

2.1 Carrier recombination

When an electron in the valence band (VB) absorbs a photon (hv>Eg) and
undergoes a transition to the conduction band (CB) then we have an extra electron in CB
and a hole in VB. This process by which an electron-hole pairs are created is known as
generation. When light falls on the solar cell, electron-hole pairs are generated which are
responsible for conversion of light energy into electrical energy. However, if the electrons
and holes recombine in the bulk or at the surface of the solar cell before they can reach
external circuit, then it is known as recombination. Recombination reduces the number of

available charge carriers and thereby reducing the cell output.

The equilibrium concentration of electrons and holes is given by the equation

nopo = n? (2-1)

n, = equilibrium concentration of electrons

Po = equilibrium concentration of holes

n; = intrinsic carrier concentration

When excess electrons and holes are generated, we have

n= ny+An (2-2(a))

p= po+Ap (2-2(b))

13



n = concentration of electrons

p = concentration of holes

An = excess electrons

Ap = excess hole

These excess carriers exist as such in silicon for some time carrying current and
generating voltage in the solar cell. If there are no trapping effects and no band bending,

we have An = Ap. Then the average time taken by an electron-hole pair to recombine is

given by
An
T = 7 (2-3)

T = recombination lifetime

U = rate of recombination

Therefore, higher efficiencies can be achieved in solar cells by increasing the
recombination lifetime which is analogous to reduction of recombination rate. For this
purpose, it is important to understand the recombination mechanisms that are taking

place in a solar cell.
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2.2 Recombination mechanisms

In any solar cell, both at the surface as well as in the bulk, there are mainly three

recombination mechanisms that are taking place namely:

¢ Radiative recombination

e Auger recombination

e Shockley-Read-Hall recombination

L 4 E
h* h* h* !
Radiative Auger SRH

Figure 2-1: Schematic of recombination mechanism
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2.2.1 Radiative recombination

In this mechanism, an electron from a conduction band recombines with a hole in
the valence band and excess energy is released as a photon. The rate of radiative

recombination is given by
Uraa = B(np —n?) (2-4)
U,qq = rate of radiative recombination
B = coefficient of radiative recombination
This mechanism, however, is significant only in direct band gap semiconductors.

It is negligible in case of indirect band gap semiconductors such as silicon.

2.2.2 Auger recombination

Auger recombination, also known as band-to band recombination, involves three
carriers. In this process, when an electron and a hole recombine, the excess energy is
given to a third carrier which can be either an electron in conduction band or a hole in the
valence band. This mechanism is particularly important at high doping concentration in

case of silicon. The rate of Auger recombination is given by

Urga = (Cnn + Cpp)(np - nlz) (2'5)
U,qq = rate of Auger recombination

C, = electron Auger coef ficient
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C, = hole Auger coef ficient

2.2.3 Shockley Read Hall recombination

This mechanism involves defects. These defects can be impurities, dislocations or

other imperfections in the crystal lattice because of which an allowed energy state exists

in the forbidden region of silicon. These energy states within the forbidden region can trap

an electron/hole. If a hole/electron having sufficient energy can reach there and stay for

sufficient time, then recombination occurs. The rate of SRH recombination is given by

U _ np-n?
SRH = E-E; E,—E
Tpo(nt+my exp( ’;(T ‘))+'rn0(p+ni exp( ‘KT t))
1
T =
Po
apvthNt
1
Tn, =

* o Ny
T, = hole capture time constant

Po

Tn, = electron capture time constant

E, = energy level of trap
E; = intrinsic energy level

0, = hole capture cross — section

17
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0, = electron capture cross — section

N, = density of defects

2.3 Surface recombination

Surface recombination describes the recombination that takes place at the surface
of the semiconductor. In case of silicon, it is mainly due to presence of large number of
silicon dangling bonds at the surface. The contribution of radiative and Auger
recombination at the silicon surface is not significant. The net recombination at the
surface is given by the relation

U, = SAn, (2-7)

Us; = rate of recombination at surface

S = surface recombination velocity

Ang = excess carrier concentration at surface

2.4 Effective lifetime

The effective carrier lifetime is given by

LN BN I S (2-8)

Teff Trad TAuger TSRH Ts

Terr = ef fective carrier lifetime
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Traqa = carrier lifetime due to radiative recombination

Tauger = carrier lifetime due to band — to — band i.e. Auger recombination

Tsry = carrier lifetime due to defects i.e.SRH recombination

Tg = carrier lifetime due to surface recombination

When light falls on a solar cell, generation of electron-hole pairs takes place.
However, many of these electrons and holes recombine before reaching the external
circuit and no useful electrical work is done. To minimize these losses, Teft must be high
enough so that carriers (namely electrons and holes) have sufficient time to reach the
external circuit before they recombine. To achieve this, both bulk as well as surface
recombination needs to be minimized. Bulk recombination can be reduced by using better
guality material which is free of crystallographic defects, impurities and other
imperfections. To reduce surface recombination, a good surface passivation is required

which is discussed in next section.

2.5 Surface passivation

The rate of surface recombination expressed as a function of interface defect

density, electron and hole capture cross sections, electron and hole densities is given by

(nsps—n?)venNig
US = is-fnl_:_psﬂ)l . (2'9)
op on

N;; = interface defect density
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ny & p; = statistical factors

on,&a, = electron and hole capture cross — sections

If we assume that n,, p;, n; < ng, ps and define S, ,, = 05,/ v, Nie, then we have

Us ~ w55 (2-10)

However, the above equation is valid only under the assumption that there is a
single energy level associated with surface defects are located at midgap. However, the

energy levels associated with surface defects are distributed throughout the band gap.

From the above equations, it is evident that the rate of surface recombination is
directly proportional to the term nyp, — n?. This term represents the deviation of carrier

concentration away from equilibrium values because of illumination.

To reduce surface recombination, the surface needs to be passivated. This can be

done by:

e Chemical passivation: it involves a reduction in Nit by deposition of a suitable

passivation layer on wafer surface.

¢ Field effect passivation: it involves reduction in density of one type of carrier (either
electron or hole) by suitably doping the back and front wafer surfaces to from back
and front surface fields or by use of suitable dielectric film that possess stable fixed

charges.
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All surface passivation techniques employ either one or both surface passivation
mechanisms. One of these techniques is the use of dielectric films as a passivation layer.

These dielectric films are described in detail in the next section.

2.6 Dielectric films

The dielectric films used for surface passivation in c-Si solar cells employs both
surface passivation mechanisms. The dielectric films which are of importance for surface

passivation in c-Si solar cells include SiOz2, a-SiNx:H, a-Si:H, Al203, HfOo.

2.6.1 Silicon oxide (SiO»)

Thermally grown SiOz is an important passivation material for c-Si because of its
ability to provide low surface recombination velocities. Very low Sest values (< 10 cm/s)
has been observed for SiO:2 after forming gas anneal. Hydrogen is introduced during
anneal which can passivate the dangling bonds in Si leading to very low defect densities
and consequently, an excellent chemical passivation. On the other hand, field-effect
passivation is not significant in SiO2 because of relatively low values of fixed charge.
Despite the advantages, higher temperatures and longer oxidation required for SiO2 has

restricted its widespread usage for c-Si solar cells.[14, 17, 18]
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2.6.2 Hydrogenated amorphous silicon nitride (a-SiNx:H)

a-SiNx:H is the most widely used dielectric in c-Si solar cells. It has the added
advantage of having optimal refractive index, hence it acts as an anti-reflection coating
as well. The presence of large amount of Hydrogen (10-15 at %) helps in bulk passivation
of multicrystalline silicon and increases bulk lifetime. Passivation mechanism of a-SiNx:H
is strongly dependent on N content. For low N content, only chemical passivation is
significant. At higher N content, significant amount of field effect passivation is observed.
Being a positively charged dielectric, it is well suited for passivation of n-type surfaces.
But for p-type surface, it can cause shunting effect leading to current losses in the solar

cell. [14, 19, 20]

2.6.3 Hydrogenated amorphous silicon (a-Si:H)

Hydrogenated amorphous silicon films deposited by PECVD have been shown to
possess Seffas low as 2 cm/s. The passivation behavior in these films is mainly due to
chemical passivation. These films can passivate both diffused as well as undiffused p-
type and n-type surfaces. Doped a-Si:H have been used in HIT (heterojunction with
intrinsic thin layer) cells in which efficiencies up to 23.7% and high Voc (>700 mV) have
been achieved. However, these films have significant absorption in visible part of the solar
spectrum resulting in parasitic absorption. Moreover, these films lack thermal stability at

higher temperatures.[14, 21, 22]
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2.6.4 Aluminum oxide (Al2O3)

Aluminum oxide deposited by plasma assisted ALD have been shown to provide
excellent surface passivation to both undiffused as well as highly doped p-type surfaces
as well as lightly doped n-type surface. The surface passivation of Al203 is due to
relatively low interface defect density (Di<10''/cm?.eV) resulting in good chemical
passivation and a high value of negative fixed charge density (Qr = 102 — 10'3/cm?) that
leads to excellent field effect passivation. Surface recombination velocities as low as 5
cm/s have been obtained with Al2Os upon annealing. For solar cells that use Al2O3 as
passivation layer, cell efficiencies up to 21.5% have been achieved in Passivated emitter
and rear cell (PERC) and up to 23.9% in passivated emitter and rear locally diffused

(PERL) cells. [14, 23-26]

2.6.5 Hafnium oxide (HfO2)

Recently, HfO2 has been investigated as a potential candidate for surface
passivation because of its negligible absorption in visible region of the solar spectrum,
good electrical interface properties and high thermal stability. Surface recombination
velocity in the range of 73 cm/s have been obtained for both p-type and n-type c-Si

surfaces which have ALD deposited HfO2 as passivation layer.[27, 28]
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2.7 Carrier selective contacts

Another technique that has been employed to reduce surface recombination in c-
Si solar cells is use of Carrier selective contacts (CSCs). CSCs not only passivate the
silicon surface but are also carrier-selective in nature i.e. they only allow either electrons
or holes to pass through. The incorporation of CSCs into silicon solar cell improves cell
efficiency by providing excellent surface passivation at contacted regions resulting in a
high open-circuit voltage Voc, and simplified current flow pattern resulting in a high fill

factor FF.

Typically, a CSC can be achieved by deposition of conducting layer over an ultra-
thin passivation layer. For instance, a stack of ultra-thin SiO2 and doped hydrogenated
amorphous silicon (a-Si:H) can act as an electron-selective or a hole-blocking layer.
Although higher efficiencies have been achieved for solar cells with CSCs based on a-
Si:H and SiOz, they suffer from certain drawbacks that include thermal instability and
parasitic photon absorption of a-Si:H films, complicated deposition process, and high
fabrication cost. Moreover, the doped a-Si:H layers are deposited by plasma-enhanced
chemical vapor deposition (PECVD), which is a capital-intensive system with mandatory
safety systems because of the pyrophoric silane and toxic boron/phosphorous gas
precursors employed. Therefore, it is essential to develop high quality CSCs that can be

deposited easily, economically, and safely with minimal hazardous risks.[29]
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Transition metal oxides have emerged as promising candidates for use as CSCs
in c-Si solar cells. Typically, these CSC contain an ultra-thin layer of metal oxide which

act as electron-blocking or hole-blocking layer.

For instance, sub-stoichiometric metal oxides such as tungsten oxide (WOx),
vanadium oxide(VOx) and molybdenum oxide (MoOx) can act as electron-blocking layer
to silicon absorber because of their wide band gap and high work function resulting in a

large conduction band offset. [30-33]
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Figure 2-2: MoO,-Si band diagram when isolated (left) and after forming a junction

(right)[34]

Likewise, TiO2 can act as hole-blocking layer due to a small conduction band offset
(AEc = 0.05 eV), which allows electrons to pass through the TiO2 layer and a large

valence-band offset (AEv = 2.0 eV), which results in holes being blocked.[29, 35]
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Figure 2-3: Bandgap alignments of the n-type silicon solar cells with different rear contacts

(a) n-Si/Al, (b) n-Si/TiO2/Al, (c) n-Si/SiOa/TiO2/AI[29]
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CHAPTER 3:
ELECTRON MICROSCOPY

3.1 Introduction

Electron microscopy is one of the most powerful tools for micro- and nano-
structural characterization of materials that employs a beam of high-energy electrons to
examine objects. It can reveal valuable information about the topography, morphology,

crystallography and chemical composition.

An electron microscope(EM) employs a beam of high energy electrons is used to
form an image of the specimen. The advantage of EMs over optical microscopes is that
it allows us to obtain much higher magnifications to the order 2Mx which is several orders
of magnitude higher than that obtained by optical microscopes. In both electron and light
microscopes resolution is limited by wavelength. The greater resolution and magnification
of the electron microscope is due to the wavelength of an electron, its de Broglie
wavelength, being much smaller than that of a light photon, electromagnetic radiation.
However, EMs are large, expensive pieces of equipment, generally standing alone in

small, specially designed room and trained personnel are required to operate them.

In EM, beam of electrons under a high acceleration voltage (= 10-300 KV) are
used. In contrast to glass lenses used in optical microscope, electromagnetic lenses are
used in electron microscopes (EM). The de Broglie wavelength of the electrons is

dependent on the acceleration voltage and is given by
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Aret = (3-1)

eU
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)

Arer. = relativistic de Broglie wavelength of electrons

h = Planck's constant

e = charge of electron

m, = rest mass of electron

U = acceleration voltage

¢ = speed of light

Higher the acceleration voltage, smaller will be de Broglie wavelength of electrons.
Since, smaller wavelengths lead to a higher resolution, therefore increasing the
acceleration voltage increases the resolution of the EM. For instance, at 10KV, de Broglie
wavelength of electron is = 0.12 A which is =104 smaller than of visible light. Thus, it is
possible to obtain a very high resolution in EM which is several orders of magnitude higher

than that of an optical microscope.

3.2 Scanning electron microscopy

When a beam of high energy electrons is focused on the specimen, these

electrons interact with the sample and several signals are generated from electron-
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sample interactions, which can reveal useful information about surface morphology,

chemical composition, and texture and crystal structure.

Incident electrons
Visible light
(cathodoluminiscence)

Backscattered electrons

Bremsstrahlung radiation

X-rays (EDS)
Secondary electrons

Auger electrons

specimen

inelastically scattered electrons Elastically scattered electrons

unscattered electrons

Figure 3-1: electron-matter interaction

In scanning electron microscope, a focused beam of high energy electrons is used
to scan the sample surface. The electron-sample interactions generate secondary
electrons (SE), backscattered electrons (BSE) and characteristic x-rays which are
detected by various detectors. Secondary electrons are used to form SE image which
gives us information about surface morphology. Backscattered electrons are used to form
a BSE image in which contrast is due to atomic weight wherein the regions having lower
atomic weight phases appear dark. Characteristic x-rays are detected by energy
dispersive x-ray spectroscopy (EDS) detectors which gives us information about chemical

composition.
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Typically, a resolution of = 1-20 nm can be obtained in an SEM which is several
orders of magnitude than that of an optical microscope. However, it is still at least an order
of magnitude than what can be achieved in transmission electron microscope (TEM). On
the other hand, a TEM is much more expensive than an SEM and requires lot more skills

to operate it.

3.3 Transmission Electron Microscopy

A Transmission Electron Microscope (TEM) consists of an electron gun that acts
an electron source; a system of condenser lenses for reducing the area illuminated by
electron beam; an objective lens, an imaging system consisting of diffraction lens,
intermediate and projector lenses; and a viewing screen. A high-energy electron beam (=
100-300 KV) is focused onto a very thin specimen (= 20-100 nm) of interest. The electrons
interact with specimen and the transmitted electrons form the image which can be

projected on a viewing screen.

Because of very high accelerating voltage of electrons, their de Broglie wavelength
is very small (= 0.02A). If lens aberrations and other corrections are considered, resolution
of = 2A can be obtained, which is of the order of the size of an atom. Therefore, images

having atomic resolution can be obtained with the help of TEM.

There are two basic operations of the TEM imaging system: diffraction mode,
image mode. In the diffraction mode, the diffraction pattern is projected onto the viewing

screen. The intermediate lens selects the back focal plane of the objective lens as its
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object. In image mode, the image is projected onto the screen. In each case the

intermediate lens selects the image plane of the objective lens as its object.

X » specimen
/ \

Objective lens

li || Back focal plane of
objective lens

Intermediate lens

Diffraction pattern

Figure 3-2: diffraction mode

» specimen

Objective lens

Intermediate lens

Image

Figure 3-3: image mode
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3.4 Conventional Transmission Electron Microscopy (CTEM)

The conventional TEM mode uses a broad, nearly parallel electron beam with a
diameter of several micrometers. Apertures in the back focal plane and in the image plane

may be applied to increase the contrast or to select an area of interest.

3.4.1 Bright-field and dark-field TEM

If the objective aperture is centered about the undiffracted beam, then only the
undiffracted beam (or few of the low-indexed Bragg reflections) will contribute to first
image formation in image plane of objective lens. This is known as bright-field conditions
(Fig. 3-4 (a)). This result in an enhanced contrast in the micrograph compared to image

without aperture.

(a) (b)

Incident beam Incident beam

specimen ’ specamen

|

Direct beam Diffracted beam Direct beam Diffracted beam

Objective aperture Objective aperture

Figure 3-4: Bright field and dark field imaging
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On the other hand, if a specific diffracted beam is used for first image formation
then it is dark-field conditions. As shown in (Fig.3-4(b)), the aperture is displaced to select
scattered electrons that travel off the optic axis. However, the problem with this kind of
imaging is that the more off-axis the electrons are the greater the aberrations and
astigmatism they suffer which makes it difficult to focus the image. In dark-field imaging
mode only those regions appear bright which contribute to the Bragg reflection in the

objective aperture. All other regions appear dark

3.4.2 Selected-area diffraction (SAD)

As shown in Fig.3-5, the diffraction pattern contains electron from the whole area
of specimen illuminated by the electron beam. Such a pattern is not very useful because
the specimen is often buckled. Moreover, if the direct beam is very intense it may damage
the viewing screen. Therefore, to select a specific area of specimen to contribute to
diffraction pattern and to reduce the intensity of direct beam on the viewing screen,
selected-area diffraction (SAD) technique is used. In this technique, an aperture is
inserted in image plane of objective lens centered on the optical axis that creates a virtual

aperture at the plane of the specimen as shown in Fig.3-5.
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Figure 3-5: selected area diffraction (SAD)

3.5 Scanning transmission electron microscopy (STEM)

In STEM mode, a highly convergent electron probe having a diameter of few
angstroms is used to scan the sample with the help of deflection coils. Electrons that
impinge on the specimen generate X-rays or they lose energy upon interaction with
electrons within specimen. These processes can be used for chemical analysis of any
specific area of specimen. Moreover, diffracted electrons can be detected by an annular

detector to form an image of the specimen.
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Figure 3-6: schematic of STEM mode

3.5.1. High-angle annular dark field (HAADF)

As shown in Fig.3-6, a high-angle annular dark field (HAADF) detector is used for
high-angle collection of electrons (>50mrad to avoid Bragg effects). At shorter camera
lengths, the collection angle increases and hence only elastically scattered electrons are
detected. Thus, a HAADF-STEM image with a high Z-contrast can be obtained where the

lower Z region appears dark.

3.5.2 Energy Dispersive X-ray spectroscopy (EDS)

As electrons from the electron probe interact with inner-shell electrons present
within the specimen; the latter are ejected as secondary electrons leaving behind empty
lower energy states. Electrons from higher energy states subsequently occupy these
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empty lower energy states and emit X-rays which are characteristics of the specific
element. These X-rays are detected by an X-ray detector. An X-ray spectrum is obtained
which is a plot between numbers of X-rays with certain energy as a function of their X-ray
energies. However, the X-rays and secondary electrons generated in the volume can
themselves excite atoms and cause the emission of additional X-rays which also

contribute to the EDX spectrum and needs to be taken care of in quantitative analysis.

This technique is well suited for detection of heavy elements. EDS technique can
be used for point measurements, line scans as well as for area scans to obtain elemental

maps.

Ejected electron

Figure 3-7: schematic of EDS

3.5.3 Electron energy loss spectroscopy (EELS)

The energy losses of electrons after passing the sample can be analyzed with

electron energy-loss spectroscopy (EELS). The electron energy-loss spectrum consists
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of a zero-loss peak, a low energy loss plasmon peak, and a signal background. lonization
edges which are characteristic for each element are found on top of the background. The
energy resolution that can be achieved is <1 eV. This method is therefore well suited for
low atomic number elements (except H and He) since scattering at low atomic number

elements results in small energy losses. Therefore, EELS is complementary to EDS.

Incident electron (E) -

Ejected electron (E,.ic) E—DE=E — (Eginging * Exinenic)

Figure 3-8: schematic of EELS

3.5.4 Energy-filtered transmission electron microscopy (EFTEM)

As describe before, EELS can be used to determine the composition on an area
of interest by evaluating the ionization edges in the EELS spectrum. However, if an area
of interest is imaged using only those electrons which show certain energy losses near
an ionization edge then elemental maps can be obtained like EDX. This technique is

known as energy-filtered transmission electron microscopy (EFTEM).
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3.5.5 Energy loss near edge structure (ELNES)

When an inner shell electron undergoes a transition to the conduction band, a fine
structure appears at about 30 eV from the absorption-edge in the EELS spectrum. This
structure is known as energy-loss near-edge structure (ELNES). From ELNES,
information about atomic bonding and oxidation states can be obtained by fingerprint

method wherein the observed spectrum is compared with that of known materials.

3.5.6 Extended enerqgy-loss fine structure (EXELFES)

When an inner shell electron that has undergone a transition to the conduction
band gets scattered by the adjacent atoms, extended energy-loss fine structure
(EXELFS) is obtained. It usually appears about 50 eV after ELNES. From EXELFS,
information about local atomic arrangement such as co-ordination number can be

obtained.

3.6 High resolution transmission electron microscopy (HRTEM)

In this technique, phase contrast is used to image lattice fringes and atomic
arrangement. A very thin sample (= 50 nm) is required which is transparent to the incident
electrons. Moreover, the sample needs to be oriented such that atomic columns are
parallel to the incident electrons. As electron wave passes through a sample, there will
be a phase difference between those electrons which are simply transmitted through the

sample and those which undergo diffraction upon interaction with atomic columns. The

38



result is an interference pattern which is the HRTEM image. However, lens aberrations
and sample thickness can also contribute to phase shift of electron waves, which can

make the interpretation of HRTEM images difficult.
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CHAPTER 4:
INFLUENCE OF SURFACE PREPARATION AND CLEANING ON THE
SURFACE PASSIVATION OF SILICON SURFACES

4.1 Introduction

The recombination of charge carriers is a critical loss mechanism in crystalline
silicon (c-Si) photovoltaic (PV) cells and is a good indicator of cell efficiency, everything
else being equal. To minimize these losses, the effective carrier lifetime (7ef) must be high
enough so that the carriers have sufficient time to reach the external circuit before they
recombine. To achieve this, both bulk and surface recombination need to be minimized.
Bulk recombination is limited by intrinsic properties of the material (e.g., radiative
recombination, Auger recombination), as well as Shockley-Read-Hall (SRH)
recombination. Auger recombination is primarily dependent on doping density, while bulk
SRH recombination is dependent on material quality and can be minimized by limiting
crystallographic defects, impurities, and other imperfections within the Si wafer. Surface
recombination is also a form of SRH recombination, but in this case, is primarily due to
the continuum of defect states arising from dangling bonds at the surface. Surface

recombination can be minimized by effective surface passivation.

Therefore, in order to achieve efficiencies beyond 20% for industrially
manufactured solar cells, very low surface recombination velocities are required, which
can be achieved by the use of a thin dielectric films such as SiOz, SiNx, a-Si:H, Al20s3,
HfO2 [19, 23, 25, 27, 36-42] or passivation stacks like Al2O3/SiNx, SiO2/Al203, SiOx/SiNx,
Al203/Zn0O, Ta20s/SiNx.[14, 24, 43-49] Low surface recombination rates are achieved by
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two methods, preferably working together: (1) reducing the fundamental surface
recombination velocity of the minority carrier (Sno or Spo, for p and n-type materials,
respectively) through a reduction of the interface defect density (Di); and/or (2) reducing
excess carrier concentrations near the interface via doping (i.e., surface fields) or the
presence of a fixed electrostatic charge near the interface. The second mechanism is

referred to as field effect passivation.

Among all passivation materials, SiNx is the most widely used in industry because
it provides both good surface passivation of phosphorus doped, n* emitters and has ideal
optical properties for use as an antireflection coating for c-Si PV cells (e.g., transparent,
appropriate refractive index). Being a positively charged dielectric, it provides excellent
field effect passivation of n-type surfaces.[19, 39, 50] In recent years, however,
researchers have shown considerable interest in Al203 as a passivation material. This is
mainly due to the low Dit and considerable field effect passivation exhibited by Al2Os on
p-type Si surfaces, the latter attributed to the presence of a high negative charge density

near the interface.[14, 23, 25, 36, 51]

The quality of surface passivation can be evaluated in terms of the measured e,

given by the following relation:

1_(1_|_1)_|_1_|_1= SR SR (4-1)

Teff Trad TAuger Th,SRH  Ts,SRH Thulk,intrinsic  Th,SRH  Ts,SRH

Terr = ef fective carrier lifetime

Traa = carrier lifetime due to radiative recombination
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Tauger = carrier lifetime due to Auger recombination

T, sy = carrier lifetime due to bulk defects i.e. SRH recombination

Tssry = carrier lifetime due to surface recombination

Thulk,intrinsic = intrinsic bulk carrier lifetime

The surface recombination and resulting 7et of a Si wafer not only depends on the
passivation material, but also on surface preparation and cleaning processes used prior
to deposition. The primary cleaning processes used by the PV industry today are based
on the use of HCI and HF acids, while many in the PV R&D community working on high
efficiency cell architectures use more expensive and complicated cleaning processes
(e.g., variants on the RCA process). As manufacturers transition from aluminum back
surface field (AI-BSF) cells to rear passivated cell architectures, as predicted by the
International Technology Roadmap for Photovoltaics (ITRPV)[52], (HCI + HF) cleans will
not achieve the level of surface cleanliness needed and both RCA and HNOz3 cleaning
processes will likely remain too expensive to implement in high-volume manufacturing.
Alternative cleaning processes based on DIOs oxidants can provide the performance
needed for high efficiency cell architectures and can potentially be inserted into high-
volume manufacturing.[53, 54] Not only can DIO3s be used to form very clean Si surfaces,
but DIOs can be used to form very thin SiOx layers that further reduce surface

recombination.[55-60]
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In this work, the influence of nine different cleaning sequences on recombination
lifetime has been studied for {100} oriented n-type Cz -Si wafers passivated with SiNx
films and with Al203/SiNx stacks. The passivation quality of boron diffused wafers was
evaluated for both planar wafers, i.e., saw damage etch (SDE) only, and anisotropically

textured wafers featuring random upright pyramids.

4.2 Experimental

In this work, 156 mm x 156 mm n-type {100} Cz Si wafers with a thickness of ~195

pm and bulk resistivity of ~3 Q-cm were used. Processing steps were performed at
Fraunhofer ISE and characterization at the University of Central Florida. All wafers were
subjected to a saw damage etch (SDE), and half were subsequently anisotropically
textured using an alkaline based chemistry. Half of the wafers underwent a BBr3 tube
furnace diffusion to form a 70 Q/sq. p* emitter, and the others were left undiffused. The
borosilicate glass formed on the boron diffused wafers was then removed by etching in
HF solution. Each group was subjected to one of the nine cleaning sequence listed in
Figure 4-1. Wafers that involved a final HF dip were collected in a single carrier and then
the HF dip was performed so that the waiting time before deposition of passivation layer
remains the same. HNO3s and (HCI + HF) cleans were performed manually in a wet bench
equipped with a spin rinser dryer, whereas the final HF dip and DIOs3 cleans were carried
out in an automated semi-industrial wet bench featuring a blow-dryer system. After
cleaning, passivation layer depositions were performed to create symmetrically
passivated structures. Half of the wafers were passivated by plasma-enhanced chemical
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vapor deposition (PECVD) SiNx (<100 nm) and the other half were passivated by a very
thin Al203 film (<5 nm) deposited by spatial atomic layer deposition (ALD) followed by a
PECVD SiNx capping layer (=100 nm). The Al2O3 passivated wafers were subjected to a
thermal annealing step before the deposition of the SiNx layer. Finally, each of these
wafers were subjected to a simulated contact firing step to further activate the passivation

layer and stay close to a potential solar cell fabrication process.

‘ Saw Damage Etch

4

‘ Texturing ‘
| Boron Diffusion ‘ | Boron Diffusion ‘
Cleaning Splits Cleaning Splits Cleaning Splits Cleaning Splits
(Nine Groups) (Nine Groups) (Nine Groups) (Nine Groups)
§ &8 3 3 3 3§ R
[Aogsin, |[ i, | Aoysin, || siN, | ALOysIN, || siN, | Aoysin, || siN,
§y &8 3 3 R \ SR
‘ Firing ‘

i Cleaning Splits !
L+ HCI+HF ;
}+ DIO; = HF = DIO, = HF

'+ DIO; = HF — DIO, :
!+ DIO; + HCI + HF = HF !
1+ DIOs + HCI + HF — HF — DIO; '
I+ HCI+HF — DIO, ;
HNO; — HF ;
HNO; — HF — HNO, !
HNO, — HF — DIO,

Figure 4-1: Process flow used in this work
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These symmetrically passivated wafers then were characterized using the
following techniques: injection-level dependent photoconductance; non-contact corona-
Kelvin measurements; inductive emitter sheet resistance measurements; and secondary

ion mass spectrometry (SIMS).

For the photoconductance measurements, a Sinton WCT-120 was used to
measure Terr as a function of injection-level (An) on all wafers. For the boron diffused
samples, the emitter saturation current density (Joe) was extracted using a modified
version of the Kane and Swanson method that accounts for bandgap narrowing.[61] The

following equation was used:

2
\p = i 4 (; _ ;) (4-2)

2 dMn\Teff  Tpulkintrinsic
Where q = fundamental charge
W = wafer thickness
n; = intrinsic carrier concentration

Non-contact corona-Kelvin measurements were performed on a subset of planar,
undiffused wafers using a Semilab PV-2000A metrology tool and were used to extract the
interface defect density near midgap (Ditmidgap) and total charge (Quot) of the dielectric
film(s).[62] The sheet resistance (Rsheet) Of the boron diffused wafers was determined by
inductive coupling.[63] To determine the boron concentration in the Si wafers as a
function of depth, a PHI Adept 1010 Dynamic SIMS System featuring a 300nA Cs+ ion

beam at 2 keV primary energy was used. The raster size was 500 pm x 500 um and the
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detection area was 5%. The SIMS measurements were performed on six of the diffused,

planar wafers just to verify a consistent dopant profile was used for all the different groups.

4.3 Results and discussion

4.3.1 Sheet resistance and boron concentration profiles
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Figure 4-2: Typical boron concentration depth profile obtained by SIMS for planar wafers.

Average Rsheet from 108 positions was measured to be 70 Q/sq. for the textured
and 68 Q/sq. for planar wafers. The boron concentration measured as a function of depth

was found to be nearly constant for the diffused wafers. This allows for good comparisons

across sub-groups without concerns of variation in recombination occurring within the
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emitter itself, as opposed to the surface. Typical boron depth profile obtained by SIMS is

shown in Figure 4-2.

4.3.2 Recombination characteristics

The 1err values determined at an excess carrier concentration of 10> cm= are
shown in Figure 4-3 for all diffused wafers, including: both planar and textured wafers;
both SiNx and Al203/SiNx passivation; and all nine cleaning sequences. Figure 4-4(a-d)
shows the r1e(An) measured for three representative cleaning sequences and the
following boron diffused sub-groups: (a) planar SiNx; (b) planar Al203/SiNx; (c) textured

SiNx; and (d) textured Al203/SiNx.
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Figure 4-3: Mean Tet at An = 1015 cm for the boron diffused, symmetrically passivated
wafers. Note, the shaded columns represent the HF last cleaning processes and the

white columns oxide last. The error bars represent the standard deviation in 7ef across

the sample surface.
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Figure 4-4: 1 as a function of An measured for boron diffused wafers prepared using
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include the industry standard (HCI+HF) clean and two very promising cleans featuring

DIOs developed at Fraunhofer ISE, one HF last and one oxide last
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In general, the Al203/SiNx passivation stack results in higher et than SiNx alone.
This is consistent with prior work and thought to be due to: (1) the positive Qi at the p*
Si/SiNx interface, resulting in an increase in minority carriers, as opposed to the negative
Qtwt Of Al203 that reduces the concentration of minority carriers at the p* Si surface; and
(2) the formation of defects at the p* Si/SiNx interface that are not formed at phosphorus
doped n* Si/SiNx interfaces.[64, 65] Additionally, the variation in 7eft for different cleaning
sequences is much larger for the SiNx passivated wafers than those passivated with the
Al203/SiNx stack. This is clearly illustrated in Figure 4-4, where teit for the Al203/SiNx
passivated wafers are nearly equivalent, whereas the SiNx passivated wafers show a

large variation for each cleaning sequence.

For the planar SiNx coated wafers, the highest values of 7e(10%° cm3) are 233 ps
and 164 us for the (DIO3+HF+HCI—-HF—DIOs3) clean and (HNOs—HF—HNO3) clean,
respectively. This is significantly higher than the 42 us measured for standard (HCI+HF)
clean. Another observable trend for the planar SiNx passivated wafers is all of the oxide-
last cleaning sequences perform better than their HF last counterparts: the 7e(101° cm3)
for the (DIOs—HF—DIO3) clean is higher than the (DIO3z—HF—DIOs—HF) clean;
(DIO3+HF+HCI—-HF—DIQ3) is greater than (DIOs+HF+HCI—HF); (HCI+HF—DIO3) is
greater than (HCI+HF); and HNO3—HF—DIOs3) is greater than (HNOs—HF). For the
textured SiNx passivated wafers, the highest measured 7e(10'° cm3) are 389 ps, 192 s,
and 173 ps for the (DIOs+HF+HCI—-HF—DIO3) clean, the (DIO3—HF—DIO3) clean, and
the (HNOs—HF—HNO?3) clean, respectively. Again, this is much higher than the 39 ps

determined for the standard (HCI+HF) clean. As with the planar SiNx passivated wafers,
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the oxide-last treatment results in higher lifetimes than HF-last. We believe the thin SiOx
layer formed after the oxide-last treatment with either HNO3 or DIOs limits the formation

of defects at the p* Si/SiNx interface resulting in a lower Di.[59]

For both the planar and textured Al2O3/SiNx passivated wafers, the impact of each
cleaning sequence on Teff is much less pronounced. All of the cleaning sequences resulted
in Ter(101° cm3) values above 100 ps, and surprisingly, the textured wafers outperformed
the planar wafers. In prior work, it has been shown that a thin SiOx layer forms at the
Si/Al203 interface, and this interlayer is likely responsible for providing the low Di: values
associated with this passivation material.[26, 66, 67] Moreover, the negative fixed charge
at the Si/SiO2/Al20s3 interface supports the diffusion induced repelling of minority carriers
from the interface, which makes the impact of the actual Dit value smaller, compared to
SiNx, where a low Di is needed to allow for a low surface recombination velocity. We
believe therefore the Al203/SiNx passivated wafers are relatively independent of whether

an oxide-last or HF-last cleaning sequence is used.

The Joe values of all the boron diffused wafers are shown in Figure 4-5. As with
Ter, the resulting Joe values of the SiNx passivated wafers are heavily influenced by
whether an oxide-last or HF-last cleaning sequence is used. Also in a similar fashion with
Teft, the Al203/SiNx passivated wafers appear to be practially independent of the cleaning
sequence used. Notably, the (DIO3+HF+HCI—-HF—DIO3) clean results in comparable Joe
values for both the SiNx and the Al203/SiNx passivated wafers, possibly enabling a less

complex and more cost-effective alternative to Al203/SiNx.
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Figure 4-5: Joe for the boron diffused, symmetrically passivated wafers. The shaded

columns represent the HF last cleaning processes and the white columns oxide last.

4.3.3 Electronic properties of the interface

To get additional insight in the electronic properties at the Si/dielectric interface,
non-contact corona-Kelvin probe measurements have been performed on undiffused,
planar wafers for five cleaning sequences. The (HCI+HF) clean was selected for these
measurements as a baseline, while the other four were selected due to the promising
results from the photoconductance measurements. The resulting Ditmidgap and Qtot are

shown in Figure 4-6. As with the et and Joe results, here the Ditmidgap Varies widely for the
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SiNx passivated wafers, but varies little for the Al2O3/SiNx passivated wafers. And again,
for the SiNx passivated wafers the oxide-last cleaning sequences give the best
performance with an order of magnitude lower Ditmidgap COmpared to their HF-last
counterparts. The Qtwt, and presumably the field effect passivation, are not influenced by
whether the cleaning sequence terminates with an oxide-last or HF-last step. As shown
via simulation in the subsequent section, the large positive Qo for the SiNx passivation
means a very low Ditmidgap iS Needed to achieve a low Jog, whereas the large negative Qo

of the Al203/SiNx passivation stack is less sensitive to variations in Ditmidgap-
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Figure 4-6: (a) Ditmidgap and (b) Qwt Of undiffused, planar wafers for five different cleaning
sequences. Measurements were performed on seven different locations on the wafer with
error bars representing the standard deviation across the sample surface. The shaded

columns represent the HF-last cleaning processes and the white columns oxide-last.
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4.4 Conclusion

In conclusion, cleaning sequences featuring HNO3s and DIOs and an oxide-last step
resulted in better passivation quality than a (HCI+HF) clean for boron diffused and SiNx
passivated wafers. These cleaning sequences enable the dissolution of contaminants and
incorporation into an SiOx layer, which is removed using HF. The oxide-last step reduces
the Ditmidgap Of SiNx passivated wafers by almost one order of magnitude compared to
similar cleaning ending with a HF-last step. The cleaning sequence used has much less
of an influence on the passivation quality of the Al2O3/SiNx passivated wafers. This is
likely due to the known formation of a very thin SiOx interlayer that forms at the Si/Al203
interface even on HF-last terminated cleaning sequences. For both the SiNx and
Al203/SiNx passivated wafers studied in this work, the Qiwt, and therefore field effect
passivation, is not influenced by the cleaning sequence. The findings in this work are
applicable to any PV cell architecture featuring boron diffused surfaces, like n-type cells
with either a front or rear p* emitter or p-type passivated emitter and rear totally diffused
(PERT) cells with a p* BSF. The (DIOs+HF+HCI—HF—DIOs3) cleaning sequence seems
particularly promising for PV cell manufacturing, since it requires lower process
temperatures than HNOs-based cleans while still enabling high performance. In addition,
it has been implemented on an automated wet bench and is ready to be transferred to

industry.
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CHAPTER 5:
MICROSCOPIC ORIGIN OF VARIATION IN SURFACE RECOMBINATION
OF SILICON FOR DIFFERENT SURFACE PREPARATION METHODS

5.1 Introduction

In previous chapter, the influence of nine different cleaning sequences on
recombination lifetime has been studied for {100} oriented n-type Cz -Si wafers
passivated with SiNx films and with Al203/SiNx stacks. The passivation quality of boron
diffused wafers was evaluated for both planar wafers, i.e., saw damage etch (SDE) only,

and anisotropically textured wafers featuring random upright pyramids.

The study revealed that cleaning sequences featuring HNO3 and DIO3 and an
oxide-last step resulted in better passivation quality than a (HCI+HF) clean for boron
diffused and SiNx passivated wafers. It was observed that the oxide-last step reduces the
Dit,midgap Of SiNx passivated wafers by almost one order of magnitude compared to similar
cleaning ending with a HF-last step. On the other hand, the cleaning sequence used has
much less of an influence on the passivation quality of the Al2Os/SiNx passivated wafers.
For both the SiNx and Al2O3/SiNx passivated wafers studied in this work, the Qt, and

therefore field effect passivation, is not influenced by the cleaning sequence.

To understand the microscopic origin of variation in passivation performance for
the various cleans as reported in prior study, wafers subjected to different cleans and
passivated with either SiNx or Al2O3/SiNx were investigated using a combination of photo

conductance lifetime measurement and cross-sectional TEM studies.
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5.2 Experimental

156 mm x 156 mm n-type Cz-Si wafers were used in this work. The wafers had a
thickness of =200 ym and a bulk resistivity of =3 Q-cm. At first, the wafers were taken
through a standard saw damage etch process. As noted in the flowchart in Figure 5-1,
the wafers were then divided into 5 groups and each group was subjected to one of the
5 cleaning sequence which included HCI+HF clean which is the industry standard, DIO3
cleans with HF-last and oxide-last namely DIOs+HF+HCI-HF and
DIO3+HF+HCI—-HF—DIOs3 respectively; HNOs cleans with HF-last and oxide-last namely
HNOs—HF and HNO3—HF—HNO3 respectively. Wafers going through either of the HF-
last treatment were grouped after prior steps into a single carrier and subsequently the
HF-last step was carried out to ensure identical wait times prior to deposition of
passivation layer. HNOs and HCI+HF cleaning steps were performed manually in a wet
bench equipped with a rinser dryer, whereas final HF and DIOs cleaning steps were

carried out in an automated wet bench and wafers were then dried in a blow-dryer system.
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Figure 5-1: Process flow showing the surface preparation and cleaning steps, film

depositions, and firing step performed before sample characterization.

After cleaning, the groups of wafers were then further subdivided based on two
passivation materials. Symmetrically passivated structures were formed using plasma-
enhanced chemical vapor deposition (PECVD) of SiNx (=100 nm) on half the wafers and
by ALD of a thin Al203 (<5 nm). The wafers passivated by ALD Al2O3 were also subjected
to thermal annealing followed by the deposition of a PECVD SiNx film (=100 nm). As a
final processing step before characterization, all wafers were subjected to firing process
to simulate the typical firing process used for screen-printed metal contacts. The
symmetrically passivated test structures for SiNx and Al203/SiNx stacks are illustrated in

Figure 5-2.
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Figure 5-2: lllustration of the following symmetrically passivated test structures: (a) SiNx
with HF-last cleaning process; (b) SiNx with oxide-last; (c) Al2Os/SiNx with HF-last; and

(d) Al203/SiNx with oxide-last.

To evaluate passivation performance, effective carrier lifetime(teff) was measured

by photo conductance with the help of Sinton WCT-120 which measures et as a function
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of injection-level (An). The extent of surface recombination can be measured in terms of

effective surface recombination velocity is related to Test by the relation

ﬂ(l

2 Teff

1
Seff = - E) (5-1)

Serf = Surface recombination velocity

W = thickness of the silicon substrate
Terr = ef fective carrier lifetime

Tp = bulk recombination lifetime

In this study, since high quality Si wafers were used where 1, —« and therefore

equation 5-1 reduces to

w
Sefr = ey (5-2)

Finally, for TEM studies, cross-sectional TEM specimens were prepared by a
focused ion beam (FIB) milling technique. FEI 200 TEM FIB operating at 30 KV was used
for this purpose. TEM studies were performed with the help of FEI Tecnai F30 TEM. The
operating voltage was kept constant at 300 KV. Z-contrast images of SiNx and Al203/SiNx
stacks were obtained under high angle annular dark field (HAADF) conditions in scanning

TEM (STEM) mode.
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5.3 Results and discussion
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Figure 5-3: Teff(us) @ An=10%> cm-3 for 5 different cleans
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(a) (b)

(c) (d)

Figure 5-4: High-angle annular dark field (HAADF) images showing Z-contrast: (a) SiNx
stacks with an HF-last step; (b) SiNx stacks with oxide-last step; (c) Al2O3/SiNx stacks

with HF-last step; and (d) Al203/SiNx stacks with oxide-last step.
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From Z-contrast images shown in Figure 5-4, it is evident that for SiNx stacks, an
ultra-thin (1-2 nm) SiOx layer is present if the cleans involved an oxide-last step whereas
no SiOx layer is observed for cleans that with a HF-last step. Further,
DIOs+HF+HCI—-HF—-DIO3 and HNO3—HF—HNOs cleans which involve an oxide-last
step results in much higher 1 values as compared to DIO3+HF+HCI—HF, HNO3—HF
and HCI+HF cleans which have an HF-last step as shown in Figure 5-3. It has previously
been reported that a wet-chemically grown SiOx interlayer leads to higher effective carrier
lifetimes due to a significant reduction in Ditmidgap.[56, 58, 59] Therefore, we can conclude
that the higher lifetimes obtained for DIO3+HF+HCl—-HF—DIO3s and HNO3—HF—HNO3
cleans is due to the chemical passivation exhibited by the 1-2 nm SiOx layer formed as a

result of oxide-last step during wafer cleaning process.

On the other hand, it can be observed from Z-contrast images of Al2O3/SiNx stacks
shown in Figure 5-4 that a SiOx layer is present regardless of whether clean involves
oxide-last or HF-last step. This indicates that even if no oxide-last step is involved during
wafer cleaning prior to Al203 deposition, SiOx will eventually be grown possibly when Si
substrate is exposed to oxygen during first ALD cycles.[26] This explains why the impact
of clean on chemical passivation and consequently on carrier lifetime in case Al203/SiNx
stacks is not significant as evident in Figure 3. Moreover, excellent field effect passivation
of Al2Os due to the presence of negative fixed charges plays a major role in passivation

performance of Al203/SiNx stacks which is not dependent on the presence of SiOx layer.
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Furthermore, it can be seen from Tet maps in Figure 5-3 that carrier lifetimes
obtained with SiNx stacks having an oxide-last cleaning step is comparable to or even
higher than that obtained with Al203/SiNx stacks. Moreover, TEM images revealed that
the higher lifetimes obtained for SiNx stacks having an oxide-last step is due to the
presence of an ultra-thin SiOx layer. This indicates that excellent carrier lifetimes with SiNx
stacks can possibly be obtained by having a wet chemical treatment of Si wafers to grow
a tunnel SiOx layer prior to deposition of SiNx by PE-CVD. Such a wet chemical treatment
process is attractive since it doesn’t require high temperatures (=900 °C) nor the costs

associated with deposition of a SiO2 layer by thermal oxidation.

5.4 Conclusion

In summary, this study has revealed that in case of Al2O3/SiNx stacks, 1-2 nm SiOx
is present regardless of whether cleaning procedure terminates with a HF-last or oxide
last step which is why the cleaning procedure doesn’t impact the passivation performance
of Al203/SiNx stacks. However, in case of SiNx stacks, it was observed that an oxide-last
cleaning step to form a 1-2 nm SiOx layer prior to deposition of SiNx is essential for
obtaining results in excellent carrier lifetimes. Overall, it emerged that SiOx/SiNx stacks
consisting of a chemically grown ultra-thin SiOx layer with SiNx as a capping layer are
potential candidates for use as passivation layers in c-Si solar cells. Moreover, SiNx acts
as an excellent anti-reflection coating(ARC) and is widely used in photovoltaics industry
and therefore SiOx/SiNx stacks can provide excellent anti-reflection properties as well as

carrier lifetimes simultaneously.
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CHAPTER 6:
TITANIUM OXIDE AS A ELECTRON-SELECTIVE REAR CONTACT FOR
N-TYPE CRYSTALLINE SILICON SOLAR CELL

6.1 Introduction

It has already been discussed that low recombination velocities at surface is
essential for obtaining higher efficiencies for c-Si solar cells. One of the techniques
employed for this purpose is the use of carrier selective contacts. CSCs not only passivate
the silicon surface but are also carrier-selective in nature i.e. they only allow either
electrons or holes to pass through. The incorporation of CSCs into silicon solar cell
improves cell efficiency by providing excellent surface passivation at both contact and
noncontact regions resulting in a high open-circuit voltage Voc, and lower contact

resistance resulting in a high fill factor FF.[21, 68-70]

Typically, a CSC can be achieved by deposition of conducting layer over an ultra-
thin passivation layer. For instance, a stack of ultra-thin SiO2 and hydrogenated
amorphous silicon a-Si:H(n) can act as an electron-selective layer whereas SiO2/a-
Si:H(p) stack is hole-selective. Although higher efficiencies have been achieved for solar
cells with CSCs based on a-Si:H and SiOz2, they suffer from certain drawbacks that include
thermal instability and parasitic photon absorption of a-Si:H films, complicated deposition

process, and high fabrication cost.[29, 40-42, 71]

Recently, transition metal oxides have emerged as potential alternative to a-Si:H

for use as CSCs in c-Si solar cells. Typically, these CSC contain an ultra-thin layer of
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metal oxide which act as electron-blocking or hole-blocking layer. For instance, TiO2 can
act as hole-blocking layer due to a small conduction band offset (AEc = 0.05 eV), which
allows electrons to pass through the TiO2 layer and a large valence-band offset (AEv =
2.0 eV), which results in holes being blocked. Recently, solar cells based on TiO2-based
electron selective contacts are gaining considerable attention. Yang et al. demonstrated
that cell efficiencies upto 21.6% can be achieved for a n-type Si solar cell with a full area
TiO2/SiO2 rear contact which is the highest reported efficiency so far for a TiO2-based

rear contact Si solar cell. [29, 72]

Although CSCs based c-Si solar cells have achieved very high efficiencies, the
underlying mechanisms responsible for excellent performance of these CSCs is yet to be
fully understood. In the present work, n-type Si solar cells featuring a-Si/TiO2 rear contacts
were investigated and its performance compared with that of cell devices having
SiO2/TiOz2 rear contacts. Furthermore, microscopic studies were carried out with the help
of high resolution TEM (HRTEM) and analytical TEM including energy-filtered TEM
techniques to understand their behavior at microscopic scale and correlate it with device

performance.

6.2 Experimental

6.2.1 Device fabrication

Silicon solar cells featuring a full-area a-SiO2/TiO2 rear contact were fabricated on

n-type c-Si wafers (1.0 Q cm, =175 pm). After surface damage etching in alkaline solution,
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a mask SiNx layer (=100 nm) was grown by low-pressure chemical vapor deposition
(LPCVD) on both sides. The cell area (2 cm x 2 cm) was then realized by
photolithographically defined mesa etch. Following alkaline-based surface texturing and
standard RCA cleaning, a boron diffusion was performed in a clean quartz furnace,
resulting in a p+ emitter with a sheet resistance of =120 Q sq-1. An Al203/SiNx stack,
which was deposited by plasma ALD (Al203 =20 nm) and plasma enhanced chemical
vapor deposition (PECVD SiNx, =50 nm), was used to passivate the front emitter. The
rear TiO2 contact was formed by depositing a TiOz2 film and evaporating an Al/Ag (20/2000
nm) stack. Cells featuring a full-area SiO2/TiO2 contact were subjected to a short thermal
oxidation at 700 °C for 150 s for tunnel SiO2 growth before TiOz2 films deposition. The front
fingers were prepared with photolithography in combination with an evaporated stack of
Cr/Pd/Ag (40/40/40 nm) that was thickened with Ag electroplating. Finally, the cells were

subjected to a FGA annealing before cutting by laser for I-V measurements.

In this study, ultra-thin TiO2 films (<5 nm) were deposited by ALD (TFS 200,
BENEQ, Finland) on (100) n-type Si wafers. For ALD process, TiCls was used as Ti

precursor, H20 as oxidant, N2 as purge gas and deposition temperature was 75°C.

For comparison purposes, Al/TiO2/SiO2 structures were fabricated for TEM
studies. For this purpose, prior to TiO2 deposition, samples were subject to thermal
oxidation in a preheated quartz tube furnace at 700 °C for only 150 s in O2 atmosphere
to allow an ultra-thin SiO2 (<2 nm) layer to grow. Finally, Al contacts (=2-3 um) were

formed over TiO2 layer by evaporation.

66



Al,0.,/SiNx

Al Si0,/TiO, or a-Si: H/TIO,

Figure 6-1: Cross-sectional illustrations of the c-Si cell with a Al/TiO2/SiO2 or Al/TiOz/a-

Si:H(i) rear contact

Figure 6-1 shows the structure of n-type silicon solar cells featuring a full-area
Al/TiO2/SiO2 or Al/TiO2/a-Si:H(i) rear contact. The textured front side with random
pyramids has a boron diffused p+ emitter, which was passivated by Al2O3 /SiNx stack.
The front fingers were prepared by thermal evaporation of a Cr/Pd/Ag seed layer and

subsequent electroplating of Ag.

6.2.2 Device characterization

To evaluate passivation performance, effective carrier lifetime(tef) was measured
by photo conductance. The extent of surface recombination can be measured in terms of

effective surface recombination velocity is related to Tett by the relation

Serf == (=——=) (6-1)

2 Teff Tp

67



Serf = Surface recombination velocity

W = thickness of the silicon substrate

Terf = ef fective carrier lifetime

Tp = bulk recombination lifetime

In this study, since high quality Si wafers were used where T, — and therefore

equation 1 reduces to

w

Sefr = oy (6-2)

The |-V characteristics of the solar cells were measured using a Xenon-lamp solar
simulator under standard 1 sun conditions (100 mW cm?, AM 1.5 spectrum, 25 °C), which

was calibrated using a certified reference cell from Fraunhofer ISE CalLab.

For TEM studies, cross-sectional TEM specimens were prepared by focused ion
beam (FIB) milling technique and with the help of FEI 200 TEM FIB. Specimen lift-out
was done in-situ and attached to Cu gird. TEM studies were performed with the help of
FEI Tecnai F 30 TEM under operating voltage of 300 KV. Cross-sectional micrographs
were obtained under bright field (BF) and high resolution transmission electron
microscopy (HRTEM) conditions with a point-to-point resolution of 0.2 nm. Compositional
analysis was carried out with the help of electron energy loss spectroscopy (EELS)

technique, since EELS is well suited for low atomic number elements. Gatan image filter
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model 200 (GIF 200) spectrometer was used for this purpose. Elemental maps were

obtained by energy-filtered transmission electron microscopy (EFTEM).

6.3 Results and discussion

(b)

Figure 6-2: high resolution TEM (HRTEM) images of (a) as-deposited TiO2 over Si, (b)

after Al deposition, (c) Al/TiO2/a-Si:H stack

(b)

Figure 6-3: (a) high-resolution TEM (HRTEM) image of Al/TiOz stack; (b) and (c) EFTEM

elemental map of O and Ti resp.
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Figure 6-4: high resolution TEM (HRTEM) images of Al/TiO2/SiO2 stack (a)before FGA,

(b) after FGA

Table 6-1: Cell parameters of n-type Al/TiO2/SiO2 rear contact cell

Voc (MV) Jsc (MA/cm?) | FF (%) n (%)
Before FGA | 650 38.2 65.6 16.3
After FGA 676 39.6 80.7 21.6

It can be seen from Figure 6-2 that an interlayer is formed Al/TiOz interface. This

interlayer formation takes place during metallization process wherein Al is deposited over
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TiO2 by thermal evaporation.[73] Moreover, from EFTEM elemental maps of O and Ti
shown in Figure 6-3, it can be inferred that oxygen has diffused from TiO2 layer across
the Al/TiOz interface towards Al resulting in a AlOx interlayer and an oxygen-deficient TiO2-
x phase having a high concentration of vacant oxygen sites. This can be attributed to the
relatively higher oxygen affinity of Al relative to Ti. Furthermore, it is evident from Figure
6-4 that thickness of AlOx interlayer increases after FGA which indicates that further
oxygen diffusion takes from TiO2x phase towards AlOx and TiO2x becomes even more
oxygen-deficient. Thus, upon FGA at 350°C, TiO2x phase has a high concentration of
oxygen vacancies which significantly increases its conductivity and reduces overall rear
contact resistivity and FF improves from 65.6 % to 80.7%. Although, increase in
concentration of oxygen vacancies in TiO2x upon FGA is expected to degrade the
passivation performance of titanium oxide phase, Voc increases from 650 mV to 676 mV
which can be attributed to the excellent thermal stability and improved surface passivation

of 1-2 nm SiO2 layer upon FGA at 350°C.
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Figure 6-5: Teff as a function of An for as-deposited a-Si:H/TiO2 stack
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Figure 6-6: J-V characteristics of n-type cell featuring Al/TiO2/a-Si:H rear contact

It is evident from Figure 6-5 that excellent carrier lifetimes (Tef >1ms) can be
obtained with a-Si/TiO2 stack. Seft (An=10%> cm3) and implied Voc were calculated and
values were found out to be 10 cm/s and 698 mV respectively. However, device
performance of cells featuring a-Si:H/TiO2 rear contact prior to anneal was much lower
than expected. J-V measurement of cells prior to annealing revealed a S-shape curve
with a cell efficiency of 13.2%, Voc of 570 mV and a much lower FF of 57%. As already
discussed, Al and TiO:2 interact during thermal evaporation of Al over TiO2 resulting in

formation of oxygen-deficient TiO2x phase and AlOx interlayer. The field effect passivation
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of titanium oxide phase is degraded due to presence of oxygen vacancies whereas
reaction with Al reduces its thickness leading to degradation of its hole-blocking ability
due to tunneling resulting in a lower Voc.[29, 73, 74] Moreover, reduction in contact
resistivity due to presence of oxygen vacancies in TiO2x is more than offset by the lower
mobility of charge carriers in a-Si:H(i) which is two orders of magnitude lower compared
to c-Si. The net effect is a significant increase in the rear contact resistivity which results

in a much lower FF.

On the other hand, cell efficiency further drops to 9.8% upon FGA at 350°C for 30
min with a much lower Voc of 365 mV but the FF improves significantly to 71.7%. It is well
known that surface passivation exhibited by a-Si:H is due to hydrogen diffusion towards
the a-Si:H/c-Si where it saturates the Si dangling bonds. Upon annealing at 350°C,
surface passivation of a-Si:H degrades rapidly due to hydrogen evolution leading to
generation of defect states resulting in a much lower Tett value. [75, 76] Thus, much lower
Voc Of 365 mV is obtained. However, generation of defect states improves conductivity of
a-Si:H which reduces overall contact resistivity and consequently FF improves from 57%

to 71.7% upon FGA.

6.4 Conclusion

In a nutshell, the low efficiency of 9.8% for cells featuring a-Si:H/TiO2 rear contact
can be attributed to rapid degradation of surface passivation of a-Si:H upon FGA at 350°C

due to hydrogen evolution leading to generation of defect states which increases
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recombination and hence a much lower Voc of 365 mV is obtained. On the other hand,
21.6% efficiency for cells featuring SiO2/TiO2 rear contact is due to excellent passivation
of SiO2/TiO2 stack upon FGA anneal which can be attributed to the presence of 1-2 nm
SiO2 layer whose passivation performance improves upon FGA at 350°C whereas

presence of large number of oxygen vacancies in TiO2xreduces rear contact resistivity.
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CHAPTER 7:
MOLYBDENUM OXIDE AS A HOLE-SELECTIVE FRONT CONTACT FOR
N-TYPE CRYSTALLINE SILICON SOLAR CELL

7.1 Introduction

It has already been discussed that to achieve excellent surface passivation as well
as carrier-selectivity at the front and rear contacts, carrier selective contacts (CSCs) are
employed. For an n-type c-Si solar cell, electrons and holes are to be collected from rear
and front contacts respectively so it is essential to have hole-blocking and electron-
blocking layers at rear and front contact regions respectively.[68] In previous chapter,
TiO2-based electron-selective rear contact for a n-type c-Si cell was investigated. In this
chapter, a similar study carried out for MoOx-based hole-selective front contacts for a n-

type cell will be presented here.

As discussed before, any CSC consists of a conducting layer deposited over an
ultra-thin passivation layer. Depending on the band-offset, the conducting layer can be
either electron-selective or hole selective. A large valence band offset and a small
conduction band offset results in holes being blocked whereas a large conduction band
offset results in electrons being blocked. One of the commonly employed hole-selective
CSCs consists of a stack of ultra-thin SiO2 and doped hydrogenated amorphous silicon
(a-Si:H). Alternatively, transition metal oxides have emerged as potential candidates for
CSCs in c-Si solar cells. Typically, sub-stoichiometric metal oxides having a wide gap and
high work function can act as electron-blocking layer due to large conduction band offset.
Examples include tungsten oxide (WOx), vanadium oxide(VOx) and molybdenum oxide
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(MoOx). Often, these oxides are either used to replace p-type a-Si:H front contact of a
standard SHJ cell or act as an additional contact layer between a-Si:H and TCO such as

ITO.[21, 30-33, 68, 69, 71, 77]

Among all oxide materials investigated for hole-selective contacts on a c-Si solar
cell, molybdenum oxide appears very promising. MoOs is a wide band gap (3 eV) material
with a large work function (6.6 eV) which leads to a large conduction band offset with
silicon and makes it an electron-blocking layer. Moreover, wide band gap of MoOs make
it suitable to act as a suitable front contact. Furthermore, it can be deposited with relative
ease by vacuum evaporation from a solid MoO3s source results in a sub-stoichiometric
(MoOx, x<3) amorphous film. This leads formation of oxygen vacancies in MoOx and

imparts it a semi-metallic and n-type character. [32]

Although cell efficiencies upto 22.5 % have been achieved with silicon
heterojunction solar cells featuring a front contact wherein MoOx is inserted between a-
Si(i) and hydrogenated indium oxide(IO:H), device performance and FF in particular
degrades upon annealing beyond 130°C.[78] This is undesirable since annealing at
200°C is required for curing of Ag front contacts. The objective of the present study is to
investigate the factors responsible for degradation of device performance of silicon
heterojunction solar cells featuring MoOx front contacts upon annealing. In this work,
contact resistivity measurements were carried out prior to and after annealing by TLM

technique followed by TEM studies including high-resolution and analytical TEM.
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7.2 Experimental

In this work, p-type {100} Si was used as substrate. 5-10 nm of MoOx was
deposited on Si substrate under vacuum by thermal evaporation using a solid MoOs
source. Then, 50 nm thick transparent conducting oxide (TCO) layer of Indium Tin Oxide
(ITO) was deposited over MoOx by sputtering in Ar atmosphere at room temperature.

Select samples were then annealed in air at 200°C for 30 min.

ITO (50 nm)
MoO, (10 nm)

p-type c-Si

Figure 7-1: schematic of test structure

Contact resistivity measurements for both pre- and post-annealed samples were
carried out by transmission line measurement (TLM) technique. TLM was used to
measure the lumped contact resistivity of each passivated structure. A Keithley 2400
Sourcemeter® was used in combination with a microprobing station to the measure the
total resistance Rt of each TLM contact pair. In order to obtain Ry, the voltage of the
microprobes was swept through a set range (-0.5-0.5 V) and the resultant current was
measured. The Rt values were then plotted against the value of contact spacing d for

each measurement. An example of such a TLM plot is shown in Figure 7-2. The slope
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and the x-intercept of each plot was used to determine the sheet resistance Rsy and the
transfer length Lt of each structure, respectively. The contact resistivity was then

calculated using:

pc = R.LtW (7-1)

R, = contact resistance

W = contact dimension perpendicular to the current flow

L = contact dimension parallel to the current flow

~ Rsh
Slope—w

b
~

Total Resistance R

2R,

Contact Spacing d

Figure 7-2: Fitted curve of total resistance versus contact spacing.

For both pre- and post-annealed samples, TEM specimens were prepared by
focused ion beam (FIB) technique using a FIB FEI 200 TEM. Bright field (BF) and high
resolution TEM (HRTEM) images of p-si/MoOx/ITO stacks were obtained with the help of

FEI TEM Tecnai F30 at an operating voltage of 300 KV. Electron energy loss
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spectroscopy (EELS) studies were carried out in STEM mode with the help of JEOL ARM
200CF equipped with a cold field-emission gun and double-spherical aberration
correctors at the Brookhaven National Laboratory operated at 200 kV. Multiple EELS line

scans were carried out to detect any chemical change occurring after annealing.

7.3 Results and discussion

700 " T - T - T

1 e |—=— before anneal
600 + e after anneal .
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Figure 7-3: Total resistance (Rt) v/s contact spacing (d) plot to obtain contact resistivity

of pre- and post-annealed samples from TLM

It can be seen from Figure 7-3 that although low contact resistivity value of 0.52
Q.cm? is obtained prior to annealing, it drastically increases upon annealing in air at 200°C
for 30 min. This indicates that probably a hole-blocking interlayer is formed upon
annealing which increases the contact resistivity. To investigate further, high-resolution

TEM images were obtained for both pre-and post-annealed samples.
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Pt (from FIB) Pt (from FIB)

Figure 7-4: (a), (b) BF image of pre-and post-annealed samples respectively; (c), (d)

HRTEM images of pre-and post-annealed samples respectively
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It can be observed from Figure 7-4 that 2-3 nm SiOx layer is formed at Si surface.
Moreover, SiOx layer is present in case of both pre- and post-annealed samples. This
indicates that SiOx layer was formed prior to anneal during the deposition process of MoOx
and ITO. However, no obvious interlayer is found at MoOx/ITO interface even after
annealing. Overall, HRTEM micrographs of pre- and post-anneal samples indicates no
significant changes upon annealing. Therefore, to determine any chemical change
occurring upon annealing which might be responsible for drastic increase in contact

resistivity, multiple EELS line scan were carried out.
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Figure 7-5: EELS line scan in bulk MoOx for pre- and post-annealed samples

A typical EELS scan from bulk MoOx for pre- and post-annealed samples is shown
in Figure 7-5. It can be inferred from relative intensities of Mo-Ms that stoichiometry of
MoOx phase changes upon annealing and it becomes less-oxygen deficient. Since
annealing was done in air, oxygen diffuses into MoOx phase and occupies vacant oxygen

sites which reduces concentration of oxygen vacancies. Since, the semi-metallic
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character of MoOx is due to presence of oxygen vacancies, even a small reduction in
oxygen vacancy concentration leads to sharp reduction in conductivity of MoOx layer
which in turn drastically increases contact resistivity as shown in Figure 7-3. Moreover,
Geissbuhler et al. has previously reported that cell performance of MoOx based cell
degrades upon annealing at 130°C wherein FF drops from 76.6% to 69.7% and J-V curve
becomes S-shaped. Therefore, it can be concluded that for cells featuring MoOx contacts,
annealing in air reduces conductivity of MoOx layer which increases contact resistivity

leading to drop in FF and lower cell performance.

7.4 Conclusion

In summary, when solar cells featuring a MoOx/ITO based front contact upon
annealing in air, oxygen diffusion into MoOx which reduces concentration of oxygen
vacancies in MoOx and leads to drastic reduction in conductivity of MoOx. Thus, overall
contact resistivity increases which reduces FF resulting in a S-shaped J-V curve and

deterioration of device performance.
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CHAPTER 8:
CONCLUSION

Surface passivation plays an important role in obtaining very high efficiencies in c-

Si solar cells. In this work, the impact of various surface preparation methods on

passivation performance of SiNx and Al203/SiNx passivated {100} n-type Cz c-Si wafers

was investigated in detail. Furthermore, transition metals oxides namely, TiO2 and MoOx

were investigated as electron-selective and hole-selective contacts to be employed as

front and rear contacts respectively for an n-type cell with a boron-emitter. The key

findings of this study are listed below

The various surface cleans were not found to have a significant impact on
Al203/SiNx passivation stacks.

However, for SiNx passivated Si, carrier lifetime was strongly influenced by
cleaning variations and that an oxide-last cleaning step prior to deposition of SiNx
passivation layers was found to create a 1-2 nm SiOx tunnel layer resulting in
excellent carrier lifetimes.

DIOs+HF+HCI—-HF—-DIO3 and HNO3—HF—HNOs3 cleans emerged as potential
low-cost alternatives to HCI+HF clean in the photovoltaics industry.

It was revealed that a low efficiency of 9.8% was obtained for cells featuring a-
Si:H/TiO2 rear contact which can be attributed to rapid degradation of surface
passivation of a-Si:H upon FGA at 350°C due to hydrogen evolution leading to
generation of defect states which increases recombination and hence a much

lower Voc of 365 mV is obtained.
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On the other hand, 21.6% efficiency for cells featuring SiO2/TiO2 rear contact is
due to excellent passivation of SiO2/TiO2 stack upon FGA anneal which can be
attributed to the presence of 1-2 nm SiOz layer whose passivation performance
improves upon FGA at 350°C whereas presence of large number of oxygen
vacancies in TiOz2xreduces rear contact resistivity.

It was revealed that degradation of device performance of an n-type cell featuring
MoOx/ITO front contact is due to oxygen diffusion into MoOx upon annealing in air
which reduces concentration of oxygen vacancies in MoOx which drastically
reduces MoOx conductivity due to which overall contact resistivity increases. The

increase in contact resistivity reduces FF and deterioration of device performance.
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