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ABSTRACT

DESIGN, FABRICATION AND CHARACTERIZATION OF
INTERDIGITATED BACK CONTACT SILICON SOLAR CELLS

¢ciftpeénar, Emi ne Hande
Doctor of PhilosophyMicro and Nanotechnology
Supervisor : Prof. DRa K uran T
Co-SupervisorAssoc Prof.Dr.Se |l - uk Yer ci

April 2022, 247 pages

The design and development of higftficiency interdigitated back contact (IBC)
solar cells have been studied within the scope of this thesis. Developing a totally
industry-compatible, lithographyfree, highthroughput process flow forthe
fabrication ofIBC cells was the main motivation of the thesis. For this, a detailed
simulation study was conducted using Quokka 2 software to optimize the rear side
cell geometry and understand théeet of bulk and layer properties on the device
performance. After determining three different cell geometries with varying pitch
values of 750, 1250, and 170, a totally screeprinting-based process flow was
designed and applied to fabricate IBC cel®r selective diffusion, thick SiN
layers with optimized layer compositions were used as the diffusion barriers during
the hightemperature boron and phosphorus diffusion process. The patterning of the
barrier layers was done using a scrpentable irk with enhanced chemical
resistance in acidic solutions. Following the optimization of the diffusion barrier
properties and corresponding patterning step, diffusion and corresponding
passivation properties were optimized. B@hd PO diffusion recipes \wre
studied in detail not only for the rear emitter and back surface field (BSF) regions
but also for the front nenontacted junctions. Industrial fiterough (FT) metals



pastes were used for the metallization of rear junctions whose corresponding
optimization was done with the help of detailed contact resistivity analysis.
Combining all optimized process parameters for the cell fabrication resulted in
best cell parameters &F:71.2%, 642 mV, 437 mA/cnt for FFEIBC cell
structure which wre FF:70.3%, \c637 mV, Jc39 mA/cnt for FSFIBC

structure.

In addition to IBC studies, polySi passivating contact cells were also focused on in
this thesis. In addition to their passivating propertiessiekdoped polySi layers of
varying thicknesses we studied also for their contacting properties. Excellent
passivation properties were obtained for the case-pblySi layers with the
corresponding total recombination parametery (F 1.6 and 7.4 fAlcrh on
textured and polished wafers, respectivélgr the case of -polySi layers, 16.3

and 70.XA/cm? were obtained on the polished and textured wafers. Regarding the
contacting properties, a novel methodology to extract the contact recombination
parameter @kontag Was developed. The extractaegtakact values were lying within

the range of 30@00 fA/cn? for relatively thicker mpolySi and ppolySi layers
which increased to 1000 and 700 fAfcfor their thinner counterparts. Obtained
Jo,contact Values were then correlated to higdsolution SEM imges to better

understand the contact formation and pasigSi interaction.

Keywords: Interdigitated backcontact solar cells, passivating contact solar cells,

recombination parameter.
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Bu tez kapsaménda y¢ksek verimli 1 - 1 -e
h¢crelerinin tasarém ve geliktiril mesi -
end¢striye wuyarlanabilir, l i tografi ger e
retlinmt eymi gel i ktirmektir. Bu ama-1I a, Qu
yézey geometrisinin optimize edilip, S i
°czelliklerinin aygeét performansé ¢zerinc
-al @ékmal ar & 0,61850 wer 1d080md ehrp, c7T® a- ékl éj éna ¢
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tkéelama ikl emleri sérasénda bariyer ol
senl eme i K| e mi serigrafi il e seril en,
cksek ol an ©°zel bir m¢rekkheaepi katl afaehbhk
ve il gili desenl eme i klemlerinin opti mi
pasivasyonu -al ékmalarée devam etmikKtir.
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i -in end¢gstriyel met al pastalar kKull anél mék
ger ekl i optimizasyonl ar tamaml anméxktér . (
par ametrellerak karl dtainmi -l B@mamplcardrer #EE en vy
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rekombinasyon Kkah®p hpeasragpnieatmraesséi i(-Jin °zg¢n
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700fAlcm*k adar y¢ksel mi gchiad e ] €Erl Ideerni esdd d reans éJn d a

- zéingrl L&t amal e el ektr&®&EM) mi gPoghohluer { IR
ilikkilendirilip kont ak Ol-p&luynSi mekama k ana & €
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CHAPTER 1

INTRODUCTION

I n 2020, the worl ddéds annual energy deman

still the most used form of energy which is based on limited sources and harmful
emissions. As shown ifigure 11, the total ratio of fossil energy in 2020 was
60.96% including coal, gas, and oil which means quite a significant amount.of CO

emission.

Other
renewables,
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bioenergy
Solar

Wind
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Figure 1.1. World's energy source distributi¢.

The remaining 39.04% of the energy was provided by cafite@nenergy sources
whose 2.85% was from solar, 6.28% was from wind, and 2.74% was from other
renewables includingibmass, geothermal, waste, wave, and tidal. Still, 10.12% of
the energy was provided by nuclear while 1%0®%as from hydropowei1].
However, considering the total global €@mission, shown irFigure 12, and its

effect on atmospheric temperatures, it is crucial to reduce the usage of fossil fuels
[1]7[3]. According to Intergovernmental Panel on Climate Change (IPCC), the
temperature increase since the middle of th€ @htury was mainly due tthe



increasing greenhouse gases concentrations in the atmosphere caused by fossil fuel

burning and deforestatidd].

0t 50 million t 200 million t 1 billion t 5 hillion t 20 billion t
No data | 20 million t 100 million t 500 million t 2 billion t 10 billion t
' I

Figure 12. Annual CQ emissions from the burning of fossil fuels for energy and cement production in 2020.
Landuse change is not includéd.

The Earth receives average solar irradiation of 1367 Adlitside the atmosphere
and such a large amount of received energy is enough to supply the energy need of
the whole planef{5], [6]. The solar irradiation can be directly converted into

electricity by photovoltaic cells through a noise and emisi®a operation.
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Figure 1.3. Net solar PV capacity additions 262820[7].



Thus, photovoltaics is a promising technology to provide environmentally friendly
and sustainable energy. The production and total installation of solar cells is
increasing rapidlyAs seen inFigure 13, the installed photovoltaic capacity has
been rapidly increasing. In 2020, solar PV generation reached 821 TWh by a record
increag of 156 TWh (23%])7].

However, according to Net Zero Scenario, the global ereigyed carbon dioxide
emission would be brought to net zero to limit the global temperature rise below
2/C preferentially 1.BC [8]. For this, an annual generation growth of 24% between
2020 and 2030 is required which corresponds to 630 GW of net capacity additions
in 2030. To achieve such great dissemination esgfally done, further reduction

of the manufacturing costs of the PV systems is required together with proper

regulations for system installations.

Improving cell efficiency has a high impact on reducing manufacturing costs.
Progressing technology hasesldy enabled the manufacturing of 26.30% efficient
cells in mass productiof®], [10]. Amongst the other cell structgenterdigitated

back contact solar cells have the highest efficiency potential with their zero shading
losses. While Kaneka is the record holder company on silicon heterojuti@@on
cells with their 26.63% efficiemy on 180 cri, SunPower is the other company
producing IBC cells with the highest efficiency of 25.94], [12]. ZebralBC cell

is a young member of the industrial IBC family with their large area efficiencies
exceeding 249%l3]. Despite their higlefficiency potential, fabrication of
interdigitated back contact solar cells is challenging and requires multiple masking
steps. Although many different research centers demonstrated small area cell
results, corresponding fabrication sequences were mostly relying on
photolithography and thermal gporation. Thus, there is still a gap to develop a

costeffective manufacturing technology.

Due to the potential of reaching high efficiencies with -@fctive manufacturing
technology, the present thesis focuses on the design of interdigitated b&att con

solar cells and the development of a esfé¢ctive fabrication sequence of the



designed cell structure. With the help of additional simulations and detailed

characterization, further increase of the device efficiency is also possible.

1.1 Interdigitated Back Contact Solar Cells and Advantages

Interdigitated back contact solar cells exhibit both emitter and base junctions and

corresponding metal electrodes at the rear side of the cells. By this, IBC solar cells

have several advantages over the converitiomiat and back contacted solar cells.

These advantages can be listed as in the following:

1

Metal shading losses are eliminated which results in increstsed
circuit current density £J.

In the absence of metal contacts at the front side, front idesion
concentration and passivation layer properties can be optimized for
optimum light trapping and passivation properties without any concern
for metallization.

Since all metals are placed at the rear side, the metal finger width
would not be limitedby the shading concerns. Thus, the series
resistance will be reduced.

Co-planar interconnection increases the packing density of the IBC
cells during the module assembly process. Thereforetcemibdule
(C2M) losses are less compared to the modules aoft fand back
contacted cells.

Homogenous front side appearance makes IBC cells and modules more
attractive for building integrated photovoltaic (BIPV) applications.

Despite all the abovmentioned advantages, there are also some risks and

challenges related to the interdigitated back contact cell structures. These risks and

challenges are:



1 Due to the complicated structure of IBC cells, processing requires
additional steps which makes the fabrication of IBC cells more
complicated and challgimg

1 High position accuracy is required in the masking steps to avoid fatal
shunting between*rdoped and pdoped electrodes.

1 Since all junctions are placed at the rear side of the cells, base material
is required to be high quality and more stable dusngcessive high

temperature process steps.

While the risks and challenges about the complicated processing technology and
requirement of a higlquality base material increases the manufacturing cost, the
increased cell efficiency would balance that inceetrin the cost. Within the scope

of this thesis, a less complicated, industoypatiblefabrication methodcould

have successfully been developed and applied.

1.2 Motivation of the Thesis

The main motivation of this thesis is to develop a novel IBC cellidation

method which is not available in literature with following properties:

I.  Lithographyfree process sequence.
ii.  Utilize the tools already available irSi and pSi industrial production
lines.

iii.  Suitable for batch process.

1.3 Aims of the Thesis

In this thess, the following goals are tried to be reached at:

i.  Design an IBC cell structure with an optimized gap, BSF and emitter
width for 4x4 cnd small area cells on 156.75x156.75 mM@zSi

wafers.



Observe the effect of different doping profiles (i.e., depth, peak
concentration) of emitter and BSF on device performance.

See the effect of base material, i.e., eithgrge or ntype Si.

iv.  See the effect of front surface doping profile and understand the effect
of FFE and FSF on device performance.

v. Optimize the passivain layer for front side and rear side
independently using test structures.

vi. Develop a novel fabrication method using only industry compatible
systems, i.e., diffusion furnaces (P@@nd BC), PECVD, screen
printer and firing furnace.

vii.  Optimize peak firing temperature for fitarough (FT) AgAl and FT
Ag paste on boron doped and phosphorus doped regions respectively.

viii.  Optimize the required metal fraction with high FF but with as low
Jo,contac@S possible.

ix.  Carry out electrical and opticaharacterization on the fabricated small
cells.

1.4  Thesis Plan
1.4.1 Simulation

Effect of emitter fraction for a constant pitch on the cell performance

for ideal contacts (contact resistivity: 1x1@ .cn¥?) for various bulk

lifetime (low, moderate, high) and bulk resistivity values will be
examined. The influence of FFE and FSF on carrier transport is also
aimed to be understood.

Effect of emitter and BSF regionsé®o
varying emitter/BSF ratios. Bulk lifetime will be fixed based on the

results of previous section while base resistivity will again be swept.

s he



1.4.2

Moreover, unit cell size will also be varied from smaller to larger unit
cell sizes.

The best performing cell parameteof the previous section will be
utilized. Emitter and BSF sheet resistances will be set to a certain point
to that the effect of varying gap fraction, passivating quality of the gap

and wafer thickness will be examined.

Fabrication & Characterization

Optimization of etch resist

o Printing parameters

o Alignment control using optical microscope

o Curing temperature and time

o Patterning (chemical resistance of the printed etch resist during
dielectric patterning)

o Stripping and post cleaning

Optimization of difftsion barrier thickness and composition for BCI

and POd diffusions

Optimization of boron (BG) and Phosphorus (PO{Idiffusion both

for front and rear side

0 Sheet resistance and electrochemical capacitance voltage (ECV)
measurements

o Photoluminescence [ measurements

Optimization of SiQ/SiNx and AkOs/SiNx stack as passivation layer

for BSF, gap, emitter, FFE and FSF regions on test structures (before

and after firing).

o Photoluminescence (PL) measurements

o Sinton PCD measurements

Optimization of metaization

o Peak firing condition



o Conveyor belt speed
o Transfer length measurements (TLM) for contact resistivity
analysis on bifacial cells
vi.  Small area cell fabrication using optimized recipes
0 Sheet resistance measurements (after each process step)
o Sinton PCDand PL measurements on test structures and half
fabricated cell structures
o Solar simulator (V) measurements following the metallization
o External quantum efficiency (EQE) measurements on the final

device

1.5 Thesis Outline

Chapter 2: Thesis starts with Bterature survey on the back contact solar cells
including metal wrap through (MWT), emitter wrap through (EWT) and
interdigitated back contact (IBC) solar cells. The current efficiency values
together with the process details of the cells from differeaearch centers

and companies are covered in this chapter.

Chapter 3: In this chapter, a detailed simulation study conducted using
Quokka2 software. By the end of this chapter, the effect of bulk properties,
front side diffusion, emitter and BSF diffus@mand the cell geometry will be

realized.

Chapter 4: A novel fabrication process flow will be suggested and applied for
the first time. Composition and thickness of Sidyer will be optimized to be
used as the diffusion barrier. Patterning of the balaigers will be done using
screenprintable etch resist followed by dilute acidic etching. The first IBC

cells will be fabricated using the suggested fabrication sequence.

Chapter 5: Boron and phosphorus diffusion processes will be studied in detalil

for this chapter. Various Behnd PO recipes were applied on symmetrical



test samples. S#IBiINx and AbO3/SiNx stacks are utilized to passivate the
doped surfaces while corresponding lifetime measurements were done for
before and after diffusion conditionMoreover, contacting properties of the
samples were checked for fire metallization pastes.

Chapter 6: In this chapter, process parameters and recipes optimized in the
previous chapter were used to fabricate FFE andIBSFcells. The resulting
cells wereanalyzed as a function of front surface doping, cell pitch, and

applied peak firing temperatures.

Chapter 7: In this chapter, polySi passivating contact studies conducted at
ECN, Netherlands will be covered. Passivating and contacting properties of
dopedpolySi layers are analyzed for varying polySi layer thicknesses. A novel
method was developed to extract contact recombination current density
(Jo,contaq) @and compared with the results of other methods. As the final task of
this chapter, all poly passiwt contact cells were fabricated and

characterized.






CHAPTER 2

BACK CONTACT SOLAR CELLS

In this chapter, background information about back contact (BC) solar cells will be
given together with the best efficiency values. Interdigitated back contact (IBC)

solar cells, as being the main topic of this thesis, will be analyzed in detail.

2.1 Introduc tion

In recent years,-type solar cells have received growing attention from many cell
manufacturers and research centers due to theirdfigiency potential. Unlike p
type silicon (Si), the lack of boron (B)xygen (O) complexes increases minority
carier lifetime and makes-type Si more resistant to ligiiduced degradation
(LID) [14]. More advanced cell architectures utilizingtype Si like hetero
junction (HJT), passivating contact and back conrback junctionBC-BJ) are
capable of reaching efficiency values above 20% at the industrial &Sl
However, all these advanced technologies require-tpiglity base materials and
more complicated process steps. According to ITRBY0 report; despite these
requirementspoth HJT and Interdigitated back contact (IBC) technologies are
expected to increase their market share while that of back surface field (BSF) will
shrink and even end by 20PE5].

Figure 2.1. Crosssectional view of a standard-BISF (left) and an IBC (ght) cell.
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The Crosssectional view of an ABSF and IBC cell is given ifrigure 21. BC

solar cells offer various advantages over the cells with front metallization pattern.
Firstly, front metal is completely or partially moved to the rear side of the cell as in
the case oemitter wrap through (EWT) and interdigitated back contact (IBC) or
metal wrap through (MWT) respectively. Thus, optical shading is either partially
reduced or eliminated. Secondly, back contact solar cells require less gap between
neighboring cells duringnodule fabrication. Thus, a higher packing fraction is
reached. As a result, cell to module losses is minimized and a more aesthetic
appearance is obtained with HEJ modules which is demanded for BIPV
applications. Despite all these advantages of bankacbsolar cells, their market
share is still low due to the fact theteir fabrication is more complicated and

requires multiple patterning and alignment stdpg.

IBC structure whre all metallization is moved to the rear side of the wafer as an
interdigitated pattern has the highest efficiency potential amongst the otkHed BC
cells [18]. Although various fabrication methods have been offered by different
research centers, most of them rely on lithographical patterning steps. This makes
the processes more time consuming, more expensive and less industry compatible.
Design, optinzation and development of an industympatible fabrication
method of IBC cells will be studied in detail within the scope of this thesis.

2.2  Classification of Back Contact (BC) Solar Cells

2.2.1 Emitter Wrap Through (EWT) Solar Cells

Emitter wrap through (EWTis the BC structure where all metallization pattern is
moved to the rear side of theSc wafer as in the case of IBC structure. In the IBC
case, however, both junction polarities are placed at the rear side andgaligh
absorber is needed to colldbe generated carriers at the corresponding contacts.
On the contrary, EWT structure was developed to circumvent this high quality
absorber demard9].

12



In EWT design with crossectional view shown ifrigure 22, the cell is equipped

with a front and a rear emitter region electrically connected by means of small

hol es,

travel to the rear side of theSt through those conductive pathways. Hence, low

cost materials with lower minority diffusion lengths could be utilized as

absorbdi9].

Boron emitter

gia® cdarlil lelde di

through

Al,O;-SiN, passivation

Phosphorous BSF

SiO, passivation

Figure 2.2. Crosssectional view of an EWT solar céf].

t h ¢ed tagierse

Metallization

waf el

Moreover, unlike IBC cells EWT cells are more robust against front passivation

guality and bulk lifetime due to the existence of highly doped front enjz@3r

Considering the process flow of an EWT cell witliype absorber ifrigure 23,

additional drilling and laser induced damage removal steps are refRijed

Cleaning and damage etch

P diffusion

FS SiO, etch/BS SiN, etch

AAAAAM
B diffusion

Texture/Oxidation/BS-SiN,

Al,0,/SiN, deposition

Laser structuring/drilling

KOH laser damage etch

Figure 2.3. Process sequence of an EWT solar cell [7].
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The basidssue prevented EWarchitecturebecoming an industrial technology is

the timeconsuming laser drilling step and resulting stress induced on the substrate.
Pereachwaferapproximatelyl5,00020,000 via holes are drilled by lasgi9].
Puttingthousands olioles on a wafer makes it brittle against the following process
steps like high temperature diffusion, cleaning or screen printing. Although 21.6%
efficiency was obtained on 4 éncells [20], EWT technology could not be

successfullyransferred to industrial production lines.

2.2.2 Metal Wrap Through (MWT) Solar Cells

Metal wrap through (MWT) is another BC architecture where front contattas

are moved to the rear side through the laser drilled vias. Thus, front shading loses
[21] and surface recombination is partially reduced, as a result cell efficiency will
be improved22]. Crosssectional view of MWT cells with4%i and rSi is given

in Figure 24.

thin thermal oxide

. p-type Si-base Y.
n-type emitter p-type Si base . i .
SiNcapping layer  LFC a
/ I}
4
local contact via and external _rear m
to p-type base n-type contact dielectric  p-type contact n-type contact

Figure 2.4. Crosssectional view of a{MWT (left) [10] and an AMWT (right) [30] cells.

For cost effective MWT cell fabrication; additional laser drilling and laser
induced damage removal steps could be adapted to already available standard p
type solar cell production lineR3]. To further improve the cell performance,
additional steps of MWT cell process were successfully adapted type cell
production lines. Front and rear side of aMWT cell which is fabricated at full

scale using industrial tools can be seeRigure 25 [24].

14



Figure 2.5. Imageof an nMWT cell, front side (left) and rear side (righi24].

At the module side, a full back interconnection is offered for MWT cells. This
results in lower resistive losses unlike tbgular doubleside interconnection of H
pattern solar cells with tabs, and lower cell to module loss is obtained. Moreover,
the use of thinner cells is allowed for MWT technology which would directly
reduce the co$22].

20.1% and 19.4% efficiency values were obtained fsWgT on ptype FZ and Cz

Si wafers respectively. For the fabrication, POdiffusion was used for emitter
formation whereas screen printing was utilized for contact formation. Best
performing device on Cz wafer had a:.\df 647 mV, J.of 39.3 mA/cnt and an FF

of 76.2%. For the FZ case, besicWas 658 mV, was 39mA/cm and FF was
78.4%. For AMWT solar cells (239 cr), the best efficiency was obtained as
20.1%, with corresponding FF of 77%0\0f 653 mV and <& of 40.01 mA/cm.

The best performing reference PASHA) cell of the same batch had an efficiency
of 19.98%, FF 78.5%, W of 653 mV and ¢ of 38.97 mA/cr [25]. N-MWT
module of 60 cells, had a maximum output power of 272 W with an average cell
efficiency of 18.9%. Resulting cell to module (C2M) FF loss was 0.8%. The
module of 60 APASHA cells had a maximum output power of 285with 18.6%
average cell efficiency and C2M loss was 3%. Combining MWT with hetero
junction (SHJ) technology results ind/719 mV, J; 39.3 mA/cn, FF: 80% and

eta: 22.6% for a cell area of 243 dia1).
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2.2.3 Interdigitated Back Contact (IBC) Solar Cells

Interdigitated back contact (IBC) is the most promising-BIL cell structure.
Despite its more complicated design and process sequence, various research centers
and their industrial partners have been putting great effort for the last decade to

transfer thigechnology to industrial production lines.

Considering the device architectures, IBC cells can be separated into 3 main
groups. For the first group, the front side of the cell is doped with the same
polarity as the base Si wafer and it is calledrast surface field (FSF)For the
second group, the front side is doped at the opposite polarity of the base Si wafer
and it is called agront floating emitter (FFE) Corresponding crossections of

IBC cell with FSF and FFE are givenkigure 26.

FSF < FFE <7

n-Si n-Si
S0, Lont giphy 50 iont iiph
SiN” e e B e et B 5 e T
! L J i it
BSF  emitter Ag “BSF emmitter

Figure 2.6. Crosssectional view of IBC cell with FSF (left) and FFE (right).

IBC cells with undiffused front surface form the last group where the surface
passivation quality becomes crucial. Thus, most of the current studies in the
literature focuses on IBC with EH-or FSF where cells with undiffused front
surface are barely studied. Although most of the studies utilizes photolithography
based patterning which requires additional alignment, patterning and cleaning
steps, there exist two cell architectures aimingigtdal application. The first one

is Mercury cell developed by ECN which employs a FFE and is first developed for
p-type Si wafer. Then, the technology is adapted f&tASHA baseline. The
second structure iZebra cell employs a FSF and developed by émsity of
Konstanz. For the fabrication of Zebra cells, 156x156 mitypp, Cz substrates
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are aimed to be used with the possible minimum number of additional steps. Then,
obtained knowledge is transferred teSh baseline to reach higher efficiency

values.

i. Mercury Cells

For the fabrication of Mercury cells, PQGind BBg diffusions are applied for
156x156 mm, n-Cz Si wafers. Metallization of the cells are done using industrial
screen printing with fire through (FT) pas{@6]. The crosssection of the resulting

cell is givenin Figure 27.

Figure 2.7. Schematic crossection of a Mercury IBC ceR6].

The best performing cell with anear of 239 mrharesults in 20.9% efficiency with
Voc. 656 mV, 3 41.2 mA/cnt and FF:77.1%. Combining Mercury cell concept
with conductive folbased module technology is expected to result in low cell to

module losses.

Figure 2.8. Interconnection design of Mercury IBC cglb].
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Although there is no reported module performance yet, the interconnection design
of Mercury IBC cells consists of 62 interconnection points as showigire 28.

All busbars and interconnection points are directly screen printed using industrial
FT-pastes. Then, the interconnection points on the cells are contacted to conductive
foil by electrically conductive adhesivetdavhich are printed on the foil and cured

during module lamination procegz6].

ii. Zebra Cells

Zebra IBC cell is the other cell structure utilizing standard industrial size
156x156mn?, nCz wafers and only industrially proven technologies. Different
than Mercury cells, Zebra cells employs an n diffused FSF with the given cross
section inFigure 29. Moreover, as a result diie reduced metal coverage at the
rear side, ZebrBC cells can operate in bifacial mof#Y].

('—ARC

A__ diffused region n-type Si
—8

n++*BSF s premitter _ —— "°

§

Figure 2.9. Schematic crossection of a ZebrBC solar cell[27].

The process sequence of Zebra cells can be simply implemented in a stardard Al
BSF production line by only addwy a BBg diffusion furnace which is already
specialized for fiype solar cell production ling&7]. The best performing Zebra

cell with screen printed metal contacts has an efficiency of 21.3% witl6¥7.9

mV, Jc41.9 mA/cnt and FF: 78.5% where the average efficiency for the
correponding batch of 28 cells was 2]2%3]. One cell Zebra module results in a
cell to module FF loss of 2.58% compared teBAF module which has a cell to
module loss of 3.32%Moreover, with the help of bifaciality; a bifacial module
shows 17.6% more power output than the monofaciaB®#F module with the
black back shed®7]. Later, within thescope of a collaboration with an industrial

partner, it was announced that Zebra cells reached an efficiency of 23.6% in a
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production line with an accompanied cel-\6f 691.6mV, k¢ of 41.4 mA/cnt and
FF of 80.99413].

There existoonly one company, SunPower Corp., which has been the pioneer in
interdigitating back c¢ da8]t aheit pateneed teth ol ogy
technology resulted in a world record of 25.2%cency (153.49 crf) in 2016.

Although no process details have been shared, their production technology is
known to be the passivating contact technology relying on industrial process steps.

The corresponding cell¢was 737 mV, stwas 41.33 mA/crhandFF was 82.7%

[29]. Then, the moduteconstructed using 72 laboratory cells resulted in a module
efficiency of 24.1% with W 52.77 V, k£6.306 A and FF: 81.9929]. In addition

to their cell production technology, Sun
Combining their newest cell design Maxeon with their new generation module
technology SunPower-Xeries has resulted in a recdméaking panel efficiency of
22.8%[30]. For Maxeon cells optimized front side texturing and -egftection

coating (ARC) provides unique light trapping properties and grabs marerpA

patterned solid copper sheet is placed at the rear side which provides massive
strength and extreme resistance against corrosion. Thick connectors used between
neighboring cells in >series modules provides flexibility for

expansion/contraction dde daily temperature swing31].

(@) (b) ()

Figure 2.10. Image of the front side (a), rear side (b) and module interconnection (c) of a Maxeon solar
cell [31].
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Couplingthe IBC design withthe excellent passivation properties of intrinsic thin
amorphous Si &i) layer generates hetepnctionlIBC (HJIBC). Kaneka
developeda HJIBC cell with a recorebreaking efficiency of 26.3% with ¢¢
744mV, Jc42.3 mA/cnt and FF:83.8% (180.4 éfi32]. The schematic cross

section and currentoltage curve are given Figure 211.

— |\/ CUrve 14
s AR |3yer 6 = PV curve
[~ Front a-Si passivation

c-Si

Current (A)
(M) 1amog

_- Rear i:a-Si passivation
TeTalay -.-.-< p:a-Si/n:a-Si

Electrode pattern I {1

U —— 0
00 01 02 03 04 05 06 07 08

Voltage (V)

Figure 2.11. Schematic crossection (left) and curreptoltage curve (right) of the recotateaking HJIBC
cell[19].

The HJIBC cell was fabricated using 8.cm, 1650m thick, nCz Si wafer. Rear

side is fully passivated by intrinsic& (i:a-Si). Patterned {ype aSi (p:aSi) and
n-type (n:aSi) layers are placed on top of-Sa and used to collect holes and
electronsrespectively. Front side is passivated using-&m layer which is capped

by a dielectric antreflection laye[32]. Further improvements on the cell structure
including increased wafer thickness, reduced optical losses and mainly improved
FF from 83.8 to 84.6% increased the record efficiency from 26.3 to 26.6% at full
scale[33].

Other than industrial IBC studies, many research centers are focusing on
developing IBC cells using different techniques and cell architectures.
Heteaojunction with intrinsic thin silicon (HIT), polySpassivating contact and
homajunction cell structures are widely applied in IBC cell studies. For the IBC
cells with homejunctions usually high temperature diffusion and ion implantation

processes arepplied. PO diffusion is widely utilized for the formation ofn
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doped BSF/FSF region whereas BBr BCl diffusion is utilized for the formation

of p" doped emitter/FFE regions. Br B* implantation which is followed by an
additional activation stepsiused as an alternative for P@Gt BBrs diffusion.
However, both techniques require additional masking and patterning steps which

makes fabrication more complex and more expensive.

For the IBC cell developed at Australian National University (ANU), all patterning
is done using photolithographiligh temperature phosphorus and boron diffusion
was applied for the formation of FSF/BSF and emitter respectively. Another
photolithography step was applied to define metal contact regions with diameter of
50m and pitch of 700m. PECVD deposited SiNwas used on the front side
whereas PECVD deposited Sifayer for the rear side passivation. Aluminum (Al)

is then deposited to blanket the rear side of the cell which is then lithographically
patterned as an interdigitated pattg84]. The image of the final device is given in
Figure 212,

Light n-diffusion
Si0,/Si0,, stack —*

/ H
Metal Light p'diffsion e

Figure 2.12. Crosssection view of the IBC cell deloped at ANU34].

Although no cell result was announced for that cell structure, total recombination
current density Jo) was obtained to be 26 fA/Cnafter the final metallization
step[34].

Similarly, in another study carried out by Polytechnic University of Catalonia,
photolithography and high temperature phosphorus and boron diffusion processes
were applied on 4nch, ptype, FZSi wafers. A{Os was used for frontide
passivation whereas Si@ayer was used for that of rear side. The last patterning
step and lift was done to obtain contact opening prior to metallizaticheak

evaporated Al is used for contacting of emitter and BSF regions at the rear side.
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Then a last lift off and annealing steps were appli@b]. The image of the
fabricated cell and currenwbltage curve of the best performing device is given in
Figure 213,

20

Current density J (mA/cm?)
o
Power density P (mW/cm?)

00 01 02 03 04 05 06 07
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Figure 2.13. Image of the developed IBC cells (left) ardl turve (right) of the best performing deviég.

The best performing device has afficiency of 20.3% with V¥ 648 mV,
Jsc40.6mA/cn? and FF:77.2%35].

Fabrication of IBC cells utilizing high temperature diffusion processes is generally
coupled with photolithographlpased patterning steps requiringalignment,
patterning and cleaning steps. To facilitate process sequence, printable doping
pastes with boron or phosphorus additives are developed. Application of a boron
doping paste instead of BBor BCk diffusion reduces fabrication cost and
complexity. For the IBC structure developed by Fraunhofer ISE and Merck, boron
doping paste is utilized for the formation of emitter region. Screen printed boron
doping paste is activated simultaneously as BSF foomaia POC4 diffusion or
during the activation of PECVD/APCVD deposited PSG laj§]. Full area,
textured wafers are utilized as test structures for sheet resistancengnapgJo
extraction. However, 2x2 cheells are fabricated on 156x156 mmafers for the

proof of concept. The image of the designed cell structure is giv@gune 214.
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Figure 2.14. Schematic crossection of the designed IBC c36].

SIMS measurements, given kigure 215, revealed that exposing the bornpaste
covered regions to PO£D.:N2> ambient does not significantly affectettboron
concentration. Since boron concentration is never overcompensated by that of
phosphorus, the used paste is deemed to be a sufficient diffusion barrier during
POCE diffusion. Moreovertheobserved boron concentration above solubility limit
within the first 2530 nm region of the surface indicates the existence of the boron
rich layer (BRL). In order to avoid the formation of recombinatative BRL

layer at the surface, diffusion processes and the following cleaning procedure is
needed to be adjted properly36].

———T T T3
Secondary lon Mass Spectroscopy
(Boron-paste covered region)

A Boron solubility (7__, =950 °C)
1019
Boron (57 Q/sq)
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107 ‘ﬁ. I;.. _;
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1 1 Il Il
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
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Figure 2.15. SIMS results for boron paste printed regions after B@&xposurg36].

The first 4 cm cells averaged over 9 devices showed an average efficiency of
20.90.3% with Vo 6588 mV, 341N O . r@A/cn? and FF:77.81 0 %.5
Considering the reduced fabrication cost and saved process time, application of

doping paste is observed to be promising for the fabrication of IBC cells.
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In addition to IBC cells wheréhe emitter and BSF regions are formed via high
temperature diffusn processes, there exist some IBC studies where ion
implantation is applied for the formation of doped regions. Although the
implantation process itself is quite complicated, proper application of implant
process for IBC cell fabrication shortens thegass sequence significantly. For the
implantation process where local doping is possible, complex patterning and
successive cleaning steps become unnecessary. Also, it is possible to precisely
control the dose and the depth of doping with implantation.s Titucould be
directly utilized for the formation of homjoinction IBC cells or combined with
passivating contact technology to have IBC cells with doped polySi emitter and

BSF regions.

For the IBC study carried out at Fraunhofer ISE, different implasésl were used
both for boron and phosphorus doping. The resulting doping profiles for the

samples annealed at 1060for 80 min. are given iRigure 216 [37].
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Figure 2.16. Resulting ECV profiles for various implant dosasboron (left) and of phosphorus (right) ions
after annealing at 1080 for 80 minute$23].

Thus, various ion concentrations betwe&i8 and &19 cm? could successfully

be obtained. Then, using a dose o5 and E15 cm?® for boron and phosphorus
implants respectively, a 2x2 énBC cell with an industrial metal pitch of 2.1 mm
with a lowly doped FFE. The corresponding emitter sheet resistance3wasY7/ |
while that of BSF was 39 Y/ I El4cfEiE i s
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the resulting sheet b/Ad .93 statk asnappéed onatlee 6 5 0
front side whereas SiBiNyx stack was used at the rear side to provide surface
passivabn. Then Al was evaporated and structured in a wet chemical etch
solution with a photoresist mag¥7]. The corresponding currembltage curve and

schematic image shownin Figure 217.

AlL,O; + SiN,
40 g-o—'—-—o—o—-—‘—o-o—o—c—o—o—-_._o—o_._.\
NE \
o
: fl I Y E 30} V. =675mV %
i - J..=40.8 mAicm’ t
* floating emitter A-fypesilican 3 - H
P 9 (1Qcm) §20- FF=79.3% :
p** emitter 5 prF=b20% 11
£ 10F =218 %
0
AI T O 1 L 1 1 1 L \ 1
ML Bi5 0 100 200 300 400 500 600 700
2U3 + 510

Voltage [mV]
Figure 2.17. Schematic crossection (left) and currentoltage curve (right) of the fabricated IBC d&B].

The best performing device has an efficiency of 21.8% witlh 875 mV,
Jc40.8mA/cn? and FF:79.3987]. Thus, application of ion implantation for IBC
processes is highly promising. However, to enhance the cétirpemce, surface
passivation of the IBC cells should be improved. Thus, the naturally induced
damage at the surface during implantation step should be avoided. For this, ion

implantation is coupled with HFIBC and passivating contact IBC cell structures.

For the ion implanted passivating contact IBC cell studies carried out at NREL, P
and B implanted &i layers were applied on top of a thin Si@yer so called
interdigitated back passivated contact (IBHB$]. Saturation current densities

(Jo) and contact resistivity values are analyzed for various implant doses and post
annealing conditions. For the symmetrical test structures, the ldwést Si:P

layer was 2.4A/cm? while it was 10 fA/cm for Si:B layes[39]. The same layers
were transferred to IBPC cell structure, and the correspgncrosssection is

given inFigure 218.
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Interdigitated Back Passivated Contact cell (IBPC)
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Figure 2.18. Schematic of a IBPC cell formed by ion implantatj2h].

The resulting implied ¥ (Vo) values of the wmetallized cell with B and P
implant was obtained as 692 mV with the corresponding detail 11 fA/cn?. For

the contact resistivity analysis, msmission line measuremsn{TLM) were
applied and the metal pads for TLM measurements were defined by using
photolithography. Obtained contact resistivity values were quite high
(> 40myY .cm?). AlthoughiVoc values are promising, metallization requifegher
optimization to reduce contact resistivity belowrB%.cn? while not significantly

increasing thdo under metal contaci{89].

In another passivating contact IBC study carried out by Delft University of
Technology (TUDelft), LPCVD deposited polySi layers were implanted with B
and P for emitter and BSF/FSF regions respecti¥dlyy The schematic of the
fabricated cell structure and ECV profiles of the possible B and P implants to be

applied for the cell structure are giverFigure 219.
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Figure 2.19. Crosssectional view of the fabricated IBC cell(left), ECV profiles ofrplant (middle) and P
implant (right) to be used in cell fabrication for emitter and BSF regions respe¢#agly
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For the best performing cell structure B3rRand emitterl profiles were applied
with the same dose oE35cm? at 20 keV. Front surface was passivated with FSF
with a phosphor dose o84 cm? at 20 keV. The resulting cell ( 9 &rhas an
efficiency of 19.2% with Ve 673 mV, J238 mA/cnt and FF:75.2%40]. In a later
study of the same group where FSF is passivated with a-Biitegter and a gap is
placed between emitter dBSF regions, the cell efficiency is increased to 22.1%
with Voc: 709 mV, J:40.7 mA/cnt and FF:76.6%41].

Unlike TU-Delft's design, Fraunhofer ISE's design skips successive
photolithography steps for local implantation. A boron doped TOPCon layer is
deposited to fully cover the rear side of the wafer. Then, logapRant is carried

out using a shadow magk?]. As a result, boron concentration is locally

overcompensated by that of phosphorus atoms as shdviguire 220.

n-type
silicon wafer

n-type

silicon wafer

deposited B-doped silicon layer silicon oxide ] I T T I T T T T T I I T T T T T T T

(p-TOPCon emitter)
implanted P-doped silicon layer
(n-TOPCon BSF)

Figure 2.20. Schematic of local #mplant for TOPCorIBC fabrication[42].

Final cell structure has aitvoc of 682 and 631 mV for respective annealing
temperatures of 800 and 900 [42]. With the help of improvements in the cell
design and implant processes, the efficiency of a Zagt is increased to 23.7%

with Voc: 720 mV, 3:41.4 mA/cn? and FF:79.6%.

In another device structure designed and fabricated by EPFL, defiddyeers are
deposited on top of a thin ()& layer as emitter and BSF region as shown in
Figure 221. Patterned deposition of the emitter and BSF regions is provided by an
in-situ shadow masking. Also, an @&/ (n)aSi stack is used as FSF at the front

side to provide surface passivation which is then capped byl|&isr. TCO/Ag
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stack is deposited by physical vapor evaporation and then patterned by using a
combination of hemelt printing and wet chemical etch[Ag].

ARC
a-SiH (n*)
a-SiH (i)

¢-Si(n)

a-Si:H (i)

a-SiH (n* or p*)
TCO

Ag

Figure 2.21.Schematic arsssection (left) and rear side image of SIBL cells[29].

The best performing cell (9 @nhas an efficiency of 22.0% withoy 726 mV,
Jc40.9mA/cn? and FF:74.09%43]. Further improvement of the FF is expected to
increase the efficiency above 23%.

Like Fraunhofet SE6s TOPCon <cel |l s, | SFH6s POLO str
passivating layers. To combine POLO structure WBIC, initially deposited
blanked ipolySi layers were locally converted tepolySi and ppolySi using ion
implantation and the contact separation was done via laser spfjin#5]. The

resulthg cell schematic and correspondiny lcurve are shown idrigure 222.

Unlike many other IBC cell design, in POHBC p type Si was used as the base
material.
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Figure 222 Schematic of the record POLBC cell (left) and corresponding currevtltage
characteristicgright).
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For the cell area of 4 cicell, a record efficiency of 26.1% was obtained with the
corresponding cellgrameters of M: 726.6 mV, § 169.9 mA and FF: 84.28% as
shown inFigure 222 (right).

A summary of ugo-date efficiency values for different back conthatk junction

cells from different institutes/companies is showi able 21.

To sum up, there are many different process sequences from different research
centers to fabricate IBC solar cells with different designs. However, except two
leading companies SunPower and Kaneka, there has been no optimized industrial
process flow resultm in efficiencies exceeding 20% for full scale wafers. ISC
Konstanz has just joined that group of two with their full area, 24% efficient Zebra
cells. In this thesis, a novel process sequence will be designed and optimized for
the fabrication IBC cells ursg only industrycompatible tools. It is aimed to be a

lithographyfree process flow applicable for 156.75x156078%¢ wafers.
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Table 21. Summary of best performing back conthetk junction cell efficiencies.

Institute Country Technology Efficiency
Sun Power USA IBC (2016) 25.2
Kaneka Korea HJBC (2017) 26.6
ISFH Germany POLGIBC (2021) 26.1
Konstanz Germany IBC (2020) 23.6
Advent Solar USA EWT 16.0
Konstanz Germany EWT 13.0
ISFH Germany EWT 21.4
QCELLS Germany EWT 17.1
FraunhofefSE Germany EWT-photolithography  21.4
IMEC Belgium IBC 23.1
ANU Australia IBC 24.4
ISFH Germany IBC 23.1
IMEC Belgium IBC 23.3
Institut fur Germany IBC 22
Photovoltaik
ANU & Trina Solar Australia & IBC 22.1
Varian & USA & IBC-Al03 passivation+ior 20.0
FraunhofesISE Germany implantation
Samsung Korea IBC- ion implantation 22.4
FraunhofesISE Germany IBC- ion implantation 21.8
ISFH & Bosch & Germany & |BC- ion implantation 22.1
Amat USA
ECN Netherlands IBC-Mercury 19.6
ISFH Germany IBC-n type RISE 23.1
Varian & USA & IBC-SiO; passivation+ior 19.2
FraunhofeflSE Germany implantation
IMEC Belgium MWT 14.7
ECN Netherlands MWT 16.7
FraunhofelSE Germany MWT 16.2
Konstanz Germany MWT 17.5
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CHAPTER 3

SIMULATION OF INTERDIGITATED BACK CONTACT SOLAR
CELLS

In this chapter, the effect various parameters defining bulk properties (dopant type
(n-type or ptype), bulk lifetime, bulk resistance, wafer thickness), getbmetry
(emitter, BSF and gap width), properties of back junctions (sheet resistances of
emitter and BSF regions, corresponding recombination current densities) and front
junction properties (sheet resistance, dopant type (n doped -dopeau),
recombinatn current density) on resulting cell performance were modelled using
Quokka2.

3.1 Introduction

Quokka2 is a free software developed for fast simulation of various silicon solar
cell structures in one to three dimensions. To have less computational effert, thu
for faster simulations, some simplifications to the general carrier transport model
were employed. Those simplifications could be named as -geasiality and
conductive boundary. For conductive boundary simplification, the near surface
regions are daefed by using lumped input parameters instead of being modelled in
detail. That is, instead of defining the doping profile, sheet resistance of the doped
region is required and the solutions are for the ststatg conditiong46]. As
proposed in different studies, the diffusion at the surface could be treated as a
recombinative boundary, thus, the solution of the transport equations in the
diffused and space charge regaould be omitted47], [48]. Outside the space
charge region where quaseutrality condition holds true, the equality of excess

carrier densities can be applig®].
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Bulk (Base) Equations

Under theseonditions, the continuity equations of the gefésimi potentials for a

p-type base material are given by,
n, Ne no 'y O P
n, Ne no 'y O ]

Here 0 denotes the conductivity of eachrrier type, q stands for the elementary
charge 1.6x1®° C, G and R denote and generation and recombination rates,
respectively. Injection level dependent conductivities are calculated using
Kl aassends®. Amlyimgate expressions combining intrinsic carrier
densityni, thermal voltagé/; and quaskFermi potentialdir, and Grp, equilibrium

carrier concentrationsandp coud be calculated as in the following equations:

E EQ0—— O fo®
noEQok—— O s

Applying the condition of equal excess carrier densities whichiss 0 ¢

where M is the ionized acceptor density and is the equilibrium electron

concentration which could also be defined &y — results in the following
equation:
¢ APDP— w ¢ Qun Aob— —— (O®

Boundary Conditions

i.  Symmetry Plaas: At the symmetry planes the gradient of the quasi

Fermi potential in the direction of the surface normal is zero.

e T Tt 0O ﬁb’&)
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ii.  Undiffused Surfaces: Rembination at the undiffused surfaces either
defined by dark saturation current densities &hd 3,) or by surface
recombination velocity (SRV). Dark saturation current density and
SRV concepts are equivalent for low injection condition and for ideal
recombination with the following relation:

0 Y—a O

V)

Then, the electron current becomes equal to:

iy
Ja

, Sle Ué—npu

p O 1og

m—|

iii.  Diffused Surfaces: In a diffused layer, @Zontinuity equation of the
majority quasiFermi potential ¢ accompanied by the sheet

resistance Reeaccount for the conduction of carriers.

n
n

0 O 1880

For the ntype emitter, continuity equation gives the boundary condition for the
bulk electron quasgFermi potential adirn=Urairr, and theJgirr is equal the total
current density from the base into the emitter minus the current density into the
contact{51].

0 , e , e i O m

Here,rc stays for contact resistivity alMerm stays for the terminal voltage for the

case of contacted regions.

The hole current density into the boundary is equal to the difference of the

recombination current density and the current density collected whtaidiffused
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layer J.. As a result, the boundary condition for the hole g&asro potential

becomes as shown in the following:

p 0 O p

Generation and Recombinai

Spectrum of a monochromatic light with a given intensity for a specific wavelength
and A.M.1.5G spectrum are the predefined generation models included into
Quokka. Moreover, it is also possible to load a user defined generation profile or a
J. value which can be obtained by using free tools like OPAL and E[3NA

[52], [53].

3.2  Simulation Approach

3.2.1 Determination of the Bulk Properties

In this part of the study, Quokka 2 was applied for various bulk parameters
and cell geometries to generate a starting point for the experimental IBC studies.
To better understand the effect of budsistivity, bulk lifetime, and the type of
bulk material (pSi or nSi) each geometrical design is simulated for low,
moderate, high resistivity and bulk lifetime parameters. Each parameter was
simulated both for #type and ptype base material. Moreovegach simulation
was repeated for the cell structures with front floating emitter (FFE) and front
surface field (FSF) to analyze the effect of front surface on the cell performance.
Pitch value was set constant 2006 and the emitter fraction was varieetween
30% and 90% to find the optimum emitter fraction. The summary of the varied

parameters is given fRigure 31.
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Figure 3.1. Varied parameters for the simulated IBC cells with constant pitch of @®00

[

For all simulations, metal fraction of emitter and BSF regions was kept constant at

70% to eliminate effect of resistive losses so that only the effect of varied
paraneters will dominate the cell performance. Wafer thickness wasCi80

whose effect willseparatelype examined after optimizing the cell geometry. Front

side sheet resistance was set to Y@0 both for FFE and FSF cases, and only the

doping type was changed from p to n or vice versa. Sheet resistance of the emitter

and BSF regions were kept constant at 70 and /40, respectively. Wh
between emitter and BSF regions was assumed fmelfectly passivated, doped

regions were assumed to have moderate passivation quality with correspending J
values around 50 and 30 fA/énmespectively.
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Incident light spectrum was set to be AM 1.5G and hit the surface with an angle of
54.7 to mimic thereal cell conditions with textured front surface. Contribution of
the rear side was not taken into consideration since the metal fraction was 70%
which was too high to contribute to the cell performance. Gessonal view of

the simulated IBC cells witRFE is shown irFigure 32.

LIGHT
]
[l »-doped
i n-doped
[Hlgap
. metallized

Figure 3.2. An exemplary crossectional view of simulated IBC cells with EF

3.2.2 Optimization of Unit Cell Properties

Based on the results e first simulation part where the effect of bulk lifetime
andbulk resistivity was figured out, a new simulation run was initiatedptimize

the unit cell propertiesUnlike the first setsheet resistance of the doped layers
(i.e., emitter & BSF) at the rear side and unit cell size were also varied. While the
unit cell size was varied as 800, 1300 and 1800 the gap between emitter and
BSF was kept constant as 10t and the emitter fraéion was varied from 30 to
80% for each unit cell. The respective sheet resistances of emitter and BSF regions
were varied as 800, 100, 120, and 30,03D. Only nSi wasdefinedas the base
material and the corresponding bulk lifetime was set as §80@gain, the bulk
resistivity was kept as a variable between 1 and Dbn, all simulations were run
both for FFE and FSF structures. For this setalues of the doped regionsre
defined in accordance with the experimental results. Thad isikrwas varied
between 15@50fA/cm? while b ssr was varied between 150 fA/cnft.
Moreover the metal fraction was defined as 30% of the doped emitter and BSF
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regions with a cogsponding elkontactvalue high enough to resemble fiteough

contactsAll other inputs were varied as summarized able 32.

Table 32. Summary of varied simulation parameters.

Unit Cell {rho,bulk Egllit;er Erﬁtﬁg: gg&eet JO frc;nt front §iQe
[ Om] |[ q. cn[%] [ o/ T|[ q/T [fA/cm?] |conductivity
800 1 6 |30 80 30 90 n (FSF)
1300 2 7 |40 100 50 50 p (FFE)
1800 3 8 |50 120

4 9 |60

5 10|70

80

3.2.3 The Effect of the Varying Gap Properties and Wafer Thickness

Using the optimized parameters in the previous sections, wafer thickness, gap

width and gap recombination were focused on in the last part of simulations. Sheet
resistances of emitter ad BSF regions, bulk properties including base resistivity and

bulk lifetime of the simulated cells were set constant. Wtiike emitter sheet
resistance was set to 180/ 1 , that of BSF was set to 5
was set to 5 g.cm and the bulk [Iifeti me
t hi ckness Again, pleddusly @sed unit cell sizes of 800, 1300 and

18000m wer e swept f oswhilethe gmitterdactipespverd ke ct i o n
the same as in the previous section. Simulations were carried out for FFE and FSF

structures.
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3.3 Results and Discussions

3.3.1 Determination of the Bulk Properties

Pitch: 20000m / FSF/ nSi

First simulations were carried out for IBC cells with 268 pitch. As shown in
Figure 33, increasing emitter fraction increases the resulting cell efficiency for all

bulk resistivity and bulk lifetime values.

23- T T T T T ~ -1 T T T T T —
1 Q.cm 3 ocm

22 ] ] ] ]

21 ] ] :EH?EE & ]
& 20 1] ]
oy
S 19 ] ] ]
-]

g 19 11 :
i 17] 1] ]
16 —-300ps |{ 4 —3—-300 ps

—1—1000 ps —0— 1000 ps
15 4 —0-3000ps [ - —O- 3000 ps |-
14 —J— 5000 ps —3— 5000 ps
23 : : : : : : : : : :
50cm 10 O.cm
22 ] ] ] ]
21] ﬁﬁﬂa: 11 M 1
= 201 N 1] M ]
319 ] ] ]
§ 18] ] ]
‘o
& 17 ] ] 1
L
16 ] —o-300ps |] ] 300 s |4
—3—1000 ps —1— 1000 ps
15 —3—3000 pus | - —J— 3000 ps |
1 —O-— 5000 ps —1- 5000 s
30 40 50 60 70 8 9030 40 50 60 70 80 90

Emitter fraction [%]

Emitter fraction [%]

Figure 3.3. Effect of emitter fractononcel ef f i ci ency -ypeclOWMOFSEm pi t c h, n

Althoughtheincreasing emitter fraction enhances performance of cells witi&800
bulk lifetime, they still have much lower efficiency compared to cells with higher
bulk lifetime values. Comparing 30@thd 500035 cases for all resistivity values,

one can deduce that the cell performance already reaches its maximum level by

using the wafers with 3000s bulk lifetime. Further increase of the bulk lifetime
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does not further improve the cell performancear®&bver, cell efficiencies saturate

at the emitter fraction of 70% for¥.cm wafers while this value drops to 65% and

60% for 5Y.cm and 10¢.cm, respectively. Thus, cells with increasing bulk
resistivity require relatively lower emitter fractions, thuglev BSF layers for

similar cell performances as the cells with lower bulk resistivity values for the case

of cell structure with FSF.
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Figure 34.Ef f ec t

As seen inFigure 34, increasing bulk resistivity reduces ffthctor (FF) of the

of

emitter fracti ontypecellsfwithlF6F. f act or

Emitter fraction [%]

(FF)

corresponding cells. Moreover, the effect of bulk lifetime on FF becomes more

pronounced as the bulk resistivity increases. That is, for the caseg @hilbase
material all bulk lifetime values result in similar FF values while theywh

deviation as resistivity increases tod@m. Since FF is a function of open circuit

voltage (W) as formulated irfEg.3.12, it is expected to have lower FF values for
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the cells with lower W which explains observed decrease in FF for lower bulk

lifetime values which was shown kigure 34.

00 — 8 ORH Cu T

Considering the observed,Abehavior in Figure 35, it could be said not only the

Voc but also the bulk resistivity affeckd= of the cells.
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Figure 35. Effect of emitter fraction on open circuit voltages/ o f 2 0 0 O-typ® oellspithtF8Fh ,  n

For the samples with bulk lifetime of 108 with similar \kc values Figure 35),

the observed slight decrease in FF could be related to increasing bulk resistivity.
Since the series resistancad) is contributed by bulk resistivity, and lopntact
resistivity, increasing bulk resistivity would increasg&which would eventually

reduce FF as observed in the simulations.

Short circuit current density ) was observed to increase as a function of

increasing emitter fraction for all bulk resistivity values as showRigure 36.
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Except the lowest bulk fétime case ({ : 3 )) G valies were observed to
saturate at around 3®mA/cm?. While this saturation occurs an emitter
fraction of 85% for 1Y .cm wafers, it reduces to 72% for ¥ocm base material
(Figure 36).
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Figure 36.Ef f ect of emitter fraction on shortypeeliswithui t curr e
FSF.

Below these emittefractions, & is highly dependent on the bulk resistivity
especially for l ow bul k I ifetime value
reason of increasingocdvith increasing bulk resistivity, additional simulations were

carried out to observe holerca i er density for cell s with
Om/ BSF: 1100 -BeationwshowmirfFijure®7. The aasier density

was checked forhe cells withvarying bulk resistivities fronl to 1 0 Yand m

with FSF at the front side for the limiting bulk lifetimes of 300 and 50G0 .
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Figure 37.Crosss ect i onal view of the FSF cell: wiltoho eGmi.t tRlrue 800

region indicates p+ doping, red indicates n+ doping and green region indicatepachpassivated gap.

In Figure 38, it was observedhait the holes generated above BSF region had to

travel laterally towards the emitter side.
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Figure 38. Simulated hole carrier density for FSF cell with various bulk resistivity values. Tddsy
measures the distance from tlear surface into the wafer in microns whefraxis measures the distance from

the center of the emitter to the center of the BSF.
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While generated electrons are attracted towards thecowtacted front surface
field, generated holes are repelled and ammpted to move laterally from BSF
towards the emitter regioithe cell with the bulk lifetime of 30@s had the lowest

hole density at around 400m where the boundary of the emitter region was
staying. Increasing bulk resistivity form ¥.cm to 10Y.cm slightly increased
carrier density at the edge of the emitter, but the remaining emitter area had a low
carrier density. Increasing bulk lifetime fm300Cs to 50000s, improves carrier

density which explains observed highgvalues inFigure 36.

Pitch: 20000m / EFE/ n-Si

Repeating the same medure for the cells with the same geometries but with the
p" doped front floating emitter at the front surface instead" doped front surface
field has shown improved cell performandehe resulting cell efficienies are
shown inFigure 39.
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Replacing FSF with FFE resulted in significantly better cell efficiencies even at
lower emitter fractions. Unlike FSHye existence of FFE makes cell efficiency to
beless dependent on the bulk resistivity. The lowest emitter fraction for the lowest
bulk lifetime (3000s) resulted in efficiency of 17.8% while it was 15.2% for the
cells with FSF. Moreoverthe emitter fractions around 50% result in close
efficiency valus to those obtained with higher emitter fractions. Thus, for the case
of FFE, wider BSF regions are allowed without significant performance loss which
would provide more tolerance during metallization and module interconnection
stepg18], [26].

Considering the fill factors, the cells with therlcm base material have similar FF

values for all emitter fractions regardlesgtegbulk lifetime (sedrigure 310).
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Figure 310.Ef f ect of emitter fract i ontypecellsiwithlFFE.f act or ( FF)

As the resistivity of the base material increases, both emitter fraction and bulk

lifetime effect becomes more pronounced.
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For the case of open circuit voltages, d#itzation was observed for all resistivity

values and bulk lifetimes above 1006 as seen iRigure 311.
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Figure 3.11. Effect of emitter fraction on open circuit voltageos/ 0o f 2 0 0 O-typd cellswitht FEEh ,  n

For 1000Cs, Voc was lying in 682685mV range, which was 68691 mV for
300085 and 691694 mV for 50000s bulk lifetimes. Fortie case of the lowest
bulk lifetime: 300Cs, all Voc values stays constant in 6663 mV range around for
the samples witl8, 5 and 10Y.cm bulk resistivities Only for the sample of
1Y.cm bulk resistivity stabilization occurs at around 67Y which coutl be
related the higher buiih potential generated by higher doping concentration of the

base material.

Considering the short circuit current densities showrrigure 312, cells with
different bulk resistivity values show stabilizeg: Yalues at different emitter
fractions. While 1Y.cm wafers shows this stabilization above the emitter fraction
of 85%, this value is 75, 70 and 65% for 3, 5 andY16m wafers respectively.
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Cells with bulk lifetimes of 1000, 3000 and 5008 show similar performances for
all bulk resistivities except the cells with the lowest bulk lifetimes. For all bulk

properties, increasing emitter fraction enhanees J
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Figure 3.12. Effect of emitter fraction on short circuit current densigd(J o f 2 0 0 O-tyg@ wellspwitht ¢ h , n

FFE.

To better analyze the effect of FFE on the cell performance, additional simulations
800 Om/ gap: 100
carried out as done for FSF case. Gismstional view of the simulated cell

for the cell structure witte mi t t er Om/

structure is shown iRigure 313.
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Figure 313. Crosss ect i onal view of the

FFE
region indicates p+ doping, red indicates n+ doping and green region indicatepachpassivated gap.
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As seen inFigure 314, hole density has significantly been increased above the
hole-collecting emitter region. Unlike the lateral transport through the base in FSF
case (electrical shading), holes only need to neakertical travel with the path
length equal to wafer thickness. Carriers generated above BSF region are first
injected to the conductive FFE region where they can travel till emitter region.
When the carriers are above emitter, they will bénpected nto the base and
collected at the rear eUVMRINGEFFEC™[IBL act
Thus, at the end of the first set of simulations, @&swoncluded that increasing
emitter fraction improves cell performance both for FSF and FFE cells. While the
performance of FSF cells is more dependent on emitter fraction, FFE cells were
observed to tolerate wider BSF regions witlegligible losses in th cell

performance.
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Pitch: 2000Qm / FSF/ pSi

After understanding the effect of front surface on the cell performance, the same
simulations were carried out for the same cell geometries but wipepbase
material.Corresponding efficiency values are showirigure 315. Comparing the
performance of 18i and pSi based FSF cells, it was observed that both n and p
type cells perform similarly for all bulk resistivities. Increasing emitter fraction
enhances the performance FSF cells with a similar stabilization behavior at high
emitter fractions as in the case of FSF cells withipe base material.
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Figure 315.Ef f ect of

Although efficiency plots of #based and {jpased FSF cells coincides for bulk
lifetime values of 1000, 3000 and 50@8, efficiency of gbased FSF cells are
better for300 Cs lifetime caseRegardless of base material, 22 % efficiency was
observed to be the highest reachable efficiency for FSF cells of@0@tch with

the given bulk properties.
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As seen inFigure 316, highest fill factors were obtained for the highest bulk

conductivity.
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Figure316.Ef f ect of emitter fracti ontypecellsiwithlF6F. f act or (FF) of

FF of 1 Y.cm and 3Y.cm wafers changes in a similar manner where increasing
bulk lifetime has a negligible effect. Although increasing emitter fraction from 35
to 86% slowly reduces FF for the cells orBpwafers, lower limit of FF was
obtained as 80% and 77/r 1 and 3Y .cm respectively. Increasing bulk resistivity
pronounces both the effect of bulk lifetime and emitter fraction on FF of the
corresponding FSF cells. The lowest FF values were obtained for emitter fractions

greater than 60% on D0.cm wafers.

Open circuit voltages of-pased cells showed a similar behavior as thdiased
counterparts, that is ¥ was almost independent on emitter fraction. It should be
noted here that the adverse effect of besmpgen complexes during high

temperature processes was not taken into consideration during simulations. As
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shown in Figure 3.17, for all bulk resistivity values, similar §¢ values were
obtained for high bulk lifetime condition (i.e., 3000 and 538

700

o0 qﬂ—m—un—nﬂ—unnﬂ_m | qﬂ”nﬂ—“u/’“n—unmn_m |
> qn—m—nu—uﬂ_wn_u_q:
-E- 680 . -
Q
o
> 10y agp—oon, o
670+ —O0- 300 s 7 —0— 300 ps i
—F 1000 ps —O+ 1000 s
—O0 3000 us —01— 3000 ps
660 | L—D— 5000 s 10cm —00— 5000 ps 30cm
TDU T T T T T T T T T T
B—% g 9n :6'3 0 10 .em
690 qﬂ_m—”n—nﬂ—nnnﬂ_q: i 1
S qn_m_uu—ua—unuu_nu
£
680 —0-300ps | |
3 1 1000 s 00— 300 s
= —O- 3000 s —0- 1000 s
— O 5000 ps ~0- 3000 s
670{ OO—O—0; 55 nono g s
O——0n  pnpn pooo-m
660 50cm ‘

30 40 50 60 70 8 9030 40 50 60 70 80 90

Emitter fraction [%] Emitter fraction [%]

Figure 3.17. Effect of emitter fraction on open circuit voltagesf¥ 0o f 2 0 0 O-typd cellswithtF8Fh ,  p

Increasing bulk resistivity reducesWalues of cells with bulk lifetimes of 1000
and 300Cs. The drop in W for 1000Cs was aound 4 mV while going from
1Y.cm to 10Y.cm whereas it was almost 20 mV for 306 case. Thus, lower
bulk lifetime pronounces the negative effect of increasing bulk resistivity on FF
of p based FSF cells. Compared to thebased counterparts;hased BF cells
shows slightly higher M values for bulk lifetimed10000s whi |l e t ha't
between \. values becomes 104 mV 300 Os

deduced that for low quality base materials, it would be beneficial to fabricate p

for

based FSF cells instead ebased.
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Figure 3.18. Effect of emitter fraction on shortrcuit current density ) o f 2 0 0 O-tyg@ wellspwitht ¢ h , p
FSF.

Short circuit current density shown kigure 3.18 showed a similar behavior as in

the case of n based FSF cells. Whil¥ tm wafers had a saturated &t around

39 mA/cn? above emitter fraction of 85 %, the same level was reached at emitter
fractions of 70 %, 65 % and 60 % for 3, 5 and¥0 cm waf er respectiv
Moreover,the lowestk values obtained for 300s lifetime were 30.1, 33.6, 34.5

and 35.4 mA/crhfor samples on 1, 3, 5 and M.cm pwafers whereas those

values were 26.8, 29.8, 30.6 and 31.5 mA/ecaspectively for FSF cells on-n

wafers.

Pitch: 20000m / FFE/ p-Si

For the case-pased FFE cells, efficiency showed similar behavior-based FFE
cells. As seen ifrigure 319, increasing emitter fraction improvesllcefficiency

for all bulk lifetime values of % .cm, p based FFE cells. Not only foiylcm but
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also for 3Y .cm base materials, moderate and high bulk lifetime values (1000, 3000

and 50000s) result in similar cell performances.
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Figure 319Ef f ect of emitter fracti ontypecellsoithlFFE. ef f i ci ency of

FFE cells on low bulk lifetime (30@s), pSi have relatively lower efficiencies.
While increasing emitter fraction improves the cell performance ahcin, p-
based cells, efficiency of cells onYa.cm wafers is not significantly affected by
increasing emitter width. Contrary to low bulk resistivity base materials, increasing
emitter fraction has little or no effect onYacm while it reduces efficiency of ¢h
cells on 10Y .cm, pSi.

Increasing emitter fraction reduces FF of the p based FFE cells which is more
pronounced for higher bulk resistivity values as showRigure 320. The lowest
FF was observed for .cm base with the emitter fraction of 83%.
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It could be deduced that increasing emitter fraction which narrows BSF width,
reduces the collection of carriers at the BSF contact since it becomes harder for the

cariers to travel through the bulk wafer acting as a more resistive medium.

While FF reduced as an inverse function of emitter fraction, velues stayed
constant for medium and high bulk lifetime values. Regardless of the bulk
resistivity, almost the sam¥,c values were obtained for all emitter fractions

except the lowest bulk lifetime as showrFigure 321.
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Figure 3.21. Effect of emitter fraction on open circuit voltageos/ o f 2 0 0 0-typd cellspithtFEEh , p

As shown inFigure 322, X increases as a weak fulct of increasing emitter
fraction as in the case n base FFE cells. Compared to p based FSRheells,
performance oFFE cells were observed to be leiependent on the cejeometry.
This could be related to the suppressed electrical shading with phefrmimping
effect of the FFE.
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Figure 3.22. Effect of emitter fraction on short circuit current densigd(J o f 2 0 0 O-tyg@ wellspwitht ¢ h , p
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At the end of this set of simulations, it was observed that FFE cells were less
geometry dependent allowing wider BSF regions and pose higher efficiency values
compared to FSF cells. Increasing emitter fraction could help to improve the device
performancetill a certain point above which FF losses start to degrade the cell
performance. Moreover, the effect of front side doping polarity (i.e., FFE or FSF)

on current transport was visualized.

3.3.2 Optimization of Unit Cell Properties

i. IBC Cells with FSF

In the seond part of the simulation study, the effect of varying sheet resistance

values forthe emitter and BSF regions was analyzed both for FFE and FSF
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structures. As an example, emitter fraction was fixed at 70% and the corresponding
efficiency plots for the mmallest unit cell (80@m) of FSFIBC cells are shown in
Figure 323. As seen inFigure 323, increasing emitter and BSF sheet resistance

improves the cell @formance for all bulk resistivity values.

o
[=]

19.5
19.5
19.5
19.5
19.5
19.5
19.6
19.6

BSF Rsheet [Q/sq]
& &

w
o

y %2
cnyz+
odY!KOY

BSF Rsheet [Q/sq]

BSF Rsheet [Q/sq]
BSF Rsheet [Q/sq]

Emitter Rsheet [Q/sq] Emitter Rsheet [Q/sq]

Figure 3.23. Distribution of efficiency as a function of emitter and BSF regions' sheet resistance for different
bulk resistivity values for the cells with FSF. The unit cell size vie8 Om and t he chosen emitt
70% of the unit cell. Minimum and maximum values for FF, Voc, and Jsc are shown at the corners of the plots.

Color codes are showing the efficiency of the cells.

Increasing the bulk resistivity from 1 to §0cm increased the best efficiency from
19.6 to 20.9%. This could be related to improving current density as a function of
reducing base doping. The highestfdr the bulk lowest bulk resistivity (@ .cm)

was 36.8mA/cn? which increased to 40.3 mA/éfor the @se of the highest bulk
resistivity (10g.cm). Making the same analysis for a wider unit cell (1809
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resulted in slightly lower cell efficiencies as shownFigure 324. The observed

effect of emi tter

and BSF regionsbo

sheet

smaller unit cell, that is the highest efficiency was obtained for the highest sheet

resistance values. Increasing resistivity from 1 ta@ I€in increased thescJfrom
35.6 to 40.0 mA/crhwhich was accompanied by improved efficiency from 18.9 to

20.6%.
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Figure 3.24. Distribution of efficiency as a function of emitter and BSF regions' sheet resistance for different

bul k resistivity

val ues

for cells with FSF.

The

unit

70% of the unit cell. Minimum and maximumlwuas for FF, Voc, and Jsc are shown at the corners of the plots.

Color codes are showing the efficiency of the cells.

As the largest unit cell size, 18@n was analyzed for varying sheet resistance

values. Like 800 and 1300m cases, increasing sheet sémice of the doped

regions was observed to enhance the resulting cell efficiency as shdvigure

58

r €

cel |



3.25. The best efficiency increased from 18.2 t0.320 as the bulk resistivity

increased from 1 to 1§.cm while the respectivacalues increased from 34.6 to

39.6 mA/cni. The resulting FF values reduced from 81.2% to 78.7%. As a result, it

was deduced that the smallest unit cell had the highest parfoercompared to

larger unit cells.
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Moreover, increasing bulk resistivity improved, Ihus effigency of the cells for

all unit cell sizes. To further understand the effect of bulk resistivity and emitter

fraction and compare for different unit cell sizes, simulation results for the fixed
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emitter Rneetof 120 and BSF Reetof 50 /I were analyzedral shown inFigure
3.26.
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Figure 3.26. Effect of bulk resistivity on efficiency of IBC cells with FSF for varying unit cell sizes. Emitter
and BSF regionsd Rsheatd5oqal yesewperetchebgn as 120

As seen irFigure 326, for a certain emitter fraction, a different bulk resistivity is
required to end up with the desired gersion efficiency. That is, to reach 20.0%
efficiency for the smallest unit cell; if @.cm base is used, approximately 35%
emitter fraction will be required while emitter fraction is needed to be 50% for the
case of 3g.cm base material. Increasing ueill size from 800 to 180@m
increases the required emitter fraction for the same efficiency value. Unlike
8000m, for 18000m unit cell size, the maximum efficiency was 20.0%. For 8
g.cm base material approximately 65% emitter fraction is needed whittterfu
increases to 74% when bulk resistivity reduces tp.é3n. Thus, for typical bulk
resistivity values, the corresponding cell performance would be limited since the
practical emitter fraction has also an upper limit.

As the next task, a certain emittieaction (70%) and respective emitter and BSF
sheet resistance values of 120 andy50 1 wa's ftoanalyseete efieat of
bulk resistivity on cell performancdhe effect of varying rho,bulk on efficiency

and fill factor is shown ifrigure 327.
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Figure 3.27. Effect of varying bulk resistivity on cell efficiency (left) and fill factor (right) for varying unit cell
sizes of 800, 1300 and 18@n with a constant emitter Rsheet of 120 and BSF Rsheet qf /50or all

resistvity values.

Based on the simulations, it was observed that the increasing bulk resistivity, i.e.,
reducing doping concentration, results in enhanced cell performanceqtitrs
which then shows a saturation trend for all unit cell sizes as shofigune 327

(left). The same behavior was observed in different simulation and experimental
studies focusing on various cell structures including IBC, SHRJ@, AIBSF,
PERL, PERT, etc[55]i[57]. It could be deduced that, the trend in efficiency and
other cell parameters does not only rely on mater@bgrties like wafer thickness,
bulk resistivity, lifetime, etc., but also depends on the corresponding cell structure
[56]. Analyzing the behavior of fill factor revealed that the increasing bulk
resistivity (rho,bulk) reduces FF with a more pronounced effect with increasing
unit cell sizeFigure 327 (right). Increasing bulk resistivity makes charge carrier
transport more difficult accompanied by increased series resistagge) (Rhich

is more pronounced for the cell structures relying on lateral curren{3BwCells

with uniform BSF with a blanket metal or conductive-@$F, SHJ, PERT) layer

are not affected by varying rho,bulk since the current flowhe base has a quasi

1 D character. However, the cells with local BSF layers (IBC, PERL) requiring 2 D
current flow, show drop in FF values as rho,bulk increases. This effect could be
suppressed by reducing metal pitch for PERL and reducing cell jpitabther
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words unit cell size for IBC cellg6], [57]. The same behavior was also observed
for various emitter fractions as shown kigure 328. Increasing bulk resistivity

reduces fill factor for all unit cell sizes whose effect is more pronounce for larger
unit cells.
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Figure 3.28. Effect of bulk resistivity on fill factor of IBC cells with FSF for varying unit cell sizes. Emitter

and BSF regionsd Rsheet values were chosen as 120 and 50

Moreover, the larger emitter fraction reduces the FF of the device strutairde
resulting FF values above 78% were still reachable for all cé&¥espite the
decreasing trend of FF, the increasing and then saturating behavior of the efficiency
could be mainly related to short circuit current density) ($7]. As shown in

Figure 329 (left), increasing rho,bulk increases: Wwith a similar trend in
efficiency.
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Figure 3.29. Effect of increasing bulk resistivity on short circuit current density (left) and open circuit voltage
(right) for varying unit cell sizes of 800, 1300 and 1808 with a constant emitter Rsheet of 120 and BSF
Rsheet of 5@ / flor all resistivity values.
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Short circuit current density {J is mainly determined by the performance of the
high-low junction in the cell structure. For a lower base doping (i.e., higher
rho,bulk), the doping step between the base and BSF region is increased, which
reduces the effctive surface recombination at the rear stlg,(and thus increases

the effective diffusion lengthLéq) [56], [57]. While the effect of varying rho,bulk

is less pronounced for PERT and PERL structures where peak doping
concentrations of BSF regions are 1 order of magnitude higher than for the other
cells, a relatively strong effect is observed for theB&F and IBCstructureg56],

[58].
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Figure 3.30. Effect of bulk resistivity on short circuit current density of IBC cells with FSF for varying unit

cd |l sizes. Emitter and BSF regionsd Rsheet values were

The effect of bulk resistivity onsgdgiven in Figure 329 (left) is the same for
varying emitter fractions as shown kigure 330. For a constant emitter fraction,
Jc first increases as a function of incregsiho,bulk and then saturates as already
showed inFigure 329. For a constant rho, bulk, increasing emitter fraction also
increases corresponding currdéiii a certain level. Thus, the lowest Value would

be obtained for the combination of the lowest emitter fraction and low bulk

resistivity values for FS#BC cells.

Unlike the other parameters, open circuit voltagec)(Was observed to be less
dependent on rho,bulk as showrFigure 329 (right). This is basically because the

bulk is already in highevel injection HLI) at Vo conditions.

63



5x10"

M T T T T ¥ T ¥ T T T
n@Voc (2 (.cm)

Hole density p [cm'3]

&
E

K

o

3

Zz 4x10"° K
§ n@Voc (10 Q.cm)

- Sy
o 3x10"° -
£

2 N, (2 2.cm)
o

£ 2x10" - -
2

w

g

T 1x10" |
5 N,(10 0.cm)
=

o

@

w

Figure 33L Si mul at ed
electron densities n and doping concentrations, Keft) and hole densities (right). The irtial hole

T T T T T
20 40 60 80 100 120 140 160
Distance from front [um]

carrier

concentrations are calculated as 4.3xdrtd 2.0x16cm?s.

Even the base with the@®.cm resistivity is in transition to HLI at o¢ conditions

5x10"

4x10" 4

3x10"° 4

2x10"°

1x10"

densi ti es o toadition Camnpadisorldd

20

T

40

60

T T M T T T
80 100 120 140 160

Distance from front [um]

[57] which could explain the behavior otdabove 209.cm in Figure 331(right).

In the given graphs ifrigure 331 which were plotted using the data of another

study[57] verifies the HLI condition for n wafers with 2 and IDcm base

resistivity values.
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Considering the M equation given in Eq.13 and applying the HLI condition where

gn > Naop, the Woc becomes independent of doping concentration which
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corresponds to base resistivity. Thuge ¥oes not change as a function of varying

bulk resistivity.
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Figure 3.32. Effect of bulk resistivity on open circuit voltage of IBC cells with FSF for varying unit cell sizes.
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Effect of bulk resistivity on ¥ for different unit cell sizes is almost the same for
all emitter fractions below 70% as shown Higure 332, When the emitter
fractions exceed 70% f@00 Om-wide unit cell, 65% for 130@m-wide unit cell
and 60% for 180@m-wide unit cell, \4 starts to reduce as the bulk resistivity

reduces.

ii. IBC Cells with FFE

As shown inFigure 333, t he combinative effect of
resistances is like that was observed on IBC cells with FFE. Increasing sheet
resistance results in greater cell efficiency. Compared to FSF case, cells with FFE

results in better performance.

While highest efficiency observed on the smallest unit cell for-IB&Fcells was
20.9%, it was 21.2% for the case of cells with FFE. For the case of cells with FSF,
simulated efficiency increases from 19.5¢1cm) to 20.9% (5q.cm) and stays
constant at 20% (10 gq.cm). However, for the case of cells with FFE, the
simulated efficiency increases from 20.31cm) to 21.2% (5q.cm) and then

stays intact for 1@ .cm base resistivity.
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Figure 333. Distribution of efficiency as a furioh of emitter and BSF regions' sheet resistance for different
bul k resistivity values for cells with FFE. The unit cell

70% of the unit cell.

Increasing unit cell size to 13@n confines the resultingfeciency in 19.920.8%

range which is further reduced 120.3% for 18000m which were 18.20.6%

and 18.620.2% for the cells with FSF. Moreover, thewhlues are lying within the
range of 38.440.6 mA/cnt for the cells with FFE which was 3640.3mA/cn? for

FSF case on the smallest unit cell. Increasing unit cell size redyassrdthe case

of FSF case. However, while the maximumt Was reduced from 39.3 to

38 mA/cn? for the cells with FSF, it was reduced from 39.9 to 39.8 mAfon

FFE case o018 g.cm base material. It could be deduced that cells with FFE have
greater tolerance to resistive losses, thus, bigger unit cells would be fabricated

without a significant loss in the cell performance.
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Figure 3.34. Effect of bulk resistivity on efficiency of IBC cells with FFE for varying unit cell sizes. Emitter
and BSF regions®é Rsheet values were chosen as 120 and

Further analysis to understand the effect of emitter fraction and bulk riégistiv

cell performance revealed that cells with FFE results in superior cell performance
even for higher emitter fractions as showrFigure 334.1BC cells with FFE show
similar fill factor values as cells with FSF. The lowest FF values were obtained for
the emitter fractions above 70% and bulk resistivities aboyecB as shown in
Figure 335. For the case of cells with FSF, critical emitter fraction was observed to

be 70% with a base resistivity around ¢.8m.
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Figure 3.35. Effect of bulk resistivity on fill factor of IBGells with FFE for varying unit cell sizes. Emitter
and BSF regionsd Rsheet values were chosen as 120 and

As in the case of cells with FSF, cells with FFE also show almost constant V
values. While the maximumyvalues of the forrar case varied as 653, 652 and
652 mV as a function of increasing unit cell, the same for the latter case varied as
657, 655 and 655 mV as the unit cell size increased as givegure 336.
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Figure 3.36. Effect of bulk resistivity on open circuit voltage of IBC cells with FFE for varying unit cell sizes.
Emi tter and BSF regionsd® Rsheetpesiewelyues were chosen as 120

Increasing bulk resistivity shows no significant effect on the cegllag discussed
in the previous section. Having emitter fractions greater than 60% slightly reduces
the simulated ¥: values which could be related to the effect of reducing FF as a

function of increasing emitter fraction.
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Figure 3.37. Effect of bulk resistivity on short circuit current density of IBC cells with FFE for varying unit
cellsizecsemi tt er and BSF regionsd Rsheet values were chosen as

Increasing bulk resistivity, improvescJYalue of the corresponding cell which is
basically related to the suppressed recombination losses as the doping
concentration ragces as discussed in the previous section. The cells with FEE
could generate 40/@A/cn? short circuit current density regardless of the unit cell
size while the cells with FSF could generate 39.9, 39.6 and 39.3 rhAstm
respective unit cell sizes of 800300 and 180@m. That is the IBC cell structure

with FFE is less prone to cell geometry and bulk resistivity which would provide

more tolerance in industrial fabrication processes.
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At the end of this simulation set, the effect of bulk resistivity, smitraction,
emitter/BSF sheet resistance on cell performance was realized. Althoggimb

was observed to be the critical bulk resistivity above which cell efficiency saturated
at its maximum value, using §.cm as the base resistivity did not generate
significant drop in cell performance. Thusgm nSi wafers which were already
available in GUNAM stock, were decided to be used in the following processes
without a need for new wafer purchase. Moreover, reducing the unit cell size was
observed to improve cell performance so that the unit cell size of @d0was
decided to be more promising. Despite relatively better performance of FFE
structure, cells with FSF will also be fabricated during the experimental studies till

the baseline processes areimjzed.

3.3.3 The Effect of the Varying Gap Properties and Wafer Thickness

Running simulations for varying gap and emitter fracticevealed the fact that
increasing gap fraction reduces the cell efficiency after a certain gap value. That
certain value mainly epends on emitter fraction of the corresponding cell
structure. Since increasing gap width will reduce BSF width for a fixed emitter

fraction, resistivity losses will dominate the cell performance.

As shown inFigure 338, increasing gap reduces FF factor by a factor of 4% from
79 to 75% for all emitter fractions. The drop in FF was almost the same for the
cells with FFE and FSF. While the cells with slaalemitter fraction of 30%
experience the drop in FF at a greater gap fraction of around 60%, for those with
larger emitter fractions of 50 and 70% drop in efficiency starts at the respective gap
fractions of 40 and 20%owever, it should be noted thattwider emitter region
already limits the total width of gap and BSF region. Thus, it is expected to have

the FF drop at lower gap fractions for the cells with wider emitter regions.
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factors for the lowest and the highest gap fractions. Gap passivation was defined 2&hfA/cn?.

While simulated V. values were constant at 6668 and 65&55mV for
respective FFE and FSstructures regardless of the gap fractieggfvalues showed
2-3mA/cn? improvement as a function of increasing emitter fraction. Thus, the
observed drop in the simulated efficiency could be related to the increasing

resistive losses resulting in redud€ld values.

To understand the effect of unit cell size for varying gap fractions, the constant
emitter fraction at 50% and the two limiting unit cell sizes: 800 and fBOWere

focused on both for FFE and FSF structures.

For the case of smallest unit Ic€800 Gm) shown inFigure 339 (left), increasing

gap fraction starts to reduce the cell efficiency when its fraction reaches 40% of the
unit cell. Although the initial and final FF values were the same for FFE and FSF
structures, due their superiofhVand Jc values, cells with FFE structure show
higher efficiency valuesIncreasing unit cell size from 800 to 1800m,
significantly reduces the performee of the cells with FSF which is less
pronounced for the cells with FFE. However, the effect of varying gap fraction is
almost the same as in the case of the smallest unit cell as shdwgune 339
(right). Above 40% gap fraction, FF drops significantly which reduces the

corresponding cell efficiency.
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Figure 3.39. Effect of varying gap on the cells with the smallest (left) and the largest unit cell size (right) for
FFE and FSF structures. Gap passivation was defined wizb@ fA/cn?.

To further analyze the gap effect, the smallest unit cell size was chosbke forit

cell with the emitter fraction of 50%. Different than the previous task, surface
recombination velocity of the gap region was set two different values. While 50
cm/s was used to mimic a properly passivated gap region, 2000 cm/s was used to
mimic apoorly passivated surface.
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Figure 340. Effect of varying gap fractions on efficiency (left) and fill factor (right) of the IBC cells with FFE

and FSF. Passivation propertiefstioe gap region was defined using two different S values of 50 and 2000
cm/s.

71



As seen irFigure 340 (left), for a properly passivated gap region (Schd's), cell
efficiency was almost independent of increasing gap fraction for both FFE and FSF
structures. The drop in cell efficiency for the gap fractions above 40% could be
related to the reducing FF values giverFigure 340 (right). Contrary to properly
passivated surfaces, for the case of poorly passivated gap regions (S:2000 cm/s),
the efficiency shows a linear dependence on the increasing g#iprisa Even for

the smallest gap fraction (2%), the efficiency was lowered by 4% compared to the
cells with S:50 cm/s. However, the fill factor was observed to be a weak function
of surface recombination velocityg)(which was mainly determined by tlyap
fraction Figure 340 (right)).

In Figure 341, it was observed that not onlydbut also &was independent of the

varying gap fraction if the gap region was passivated properly.
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Figure 341 Effect of varying gap fra®ns on open circuit voltage (left) and short circuit current density
(right) of the IBC cells with FFE and FSF. Passivation properties of the gap region was defined using two
different S values of 50 and 2000 cm/s.

However, if it was poorly passivated@mpanied by S: 2000 cm/s, then both V
and Jc reduces as a function of increasing gap fraction. Thus, considering similar
FF values for properly and poorly passivated gap conditions, the difference in
efficiency could be related to the difference inc\and Jc values which are

determined by the pasation quality of the gap region.
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As the final task of the simulation studies, wafer thickness optimization was carried

out. For this, a constant emitter fraction of 50% was applied both for FFE and FSF

cells. The smallest and the largest unit cell siwese focused on as the limiting

cases. As shown iRigure 342, for the smalkkstunit cell size (800m) cells with

FFE show the maximum efficiency of 20for the wafer thickness of 1Im whi | e

their FSF counterparts have the maximum efficiency of 19.5% at the wafer
thickness of 200 Om. However, the effici
correspondi ng t AHus k coeld e sadtfat for e cell with

FFE, wafer thickness could be-8660m whi |l e it coul d25Mbe in t
Om for the cells with FSF.
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Figure 342. Change in cell efficiency forarying wafer thicknesses. The emitter fraction was kept constant at
50% for the unit cell sizes of 8@m (left) and 180@m (right). Black arrows are pointing the maxima of the

cell efficiency.

Unlike the smaller unit cell size 8@m) , for the case of the
Om) the FSF cell efficiency showed a dif
was observed that increasing wafer thickness improved the cell performance. On

the other hand, cells with FFE showed similahdagor as in the case of smaller

uni t cel | -thiok wafér avas e®oBgh O meach at the maximum cell

performance.
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34 Conclusions

At the end of simulation studies, important information about IBC cell design was
extracted. In the first part, the efteof bulk properties was figured out for a
constant cell pitch of 2000m where sheet resistances of emitter, BSF, FFE and
FSF regions were also kept constant. Sweeping the bulk lifetime and bulk
resistivity for various emitter fractions revealed that @asing bulk resistivity was
increasing cell efficiency till a certain emitter fraction which was then either
saturating or reducing. While the improvement in the efficiency was related to the
improved short circuit current density, observed saturationen eeduction in cell
efficiency was due to the drop in fill factor. The FF loss for higher emitter fractions
was because of the increasing pathlength that the charge carrier (electron) should
travel before being collected at the corresponding (BSF) donkdereover,
increasing bulk resistivity made the fill factor more dependent on the bulk lifetime.
As the performance of FSF cell@s more dependent on emitter fraction, FFE cells
were observed to tolerate wider BSF regions with slight losses in the cell
performance. It was also observed that bulk lifetime of 3000 and 6600as
resulting in quite close cell performances for all base resistivity values both on FFE

and FSF structures.

After having a general perception about the effect of bulk parametdBCogell
performance, a more detailed simulation run was carried out. Different than the
first part, unit cell geometry and sheet resistances of all doped regions (emitter,
BSF, FFE, FSF) were varied in this part. It was observed that increasing emitter
and BSF sheet resistances resulted in better cell performances for all bulk
resistivity values. FFEBC cells were observed to have less geometry dependent
performance compared to FEBC cells as in the case of previous part. Increasing
unit cell size waseducing the resulting cell performance both for FFE and FSF
structures. The coupled effect of emitter fraction and bulk resistivity was obtained
to provide a wider process window for the cells with FFE compared to those with

FSF. Depending on the unit tdize, either a higher bulk resistivity with a
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narrower emitter or a lower bulk resistivity with a wider emitter would result in the
same cell efficiency. It was also observed that for each unit cell size, there was a
certain bulk resistivity value abowehich cell efficiency stays the same which was

5 q.cm for the analyzed cell configuration. However, there was no significant
difference between cell performances of the cells with.@&n and 5q.cm base
resistivities. Open circuit voltage was observed ¢oalmost independent of the
bulk resistivity. That was because the bulk was already in high injection even for a
wafer with 2q .cm resistivity so that change in carrier density atcdnditions was
always greater than the carrier density defined by thse lwhoping. Observed
enhancement in short circuit current density was mainly due to the suppressed
recombination losses as the base doping concentration reduced which was
accompanied by drop in fill factor. The fill factor losses were more pronounced as

theunit cell size got bigger.

As the last task of simulation studies, the effect of gap properties and wafer
thickness were studied. It was observed that if the gap is properly passivated,
increasing gap fraction does not influence the resulting cell efifigi till a certain
fraction which was 40%. However, above that certain value further increase in the
gap width will reduce the corresponding BS#dth which will reduce the
collection probability of the charge carriers at the corresponding BSF contacts.
This effect will return as reduced fill factor, thus reduced cell efficiency. Moreover,
Voc and Jc values showed no dependency on the gap fraction. However, if the gap
region is poorly passivated, then the efficiency has an inverse relation with the
increasing gap fraction. Both 3 and Jcwas inversely dependent on the increasing
gap fraction while FF values were almost the same as in the case where the gap
region was properly passivated. So that, for a proper passivation gap region could
be kept as widas possible till the FF losses dominate the cell performance. On the
contrary, for poorly passivated gap regions, the narrower gap region would perform

superior.
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CHAPTER 4

DESIGN AND FABRICATION OF INTERDIGITATED BACK CONTACT
SOLAR CELLS AND PRIMITIVE CELL RESULTS

In this chapter, design and fabrication of interdigitated back contact solar cells is
presented. A new, completely industry compatible and lithogrigley process
flow is suggested and applied to fabricate the first IBOs.c&tch resisbased

patterning process will also be discussed in this chapter.

41 Introduction

The novel fabrication method suggested in this thesis relies on the application of
screen printable etch resist. Etch resist is a special type of ink with &rgrea
viscosity than regular photoresists have but with a similar working principle.
Depending on the curing temperature and etchant concentration, etch resists can
resist in acidic or alkaline etchants for tens of minutes. Thus, the regions covered
by etchresist will be protected against etching while the uncovered regions will be
etched away. Using this principle, SiNayers will be patterned and used as
diffusion barrier during boron and phosphorus diffusion. By this, the only
additional process stepslinbe the screen printing of etch resist, its patterning and
stripping. Remaining steps are the same as in a typitgbencell fabrication
including BBB/BCl3 and PO diffusion, surface passivation and metallization.
While SiGJ/SiNy stack was aimed tbe used as the first case passivation scenario
due to the availability of the corresponding process tools in all production lines,
Al203/SiNy stack was also applied due to its superior passivation properties on p
and p doped regions. For the metallizatjandustrial firethrough metallization

without any need for laser contact opening was applied.
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4.2  Experimental Details

Following the analysis of the first simulations, a set of screens was designed to
fabricate 4x4 crhsmall area cells on each wafer. Twpaeate screens are required

to pattern the emitter and BSF regions prior to boron and phosphorus diffusion,
respectively. Each screen is decorated with a test pattern to analyze the
corresponding diffusion process aselensmall area cells witthreedifferent unit

cell sizes. The layouts of the first screen design to process the emitter and BSF
regions are given ifrigure 41(left) and (right), respectively. The utilized pitch
values are 750, 1250 and 1768. Metal fraction was 70% of the diffused region

both for emitter and BSF regions in the primitive version of the screens which were

than reduced to 30% in the updated glesi

B
T
L

H | mB
BUNE (T L o L
T T L

Figure 4.1. The first version of the screen design for the patterning of emitter (left) and BSF region (right).

The suggested process sequence will first start with surface texturing and following
RCA-1 and RCA2 clearings as shown ifrigure 42. RCA-1 and RCA2 cleanings
would be replaced with Ozone cleaning for the case of industrial process tools.
Then, a thick lagr of SiN is deposited by PECVD which will then be patterned
and used as the diffusion barrier. After that, etch resist will be screen printed and

cured ata temperature abo®0°C.
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Figure 4.2. Designed process flow for the fabrication of FEHE cells with etch residbased patterning.

Following the HF patterning, resist stripping and cleaning steps, samples are then
exposed to BGldiffusion to form emitter at the rear side of the waferseAft
stripping the borosilicate glass (BSG) and cleaning steps, another thicwigibe
deposited. This time the patterning will be done using BSF screen shdiguie

4.2 (right). Following the same etching, stripping, and cleaning steps, sPOCI
diffusion will be carried out for BSF formation. Then, PSG layer will be stripped,
and last cleaning steps will be applied prior to passivation. For the giEssiv
SiO/SiNk stack will be used where SiQayer will be obtained by dry oxidation,
SiNx layer will be deposited by PECVD. As a second alternativg)#8iNx stack

will also be applied for surface passivation. As the last step of the fabricatien, fire
through FFAgAI and FT-Al will be screen printed on emitter and BSF regions
respectively. Printed metal activation will be provided byfidog using an



industrial conveyor belt type firing furnace. At the end of the fabrication sequence,
threedifferent cell structures with different emitter/BSF ratios will be formed on
each wafer. In the case of FEC cell, the same process flow as giverFigure

4.2 will be followed with a difference that the front side will be protected during
BCls diffusion and exposed to doping gas during P{Qdiffusion. At the end of
metallization step, the rear side will have the interdigitated pattern shdvigure

4.3.

Figure 4.3.Screen design for firthrough metallization of the interdigitated emitter and BSF metals.

Using the first set of screengatterning, boron, and phosphe optimization
studies were initiated. Application of boron doping paste or boron implantation
instead of BGIBBr3 diffusion are the other alternatives for boron diffusion that
were applied in other studies and will not be discussed within the scadpeés of

thesis.

42.1 Etch Resist Optimization Studies

As the first step of fabrication sequence, etch resist printing and patterning was
requiredto be optimized. For this purpose, two different Sgyersdepositedvith

different SiH/NHz3 ratios wereappliedasdiffusion barrier. Whilethe so-called N-
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rich SiNk layer was deposited with a SitNlHs ratio of 0.065the secalledSi-Rich

SiNx layer was deposited with SiHNHz ratio of 0.124. SilN deposition was
carried out in a direct plasma PECVD system from SEMCO Engineering and
screen printing was done with an ASEBRA X1 type screen printer. The curing

of the printed resist was done in a NUXP-200 furnace.

Figure 4.4. Appearance of etch resist during screen printing (left) and after printing/drying (right).

Appearance of etch resist during the printing and after drying, is showigune

4.4. After optimizing the printing anthe curing parameters resulting in a properly
thick and uniform resist layer on wafer, the next step was patterning the diffusion
barrier underneath. With the help of dilute hydrofluoriadda¢HF) solution,
deposited SiNlayers were successfully patterned such that the regions lying under
the printed resist stayed intact while the uncovered regions were etched away.
Thus, the opened regions will be exposed to doping gas during diffuspowlsile

the rest of the surface is protected.

4.3  Experimental Approach

The first set of cell fabrication was started with the optimization of etch resist
based patterning of the diffusion barrier which is ,SidNer in our case. For this
purpose, an ink, resistive to certain acids, was screen printed on top of the SiN

layer. Depending on the process, a screen with emitter or BSF pattern was utilized.
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While SiN« layers capped with etch resist will be protediediilute hydrofluoric

acid (HF) solution, the uncovered regions will be etched away. Thus, the open
regions of the SiNlayer will let the dopant atoms diffuse through the wafer while
the intact regions will block the incoming dopant atoms. For beingopepr
diffusion barrier, SiN layer is needed to be completely etched for the open regions
and perfectly block the dopant for the covered regions on the same wafers. For the
Si-rich SiN¢ layers, the Sikl/NHz3 ratio fed to the system was 0.124 while for N

rich layers it was set to 0.065. For each thickness value namely 80, 100 and
120nm, HF dip duration was separately optimized till the uncapped regfahse

SiNx deposited waferbecame hydrophobic. Based on etching properties, the most

suitable SiN thickness and composition were determined.

After determining the diffusion barrier recipe, the first set of IBC cell fabrication
was initiated. Patterning the selected diffusion barrier for emitter diffusion was
followed by RCA1 and RCA2 cleans. Then Blg diffusion for emitter formation

was carried out with BGIflow of 40 sccm at 93&. After BSG removal, sheet
resistancePL and iVoc measurements were carried out. After the characterization
of the emitter region, a fresh diffusion barrier was depositethe samples to be
patterned for BSF region. PQQliffusion was carried out at 888. Front side of

half of the samples was protected during Bdiffusion which were then exposed

to POC4 diffusion to obtain front surfackeld structure while the o#r half was
processed in the opposite way to end up with front floating emitter structure. As
being the first cell trial, front side diffusions were kept the same as the rear side
diffusion. After BClz and PO diffusion steps, a thin passivation layeOSivas

grown in a reduced pressure furnace and thenS#&yer was symmetrically
deposited on both sides of the samples. After each process step, Sinton and PL
measurements were carried out to trace the change of implied Voc. Then, the
fabrication sequencevas completed by screen printing and contact firing steps
where FFAQAI paste was used for emitter side,-A{ paste was used for the BSF

region.
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4.4 Results and Discussions

After the patterning and resist stripping steps, image of the resultinda$eNs &

shown in Figure 45. It was observed that 80 nm of-i&h layers could be
successfully patterned while 100 and 120 nm thick layers cannot be patterne
properly. This could be related to the enhanced chemical resistance ofritle Si
layers. The enhanced film resistance makes patterning harder. Thus, the
corresponding etching duration is required to be increased as the film becomes
richer in Sicontentfor the same thickness. However, the etch resist itself has a
lifetime in the acidic solution, beyond that lifetime the resist layer starts to peel off.

Thus, using a Siich diffusion barrier does not offer advantages.

80 nm 100 nm 120 nm

Figure 4 5. Appearance of Siich and Nrich SiNlayers after patterning and cleaning.

Based on the prtests, Nrich SiN¢ layers with a thickness of 100 and 120 nm

could be patterned without any problems and could successfully block both B and
P atoms during arresponding diffusion processes. Hence, these layers would be
used as the diffusion barrier for the following cell fabrication processes. To ensure

the blocking of the doping atoms, 120 nm thick layers were determined to be used
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as diffusion barrier forhte cell fabrication processes. After the first patterning and
following cleaning steps, samples were exposed toz Bi@lusion. After BSG
removal, sheet resistancePL and iVoc measurements were carried @neet
resistancey al ues wer e tesh@mfepe dr e g teaseledtednsamples
and the corresponding results are giverfFigure 46. The average Rsheet value
was around 78/ with a deviaion of N3 q/l .
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Figure 46. Sheet resistance distribution (after BCI3) mapped over emitter test pattern region (left) and
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corresponding screen design (right). The wafer numbers given in the horizontal axis of the pfot stay

different wafers positioned in different slots on fltecess boat.

After BCls diffusion, POC4 diffusion was carried out through the diffusion barrier
patterned with BSF geometrgheetresistancenapping was done over test pattern
for BSF regions, ah the corresponding results are shownFigure 4.7. The
average sheatesistanceof POC} diffused regions on -8i was around 3@/l
which was around30-135q/l before diffusion. This confirms that the patterned
layer was successfully blocking the incoming boron atoms during emitter
formation After stripping the diffusion barrier used for PQiffusion, it was
observed that sheeesistanceof boron diffused regions increased By7 q/i

which could be related to the effect of high process temperature.
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Figure 4.7. Sheet resistance distribution before P§&hpty boxes) and after PQQextured boxes) mapped
overemitter test pattern region (left) and corresponding screen design (right). The wafer numbers given in the
horizontal axis of the plot stay for different wafers positioned in different slots on the process boat.

Moreover, it could be deduced that the diftn barrier was also successfully
blocking the incoming phosphorus atoms during BSF formatwar side of a
selected sample was imaged after each step for visual inspection and shown in
Figure 48.

Figure 4.8. Visual inspection of samples during successive process steps.
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