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Abstract

In recent years, the study of solar cell is a big issue, in numerous
species of solar eells, single crystalline silicon solar cell.is well developed
and is appropriate to mass production, the crystalline silicon solar cell
made in PERL structure has already achieved 25%

Interdigitated <back contact back junction silicon solar cell has
potential to achieve high efficiency, and has-benefits for mass production
due to the feature of easily linking in ‘module, for the reasons we
mentioned above, interdigitated back contact back junction silicon solar
cell 1s a popular research. However the longer transport distance for
carriers makes surface passivation a crucial issue for interdigitated back
contact back junction silicon solar cell.

In our research, front surface field and p~ emitter passivation was
investigated. For front surface field passivation, POCI; diffusion at

different temperature with different wet oxide growing time and PSG



preservation were tested by lifetime measurement, the optimism
condition was discovered

For p’ emitter passivation, application of Al,O; and annealing at
different temperature was also investigated by lifetime measurement and
the optimism is discovered

These treatments are applied to Interdigitated back contact back

junction silicon solar cell in our experiment, the best efficiency is 7.57%.
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Chapter 1

Introduction

1.1 Why solar cells?

Fossil has been used as energy resource since 18".Until now, fossil is
the crucial energy in modern world. However, the storage of fossil is not
unlimited. Although limit has been modified year by year due to the
technology of fossil exploitation .is improved, -development of
substitutional energy is still necessary, it is-also a big issue to discover a
new type of energy that we would not concern about the influence to the
environment and might be running out one day. In'many of the candidates,
solar power is attractive'due to solarpower that we could receive on earth
i1s enormous, the annual mount of energy earth receives exceeds the
power human beings consume per year, and we can keep using this kind
of power until sun comes to its end no doubt. Direct use of solar power is
appealing when the energy demand increasing year by year, and solar cell
i1s exact the device that fits all requirements we need as substitutional

energy.



Directional use of sun power, turning sun light into electricity, and
less pollution for environment, solar cell is the candidate energy in the
future according to the above advantages. In this way, plenty of materials
have been researched for fabrication of solar cells.

For year 2012, the cumulative PV capacity exceeded
100-gigawatt(GW) installed electrical power mark, and save more than
50million tones of CO, each year, the capacity is equal to 16 coal power
plants. In PV industry market, Europe remains the largest region in
cumulative installed capacity,-with more than . 70GW._in 2012, due to
government subsidy policy, shown in Fig: 1.1 [1.1], other market such as
China, America, APAC grows year by year. When the Europe market is
near saturation, other place we mentioned above would play important

roles in the future.

1.2 Classification of Solar Cell

We could classify solar cells into three parts, shown in Fig. 1.2 [1.2],
there are silicon type, III-V type, and organic type, we will introduce
them respectively, world record is shown in Fig. 1.3 [1.3].

Silicon is an attractive material for researching due to the fabrication



process is matched to traditional CMOS technology, and abundant of
content on earth. According to all the reasons above, Silicon solar cell
fabrication process is easier to be commercialized and the cost is lower
than any other material.

III-V type solar cell could achieve high efficiency, and epitaxy
technique is adopted to manufacture III-V type solar cell, many structure
could be realized by epitaxy, 'such ‘as’ muti-junction, hetero-junction,
quantum well, quantum dot, super lattice....ete. It is proved that the only
way to break .through “the- limit of single junction material is
multi-junction which is made by specific [II-V' compounds stacking on
glass substrate as-result of tandem cell. Due to the efficiency of single
junction solar cell is limited in theory, multi-junction solar cell has been
developed, photon with different energy can be absorbed by different
band gap material separately, reducing the energy waste which would be
released by phonon, however, tunneling mechanism is applied between
different junction to collect photo-generation current, then the current
flowed through every junction is required to be matched, otherwise
efficiency loss would occur. We understand that the sunlight changes all

the time for the same location on earth, hence the composition of sunlight



changes constantly, which results in different amount of photo-generation
current for each junction of tandem cell, in addition to the above situation,
III-V material is more expensive than silicon, therefore III-V is not
appropriate to be commercialized temporarily.

Organic solar cell is under development nowadays, it is believed as a
potential candidate of the future due to the convenience of large scale
production, low cost and flexibility of. application, the best record
efficiency of organi¢ solar cell has already broken through 10% by
Mitsubishi Chemical, sub-model efficiency is.about 7 % (15 series cell)
[1.4]. The production ratio of organic solar cell is growing in the world
photovoltaic market, it might become the major product.in the future due

to the advantages we mentioned above.

1.3 Development of Silicon Solar Cell

The first Si solar cell device was invented by Russell Ohl of Bell
Laboratories at 1940-1950, adopted the band bending created by different
impurity doping, efficiency is about 1 %,shown in Fig. 1.4 [1.5].

Silicon solar cell was developed rapidly at 1950s due to the space race

between USA and Soviet Union. Space ship and satellite demand



long-term power supply, and sunlight is the reliable energy source in
space, government also invested resources for solar cell research. Silicon
solar cell for space industry had dominated the research of solar cell until
1970s.

In 1970s, terrestrial solar cell had been well developed. Metal fingers
made by photolithography, heavy doped back surface field (BSF),
pyramid-shaped texture was also introduced as a part of antireflection,
silicon solar cell efficiency was increased obviously by the change we
just mentioned above, shown-in Fig. 1.5 [1.5]; the best efficiency 1s 17%
reported by Rittner and Arndt in 1976.

In 1980s, we started to focus on the recombination'mechanism of the
solar cell structure, for minimizing the high recombination velocity at the
interface of silicon and metal, metal-insulator-NP (MINP) junction was
invented, the carrier can be collected by metal finger according to
tunneling mechanism, shown in Fig. 1.6 [1.5], the efficiency reached
18%.

Passivated emitter solar cell (PESC) was developed after MINP
structure, the difference between PESC and MINP are simply front side

texture and the opening at the front surface of metal and silicon oxide to



reduce the contact resistance, shown in Fig. 1.7 [1.5], the efficiency of
PESC achieved 20.1% at 1985.

Passivated emitter and rear locally diffused (PERL) cells was
invented by UNSW after PESC structure, this structure has an apparent
change at rear surface, most of the rear surface is covered by oxide, point
contact is adopted with heavy doped p' region to achieve superior back
surface passivation than before, shown in Fig. 1.8 [1.5], PERL is still the
best record for single‘erystalline silicon solar cell.

For nowadays, there are-several points PV.industry focuses on, which
are improving efficiency, thinner substrate, efficiency. stability under
higher operating temperature and bifacial module. SANYO puts plenty of
resources to research and.develop a kind of solar cell which is called HIT
solar cell matches the requirement of high efficiency, thinner substrate
and bifacial module due to symmetrical structure. HIT solar cell adopts
high quality but extra thin amorphous silicon (a-Si) layer to form hetero
junction which is also applied for passivation at the interface of silicon
substrate, for HIT solar cell, hetero junction treatment is the biggest issue
which we put attention for optimization. The structure of HIT solar cell is

shown in Fig. 1.9 [1.6], the substrate is covered by intrinsic amorphous



silicon at both side which is extremely thin, then p-type and n-type
amorphous silicon is deposited at different side as emitter and back
surface field (BSF), after TCO and metal electrode is formed at both front
side and back side, HIT solar cell is completed. The standard HIT solar
cell for large area (100 sz) has already reached 23% (V,. > 700 mV, J,.>
39 mA/cmz, FF: 80 %), which has real potential for commercial
production except for cost reason.

In recent years, n=type silicon substrate is suitable for IBC solar cells
due to n-type silicon substrate-has larger tolerance to common impurities
such as Fe than p-type silicon substrate; and there is.no light induced
degradation at the-same time: According to these two advantages, n-type

silicon substrate has been adopted to achieve high efficiency solar cell.

1.4 Back contact and back junction solar cell

Back contact and back junction solar cell which is also called
Interdigitated back contact (IBC) silicon solar cell is recognized as an
option to achieved high efficiency. The structure is shown in Fig 1.10
[1.7].There are several advantages of IBC silicon solar cell, the major one

is that there is no optical shading loss at the front side of IBC silicon solar



cell because of the absence of front metal finger which leads to a high
photo-generated current, it also has benefit for optimizing front side
surface passivation. In solar cell industry, photovoltaic module is the
actual product for consumer instead of simply solar cell device.
Photovoltaic module contains solar cell devices, electric circuit, epoxy
board, glass, providing protection, self-cleaning ability for solar cell to
extending the using lifetime. IBC solar cell is convenient to photovoltaic
module owing to all the metal fingers are at the back side of the IBC solar
cell. However, IBC solar cell structure. is more complex than traditional
silicon solar cell, involves multiple photolithography masking technology

which is accompanied with higher costs and longer process time.

1.5 Motivation

Obviously, interdigitated back contact (IBC) silicon solar cell is one
of the best choices for fitting in module, combining two demands of
commercial PV device, which are high efficiency and low cost due to
simplification of linking other device in the module, according to this
reason, the principle of interdigitated back contact (IBC) silicon solar cell

is worth-researching.



To realize the substitution of main energy generation methods by PV
industry, the theory of solar cell operation must be well-understood,
hence we decided to put attention on passivation research. Although the
process we will show in the subsequent chapter adopts photolithography,
which is almost eliminated in PV industry except for lab research. Some
basic physical mechanism such as field effect passivation provided by
different doping profile, or chemical passivation provided by Al,O; and
SiNx at the back side are what we want to figure out in our research, we

hope this study would have contribution to PV.industry in the future.

1.6 Organization of the thesis

In Chapter 1, a quick introduction about the general background and
the development of solar cell. are described. Readers could have some
initial understanding of the structure evolution of silicon solar cell (ex.
black cell, MINP, PESC, PERL, MIS, HIT and IBC). At the end of
Chapter 1, we would introduce the reason of our research.

In Chapter 2, we report the basic principle of why solar cell would
generate electricity and the significance of each parameter which appears
regularly. In addition, the measuring equipment is also presented to let

readers understand how we measure the device, at last, device fabrication
9



will be shown.

In Chapter 3, the detail study about interdigitated back contact (IBC)
silicon solar cell with different POCI; temperature for forming front
surface field (FSF), and different Al,O; annealing temperature
arepresented, we would discuss the impact of the changes we mentioned
above by I-V curve, implied open circuit voltage.

In Chapter 4, the conclusion of this study and recommendation for

further research are presented.
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Chapter 2

Basic Principle of Silicon Solar Cell

2.1 Solar spectrum

Obviously, the output power of solar cell is dependent with the input
light spectrum and light intensity, the same solar cell device provides
different power according to location where device is installed on earth.
Hence the understanding jof solar spectrum is important to photovoltaic
device researcherts:

In general, “we assume ‘a plane-is at the midpoint of the distance
between atmosphere and sun, the direction of this plane is vertical to the
sunlight and the emission power is a constant per unit area. We call this
power intensity air mass zero (AMO). The definition of air mass is ratio of
the actual distance and the shortest distance between sun and observer. As
shown in Fig. 2.1 [2.1] and eq. 2-1.

AM=1/coSO......ccevvveeenn.... (eq. 2-1)

The emission of sunlight would decay by many reasons. For example,
atmosphere would absorb specific spectrum of sunlight. AM 1.5 is the

standard measurement condition we adopted to test the solar cell device,
16



shown in Fig. 2.2 [2.2].

2.2 p-n diode model

p-n junction diode is the basic structure for semiconductor device, the
major product such as MOSFET, memory contain p-n junction, for
photovoltaic device, p-n junction is applied to separate photo-generation
electron-hole pair to prevent immediately carrier recombination, based on
the above reasons;. the mechanism of “p-n~ junction must be
well-understood.

P-n junction is made by n-type doping in p-type.wafer or p-type
doping in n-type wafer. In thermal equilibrium, band-bending and built-in
electric field are formed. at the interface because Fermi level must be
equal in this condition, which block electrons flow from n-type region to
p-type region and holes flow from p-type region to n-type region. For
ordinary operation of p-n diode, positive voltage is applied to p-type
region, and n-type region is grounded, therefore the Fermi level in p-type
region is lower than n-type region, and potential barrier is reduced,
electrons and holes would diffuse across depletion region, hence the

current occurs. The equation which describes voltage-current relation of
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p-n diode is

I =1I,(exp (%) ) R (eq. 2-2)

Where I, we called saturation current.

2.3 I-V curve of solar cell

I-V curve of solar cell is similar but still different from the normal
p-n diode operated under forward bias due to the definition of solar cell
model and the direction of photo-generated current, we could analysis
characteristic of. the solar—cell device by .open-circuit voltage(V,.),
short-circuit current(ls.), fill factor(FE), series  resistance(R;), shunt

resistance(Ry,), power(P), efficiency(n) from I-V curve.

2.3.1 open-circuit voltage (V,.)

The formula of the relationship of solar cell is

I, represents photo-generation current, Iy means saturation current, we
could realize the similarity of the equation for p-n diode and solar cell,
except for photo-generation current, and the direction of photo-generation

current is opposite to forward bias current of p-n diode. According to
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definition, open circuit means there is no current in the circuit, then V. is
the output voltage that solar cell supplies when the current is zero in the

circuit under illumination.

v, = ";—Tln(j—L F 1), (eq. 2-5)
or
v, = kq—ﬁn[%] ............... (eq. 2-6)

Open circuit voltage also has-something to do with band gap, we have
already understood ‘that nZ is proportional to exp(_k%), hence we
choose large band gap material as the light absorption layer of solar cell,
open circuit voltage would be increased in theory.

The limit of.open circuit voltage is_connected with recombination
rate of electron hole pairs, for an ideal solar cell, there are two kinds of
recombination mechanism / exist, radiative recombination and Auger
recombination. For silicon solar cell which is 150 um thick, and base

doping is 5e15cm™ , the limit of open circuit voltage is about 740 mV.

2.3.2  short-circuit current (I )
Short circuit means the supplied voltage of the circuit is zero, we could

understand the ideal value of short circuit current must be the total
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photo-generation current, hence I is affected by photon flux of incident
light, and the bang gap of material, the reason why band gap affects I is
that the production of electron-hole pair is determined by the photon
which energy is larger than band gap for direct band gap material. For
indirect band gap material, incident photon energy still dominates the
generation of electron-hole pair although phonon participates one part of
this process. Carrier recombination at the interface and bulk also cause I,
loss. For silicon solar cell which is 150 um thick, and base doping is
Sel5cm™, the limit of open circuit voltage is about 44 mA under AM1.5G

spectrum illumination

2.3.3  Series Resistance

Current flowing in the circuit accompanies with energy consumption
due to series resistance. However, solar cell is a device of energy
generation, unnecessary energy loss during carrier transport must be
reduced. To satisfy this demand, we have to cut down series resistance as
much as possible. The source of series resistance is contact resistance,
bulk resistance, metal finger resistance. Circuit model is shown in Fig.

2.3.
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The equation to describe the impact of series resistance for solar cell

operation is

High series resistance influences fill factor, even short circuit current if

series resistance is extremely high.

2.3.4 Shunt Resistance

The presence of‘low shunt resistance is due to the poor design of
solar cell or mistake happens-during manufacture, substitutional path is
provided for photo-generation current would cause serious leakage during
device operation-and create-power loss. The equation to describe the

impact of shunt resistance for solar cell operation is

£ 0j=Trexp(Es) - —....... (eq. 2-8)

Rgp

Circuit model is shown in Fig. 2.4.

2.3.5 Fill Factor
Fill Factor is the relationship between ideal diode and actual diode,
due to the effect of series resistance and shunt resistance, shown in Fig.

2.5. High series resistance and low shunt resistance lead to low Fill Factor,
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which means how solar cell is far from the perfect p-n diode. In other
words, Fill Factor is the ratio of max power (Vy,, X Inp) and to Ve X Iy,

we define Fill Factor as

2.3.6 Efficiency
The definition of efficiency 'is the ratio of power that solar cell
generates to the power of light that illuminates solar cell, the

corresponding equation is

n= %l":x’“ ................. (eq. 2-10)
2.4 Quantum Efficiency (QE)

Quantum efficiency is the relation of carriers collected by the solar
cell device and incident photons, we analyze quantum efficiency by
different wavelength to understand which part of wavelength is well
absorbed by solar cell, if the solar cell absorbs all photons we provides
and transform into electron-hole pairs, and all collected by the finger
eventually, then quantum efficiency must be 100% for every wavelength,

and the shape of the curve is rectangle, shown in Fig. 2.6. There are two
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kind of Quantum efficiency, external quantum efficiency and internal
quantum efficiency, external quantum efficiency contains the
consideration of reflection and transmission, internal quantum efficiency
shows the quantum efficiency after reflection and transmission, in other
words, carrier recombination at the front, back interface and
recombination in the bulk dominates the carrier collection inside the solar
cell. We could calculate internal quantum efficiency from the data of

external quantum efficiency and reflection and transmission.

2.5 Mechanism of Efficiency Loss

Solar cell efficiency is limited due to many reasons; it is a key point
to figure out what loss mechanism limits the efficiency of solar cell, then
research the way to improve the solar cell device, no matter what
structure we adopted or what mechanism we apply to refine our solar cell
device.

Sub band gap loss is one of the major loss-mechanism, for instance,
band gap of single crystalline silicon is 1.12 e V, the incident light almost
would not be able to be absorbed if the wavelength is longer than 1200nm,
in this situation most of the long-wavelength light is wasted.
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Lattice thermalisation loss is also an important loss mechanism, if the
incident light energy is higher than the material band gap, the
electron-hole pair which is generated by photon would carry high energy,
the energy would be released as phonon until the electron falls to
conduction band edge.

Junction loss describes the phenomenon which represents the energy
loss when carriers pass through p-fi junction, band bending of p-n
junction band diagram is applied to separate.electron-hole pair before
recombination, however the energy level of. p-type silicon and n-type
material 1s different, energy loss of carrier is inevitable due to the
application of p-njunction to separates carriers.

Conduction loss is caused by the resistance existed in several parts of
solar cell, such as bulk resistance, contact resistance, resistance of metal
finger...etc.

Recombination loss is the reaction of electron-hole pair
recombination by many different mechanisms, like radiative
recombination, Auger recombination, surface recombination and trap
recombination. Due to silicon is an indirect band gap material, we focus

on Auger recombination, surface recombination and trap recombination.
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Auger recombination is just like the back reaction of impact ionization,
Auger recombination dominates minority carrier lifetime at high level
injection or heavy doping region. For the reason of low cost, solar cell
device becomes thinner than before, hence the importance of surface
passivation grows stronger than ever, there are some methods to decline
surface recombination which are reducing the amount of interface traps
quantity, and keeping minority carrier away from the surface. All the loss

mechanisms are shown in Fig. 2.7.

Due to all the loss mechanism that mentioned above, the ideal efficiency of
single crystalline silicon solar cell-1s-about 28.8%, and the record of the practical
single crystalline silicon solar cell is 25+0.5%, which is Passivated emitter and rear
locally diffused (PERL) structure made by UNSW, and measured by Sandia.

2.6 Lifetime measurement

Lifetime 1s also a key factor for-solar cell device, minority lifetime
determines recombination rate of solar cell. There are two major methods
to measure minority carrier lifetime, first one is transient measurements,
another one is Quasi-Steady-State Lifetime Measurements.

QSSPC (quasi-steady-state photoconductance) applies pulse light to
sample, and electron-hole pairs would be generated, conductivity changes

at the same time [2.3], the describing equation is
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Ao =qAn(p, +u)dw.......... (eq. 2-11)
Where 6 is conductivity, An is excess carrier concentration, w is wafer
thickness, in steady state, carrier generation rate must be equal to

recombination rate, photogenerated current could be expressed as

Jon = T e (eq. 2-12)

Teff

by measuring and calculation, we could find out the value of 1., but there
is one thing we should notice is if the minority carrier lifetime is too large
(higher than hundreds pus), quasi-steady-state 1S not-exist, hence QSSPC is
not appropriate,. under this——condition, we should . adopt transient

measurements instead of QSSPC.

2.7 Measurement Equipment Introduction
271  QE-3000 [2.3]

Solar Cell Quantum Efficiency Measurement System (QE-3000) is
the professional equipment for Quantum Efficiency test incident photo to
electron conversion efficiency (IPCE) test, shown in Fig. 2.8. QE-3000
could measure photo-generation current under different wavelength of
incident light, providing wavelength region is from 300nm to 2000nm,

and QE-3000 is applied to detect internal quantum efficiency, external
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quantum efficiency and reflectance in my experiment.

2.7.2 WCT-120 Offline Wafer Lifetime Measurement [2.4]
WCT-120 is an outstanding measurement which is designed to
perform multiple measuring shown in Fig. 2.9, here we mention some of
the principle functions such as quasi steady state photoconductance
(QSSPC) lifetime measurement, ftransient lifetime measurement,
generalized lifetime measurement, lifetime measurement range is from 10
ns to 10 ms, emitter saturation current density measurement. WCT-120

could help researchers to go deep into device operational. mechanism.

2.8 Device Fabrication

The following description would show the fabrication process of our
research. A 4-in (100) n-type silicon wafer which thickness is about 180
um was used as bulk. First, native oxide is removed by DHF for 2
minutes, and then metal removal by HPM for 20 minutes at 80°C, after
that native oxide is removed by DHF again, shown in Fig. 2.10 ,oxide
was grown by HNOj; for 5 minutes next, then wafer was dipped in KOH
for 30minutes at 80°C for texture, shown in Fig. 2.11, after ionic metal
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removal by HPM for 20 minutes at 80°C, and native oxide removal by
DHF, 36 nm Si;N,, was deposited at front side of wafer, shown in Fig.
2.12, then wafer was dipped in NaOH for 5 minutes for rear side polish,
shown in Fig. 2.13, after all these treatment, Si3N, was removed by
BOE(buffer oxide etching) for 10 minutes, metal removal by HPM for 20
minutes at 80°C and native oxide removal by DHF were performed,
shown in Fig. 2.14. All process we have just mentioned was performed in
ITRI, after that we adopted HDP-RIE and the first photolithography to
etch silicon material ‘at polish-side to form align-key we needed for the
following photolithography process. Next, blocking oxide 500 nm was
deposited at polish side by PECVD, shown in Fig. 2.15; and then second
photolithography was used to define p' emitter region, then the wafer was
dipped in BOE solution to etch' the oxide which covered the emitter
region, then p' emitter was formed by ion implant(B'', 5¢"°, 10 keV) ,
shown in Fig. 2.16, then wafer was dipped in BOE again to remove all
oxide remained, shown in Fig. 2.17, after this blocking oxide 500 nm was
deposited at polish side, shown in Fig. 2.18, n" BSF region was defined
by third photolithography, after blocking oxide which covered n' region

was removed by BOE and photoresist was removed, ion implant was
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adopted to form n" BSF region(P31, 5¢'°, 30 keV) , shown in Fig. 2.19,
then the rest blocking oxide was removed by BOE, shown in Fig. 2.20, all
photolithography process was performed in NFC. Then the dopant
annealing was performed at 1000°C for 1 minute in O,, shown in Fig.
2.21. Then BOE was used again to remove oxide at both side, shown in
Fig. 2.22, after that PECVD blocking oxide 500 nm was deposited at
polish side, shown in Fig. 2.23; and we sent wafer for POCI; diffusion,
we set 5 conditions for POC]; diffusion, 650°C for 20 minutes, 675C
for 20 minutes and 700°C —for 20 minutes, 850°C for 20 minutes with
drive in and wet oxide growing 10 minutes and 30 minutes, shown in Fig.
2.24, after this we did not remove PSG , instead, we directly deposited
PECVD SiN, 90 nm on PSG as anti-reflection layer, shown in Fig. 2.25,
then removing blocking oxide at polish side by BOE, shown in Fig. 2.26.
Next, 10 nm ALD Al,O; deposition was adopted at polish side, then the
device was dealt with annealing immediately, we still have 2 conditions
for Al,O3 annealing(300°C, 400°C, 30 minutes in O, ambient) , shown in
Fig. 2.27, then we deposited PECVD SiN, 150 nm on Al,O; layer, shown
in Fig. 2.28. Fourth photolithography was used to define emitter

passivation region, both SiN, and Al,O; at polish side was removed by
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BOE except for the region protected by photoresist, shown in Fig. 2.29,
then we used PECVD SiN, deposition again to passivate undiffused
region and n~ region, thickness is 150 nm, shown in Fig. 2.30. Fifth
photolithography was used after PECVD SiN; deposition to define
contact region, BOE was applied for contact etching, shown in Fig. 2.31,
then the following process was metal deposition, we use Titanium and
Aluminum stack for metal finger, deposited by E-gun, Ti thickness is 10
nm and Al thickness‘is 1000nm, shown in Fig. 2.32, Al deposition was
applied at once after Ti deposition, there was no chamber vent between
two process to avoid Ti oxidation. Sixth photolithography was applied for
metal finger formation, shown in Fig. 2.33, then Al etching solution and
BOE were used to remove Al an Ti that we did not wanted, sintering at
380°C, 20 minutes in N, ambient-was assumed to improve contact of
metal and silicon and fabrication process is completed. The SEM
micrograph of random pyramids texture surface are shown in Fig. 2.34,

Fig. 2.35 and the picture of device is shown in Fig. 2.36.
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Fig. 2.9 WCT-120 [2.4]

Fig. 2.10 silicon bulk after clean treatment
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Fig. 2.11 KOH etchin g fo

Fig. 2.12 SiNx deposition as protection layer
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Fig. 2.13 rear side poli

Fig. 2.14 SiNx removed by BOE etching and clean
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Fig. 2.15 blocking oxide d
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Fig. 2.17 blocking oxide removed by BOE etching

Fig. 2.18 blocking oxide deposition
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Fig. 2.20 blocking oxide removed by BOE etching
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Fig. 2.22 oxide removed by BOE etching
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Fig. 2.23 blocking oxi

Fig. 2.24 POCI; diffusion at different temperature
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Fig. 2.26 blocking oxide removed by BOE etching
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Fig. 2.27 ALD Al,O5 deposition at rear sid

Fig. 2.28 SiNx capping layer deposition at rear side
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Fig. 2.30 SiNx passivation deposition
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Fig. 2.31 contact de

Fig. 2.32 metal deposition
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Fig. 2.33 metal finger definition

Fig. 2.34 scanning electron microscope (SEM) micrograph of

random texture surface
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Fig. 2.35 scanning electron-microscope (SEM)of texture

surface cross section

Fig. 2.36 image of front side and back side of device
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Chapter 3

Result and Discussion

3.1 Introduction

For n-type IBC silicon solar cell, front surface field passivation is a
key point for achieving higher efficiency, an appropriate front surface
field with great passivation layer-could provide some extra benefit, such
as increasing the stability under UV light exposure [3:1], providing a low
lateral series resistance -way for majority carriers [3.2], keeping minority
carriers away ‘from front surface  to decreas¢ the opportunity of
recombination, however the heavy doping profile for front surface field
might cause serious recombination at the front interface. For the reason
that is just mentioned above, front surface passivation is one of the issues
we want to discuss in this chapter.

P-type emitter is also a crucial issue for n-type IBC silicon solar cell,
emitter region is larger than spacer and back surface field region as
design rule to increase the collection possibility of minority carriers,
therefore the passivation of p’ emitter region is worth researching to

improve the efficiency of IBC silicon solar cell.
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Undiffused gap, or we call it spacer is worth discussing for IBC solar
cell, different spacer determines the lateral transport distance for minority
carriers which are generated at the region far from emitter in 1-
dimension [3.2], such as back surface field and undiffused gap, in this
research, we design different spacer for IBC n-type silicon solar cell to

make the relationship of carrier transport and undiffused gap clear.

3.2 Lifetime measurement
3.2.1. POCI; Diffusion Eront Surface Field

First we adopt heavy doping POCI; diffusion and heavy doping
POCI; diffusion with wet oxide growing and HF treatment to remove
dead layer at the front surface for test structure, after samples covered by
PECVD SiNx, we compare two processes by minority carrier lifetime
measurement, implied open circuit voltage and saturation current density,
as shown in Fig.3.1 to Fig. 3.4, we could realize that for minority carrier
lifetime, and implied open circuit voltage at 1 sun, heavy doping with wet
oxide growing and HF treatment are overwhelmingly higher than normal
heavy doping process, and saturation current for heavy doping is

extremely higher than heavy doping with wet oxide growing and HF
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treatment, we attribute this result to doping concentration is reduced at
the front side due to heavy doped silicon bulk is oxidized and then
removed by HF treatment, therefore the diffusion length of minority
carriers is enhanced significantly because of the lower defect density
created by overdosing impurities which exceeds solid solubility. POCIs
850°C with drive in 15min was adopted for heavy doping diffusion, and
wet oxide was growing under the condition.of 800°C for 10 minutes.

Due to heavy deping POCI; diffusion leads to lifetime degradation
and wet oxide growing with-HF treatment need more time and thermal
process, light doping POCI; diffusion profile is another. way to achieve
excellent front surface passivation. Next we comparing light doping
diffusion profile with PSG remained or removed by HF treatment, the
result of lifetime measurement, surface recombination velocity and
implied open circuit voltage were tested after deposition of SiNx capping
layer as anti-reflection layer, the results are shown in Fig.3.5 to Fig.3.7,
the sample with light doping POCI; diffusion and PSG passivation shows
higher minority carrier lifetime, implied open circuit voltage at one sun
and lower surface recombination velocity due to the passivation provided

by PSG, light doping POCI; diffusion profile is performed under the
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condition of 20 minutes POCI; diffusion without drive in whether
temperature does not exceed 700°C. We should notice that POCI;
diffusion is adopted for front surface field and front surface passivation
which is texture structure to reduce the reflection of incident light. The
difference between POCI; diffusion applied for texture surface and polish
surface is worth researching. For this purpose, POCI; diffusion 20
minutes without drive in at 650°0; 675°C. was applied for test structure
for lifetime measurement, the result are shown in Fig.3.8, Fig.3.9, the
minority carrier lifetime of polish sample 1s higher than texture sample,
this phenomenon could be explained that the surface area of texture
surface is about two-times larger than polish side, hence:the heavy doping
region is double, so is. the quantity of defect [3.3]. For the purpose of
finding out the optimism of light doping POCI; diffusion with PSG and
PECVD SiNx as front surface passivation at relatively low process
temperature (650°C to 700°C), we set light doping POCI; diffusion at
650°C, 675°C, 700°C for 20minutes as our experiment, the result of
minority carrier lifetime measurement are shown in Fig.3.10, although the
values are closed, but we could still identify light doping POCIl; diffusion
at 675°C for 20 minutes is the optimism. Finally the comparison of
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saturation current density of heavy doping with wet oxide growing 10
minutes at 700°C with HF treatment and light doping POCI; diffusion with
PSG at 650°C, 675°C, 700°C is shown in Fig.3.11, we could realize light
doping profile is superior for front surface field and front surface

passivation.

3.2.2. Emitter Passivation By Atomic Layer Deposition (ALD)
ALO;

For n-type IBC silicon solar cell, we normally deposit S102 to cover
p-type emitter region as passivation layer, however, the existence of
positive fix charge at the /interface of Si and SiO2 might cause negative
effect for hole collection, recently Al,O; has been researched as the
substitution to be passivation layer-of p-type emitter region. At the
beginning, the development of Al,O3 deposition technique is for high k
dielectric research due to the demand of MOSFET scaling down. The
deposition methods often applied are PECVD, ALD and sputter, Al,O3
which is deposited by ALD has state-of-the-art quality, furthermore after
annealing, high density negative fix charge would appear at the interface

of Si substrate and Al,O; layer with ultrathin SiOx which could enhance
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field effect passivation at p-type emitter region Fig.3.12 [3.4], according
to the research, the fixed charge density is up to 10> ~10" cm™, which is
able to be achieved that many researchers have also reported [3.4] [3.5].
However, the optimism of passivation is existed for different annealing
temperature due to two kinds of passivation mechanism which are
chemical passivation and field effect passivation. The dangling bond at
the interface is the origin of defeéct which would trap minority carriers
then creating recombination, however dangling bond can be passivated by
hydrogen [3.4].

There are other benefits for Al,O5 passivation. SiNx and SiO, show
the degradation of effective lifetime after UV irradiation which means
surface passivation goes worse than before, however Al,O; appears
improved effective lifetime after long term light illumination [3.6] [3.7],
this is a significant phenomenon for solar cell. Moreover, Al,O3; grown by
thermal ALD with PECVD SiNx capping layer is proved to own higher
thermal stability and longer effective lifetime than single Al,O; layer
even for sample with capping layer without anneal for Al,O; [3.8].

In our experiment, we test two kind of annealing temperature in O,
for 30 minutes which are 300°C and 400°C to the same ALD Al,O;
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thickness which is 10nm.

First, the result of minority carrier lifetime measurement, surface
recombination velocity and implied open circuit voltage of single Al,O4
layer are shown in Fig.3.13 to Fig.3.15, sample with 400°C annealing
treatment presents better quality than sample with 300°C annealing
treatment, this result can be explained by the top view of the test sample
from microscope as shown in Fig:3.16, Fig.3.17, the sample with 300°C
annealing treatment shows more blistering. part of surface than sample
with 400°C annealing treatment, however, in our fabrication process,
ultrathin AI203 layer 1s protected by SiNx capping.layer which is
deposited by PECVD, for this reason, the passivation of Al,O;/SiNx
stacking layer is investigated, the sample with SiNx capping layer after
AL O; annealing at different temperature have been tested, the result of
minority carrier lifetime measurement, surface recombination velocity
and implied open circuit voltage are shown in Fig.3.18 to Fig.3.20, we
could clear understand the passivation of Al,O; annealing at 300°C with
SiNx capping layer is better than sample at 400°C annealing with SiNx
capping layer, the comparison of surface recombination velocity of single

ALO; layer and Al,O; with SiNx capping layer at the same annealing
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temperature is shown in Fig.3.21, Fig.3.22, the surface recombination
velocity is improved for both of sample, this is due to the hydrogen from
NHj; passivates the interface and blistering area of sample, and Al,O4
layer with 300°C annealing shows higher blistering area density, hence
hydrogen passivation is more effectively for Al,O; layer with 300°C

annealing.

3.3 Open Circuit Voltage Comparison

The conditions we mentioned above are all applied for IBC solar cell
device, the device condition i1s shown in Table 3.1 All the discussion in
section 3.2.1 and-3.2.2 1§ about minority carrier lifetime which would
influence open circuit veltage seriously, so we start from open circuit
voltage analysis.

Fist, the comparison of open circuit voltage and shunt resistance for
the solar cell device which spacer is 50 um with the same heavy doping
POCI; diffusion treatment (850°C ,drive in 15 minutes ), but different wet
oxide growing time (10 minutes, 30 minutes) is shown in Fig.3.23, with
longer wet oxide growing time, the device shows higher open circuit

voltage and larger shunt resistance, the result can be speculated from
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lifetime measurement we had already tested. Next, we compare the open
circuit voltage and shunt resistance of device with different light doping
POCI; diffusion, as shown in Fig.3.24 to Fig.3.29, we have already
known light doping POCI; diffusion with 675°C is the optimism on
lifetime measurement, for solar cells with Al,O; annealing at 400°C,
devices with 675°C light doping POCI; diffusion demonstrate higher
open circuit voltage as we expected. However, for the device at 300°C
annealing condition, device with light doping POCI: diffusion shows poor
open circuit voltage and low-shunt resistance, this might be caused by the
mistake in fabrication process, in fact, all devices with Al,O; annealing at
300°C and light.doping POCI; at 675 C demonstrate-low open circuit
voltage and low “shunt resistance which .means serious leakage
mechanism is existed in our/device:

The results of the open circuit voltage with different Al,O; annealing
temperature for light doping POCI; diffusion at 650°C, 675°C, 700°C are
shown in Fig.3.30 to Fig.3.38 for all the spacer conditions, the devices
with Al,Os; annealing at 300°C generally demonstrate higher open circuit
voltage and larger shunt resistance, except for device with light doping
POCl; at 675C
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3.4 Short Circuit Current Density Comparison

The short circuit current has relation to the emitter fraction in solar
cell [3.2], we design three kinds of spacer for solar cell device, which are
50um, 100um, 150um, the emitter fraction is increasing with smaller
spacer, accompanying with lower series resistance, the relationship of
spacer, short circuit current and;séries resistance is shown in Fig.3.39 to

Fig.3.44.

3.5 I-V curve.and efficiency

After the comparison of open circuit voltage and short circuit current,
I-V curve and efficiency for the solar cell with heavy doping POCI;
diffusion and the best result'of light-doping POCI; with Al,O; passivation
are shown in Fig.3.45 to Fig.3.47, Table.3.2, Table.3.3, we could clearly
discover that for light doping POCI; diffusion with Al,O; passivation
condition, the best solar cell is for 675°C POCI; diffusion with ALO;
emitter passivation layer at 400°C annealing 30 minutes in O, ambient,
which efficiency could achieve 7.37%. However, the efficiency of the

solar cell with heavy doping POCI; diffusion and AL,O; passivation at
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annealing temperature 400 °C could achieve 7.59%. This can be
attributed to the accident during device fabrication, during the process the
HF treatment before ALD Al,O; deposition, photoresist is applied for
texture surface to protect SiNx anti reflection layer and PSG passivation,
the photoresist we adopted is FH-6400, the photoresist could not cover
the texture surface completely during spin coating process, hence SiNx
and PSG was etched by HF, the front surface after HF treatment is shown
in Fig.3.48, Fig.3.49, for the following HF. treatment in fabrication

process, we adopted AZ-4620-for front surface protection.
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Fig. 3.17 OM image of AL,O3 layer at 400°C annealing
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Fig. 3.48 poor uniformity of photore

Fig. 3.49 SiNx and PSG etched by HF treatment due to poor uniformity of

photoresist at texture surface
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Fig. 3.50 damage of front side of device
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Table 3.2 comparison of heavy doping device with different treatment
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Table 3.3 comparison of light dop POC on at675°C and Al,O3
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Chapter 4

Conclusion and Future Work

4.1 Conclusion

We have successfully proved light doping POCI; diffusion and PSG
layer provide state-of-art passivation comparing to heavy doping POCl;
diffusion from minority. carrier-lifetime. measurement, and the effect
ALO; layer passivation from-test structure, although the result is not
outstanding showing.on. the true IBC solar cell device due to some
problems in the fabrication process, the reason of SiNx and PSG etched
during HF dip treatment was explained at the end of Chapter 3, and the
solution is adopted immediately for the following fabrication process,
however the damage could not be recovered. as long as we improved the

fabrication process, high efficiency IBC solar cell can be achieved

4.2 Future Work

For recent IBC silicon solar cell, point contact and metal finger
which is made by Ti, Pt, Ag stack deposition are guaranteed to achieved

better metal contact, reducing contact recombination and resistance
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simultaneously. According to the reason we mentioned above, changing
metal material and designing new mask for point contact are what we
could research in the future, in addition to metal, Al,O; is also a key issue
we consider to researching deeply, different Al,O; thickness, the effect of
ALO; for n-type region are worth-attention. Except for all of these, based
on mask design, the emitter area passivated by Al,O; is almost equal to
n-type region passivated by SiNy, hence the passivation provided by
Al O3 might not be obvious, this is another problem we could improve in

future study.
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