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ABSTRACT

“The whole is greater than the sum of its parts”

-Aristotle

In order to increase the conversion efficiency of silicon solar cells each
individual processing step must be optimized. However, if one loses sight
of the interplay between subsequent processing steps and process inte-
gration, the results can be counterproductive. Losses in conventional
full Al-BSF silicon solar cell’s conversion efficiency are dominated by
the front-side and can be categorized into three parts: resistance, opti-
cal, recombination. Improving any individual category typically leads to
a degradation in one or more of the others, especially considering the
ultimate constraint of the PV industry, cost. Thus, this dissertation’s
aim is to improve the overall solar cell conversion efficiency, whilst hav-
ing industrial applicability. In this dissertation three patented processing
technologies are presented, each attributed to one of the loss categories.

The advanced texturing process presented utilizes one etchant solution
to perform two actions, texture the front surface of the silicon while
polishing the rear. Rough as-cut wafers are subject to the application of
an acrylic adhesive micro-masking layer. Upon removal, remnants of the
adhesive layer adhere only to the peaks of the as-cut wafer. The wafer is
then subject to a 4 minute 12.5 wt% heated NaOH etch, where the front-
side of the wafer is textured and the rear-side of the wafer is polished and
only 15 µm of silicon is lost. Equivalent or better performance has been
demonstrated in both reflectance as well as cell efficiency results with a
process that saves time, silicon and only uses one etchant solution and
therefore can have a significant cost impact.

The advanced emitter formation technology presented replaces tradi-
tional diffusion with a process that incorporates ion implantation, passi-
vation and annealing in a firing furnace. After ion implantation, wafers
are deposited with SiNy:H nitride and then subjected to a rapid ther-
mal anneal in a firing furnace. During the firing procedure (950°C for
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iv abstract

90 seconds) three processes occur: First, hydrogen is released from the
SiNy:H layer which can passivate defects. Second, the top-most silicon
surface that has been amorphized due to sustaining ion implantation
damage is re-crystallized by means of solid phase epitaxy. Lastly, phos-
phorus dopants take a substitutional position in the silicon lattice, thus
becoming electrically active. There are several advantages of the proposed
process flow over conventional diffusion: the technique described can re-
duce cycle time, consumables (water, acids, silicon), energy consumption
and relax contamination constraints in manufacturing.

The final technology improvement involves silicon oxide, which has been
well known to passivate the interface of silicon. However, in this dis-
sertation it is presented that silicon oxide containing phosphorus can
significantly improve contact resistance of Ag screen-printed contacts on
high (>90 Ω/�) sheet resistance emitters. The developed oxide has been
extensively studied to demonstrate potential improvements on the front
and rear-side of i-PERC cells. With the addition of the developed step,
both open circuit voltage and fill factor increase, improving cell efficiency
by 0.5-1.0% absolute.

The developed processes presented in this thesis have been characterized
using a plethora of methods such as: SEM, SIMS, XPS, TEM, XPS,
EDX, AFM, C-AFM, IQE, EQE, lifetime and the most relevant, solar
cell results. Integrating all the knowledge gained in each of the categories,
a confirmed efficiency above 20% on screen printed large area (125 x 125
mm) Cz silicon has been achieved, “the whole is greater than the sum of
it’s parts”.



SAMENVATTING

“Het geheel is meer dan de som der delen” -Aristotelis

Iedere bewerkingsstap in het productieproces van een zonnecel dient
geoptimaliseerd te worden om de conversie-efficiëntie van siliciumzon-
necellen te verhogen. Echter, door een wisselwerking tussen verschillende
processen kunnen bepaalde optimalisatieprocessen negatieve gevolgen
hebben voor andere processen. De verliezen van de traditionele volledige
Al-BSF siliciumzonnecel worden voornamelijk gedomineerd door verliezen
aan de voorzijde. Deze verliezen kunnen worden onderverdeeld in drie
categorieën; weerstand-, optische- en recombinatieverliezen. Verbetering
van een afzonderlijke categorie leidt gewoonlijk tot verslechtering van
één of meer van de anderen categorieën, dit komt mede door de voor-
naamste beperkende factor in de PV industrie: de productieprijs. Het
doel van dit proefschrift is om met behulp van industriëlenprocestech-
nologieën het rendement van de gehele zonnecel te verbeteren. Hierbij
worden drie gepatenteerde procestechnologieën gepresenteerd, elk patent
heeft betrekking op de verliescategorieën.

Het geavanceerde textuurproces dat gepresenteerd wordt maakt gebruik
van een etsoplossing dat twee processen tegelijkertijd uitvoert; het aan-
brengen van textuur aan de voorzijde van het siliciumsubstraat en het
polijsten het de achterzijde. Op beide kanten van het ruw gezaagde sili-
ciumsubstraat wordt een micro-maskeringslaag van acrylkleefstof gede-
poneerd. Na verwijdering van resten hecht de kleefstof alleen aan de
toppen van het oppervlak van het ruw gezaagde substraat. Dit substraat
wordt vervolgens onderworpen aan een 4 min NaOH etch (12.5 wt%).
Dit heeft als gevolg dat er een textuur wordt aangebracht op de voorz-
ijde van het substraat terwijl de achterzijde van het siliciumsubstraat
wordt gepolijst. Tijdens dit polijstproces gaat er slechts 15 µm van het
siliciumsubstraat verloren. Zowel de interne reflectie als het celrendement
blijven ongewijzigd of verbeteren in vergelijking met het rendement van
zonnecellen welke vervaardigd zijn met behulp van klassieke procestech-
nologieën. Tijdens het vernieuwde proces gaat er minder silicium verloren,
wordt er slechts één etsoplossing gebruikt en verloopt het proces sneller
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vi samenvatting

dan de klassieke methodes. Dit alles kan leiden tot verlaging van de pro-
ductiekosten.

Ter vervanging van de traditionele emitterformatieprocessen wordt er
in dit proefschrift een geavanceerd emitterformatieproces gepresenteerd
waarbij ionen in het silicium substraat worden geïmplanteerd, het sili-
cium oppervlak wordt gepassiveeard en de substaten worden “ge-anneald”
in een industriële oven. Na de ionenimplantatie wordt er op het silicium
oppervlak een SiNy:H laag gedeponeerd en vervolgens wordt het sub-
straat onderworpen aan een kortdurend thermische proces. Tijdens de
thermische procedure (90 sec @ 950°C) treden er drie processen op. Ten
eerste passiveren de defecten doordat er waterstof vrijkomt uit de SiNy:H
Ten tweede, kristalliseert het silicium oppervlak, dat is door ionenimplan-
tatie geamorfiseerd is, opnieuw door vastestofepitaxie. Ten derde worden
de siliciumatomen in het siliciumrooster vervangen door fosfordoperin-
gen waardoor ze elektrisch actief worden. Het voorgestelde proces heeft
verschillende voordelen ten opzichte van conventionele diffusieprocessen:
de productietijd wordt verkort, er worden minder grondstoffen (water,
zuren, silicium) gebruikt, het energieverbruik wordt vermindert en de
verbruiksartikelen.

De laatste technologieverbetering heeft betrekking op de siliciumoxide
laag, dat bekent staat als een goede oppervlaktepassivatielaag. Verder
wordt er in dit proefschrift aangetoond dat de contactweerstand van zil-
ver (Ag) gezeefdrukte contacten op zwaar gedoteerd silicium (>90 Ω/�)
aanzienlijk afgenomen kan worden door siliciumoxide-houdende-fosfor.
Het ontwikkelde oxide is uitvoerig bestudeerd om mogelijke verbeterin-
gen aan de voorzijde en achterzijde van i-PERC cellen aan te tonen.
Door het toepassen van de ontwikkelde technologieën worden de open-
stroomkring-spanning en de fill factor verhoogd, die die een verbeter van
het absolute celrendement met 0.5-1.0%. De in dit proefschrift gepresen-
teerde ontwikkelde processen zijn gekarakteriseerd met behulp van vele
verschillende methoden zoals: SEM, SIMS, XPS, TEM, XPS, EDX, AFM,
C-AFM, IQE, EQE, levensduurmeting van de ladingsdragers en de meest
relevante meting: zonnecelresultaten. Door het toepassen van de kennis
die is opgedaan in bovengenoemde categorieën werd er een groot opper-
vlak (125 x 125 mm) Cz silicium gezeefdrukte zonnecel vervaardigd met
een efficiëntie van meer dan 20%. Dit bevestigd dat "het geheel meer is
dan de som van zijn delen".
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1
INTRODUCTION

1.1 the problem (global warming)

On earth, the average temperature was 0.6°C (1.0°F) warmer in 2012
than in 1982 [1]. Earth’s temperature has been steadily increasing since
the start of the industrial revolution as shown in figure 1.1.
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Figure 1.1: Global temperature data from NOAA, NASA, HADCRU, and JMA
[2]

However, due to the availability of accurate, reliable, direct temperature
measurements, the data in figure 1.1 are controversial. In order to validate
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2 introduction

the temperature rise, there are also other indicators such as the rise in
sea level as shown in figure 1.2.
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Figure 1.3: Surface temperature reconstructions over the past 1000 years from
proxy sources 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17

Although direct temperature measurements from earlier than 1850 have
not been collected, data from other proxy sources such as ice cores, tree
rings and coral reefs can be used to determine the earth’s historical tem-
perature as illustrated in figure 1.3.
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Gas Formula Contribution

Water Vapor H2O 36-72%
Carbon Dioxide CO2 9-26%

Methane CH4 4-9%
Ozone O3 3-7%

Table 1.1: Greenhouse gas contributions [26]

Together, all of the gathered data undeniably suggests that there has
been a global temperature increase in the past century. Many [18, 19, 20,
21, 22, 23, 24] have attributed the change to an increase in greenhouse
gases. Greenhouse gases absorb and emit radiation in the infrared range.
Water vapor contributes the most to the greenhouse effect as shown in
table 1.1. However, the average residence time for a water molecule is
approximately nine days compared to ≥1 year for a CO2 molecule [25].
Therefore, an increase in water vapor is not as harmful as an increase in
carbon dioxide.
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Figure 1.4: Historical global temperature and CO2 concentrations [27]

Figure 1.4 plots temperature and CO2 concentration by year for the
past century. It indicates that the increase in temperature is partially
a consequence of an increase of CO2 concentration in the earth’s at-
mosphere. Studies have shown that global warming has an impact on
drought [28, 29] and storm severity [30, 31], increases sea levels [4, 32, 33]
and ocean acidification [34]. These environmental and climate changes
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have been linked to severe reductions and disruptions in plant and ani-
mal life (author?) [24].
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Figure 1.5: Global green-house gas emissions flow chart [35]

In 2005 the total global emitted greenhouse gases were estimated at
44,156 MtCO2 equivalent (million metric tons). Figure 1.5 displays sources
and activities across the global economy that contribute to greenhouse
gas emissions. The main message of this figure is that among the indus-
tries that are responsible for green house gas emissions, an overwhelm-
ingly large proportion (66.5%) are related to the energy sector. Moreover,
within the energy sector the largest polluting sector of all is electricity and
heat. This figure emphasizes the need of an alternative, cleaner means to
produce energy in order to reduce the large amount of CO2 produced.
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Figure 1.6: Life cycle greenhouse gas emissions by means of energy production
[36]

Figure 1.6 depicts greenhouse gas emissions for the life cycle of each
energy resource. The number of estimates averaged in order to obtain
each value is indicated in parentheses. The four non-renewable energy
sources, nuclear, natural gas, oil and coil are italicized on the right side of
the plot. According to the International Energy Agency [37] in 2009, coal,
oil and natural gas amounted to 67% of global energy production where
as nuclear amounted to 13%. This means, 80% of the total electricity
generated is produced by non-renewable resources. In comparison the
same study found that photovoltaics supplies only 0.06% of the total
electricity supplied. There are significant carbon emission reductions that
can be made by using renewable energy sources as illustrated in figure 1.6,
where many estimates (over 100 for nuclear and PV) have been taken.
While there are many attractive technologies that may reduce carbon
emissions (as shown by the median in figure 1.6), the focus of this thesis
is photovoltaics.

The most compelling motivation to research photovoltaics is displayed
in figure 1.7. This figure depicts the massive potential of solar energy,
which dwarfs other energy sources by order(s) of magnitude even in spite
of being renewable. The calculation considers only emerged continents
and also assumes a 65% loss of irradiation by the earth’s atmosphere. By
only harvesting a very small portion of the sun’s potential energy, a large
portion of mankind’s energy needs can easily be met.
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Figure 1.7: Comparison of finite and renewable energy resources on Earth [38]

1.2 a solution (pv)
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Figure 1.8: PV technology market share [39]

The most abundant source of energy on earth is solar irradiation as il-
lustrated figure 1.7. Most electricity sources with the exception of ura-
nium and tidal are subsidiaries of solar energy. Thus, it can be more
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efficient and effective to produce electricity directly from solar irradia-
tion by means of photovoltaics (PV). However, there are a plethora of
PV technologies (i.e. a-Si, CIS/CIGS, CdTe) that can convert solar irra-
diation into electricity. In figure 1.8, silicon is clearly shown as the market
leader with over 85% of the market. In the PV market, there is a balance
between cost and efficiency and silicon seems to have a well balanced
compromise between the two.

One of the main reasons for the low penetration of PV in the energy
market is cost. Module prices displayed in figure 1.9 have drastically
decreased as a function of cumulative production capacity. In 2000 the
average price for a 3 kW residential PV system was €20,000 [40], in 2012
the average price of the same system was €6,000 [40] and is expected to
decrease to below €4,500 before the end of 2020 [40]. This drastic price
reduction will enable silicon photovoltaics to establish itself in the energy
mix of the future. Thin film technologies have approximately an order of
magnitude lower cumulative production compared to conventional silicon
PV. Silicon is the second most abundant material in the earth’s crust [41],
second to oxygen. The fact that silicon solar cells have been in operation
and continue to operate after 20+ years [42] make silicon PV a practical
choice for the foreseeable future as well as for this thesis.
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Figure 1.9: Average module price by cumulative production for different PV
technologies [43]
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1.3 thesis motivation (c-si pv)

The maximum achievable efficiency in a single junction silicon solar cell
is 29.8% as shown by Tiedje et al [44]. There are several un-avoidable
losses due intrinsic properties of silicon that need to be considered:

1. High energy photons - insufficient conversion of high energy pho-
tons due to the bandgap of silicon (1.12 eV). Photons with a higher
energy simply only convert 1.12eV of their energy into electron-hole
pair generation, the remaining energy is released thermally.

2. Low energy photons - no conversion by low energy photons (<1.12
eV). Due to the bandgap of silicon, photons with lower energies will
not contribute to electron-hole pair generation.

3. Bulk recombination - losses due to fundamental intrinsic recom-
bination mechanisms such as Auger and radiative recombination
explained in detail in section 4.1.1. This intrinsic loss mechanism
limits the maximum voltage and thus fill factor of a photovoltaic
device.
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Figure 1.10: Best and average industrially available module efficiencies by year
[43]
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The maximum achievable efficiency after considering unavoidable losses is
approximately 29.8%. The silicon solar cell industry is far from producing
such efficiencies in volume as displayed in figure 1.10 with average module
efficiencies at approximately 15% . Avoidable losses in silicon solar cells
can be categorized into three parts:

1. Optical - Insufficient light trapping caused by surface reflections,
parasitic absorption or insufficient thickness of the substrate caus-
ing light to escape.

2. Recombination - The annihilation of an electron-hole pair causing
energy to be released either as phonons or photons. Although some
recombination is unavoidable, this loss mechanism is dominant.

3. Resistance - The fill factor is a ratio between the maximum power
point (Pmax) relative to the product of the maximum current den-
sity (Jsc) and voltage (Voc) that can be achieved by the solar cell.
Series resistance is the most prevalent parameter that may decease
the overall fill factor. Series resistance is the resistance that col-
lected carriers experience from generation to their use in the exter-
nal circuit.

  

Optical Losses1.8%
0.4% Resistance Losses

1.4%

0.4%

0.3%
Ag
SiNy:H
n++

Al

(Line + Contact Resistance)

(Lateral Resistance)

(Rear Reflectance)

(Front Reflectance)

(Metal Shading)

Figure 1.11: Absolute efficiency loss analysis for conventional full Al-BSF Si
solar cell [45]

The conventional cell structure that dominates the PV market is the
full aluminum back-surface field (Al-BSF) cell shown in figure 1.11. It
is illustrated in both figure 1.11 and in 1.12 that in a full Al-BSF cell
structure the front-side of the cell is responsible for a large portion of
the efficiency loss. Although, figure 1.12 may be misleading considering
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a perfect front-side; if the front side absorbed all incident light, is free
of recombination and does not have significant resistance losses, the cell
efficiency would not necessarily increase by 8.24% as indicated. It has
been shown by Glunz et al [46], that when improving cell efficiency by
one means (i.e. improving the front-side), other loss mechanisms not only
dominate on a relative basis, but also increase in absolute numbers. The
analogy given in a recent paper by Glunz et al [46], was a that of a leaky
bucket. If there are many holes in a bucket, patching a few holes will force
water to leak from other holes at a faster rate. Even considering the leaky
bucket analogy, it is worthwhile to address the largest loss mechanism
before trying to reduce other loss mechanisms. For industrial solar cells,
as in figure 1.12, it is surely worthwhile to reduce losses attributed to the
front-side of the silicon solar cell in an effort to increase efficiency.
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Figure 1.13: Contributions to front-side efficiency loss (left) and composition of
this PhD thesis (right)
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Illustrated in figure 1.13 is the individual solar cell efficiency loss contri-
butions attributed to the front-side. It is evident that the front side of in-
dustrial silicon solar cells has a large portion of loss due to recombination.
However, throughout the thesis each of the three major contributors to
front-side loss will be tackled in proportion (pages written for each topic)
to their contribution shown in figure 1.13.

Chapter 2 gives an overview of surface texturing as it is a major factor
in front-side optical loss. Along with describing the state of the art in
industry, an optimization of the process has been investigated. A new
method of texturing and surface decoupling has been developed in the
frame work of this thesis and is the focus of chapter 2.

In chapter 3, an overview of process steps that may alter the phosphorus
diffusion profile are investigated. Methods to reduce surface recombina-
tion by means of altering the phosphorus profile have been demonstrated.
In the industrial state of the art, tube furnaces as well as ion implanta-
tion are discussed. A new method of fabricating an i-PERC cell by means
of ion implantation and rapid thermal anneal has been developed and is
described in this chapter.

In chapter 4, thermal oxide integration to i-PERC cells is extensively
studied to demonstrate potential improvements on the front and rear-
side. It is shown that the emitter profiles optimized in chapter 3 show
negligible contact resistance on Ag screen-printed cells if coupled with a
phosphorus rich silicon oxide layer.

Finally in the last chapter a summary of the most important achieve-
ments and a future outlook is given.

Increasing solar cell efficiency by all means is however not sufficient
when aiming for wide-spread industrial application. Many have fabri-
cated highly efficient silicon solar cells even more than a decade ago (e.g.
25.0% @ 1 sun PERL cell from UNSW [47], 27.6% @ 92.3 sun concen-
tration back-contact cell from Amonix [48],[49],[50]), these efficiencies
have reached close to the practical limit of efficiency for silicon solar
cells. A major factor, maybe the most important, when trying to change
the world’s electricity generation, is cost. This thesis describes work that
aims at improving efficiency whilst having industrial applicability, thus
in this thesis large area 125 mm 155 µm Cz p-type 1-3 ohm·cm silicon has
been used for cell results unless otherwise specified. It is industry who, in
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the end, follows the path of cost reduction through its economies of scale.
It is institutes that can suggest directions worth investing in. Thus, the
goal of this work is an attempt at improving the efficiency of silicon solar
cells for the purpose of reducing the cost/watt to a competitive level.
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2.1 theory

2.1.1 Motivation

Specular vs. diffuse reflection

Specular Reflection
(smooth surface)

Diffuse Reflection
(rough surface)

Figure 2.1: Specular vs. diffuse reflection

The goal of any solar cell device is to convert light into electrical energy.
To increase the probability of converting light into energy, both front
and rear surfaces of the solar cell are structured to trap as much light
as possible. To capture the maximum amount of light, the front surface
needs to be fabricated in order to decrease the amount of light lost by
reflection. There are two components of reflection as illustrated in figure
2.1:

1. Specular reflection

• Light that is reflected at an angle equal to the angle of in-
cidence. Specular reflection occurs when the incident object
maintains a surface roughness that is considerably smaller
than the wavelength of light.

13
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2. Diffuse reflection

• Light that is reflected at various angles. One method to achieve
this type of reflection is to roughen the incident surface.

Minimizing specular reflection

When manufacturing a solar cell, the aim is to reduce both specular
and diffuse reflection. One approach to reducing specular reflection is to
roughen the surface. Increasing surface roughness effectively adds a third
dimension, depth, thereby increasing surface area. The most effective way
to increase surface area in silicon is to fabricate a large amount of pillars
that have very large aspect ratios. In the silicon industry, there have been
a few processes developed that yield what is known as black silicon. Less
than 1% [51] of visible incident light is reflected, which is attributed to
black silicon’s extreme roughness. Black silicon can be formed by switch-
ing between deep reactive ion etching and deposition repeatedly, known
as the Bosch process [52]. The switching results in numerous rough pillars
with high aspect ratios as depicted in figure 2.2.

Figure 2.2: Black silicon fabricated by the Bosch process (left) [52] and fabri-
cated by laser ablation (right) [SiOnyx][53, 54, 55]

While surface roughness can greatly increase light absorption, there are
are also many drawbacks. The silicon surface can be represented as an
abrupt change in the crystal structure for generated carriers. This abrupt
end to the crystal structure gives rise to many surface-defect states in
which recombination of generated carriers can occur [56]. Increasing sur-
face area effectively increases surface recombination velocity [57, 58, 59].
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Figure 2.3: Reflectance vs. detector angle (with respect to incident light) of
random pyramid textured wafers by KOH [60]

In addition to reducing performance, reactive ion etching is not a low-cost
process. However, newly developed techniques such as laser texturing de-
veloped by SiOnyx [53, 54, 55] that effectively ablates silicon into pillar
structures as displayed in figure 2.2, may provide low cost alternatives
to current methods.

Another method to increase surface area is to form a random distribu-
tion of pyramidal structures on the silicon surface (namely random pyra-
mid texturing). Contrary to black silicon, light reflected from random
pyramids is not diffuse nor specular, since light is reflected at the angle
corresponding to the formed pyramid as shown in figure 2.3.

Figure 2.4 plots the differences in reflection between planar, random pyra-
mid textured and black silicon. There is an evident decrease of broadband
reflectance attributed to surface roughening. Black silicon’s reflectance
clearly outperforms planar and random pyramid textured silicon.

Minimizing diffuse reflection

Diffuse reflection is light that is reflected at angles that differ from the
incident angle. Black silicon is shown to dramatically reduce broadband
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Figure 2.4: Measured reflectance vs. wavelength for planar, random pyramid
textured and black silicon surfaces

reflectance with it’s extreme roughness. However, random pyramid tex-
turing possesses a large diffuse reflection component that can be further
reduced by applying an anti-reflective coating (ARC). An ARC layer re-
flects light at the air/ARC interface such that it is out of phase with
light reflected from the ARC/silicon interface, resulting in destructive
interference as shown in figure 2.5 [61].

14n

λ

λ

R1

R2

n0 n1 ns

Figure 2.5: Interference caused by a quarter wavelength anti-reflection coating
[61, 62, 63, 64]
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In figure 2.5 the properties of an anti-reflection coating is shown. In a
medium with an index of refraction n0, incident light with wavelength
λ, illuminates an anti-reflection coating and substrate with indexes of re-
fraction n1 and ns respectively. Reflection R1 is caused by light striking
the n1 medium from the n0 medium, it can be calculated from equa-
tion 2.1. Reflection R2, a measure of reflected light caused striking the
substrate ns from the n1 medium, can be calculated from equation 2.2.
The optimum index of refraction for the anti-reflective coating can be
determined by equation 2.3. The optimal anti-reflective coating has a
quarter-wavelength thickness (t) as described in equation 2.4 to allow
R1 and R2 to destructively interfere with one another and thus reduce
reflection.

R1 =
(
n0 − n1
n0 + n1

)2
(2.1)

R2=
(
n1 − ns
n1 + ns

)2
(2.2)

n1=
√n0ns (2.3)

t= λ

4n1
×N (2.4)

N=1,3,5...
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Figure 2.6: Measured reflectance vs. wavelength for planar, pyramid textured
and black silicon surfaces

Figure 2.6 plots the reflectance that has been obtained using silicon ni-
tride with an index of refraction of 2.1 as an ARC. The ARC is shown to
assist the random pyramid textured silicon to obtain reflectivity values
similar to black silicon. For wavelengths under 450 nm, black silicon has
an evident advantage, however, typical industrial silicon solar cells don’t
perform well in this wavelength range due to the highly doped region of
the emitter as will be discussed in the next chapter. Moreover, the cell
encapsulation used in PV module typically blocks and absorbs a large
portion of UV light. Thus, even if optically the solar cell performs well
in the UV range, it does not make a large difference in practical applica-
tions unless new encapsulation materials (ie silicone) are developed and
utilized.

2.1.2 Pyramid Textured Front-Side and Polished Rear-Side

Random pyramid texturing has shown to be effective in decreasing re-
flectance in crystalline silicon and manufacturers have found industrial
processes to keep costs low [65, 66, 67, 68, 69, 70]. Beyond that, random
pyramids have proven the ability to be passivated well [71, 72, 73, 74, 75],
which is a concern considering any method that increases the surface area
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of the device. Lastly, random pyramid textured cells have also shown the
ability to be contacted with industrially available Ag screen printing
pastes [76, 77, 78, 79, 80, 81, 82].
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Figure 2.7: Reflectance as a function of SiO2 thickness by incident angle θ for a
SiO2/Al stack 83

Although the focus of this thesis is on the front side, when considering
surface de-coupling, the rear-side plays a key role. The reverse of what
is needed optically on the front-side, is needed for the rear-side. Rather
than an anti-reflecting layer, a reflective layer is needed in order to trap
light that may escape from the rear-side. The rear-side of the i-PERC’s
(industrial passivated emitter and rear cell [84, 85]) used in this thesis is
passivated with a silicon oxide/silicon nitride stack. Excellent passivation
has been achieved by this dielectric with surface recombination velocities
of 10 cm/sec [86]. Another key element of the SiOx/SiNy:H stack is the
internal reflection that is caused by thin film interference which has been
shown to be above 90% (when combined with Al) [87, 88]. Reflection
that is provided by the oxide and underlying Al can vary with incident
angle as illustrated in figure 2.7 [83]. Above the critical angle (24.7°),
the reflectance of the rear-side oxide increases with an increase in the
incident angle. Therefore, it is advantageous to polish the rear surface
for the following reasons:

1. A polished silicon surface is easier to passivate, not only because
there is simply less surface to passivate but also because it is known
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that the <100> crystal orientation is able to be passivated with
silicon oxide more effectively than <111> oriented surfaces [89, 90,
91].

2. A thinner SiOx layer is needed to reflect light if the cell is polished
as shown in figure 2.7 . The light is able to transverse the length
of the wafer after being reflected by the rear, thus significantly
enhancing the optical path length [83].

θ

a

c
c

b b

incident light

Figure 2.8: Cross-sectional view of front-side random pyramid textured and rear
polished wafer (author?) [92]

Therefore, the silicon is structured with a scheme consisting of random
pyramids on the front side and polished on the rear-side as shown in
figure 2.8. Figure 2.8 shows a cross-sectional view of the final structure
of the silicon solar wafer that embodies three main optical components:

• a. By roughening the silicon surface, light is able to strike the sur-
face multiple times before being reflected. This allows for a large
portion of light to be absorbed by the underlying silicon. The anti-
reflective coating that is deposited is a key component in reflection
reduction as displayed in figure 2.6.

• b. The second component is to ensure that the light that reaches
the rear of the substrate is reflected back into the substrate. This
is done in part by a polished rear-side but also by the silicon oxide
and aluminum layer that is deposited on the rear-side. This ensures
that the optical path length is enhanced.
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• c. The third component prevents light from escaping out of the front
side of the textured solar cell. This is assisted by the deposited ARC
layer.

2.1.3 Texturing Chemistry

Wafers are textured in an alkaline solution typically containing either
KOH or NaOH [93]). In literature [94, 95, 96, 97], it has been found that
the etching mechanism is due to hydrogen gas that is formed by water
(as in equations 2.5 and 2.6), subsequently hydroxl groups dissolve the
crystal lattice by nucleophilic attack (equations 2.7 and 2.8).

Si+2 OH− → Si(OH)2+2 e− (2.5)

2 H2O+2 e− →2 OH−+H2(gas) (2.6)

Si(OH)2+2 H2O→Si(OH)4+H2 (2.7)

Si(OH)4+2OH− →Si(O)2(OH)−−
2 +2 H2O (2.8)

In figure 2.9 the cross-sectional view of random pyramid texturing is
shown. In literature (author?) [94, 99, 100], the role of isopropanol (IPA)
has been determined to be:

1. An etch rate inhibitor. IPA molecules are thought to adhere to
some crystallographic planes, hindering the access of etching agents
(OH− ions and H2O molecules) reducing their etching rate [99].

2. Used for micro-masking, IPA increases the number of initiation
points. The adsorption of IPA molecules is thought to have different
intensities on various crystallographic planes [100].
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Figure 2.9: Cross-sectional view of random pyramid texturing [98]

3. IPA increases pyramid density by reducing the surface tension of
the silicon. This allows for smaller H2 bubbles that detach from the
silicon surface, as it is a byproduct shown in equation 2.7.

2.1.4 Spectrophotometer Reflectance Measurements

The efficacy of the random pyramid texturing process can be assessed
by spectral reflectance. The wavelength range of interest for silicon solar
devices is from 300-1200 nm. The total and diffuse reflectance and trans-
mittance can be measured using spectrophotometers equipped with an
integrating sphere as shown in figure 2.10. For diffuse reflectance mea-
surements, the plate is removed to let the specular reflectance, Rspecular
out of the sphere and Rdiffuse contained in the sphere. The interior walls
of the integrating sphere are coated with almost perfectly diffusing (Lam-
bertian) and highly reflecting materials. Barium-sulfate (BaSO4) powder
is used for the visible wavelength range and a gold coating is used for IR
reflection [101].
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Figure 2.10: Optical measurements of a test wafer using an integrating sphere

2.2 state of the art in industry

The work horse of the silicon photovoltaics industry are solar cells that
are not polished on the rear. The full Al-BSF cells are textured on both
sides and contacted fully on the rear with screen printed aluminum paste.
Rapolu et al [102] show that using a polished rear on full Al-BSF cells
improves efficiency by 0.35% absolute, which is largely due to a gain
in current of 0.6 mA/cm2. Although the cell structure described in this
thesis is not the industrial standard cell structure, industrial process
equipment is available to manufacture the i-PERC cell concept. This
section summarizes tools and processes that are available for purchase in
order to put this cell concept in full production in relation to texturing
and polishing. The purpose of this section to give the reader a brief idea
of the industrial tools and processes that are available to fabricate a
textured front-side and polished rear-side.

Considering the fabrication of the silicon structure in figure 2.8, the state
of the art in “industry” is outlined by the following process flows in figure
2.11:

0. Surface preparation - Surface preparation entails a cleaning of the sil-
icon surface. Depending on the wafer vendor, this may be as simple as
a water rinse and HF/HCl solution to as complex and costly as a full
RCA clean in order to remove organic and metallic contamination from
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Figure 2.11: Rena [69]/DOW[67] texturing process flows

wafer sawing process. (This process is not essential, but may improve
reproducibility as wafers may contain an abundance of surface contami-
nation).

1. Saw damage removal - This step is done to ensure that the resulting
wafer does not have any damage due to the wafer saw technique. This
step typically removes 5-10 µm per side[103]. (This process is also not
essential, but may ensure that the damage induced by the saw/wafering
process is removed).

2. Texturing- Conventionally, an alkaline etch (as described in section
2.1.3) is heated to 70-90°C with either isopropanol or a proprietary high
boiling point alcohol [104]. Texturing typically removes 10-20 µm per
side [66, 69].

3. Clean - Wafers that have been exposed to alkaline metals (and their
associated contamination) can be detrimental to cell performance. This
clean ensures that the metal impurities have been removed. Typically
this is done in an HCl containing solution [67], or can be done in an
oxygenated HF solution [65]

4. Rear-side polishing - This step ensures that the rear-side has been
polished. This is typically done in an in-line/ single side etching machine
[105], where wafers “float” on top of solution that contains HF/HNO3
and 5-10 µm of silicon is further removed from the rear-side.
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Figure 2.12: SCHMID alkaline texturing tool [106]

2.2.1 Texturing

A SCHMID batch alkaline texturing tool is displayed in figure 2.12 that
contains a number of separate chemical baths. The separate chemical
baths correspond to various process steps as described in figure 2.11.

The data sheet of the monoTex® process provided by Rena [69, 65] is as
follows:

• Process Temperature: 80°C

• Basic Recipe: 1.7 wt% KOH , 1.5 wt% monoTex® (IPA replace-
ment)

• Process Time: 20 min

• Average reflectance:<12.5% 400 nm-1100 nm

• Bath Life: 10,000 wafers

• Throughput: 4,800 156 mm wafers/hour
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Figure 2.13: STANGL in-line polishing tool [105]

• Pyramid Size: ~5 µm

• 270 ml H2O/ wafer

• 8.5 ml etching solution/wafer

There are alternatives to the texturing process such as a high boiling
point alcohol (IPA replacement), used in texturing that enables a higher
etching temperature and thus a decrease in processing time. The amount
of silicon that is removed varies with the amount of damage that is in-
duced by the wafering process. The values given above are typical values
that can be found in literature as well as from tool manufacturers and
may vary.

2.2.2 Polishing

After the wafers have been textured on both sides, the rear-side is pol-
ished. Figure 2.13 displays an in-line polishing tool that may follow the
process flow described in figure 2.14. There are various in-line polishing
tools available, most of which utilize hydrofluoric and nitric acids. Tex-
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Figure 2.14: STANGL WL-PE in-line polish etching process [105]

tured wafers are fed into an inline tool such as in figure 2.13, where only
the rear-side of the wafer is etched using HF/HNO3. Once rinsed, they
are treated in a dilute KOH recipe in order to remove porous silicon, a
byproduct of the etching. Wafers are rinsed and submerged in an HF/HCl
solution and rinsed in a final step. The specific process data for in-line
polishing from STANGL [105] are:

• Process Temperature: 5-10°C

• Basic Recipe: HF/HNO3

• Process Time: 5 min

• Average Etch: 10 µm

• Throughput: 3,600 156 mm wafers/hour

An alkaline solution may also be used to polish the rear-side. This would
eliminate the production of NOx gases. however, the method detailed
above is considered to be the current industry standard.

2.3 contribution

2.3.1 Optimizing random pyramid texturing

Poly vinyl alcohol

Due to the complex nature of the anisotropic etch of silicon, there is
a small process window in which uniform random pyramid texturing
can be obtained. After preliminary experiments detailed in the following
sections, it was determined that a base recipe using 3.5 wt% NaOH,
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2.9 wt% IPA and 0.7 wt% PVA (poly vinyl alcohol) was optimal for
surface texturing for silicon solar cells. There have been optimization
experiments leading to this recipe as will be described in the following
sections. The purpose of the sodium hydroxide and isopropyl alcohol is
explained in section 2.1.3. PVA is thought to reduce the surface tension
as it is a surfactant. The reduction of surface tension would allow for an
increased number of nucleation sites for the anisotropic etch to initiate
and promote exchange of agglomerated H2 bubbles on the etched surface.

Figure 2.15: Scanning electron microscopy images of random pyramid texturing
varying PVA concentration from 0 - 0.4 wt %

Figure 2.15 demonstrates that an increase in PVA concentration increases
texturing uniformity. In the resulting pyramids, the presence of facets can
be observed. At each facet, the existence of an etch inhibiting molecule is
evident. The PVA concentration was fixed at 0.7 wt% as a consequence
of the trend shown in figure 2.15.

Etch time

In figure 2.16 SEM images of different texture times are displayed. By
increasing texturing time, the facets are etched back and after 45 min-
utes, the facets are barely visible. The facets that are shown in the SEM
images result from the stepwise etching as described in figure 2.9 from
the previous section.
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Figure 2.16: Scanning electron microscopy images varying texturing time
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Figure 2.17: Reflectance @ 700 nm as function of texturing time
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The reflectance is plotted as a function of texturing time in figure 2.17.
The reflectance at 700 nm is significantly reduced to approximately 12%
after 45 minutes of texturing. The facets create surfaces that are per-
pendicular to incident light and thus cause light to be reflected, after 45
minutes it is shown in figure 2.16 that the presence of facets are non-
distinguishable.
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Figure 2.18: Reflectance @ 700 nm for different pre-clean conditions

Pre-cleaning can assist in removing contaminants such as slurry parti-
cles and organics from the wafer surface. Pre-cleaning also ensures repro-
ducible surface conditions on the entire wafer surface. Wafer handling
marks and debris that have been acquired may be removed before the
critical surface texturing step. Various pre-cleaning treatments have been
screened, such as IPA, saw damage removal (SDR), SPM (1 H2SO4:4
H2O2) as depicted in figure 2.18. The lowest reflectance value was ob-
tained when no pre-clean has been done. Texturing a polished (SDR)
surface or a surface with chemically grown chemical oxide (SPM) leads
to a higher reflectance. From an industrial perspective, skipping a pre-
clean step is desirable in order to reduce costs. Although in the absence
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of a pre-clean, wafers that have been accidentally touched or marked
during handling are immediately visible after texturing as in figure 2.19.

Figure 2.19: “Textured fingerprint” on wafer to scale [66]

2.3.2 Fingerprints

An observation made during all optimization experiments was that if
there was a fingerprint on the wafer, the reflectance at the fingerprint
locations was noticeably lower than in non-fingerprinted regions as shown
in figure 2.19.

"Fingerprinted" region "Clean" region

Figure 2.20: Scanning electron microscopy images of a “fingerprint” (left) and
“clean” (right) textured region

Scanning electron microscopy images in figure 2.20 show that fingerprint
regions have a noticeably smaller and more abundant texture as com-
pared to the “clean” areas of the silicon surface.
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Figure 2.21: Reflectance @ 700 nm vs. texture time on fingerprinted regions

Figure 2.21 shows that even with a short etch time of 25 minutes a re-
flectance value below 10.5% can be achieved. The reflectance does not
change as a function of etch time between 25-105 minutes, and the distri-
butions along the fingerprint areas are similar. There were a few experi-
ments performed aiming to replicate this “fingerprint” texturing on the
entire wafer. A hypothesis was that a “polymeric trace” from the nyril
gloves alters the silicon surface such that it is conducive for texturing,
which may be easily dissociated in a solution and applied to the silicon
surface. To test this hypothesis, nyril gloves were submerged in various
solutions such as isopropanol alcohol, acetone, water for 24 hours. Wafers
were submerged in the resulting solution for 10 minutes, in order to de-
posit "nyril particles" onto the silicon surface. After the surface treatment,
wafers were subject to the texturing method described in section 2.3.1.
The resulting reflectance measurements are plotted in figure 2.22. All
solutions containing “glove particles” had comparable reflectances as an
untreated “as-cut” texture. The low reflectance values that were observed
in the finger-print region were not reproduced by this method, thus the
initial hypothesis was nullified. Another hypothesis is that residue from
the nyril gloves changes the surface of the silicon such that it is conducive
to texturing. If residue from the glove is deposited on the wafer and eases
the texturing process, it would be simple to improve the current textur-
ing process. This hypothesis has lead to a completely new technique of
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Figure 2.22: Reflectance @ 700 nm vs pre-clean condition

front surface texturing and rear surface polishing as will be described in
the next section.

2.3.3 Texturing and Polishing in One Solution

As texturing and polishing crystalline silicon is both time consuming
(t>20 min) and inefficient (at least two etchant solutions), the need for
an alternative solution is prevalent. The process flow described in sec-
tion 2.2 leads to a minimum silicon loss of approximately 25 µm. As the
industry’s trend is to use thinner and thinner wafers in order to reduce
material costs, the fraction of silicon lost will only increase. In order to
produce wafers, silicon needs to undergo an energy intense refinement
process in order to ensure it’s quality and uniformity. To lose 14% of
highly refined silicon in order to structure the front and the rear is non-
ideal. A newly developed technique described in this thesis textures the
front and polishes the rear surface in a single wet process. This process
simplification leads to savings by decreasing cycle time, saving consum-
ables and reducing the amount of silicon loss. The complete process takes
four minutes from an as cut wafer to a textured front-side and polished
rear-side.
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Figure 2.23: Process sequences for random pyramid texturing and in-line rear-
side polishing

New process flow

In mono-crystalline silicon, the process flow for surface de-coupling varies
depending on the cleanliness and the extent of damage sustained during
the wafer sawing process. In industry, the simplest approach would be to
place as-cut wafers directly into a texturing solution to texture both sides.
Texturing removes approximately 10 µm/side [67]. Once the texturing is
complete, the rear-side of the wafers is subject to an etching solution as
shown in figure 2.14 and polished. This results in an additional removal
of 5 µm of silicon. The chemical used is HNO3/HF based and thus porous
silicon is created, which is etched in a dilute KOH solution. Wafers are
finally cleaned in an HF/HCl solution in order to remove any remaining
metal contaminants. While this process is considered to be the simplest
and therefore the most industrial, other processes depicted in figure 2.23
have also been employed. A saw damage removal step can be added in
order to remove damage induced by the wafer sawing process, thereby
increasing the amount of silicon loss to upwards of 50 µm of silicon. A
pre-clean process step may also be added to ensure cleanliness of the
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silicon surface before the critical texturing step. For an industrial silicon
wafer thicknesses of 180 µm between 14-28% of silicon may be lost.

Considering the amount of silicon loss, 25 µm, the process time and the
amount of wet chemistry (including HCl neutralization and water rinses)
a simplified and more efficient approach is desirable. Such a process has
been developed that utilizes the roughness of an “as cut” wafer. In a first
step, an acrylic polymer adhesive is applied on the front-side of the rough
as-cut silicon wafer. Next, the adhesive layer is forcibly removed, thereby
leaving traces of the adhesive layer on the front-side of the as cut silicon
wafer. Traces only adhere to extended regions of the silicon surface as
shown schematically in figure 2.24. The traces form an irregular pattern
that is correlated with the roughness of the silicon surface. The wafers are
then placed in a heated alkaline solution to texture the front and polish
the rear. On the front-side, traces of adhesive masking material located
at the extended silicon regions allow for the alkaline solution to initiate
an anisotropic etching. The exposed silicon valleys are etched while the
silicon peaks are protected from the solution. The rear-side of the wafer
is completely exposed to the alkaline solution and is thus polished in the
solution.

As Cut Wafer

Adhesive Layer Deposition

Texture + Polish 
(NaOH)

Adhesive Layer Removal

Novel Process

Figure 2.24: New texturing process sequence removes a total of 15 µm of Si in
4 minutes of exposure to alkaline solution

Figure 2.25 shows a schematic layout of a tool that may be able to
apply and remove the adhesive layer on one side of the wafer by means
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1 2 3

Figure 2.25: Schematic of the adhesive layer application tool to enable front-side
texturing and rear-side polishing in one chemical treatment

of pressure application. This type of process is deemed to be beneficial
when aiming for front-side texturing and rear-side polishing performed
in the same wet chemical treatment. Wafers are transported on a belt in
an in-line process to proceed through the adhesive layer deposition and
removal rollers. The schematic depicts three components throughout the
deposition and removal of the adhesive layer:

1. As cut wafer: the wafer surfaces must have a roughness on the
micrometer scale. Typically the wire sawing from both slurry
based and diamond coated wire sawing provides sufficient
roughness. The wafer needs no pre-treatment or clean.

2. Adhesive layer front-side deposition: The adhesive layer is
deposited on the entire surface that is intended for texturing. The
rear-side is mechanically handled thus remains bare on the entire
surface.

3. Adhesive layer removal: The adhesive layer is physically removed
from the front surface, but remnants of it are kept on the silicon
surface. These remnants cover mainly the peaks of the
micro-roughness created by the wire saw and silicon valleys
remain bare

Figure 2.26 shows the residual adhesive layer which enables initiation
of the anisotropic alkaline etch. Residuals of the adhesive layer applied
to the front-side are shown to be a few nanometers in thickness. Appli-
cation of a homogeneous layer of adhesive inhibits alkaline etching and
prevents texturing. For example, when this method was applied to a dou-
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Figure 2.26: SEM images of an as cut wafer showing micro roughness and dam-
aged areas from wafering (left) and adhesive layer remnants (right)

ble side polished wafer, the lack of roughness resulted in a homogeneous
deposition of adhesive and prevented texture initiation.

This process was shown to be highly reproducible using several acrylic
and vinyl ethyl polymer based adhesives. The developed process is thought
to be robust as all of the adhesives used were successful at reproducing
the same result (namely a textured front-side and a polished rear-side).

Reflection of the front-side vs. rear-side

The new texturing technique was first characterized by varying the con-
centration of alkaline etchant. In literature [107, 108, 96, 94] it has been
shown that lowering the alkaline concentration decreases etch rate. The
etch rate in the <100> direction is reduced to a greater extent than in
the <111> direction, thereby increasing anisotropy. Since the alkaline
solution is used to perform both texturing and polishing, a compromise
between anisotropic etching of the front-side and polishing of the rear-
side was expected.
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Figure 2.27: Reflectance of front and rear surfaces post texturing and polishing
in one chemical treatment by NaOH concentration

Figure 2.27 shows that higher concentration solutions result in an in-
crease of front surface reflection. However, the reflection of the rear sur-
face is not altered by varying the alkaline concentration from 6.25 to 25
wt%. These concentrations are higher than the concentrations typically
used in texturing solutions [66, 67, 68, 69] where KOH concentrations
range from (1-4 wt%). The etch duration applied was four minutes at
85ºC. In comparison, approximately 20 minutes is needed for conven-
tional random pyramid texturing as shown by Dow Corning and RENA
[66, 67, 68, 69]. Another trend that is discernible in the plot shown in
figure 2.27 is the increase in variation of reflectance as a function of
increasing alkaline concentration, this was due to the sparse texturing
formed on the wafer as further characterized with SEM images displayed
in figure 2.28.
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Alkaline concentration dependance

6.25 wt% NaOH

12.5 wt% NaOH

25 wt% NaOH

Figure 2.28: SEM of the novel texturing and polishing process using NaOH con-
centrations from 6.25-25 wt%
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Figure 2.28 displays SEM images of the silicon surface after being textur-
ing by the developed technique varying NaOH concentration. It is shown
that the density of the pyramids decrease as the concentration of the
alkaline solution is increased and that there is little difference between
a concentration of 6.25 and 12.5 wt%. The 25 wt% solution is thought
to undercut the adhesive masking layer at thinner locations causing a
polishing effect.
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Figure 2.29: Total silicon loss vs. NaOH concentration

The silicon removal etch rate is also affected by the increase in concentra-
tion as plotted in figure 2.29. In the investigated range between 6.25-25%
NaOH weight concentration, the silicon etch rate increases linearly with
an increase in NaOH concentration.

Comparison to random pyramid texturing

As a comparison, it is valuable to benchmark the developed technique
with the random pyramid texturing and inline polishing method as de-
scribed in section 2.2 and in figure 2.23. It is illustrated in figure 2.30 that
both the new method and the random pyramid texturing method achieve
reflectance values below 10% at 700 nm. The random pyramid textured
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Figure 2.30: Reflectance of the novel texturing/polishing in one chemical treat-
ment vs. random pyramid texturing and polished rear

wafers were textured for 45 min in a dilute NaOH + IPA solution at 85°C
and follow the process sequence A as depicted in figure 2.23. Figure 2.31
displays SEM images where the new technique is shown to have a larger
density of smaller pyramids which are also randomly distributed.

The reflectance curves describe, to some extent, the optical performance
of the respective surfaces. However, electrical performance needs to be
considered as well to assess the viability of this method. In particular,
the front texturing needs to be accessed whether it can be sufficiently
passivated by a dielectric layer as well as contacted by screen printed Ag
metallization. Both of which can be demonstrated on solar cell level.

The wafers have been processed using an i-PERC process flow described
as follows: 1-3 Ohm·cm, 180 µm thick, 156 cm2 Cz as-cut wafers first
underwent adhesive deposition and removal. They were then submerged
for four minutes in a 12.5 wt% NaOH solution heated to 85ºC in order to
texture to the front-side and polish the rear-side. Another group of wafers
underwent the saw damage removal, random pyramid texturing and one
side in-line polishing process described in process sequence A in figure
2.23. Wafers were then cleaned and an APCVD SiOx diffusion mask was
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Standard Random Pyramid Texturing One-Step Texture + Polish

Figure 2.31: Comparing random pyramid texturing from RENA (left) to the
new technique (right)

Condition Std Text + Polishing One-Step Text + Polishing
(two chemical steps) (one chemical step)

Jsc [mA/cm2] 37.0 ± 0.2 37.2 ± 0.1
Voc [mV] 638 ± 5.0 640 ± 0.8

Fill Factor (%) 75.0 ± 1.2 77.4 ± 0.5
Efficiency (%) 17.7 ± 0.3 18.4 ± 0.2

Table 2.1: Solar cell results comparing one (15 cells) vs. two (10 cells) chemical
process sequences

deposited on the rear-side. The emitter was formed on the front-side
using a 60 Ω/� POCl3 based diffusion process. The front surface ARC
and rear capping SiNy:H was deposited by PECVD. Laser ablation of
a dot array pattern is performed to locally remove the rear dielectric
stack to provide vias for a metal/semiconductor contact. Aluminum was
deposited by physical vapor deposition on the rear surface, Ag paste was
screen printed on the front-side. Finally, co-firing was performed in a belt
furnace to ensure ohmic contacts on the front, as well as to ensure rear
local BSF formation in the ablated areas of the rear SiOx/SiNy:H stack.
The cell results are shown in table 2.1.

Figure 2.31 depicts SEM images comparing both the novel single wet
chemical processing sequence as well as the conventional two step process.
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The feature sizes are smaller and show a strong resemblance to random
pyramid texturing. The highest current density obtained with the new
method was 37.4 mA/cm2. The SEM images depict a surface that is
rough which leads to concerns of passivation. Cell results prove that
the surface can be passivated as can be shown in the Voc results; the
best obtained Voc is 644 mV. It is thought to be critical as higher sheet
resistance emitters yield a lower surface recombination velocity, and novel
texturing methods should not impose higher recombination attributed to
its roughness. Another crucial factor for any texturing technique is its
ability to be contacted. Solar cell results show that this new technique
can be contacted as well; the best obtained fill factor is 77.8%.

This experiment was a proof of concept of the new texturing technique.
The lowest reflectance obtained on the front-side using this technique
was under 10% at 700nm which corresponds well to the values obtained
by the industrial random pyramid process. The rear-side was shown to
be reflective and to have similar properties as wafers that undergo rear
in-line polishing. Encouraging results have been obtained with a top con-
version efficiency of 18.4%. This performance was achieved whilst sav-
ing silicon, process time and consumables further enabling the ability to
manufacture front-side textured and rear-side polished silicon solar cells.
The fabricated cells are far from optimized as they are passivated on the
front-side with SiNy:H, contacted with 56 fingers that are 120 µm wide
and have a 60 Ω/� phosphorus diffusion. The next chapter focuses on
improving performance by altering the phosphorus diffusion profile.

2.4 conclusion

Structuring silicon surfaces such that the front-side is textured while the
rear side is polished proves to be effective at trapping a large amount
of light that would be otherwise reflected or transmitted. Although cur-
rent texturing and polishing sequences require two separate wet chemi-
cal steps, a new technique that enables texturing and polishing in one
chemical solution has been developed. The technique involves a rough as-
cut wafer being deposited with an acrylic adhesive micro-masking layer
which, when removed, traces adhere to the peaks of the as-cut silicon
wafer and leaves silicon valleys bare. The wafer is then subject to a 4
minute 12.5 wt% NaOH etch where the front-side of the wafer is textured
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and the rear-side of the wafer is polished and approximately 15 µm of sili-
con is etched. The process simplification can lead to savings in decreasing
cycle time (4 min vs. 20 min), saving consumables (one chemical solution
vs. two) and reducing the amount of silicon loss (15 µm vs. 25 µm). The
technique has shown equivalent solar cell performance when compared
to standard random pyramid textured and in-line polished wafers. One
key parameter that needs to be investigated is bath lifetime, in the case
of random pyramid texturing it has been shown [69] to be 10,000 wafers,
at an institute such as imec, it is challenging to process such a volume.
The bath life may be critical as the organic compound may accumulate
in the alkaline solution which may inhibit the etch rate after a number
of wafers have been textured and polished. The adhesive material has
been re-used 50 times with the same surface decoupling effect, and thus
it is believed this method would save money allowing for one chemical
solution to etch both front and rear instead of the extensive processes
flow shown in chapter 2. The top conversion efficiency was 18.4% using
a 60 Ω/� phosphorus emitter, which can be significantly improved upon
as it is the subject of the next chapter.



3
ADVANCED ELECTRON COLLECTOR FORMATION

3.1 “emitter” vs. “collector”

In most silicon solar cell literature, the term “collector” is not used, the
term that is used is “emitter.” The “emitter” term has its origins in bipo-
lar junction transistors (BJT). A BJT is a device with three terminals;
namely an “emitter”, a “base” and a “collector”. To crudely summarize
each terminal’s function in an NPN transistor: the base modulates elec-
trons emitted by the emitter and collected by the collector.

ie

Emitter
n++

Base
p+

Collector
n+

ic

iB

electrons

holes
recombination

Figure 3.1: Bipolar Junction Transistor Layout

In figure 3.1 an NPN bipolar transistor is shown. The emitter is highly
doped compared to the base and the collector. The ratio between emitter
doping and base doping is proportional to the current gain in the device.

In a p-type silicon solar cell, the device function of the NPN bi-polar
junction’s “collector” is exactly the same as what in literature silicon solar
cell devices refer to as an “emitter.” In a solar cell device, light produces
electron-hole pairs throughout the entire silicon bulk. Electrons migrate
to the “emitter” and can be collected there. In conventional silicon solar
cell devices, the main function of the “emitter” is to form a junction where

45
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electrons are collected. The reason why the term “emitter” is used is due
to device fabrication similarities between the bipolar junction transistor’s
“emitter” and the solar cell device’s “emitter”. However, in a solar cell
it should be called an electron collector. Conversely, the rear-side of the
solar cell, or what is referred to as the back surface field, shields electrons
from recombining at the metal contacts and collects holes. In a n-type
silicon solar cell, the operation closely matches the operation of a PNP
device where holes are collected instead of electrons, in that case, what
is referred to now as an “emitter” should be named a hole collector.
Although illogical, for clarity, the term “emitter” will be used in this
thesis referring to what is the electron collector in p-type i-PERC solar
cells.

An emitter is primarily needed in silicon solar cells form a junction in
order to separate and collect carriers that have been generated by light.
However, emitters also serve three other functions [109]:

1. Contact resistance - A conventional (in silicon PV) characteristic of
a phosphorus diffused region is a large concentration gradient where
the highest phosphorus concentration (>1020 phosphorus/cm2) can
be found at the silicon surface. This high surface concentration re-
sults in a small depletion width, which enhances tunneling of car-
riers through the barrier posed by the difference in the metal work
function and semiconductor’s electron affinity [110]. However, in
such high dopant concentrations, not all of the phosphorus can
be incorporated into the silicon lattice. The inactive phosphorus
contributes to a significant amount of Shockley Read Hall recom-
bination and is called the “dead layer”. This “dead layer” has been
shown to stress the crystal lattice and facilitate Ag crystallite for-
mation and thus lower contact resistance in Ag screen printed cells
[111, 112] as will be discussed in section 4.2.2.

2. Lateral resistance - Highly doped regions reduce lateral (or spread-
ing) resistance which can significantly reduce series resistance losses
of a solar cell. From a cell design perspective, a decrease in spread-
ing resistance can lead to more sparse metal contacts. A reduction
of screen printed silver can significantly reduce costs.

3. Surface/contact passivation - Minority carriers are repelled by the
gradient of the highly diffused regions. This effectively reduces sur-
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face recombination velocity, to a certain level (and increases Auger
recombination). At the metal/silicon interface, an abundance of
surface defects and surface states can locally increase recombina-
tion activity [113]. If the doping level is high/deep enough, mi-
nority carriers can be effectively shielded from the contact regions
[114, 115, 116, 117].

In order to achieve cost effective, high efficiency silicon solar cells, there
are clear tradeoffs. The following is to illustrate this point, for example, a
method to decrease emitter recombination is to reduce phosphorus dop-
ing. The reduction in phosphorus doping increases sheet resistance and
will eventually increase series resistance loss in solar cells. Losses in lateral
resistance can be mitigated by increasing the number of metal contacts.
A larger number of metal contacts gives rise to increased shadowing and
a higher fraction of recombination due to metal/silicon interfaces. M/S
recombination can be mitigated by utilizing a “selective emitter” where
the regions directly under the contact are highly doped to repel minority
carriers in the vicinity of the contact. There are a number of approaches
in order to improve silicon solar cells. However, when considering costs,
throughput and yield implications for industrially applicable processing
conditions, the number of feasible methods are drastically narrowed.

3.2 diffusion theory
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Figure 3.2: Ionization energies of dopants/impurities in silicon (author?) [56]
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The separation of carriers is achieved by fabricating a junction with an
associated space charge region. This is defined by dopant species that take
a substitutional role in the silicon lattice. The dopant species must be of
the opposite type compared to the substrate dopant. That is, in n-type
material dopants with ionization energy near the valence band and in
p-type material dopants with ionization energies close to the conduction
band as illustrated in figure 3.2. Typically phosphorus and boron are
used in order to dope the silicon n and p-type respectively [56].
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Figure 3.3: Phosphorus taking a substitutional position in the silicon lattice

Figure 3.3 shows a phosphorus atom taking a substitutional position in
the silicon lattice. It is considered a donor atom since it contains five
electrons compared to silicon’s four. The extra electron is bound very
weakly to the atom and thus can be “donated”.

3.2.1 Diffusivity and Fick’s Laws of Diffusion

Introducing dopant species in silicon can be performed using a plethora
of technologies; spin/spray/print-on dopants, in-line diffusion, laser treat-
ment and tube furnace diffusion, just to name a few. The two methods
chosen in this thesis are tube diffusion and ion implantation.
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Dopant P As Sb B

D0 (cm2/s) 3.85 22.9 0.214 0.76
Ea (eV) 3.66 4.1 3.65 3.46

Table 3.1: Intrinsic diffusion coefficients and activation energies of dopant im-
purities into Si [118]

In order to study the mechanism of diffusion, one must consider Fick’s
laws of diffusion as stated in equation 3.1 [118, 56].

J= -DdC
dx

(3.1)

Fick’s first law (in equation 3.1) states that for steady-state conditions
where there is a concentration gradient (dCdx ), the flux of atoms (J) diffus-
ing from high concentration to low concentration is proportional to the
material’s diffusivity coefficient (D) and the diffusion gradient (dCdx ).

∂N

∂t = D∂
2N

∂x2 (3.2)

D = D0e
−Ea/kT (3.3)

In order to predict key parameters related to the diffused region, one has
to consider Fick’s second law of diffusion as in equation 3.2. It states that
the concentration change as a function of time is related to the partially
differentiated concentration gradient; where N is the number of atoms
per unit volume, t is time, x is distance and D is the diffusivity of the
diffusing species [118, 56]. The diffusivity can be solved by the Arrhenius
formula 3.3, where T is temperature, D0 is the diffusion coefficient and
Ea is the associated activation energy as shown for different species in
table 3.1.

There are three key characteristics of a given diffusion profile: Ns, the
concentration of dopants at the silicon surface, Xj, the junction depth at
which the concentration of the diffused species is equal to the background
species concentration (NB) and finally Q, a measure of the total dose of
dopant within the depth of the silicon. The boundary conditions imposed
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by a particular process must be considered in order to solve equation 3.2.
Assuming the boundary condition a finite diffusion source (Q), equations
3.4-3.6 are solved from the partial differential equation of Fick’s second
law.

N(x,t)= Nse
−
(

x

2
√

Dt

)2

(3.4)

Ns = Q√
πDt

(3.5)

Xj = 2
√

Dt ln
( Ns

NB

)
(3.6)

The surface concentration in equation 3.5 is proportional to
√

Dt−1, thus,
increasing temperature (i.e. diffusivity) or time will decrease surface con-
centration. Dopants diffuse from high concentration to low concentration
and thus the next parameter to consider is the junction depth. As de-
scribed in equation 3.6 it is proportional to

√
Dt , increasing time or

temperature will allow dopants to diffuse deeper.
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Figure 3.4: Phosphorus diffusion profile
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As shown in figure 3.4, for the specific case of phosphorus diffusion there
are three distinct regions:

1. High concentration region : In this region there is a significant
amount of electrically inactive phosphorus. P+ ions bond with V=

vacancies forming (PV)−pairs [118]. In this region the concentra-
tions are typically above 1019 phosphorus/cm3. Phosphorus has a
tetrahedral radius of 1.1Å while silicon has a radius of 1.18Å result-
ing in a ratio of 0.93 in lattice mismatch [119]. Increasing phospho-
rus concentration drastically increases the strain due to the lattice
mismatch. In literature [120], this is shown to reduce phosphorus
vacancy dissociation [118]. Others in literature [121, 122, 123] have
shown experimental evidence of interstitial diffusion which contra-
dicts the vacancy model. Nevertheless, the increase in diffusivity in
this region is proportional to the square of the surface concentration
as stated in equation 3.7:

DHighConcentration = D0 +D=
[Ns

ni

]2
(3.7)

D0 = 3.85e− 3.66
kT (3.8)

D= = 44.2e− 4.37
kT (3.9)

2. Kink: In literature [124, 125, 126],the kink is thought to posses no
intrinsic significance. The kink is where the two dominant regimes,
the high concentration region and the tail region, meet. The kink re-
gion’s beginning is typically defined where the active concentration
of the phosphorus, ne, is the same as the physical concentration of
the phosphorus governed by equation 3.10.

ne = 4.65× 1021e
−0.39

kT (3.10)

3. Tail region: This region is defined as having a further enhanced
diffusivity which can be seen by the gradual decay of phosphorus
concentration as a function of depth. The dissociation of (PV)−

pairs increases the vacancy concentration in the tail and thus the
diffusivity in the tail region increases. For this reason, phospho-
rus is considered to be a vacancy dominated [118]. Equation 3.11
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details the dependance of diffusivity on temperature and surface
concentration. A higher diffusivity is expected in this region as it
is proportional to the surface concentration cubed.

DTail = D0 +D− N3
s

n2
eni

(
1 + e

0.3
kT

)
(3.11)

D− = 4.44e− 4
kT (3.12)

It is shown in figure 3.5 that the tail region’s (at depths greater than ne)
diffusivity is considerably enhanced when the phosphorus surface concen-
tration is above 5x1020 phosphorus/cm3. This effect has been postulated
by many to be due to the increased number of vacancies in this region
[121, 122, 127].
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Figure 3.5: Diffusivity of phosphorus in silicon vs. temperature by surface con-
centration comparing the high concentration region and “tail” region
[118]

3.2.2 Phosphorus Diffusion Using POCl3

Phosphorus diffusion is often designed to consist of two distinct stages
[128, 129, 130]:
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1. Pre-deposition - Carrier gas is delivered into a liquid bubbler con-
taining POCl3. The POCl3 liquid is evaporated by the temperature
of the furnace. O2 is delivered into the furnace and reacts with
POCl3 to form P2O5 which is deposited on the silicon surfaces. A
by-product of the reaction as shown in equation 3.13 is Cl2, which
can prevent the migration of metallic species from the silicon sur-
face into the silicon bulk, as it is effective at gettering metals [131].

4POCl3 + 3O2 → 2P2O5 + 6Cl2 (3.13)

2. Drive-in - The P2O5 is reduced by the silicon surfaces as described
in equation 3.14. The result is a phosphosilicate glass (referred to as
PSG). Ideally, this reduction reaction would only initiate once a cer-
tain process temperature is reached. In practice, the temperature
of the pre-deposition and the drive-in are similar allowing the re-
duction reaction to occur continuously. The drive-in stage is meant
to reduce the phosphorus surface concentration by eliminating the
POCl3 flow and replacing it with an O2 flow. The replacement al-
lows for a thin, relatively phosphorus deficient silicon oxide layer
to grow at the silicon surface. The thin silicon oxide layer can act
as a barrier between the PSG layer and the diffused phosphorus
in the silicon. During the drive-in stage, the physical phosphorus
concentration is reduced and driven into the silicon.

2P2O5 + 5Si→ 4P + 5SiO2 (3.14)
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3.2.3 Phosphorus Implantation
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Figure 3.6: Ion implant tool example [132]

Another method of introducing phosphorus into a silicon substrate is
by ion implantation as illustrated in figure 3.6. Ion implantation is per-
formed by means of a high-voltage particle accelerator that produces a
beam of high-velocity impurity ions which can penetrate the silicon sur-
face [132]. In conventional phosphorus implantation, phosphine gas (PH3)
is flown through a large electric field that creates an ion source. The ions
are guided by the electric field into a mass spectrometer analyzer magnet,
which is able to screen for the desired impurity ion (mass and charge) to
be selected. The impurity ions are accelerated using a large electric field
and focused into an ion beam. Finally the impurity ions penetrate into
the silicon substrate.

The implanted dose (φ) can be calculated as indicated in equation 3.15 if
the beam current (I), implant area (A) and implant time (t) are known.
The implanted phosphorus ions are not electrically active, as they do
not take a substitutional position in the lattice. However, the dose can
be used to calculate the sheet resistance that may result after a high
temperature anneal.

φ = It
qA (3.15)
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The accelerated ions have a large kinetic energy that is opposed by the sil-
icon substrate’s stopping forces. Depending on the dose of the implanted
ions, the surface region of the silicon may be amorphized due to crystal
lattice damage. The silicon lattice can only sustain a critical number of
implanted ions (depending on their mass) before yielding and becoming
amorphous. This critical dose is displayed in figure 3.7 for phosphorus,
boron and antimony. The critical dose for phosphorus ion implantation
at room temperature is approximately 1015 phosphorus atoms/cm2.

There are two stopping mechanisms that are involved when considering
ions with large kinetic energy:

1. Electronic stopping: These collisions are inelastic and result in
small energy losses in which the electrons are excited or ejected
from their shells and then dissipate their energy thermally. This
results in a change of momentum of the ion (change in energy and
direction) due to the retarding force acting on the ion. This stop-
ping mechanism is dominant for very high implant energies (>�>100
keV) and for lighter implanted ions (<30 amu). [56]
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2. Nuclear stopping: Energy is lost due to interactions with atomic
nuclei where energy is transferred ballistically from the ion to the
silicon atom. The energy transfer results in altering the ion’s mo-
mentum and direction. This stopping mechanism is dominant for
heavier implant species as well as low implant energies.
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Figure 3.8: Energy loss mechanism versus implant energy [56]

Figure 3.8 illustrates that for phosphorus implantations below 100 keV,
the dominant stopping mechanism is nuclear. If a dose above 1015 phos-
phorus ions/cm2 is implanted, a shallow layer of silicon will be amor-
phized. At the interface between the amorphous and crystalline silicon,
there resides a large amount of “end-of-range” dislocations as well as
point defects. This large amount of defects is caused by the incomplete
amorphization of the silicon region, causing lattice damage. The amor-
phous silicon region, can be restructured into a crystalline structure by
solid phase epitaxial regrowth. The solid phase epitaxial regrowth initi-
ates at temperatures between 500-600ºC and can occur at speeds of 50
nm/min [56].
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Figure 3.9: Phosphorus implantation example [56]

An example of an implantation depth profile is illustrated in figure 3.9,
where the implanted and “damage” profiles are shown. In the amorphized
silicon region, there is an “infinite” amount of damage as each silicon
atom is displaced from its original position in the silicon lattice. At the
interface between amorphous and crystalline silicon, implanted ions do
not have enough energy to completely amorphize the silicon lattice, thus
end-of-range damage (EOR) is prevalent. EOR and residual point defects
can be reduced drastically by performing a “damage anneal”. An anneal
can also allow the implanted phosphorus to take a substitutional position
inside of the silicon lattice. The anneal can serve both the purpose of
reducing the damage as well as “activating” dopants.
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3.3 state of the art in industry

3.3.1 POCl3 In Industry

Quartz tube
Liquid POCl3

Carrier gas

O2 + N2 Silicon wafers

Figure 3.10: Basic tube furnace layout

Figure 3.11: Centrotherm industrial diffusion furnace [134]

Conventional POCl3 diffusion is performed in large tube furnaces that
are heated to process temperatures between 750ºC-900ºC [135]. Wafers
are loaded into a quartz boat which is inserted into the tube, the temper-
ature is then ramped to the process temperature. A basic layout of the
furnace is illustrated schematically in figure 3.10 and shown in complete
industrial form in figure 3.11. POCl3 is released in liquid form from a
bubbler by means of a carrier gas into the high temperature furnace. It
is evaporated and forms a PSG glass layer on the silicon surface. From
PSG, phosphorus is driven into the p-type silicon in order to form a
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Figure 3.12: Typical industrial-type emitter [135]

p-n junction. Once the desired diffusion profile is achieved, the tube is
cooled down and wafers are unloaded slowly not to cause excessive ther-
mal stress.

Figure 3.12 illustrates a phosphorus depth-profile for an industrial-type
emitter as shown in [135]. This emitter has a high surface concentration
(~1021 phosphorus atoms/cm3) and a junction depth of approximately
300 nm. It is shown that the electrically active phosphorus concentration
is significantly lower than the overall phosphorus concentration, leading
to the “dead layer” discussed in section 3.2.2. The emitter depth-profile
shown is a typical industrial emitter which can be improved upon as will
be investigated in section 3.4.3 of this thesis.

3.3.2 Industrial Implantation Processes

Although the industry is currently dominated by tube furnace POCl3
diffusion [136], implantation tool manufacturers are developing tools to
replace conventional diffusion. As diffusion schemes in high efficiency sili-
con solar cells become more complex (i.e. selective emitter, inter-digitated
back contact cells), implantation becomes more relevant due to its inher-
ent one-sided advantage (using ion implantation, one sided etching or
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dielectric masking is not needed). It has been reported by Applied Ma-
terials [137, 138] that a “selective emitter” design would be an easily
implementable cell architecture for such a technology. Figure 3.13 shows
an industrially relevant implantation tool available. It has been shown
that ion implanted selective emitter cells can reach up to 19.5% efficiency
using a process flow shown in figure 3.14. Ion implantation has also been
shown by Samsung [139, 140] to reach above 22% efficiency by using a
stacked junction inter-digitated front contact scheme, where there is a
germanium bottom cell underneath the silicon solar cell.

Figure 3.13: Applied Materials Ion Implantation Tool [138, 137, 141]
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Figure 3.14: Tube diffusion vs. implantation process flow [138, 137, 141]

The process flow difference shown in figure 3.14 indicates that with an
equivalent number of steps a “selective emitter” can be fabricated. The
process flow highlights the intrinsic one sided nature of implantation and
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in-situ masking. Applied Materials [137] claims a throughput of 1100
wafers per hour while also obtaining excellent doping uniformity values
well under 1% at sheet resistances above 90 Ω/�. In comparison, typi-
cal POCl3 diffused emitters have a standard deviation closer to 5% in
comparable sheet resistance ranges as shown later in this chapter.

3.4 contribution

3.4.1 Non Intentional Emitter Etch Back

When developing advanced emitters, attention must be paid to subse-
quent process steps in order to ensure that the desired emitter profile is
achieved and maintained. Chemical and high temperature processes may
alter the emitter by partially removing it or by further driving dopants
into the silicon. If post diffusion cleaning sequences are not carefully
selected, the emitter may be etched back. This particular effect was in-
vestigated by SIMS analysis of phosphorus depth profiles. A phosphorus
diffusion resulting in a target sheet resistance of 60 Ω/� was performed
on two polished <111> oriented wafers. Both wafers received an HF
treatment to remove the grown PSG layer. An RCA cleaning sequence
was performed on one wafer as described in figure 3.15.

1 H2O2:
4 H2SO4

1 HF:            
50 H2O

1 NH4OH:     
1 H2O2:         
5 H2O

1 HF:           
50 H2O

1 HCl:           
1 H2O2:         
5 H2O

1 HF:           
50 H2O

Rinse Rinse Rinse Rinse Rinse

80°C10min 70°C10min 80°C10minRT1min RT1min RT1min

Rinse

Figure 3.15: RCA clean processing sequence

Figure 3.16 illustrates to which degree an RCA cleaning sequence can al-
ter the phosphorus diffusion profile. The RCA clean etches approximately
8 nm of the top silicon surface, thereby, increasing the sheet resistance
of the 60 Ω/� diffusion by 8-13 Ω/�. The standard clean at imec is an
SPM clean (1H2O2 : 4H2SO4) with a subsequent HF dip that does not
etch as much as will be discussed later in the chapter.
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Figure 3.17: Schematic of an inline wet bench used to remove rear-side phospho-
rus diffusion
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Figure 3.18: SIMS profiles of the front-side emitter before and after rear emitter
removal

Figure 3.17 depicts an operational schematic of an inline, one side etch
tool that uses a mixture of 40HNO3 : 60HF at 5°C as in [142]. Wafers
are semi-floating on etching solution whilst being transported by rollers.
The polished rear-side, is etched in this solution in order to remove the
rear phosphorus diffusion. While etching the rear silicon surface, vapors
are created by the reaction. Depending on exhaust and bath conditions,
the vapors may etch back the front-side emitter. This etch back may be
avoidable, but in the set up used, it is necessary to consider this etch
back effect. Figure 3.18 illustrates the difference made by an inline etch
back tool on the front-side emitter.

Figure 3.18 plots the SIMS profiles illustrating the effect the rear emitter
removal process has on the front emitter. It is shown that the front-side
of the silicon is unintentionally etched back by 6-8 nm. This etch back
marginally reduces both, phosphorus surface concentration and junction
depth. This unintentional etch back of the front-side may be able to
improve cell results due to the increase in sheet resistance. Although,
depending on exhaust conditions, it may also lead to a larger spread in
sheet resistance. Thus, if the metallization scheme used is not able to
contact the lower phosphorus surface concentrations cell efficiency may
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SiOx Diffusion Masked Cells Rear Emitter Removed Cells

Texturing/ Polishing Texturing/ Polishing
SPM Clean SPM Clean
APCVD SiOx Mask
Diffusion [59 Ω/�] Diffusion [59 Ω/�]
PSG Removal PSG Removal
SiOx Mask Removal Rear Emitter Removal
SPM Clean SPM Clean
PECVD SiOx+SiNy :H PECVD SiOx+SiNy :H
Rear Laser Ablation Rear Laser Ablation
Al PVD Al PVD
Ag Screen Printing Ag Screen Printing
Co-Firing Co-Firing

Table 3.2: Process flow used to compare diffusion masked cells (left) with rear
emitter removed cells (right)

suffer. In an industrial process, unintentional etch back may necessitate
an increase of sheet resistance monitoring.

Table 3.2 compares two process flows to fabricate i-PERC cells. The sili-
con oxide diffusion mask was etched in order to obtain identical rear re-
flectance and passivation properties when comparing the two cell groups.
However, it can also be kept on the rear-side for passivation, which has
also been shown to be an efficient i-PERC process flow [86]. As illustrated
in figure 3.18, the front-side emitter is unintentionally etched back during
the rear emitter removal process, resulting in an increase of 8 Ω/� after
emitter removal.

The contour plots in figure 3.19 display differences in sheet resistance
uniformity after PSG removal and after rear emitter removal. After the
rear emitter removal process, the within wafer uniformity does not change
drastically and the front emitter is homogeneously etched back.

The increase in sheet resistance can explain the marginal increases in
both, open circuit voltage (Voc) as well as short circuit current (Jsc),
which marginally increases efficiency as shown in table 3.3. From a pro-
cess simplification point of view, there are advantages and disadvantages
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Figure 3.19: Front emitter sheet resistance contour plots post PSG removal (left)
and post rear emitter removal (right)

Process Flow SiOx Diffusion Masked Rear Emitter Removed

Sheet Resistance 59 Ω/� ± 0.8 67 Ω/� ± 1.0
Jsc [mA/cm2] 37.3 ± 0.1 37.5 ± 0.1

Voc [mV] 637 ± 2.0 641 ± 0.8
FF [%] 79.3 ± 0.2 79.4 ± 0.5
Eta [%] 18.8 ± 0.1 19.1 ± 0.1

Table 3.3: Solar cell results comparing SiOx diffusion masked cells (7) versus
rear emitter removed cells (14)

to both process flows. An advantage of having a diffusion mask deposited
before diffusion is that the interface between the silicon and the passiva-
tion layer is well defined and densified in the diffusion furnace. This may
lead to wafer handling advantages. An advantage of performing a rear
etch is the potential gettering of metal impurities that are agglomerated
by the high phosphorus doping which is removed altogether.

3.4.2 Intentional Emitter Etch Back

In literature [143, 144, 145, 146, 147], assuming adequate surface passi-
vation, it has been shown that a reduction in phosphorus surface concen-
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Drive-In Temperature Time Post drive-in Rsheet
(a) 1000ºC 60 min 56.2 ± 0.7 Ω/�
(b) 1000ºC 120 min 52.2 ± 0.2 Ω/�
(c) 1050ºC 60 min 49.6 ± 0.6 Ω/�
(d) 1050ºC 120 min 47.1 ± 0.8 Ω/�
(e) 1100ºC 60 min 44.5 ± 1.0 Ω/�
(f) 1100ºC 120 min 42.8 ± 0.8 Ω/�

Table 3.4: Resulting sheet resistance values after additional drive-in

tration leads to a reduction in surface recombination velocity. Intentional
etch back can be an advantageous method to achieve a low surface con-
centration while also removing gettered metal impurities [148, 149, 150].
In order to investigate this effect, wafers were masked with a deposited
SiOx layer and diffused on one side. After removing the PSG, a thin
silicon oxide is grown before dopants were further driven in a nitrogen
atmosphere at a high temperature (>850°C). Finally the emitter was
etched back to the desired sheet resistance of 120 Ω/�. Conventional Ag
screen printing pastes can only achieve low contact resistance to phos-
phorus surface concentrations above 1020/cm3 [111], thus an alternative
contacting scheme is used. In the following etch back experiments, the
contacting scheme used is Ti/Cu contacts. Initially cells were diffused
with a 65 Ω/� POCl3 diffusion. The PSG was etched before the wafers
were further driven in as described in table 3.4.

After the additional drive-in, wafers were etched back in a 1 HF : 1000
HNO3 solution until all wafers achieved the desired sheet resistance of
120 Ω/�. Figure 3.20 plots the sheet resistance versus etch back time
for emitters that have been driven-in with various conditions. It is clear
that with an increased temperature and time, the emitter is driven in
deeper and thus more silicon needs to be etched in order to achieve the
same sheet resistance. The sheet resistance etch rate for cells driven in at
1000ºC for 60 min had an approximate rate of 12 Ω/� per min whereas
for cells driven in at 1100ºC for 120 min an 1.2 Ω/� per min etch rate
was obtained.
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Figure 3.20: Sheet resistance evolution vs. etching time in 1 HF : 1000 HNO3

1021

1020

1019

1018

1017

1016
0 250 500 750 1000 1250 1500

Ph
os
ph

or
us
 (
at
om

s/
cm

3 )

Depth (nm)

After PSG removal 120min @ 1050°C After etch back

Figure 3.21: SIMS profiles of the as diffused, driven in and etched back profiles

Figure 3.21 shows that the phosphorus surface concentration was reduced
to 3x1019 phosphorus/cm3 after being driven in at 1050ºC for 120 min.
The surface concentration is further reduced to 1.5x1019 phosphorus/cm3

when 500 nm of silicon is etched.
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Temperature Time Jsc[mA/cm2] Voc[mV] FF(%) Eta(%)

No drive-in - 36.4 629 78.5 17.9
1000ºC 60 min 36.3 638 76.5 17.8
1000ºC 120 min 35.8 644 76.6 17.6
1050ºC 60 min 36.1 642 76.5 17.8
1050ºC 120 min 35.9 648 79.3 18.3
1100ºC 60 min 35.7 651 78.2 18.2
1100ºC 120 min 35.6 654 77.1 18.0

Table 3.5: Solar cell results from additional drive-in and etch back experiment

Table 3.5 displays the solar cell results achieved with the intentional etch
back experiment. One clear observation was that the current densities
that have been obtained are quite low and the observed 0.1-0.8 mA/cm2

cannot all be explained by junction depth alterations.
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Figure 3.22: Reflectance difference comparing etched back cells and non etched
back cells



3.4 contribution 69

The 1 HF : 1000 HNO3 solution etches isotropically, as a result, the
pyramids were rounded. This particularly affects the high temperature
drive-in conditions as shown by the reduction of current as a function of
drive-in temperature. After characterization, it was determined that the
reflectance of etched back cells was increased as plotted in figure 3.22.
Although the currents are low, the fill factors are promising considering
the low phosphorus surface concentration of 1.5x1019 phosphorus/cm3.
This enables further work on low surface concentration phosphorus doped
regions. The open-circuit voltages obtained follow the trend of having a
lower surface concentration yielding a lower surface recombination and
thus an increasing open circuit voltage.

3.4.3 POCl3 Process Parameters

Target Rsheet Temp Dep (min) Drive-in (min) Rsheet (Ω/�)

60 Ω/� 850ºC 10 17 60.2±2.4
80 Ω/� 842ºC 10 15 80.4±3.3
90 Ω/� 841ºC 7 11 95.5±4.6

Table 3.6: POCl3 process parameters for 60, 80 and 90Ω/�phosphorus diffusions

An alternate method to achieve a desirable diffusion profile is to al-
ter POCl3 process parameters. A 60, 80 and 90 Ω/� POCl3 diffusion
has been developed using parameters described in table 3.6. The diffu-
sion temperature, deposition and drive-in times were varied in order to
achieve the target sheet resistances, gas flows were kept constant. The
target sheet resistances were obtained for both 60 and 80 Ω/� diffusions,
however a slightly higher 96 Ω/� sheet resistance was obtained for the
90 Ω/� condition.

The secondary ion mass spectroscopy measurements made after PSG
removal are displayed in figure 3.23. Similar surface concentrations of
~7x1020 phosphorus/cm3 were achieved for the three diffusion conditions.
The depth of the high surface concentration region varied to a lesser de-
gree than the tail region. This effect has been explained by the difference
in diffusivities with such high surface concentration as shown earlier in
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figure 3.8. The diffusivity of the tail region is clearly higher than in the
high concentration region which results in a junction depth increase from
220 nm to 320 nm while the surface concentration remains similar.

Figure 3.24 plots the recombination current densities as measured by
means of QSSPC (described in section 4.1.3), as a function of sheet re-
sistance. The relationship is shown to be linear in the investigated range
between 60 and 95 Ω/�. There is a large difference due to hydrogen being
released from the PECVD SiNy:H after a short “firing” step at 885ºC as
shown in literature [151, 152, 153].

Target Rsheet 60 Ω/� 80 Ω/� 90 Ω/�

J0n+ [fA/cm2] 169.4±6.0 144.0±8.8 98.7±10.4
Jsc [mA/cm2] 37.4 ± 0.2 37.8 ± 0.3 38.3 ± 0.4

Voc [mV] 633 ± 1.6 635 ± 2.0 638 ± 3.0
FF [%] 75.1 ± 1.0 70.0 ± 7.1 68.4 ± 8.2
Eta [%] 17.8 ± 0.3 16.8 ± 1.7 16.7 ± 2.1

Table 3.7: J0n+ and solar cell results of 60, 80 and 90 Ω/� emitters

The obtained fill factors in table 3.7 for each of the target sheet resistance
are disappointingly low. The open circuit voltages and current densities
increase as the sheet resistance increases. The low fill factors obtained
were found to be caused by the aggressive Ag screen printing paste used
at that moment (however, experiments in chapter 4 benefit from im-
proved Ag pastes and contact formation showing improved fill factors).
The short circuit current gain was further investigated by internal quan-
tum efficiency measurements.

The IQE response below 500 nm, in figure 3.25, is shown to improve with
increasing sheet resistance which is an explanation for the increase in Jsc
for the higher sheet resistance emitters. A 0.4 mA/cm2 gain in Jsc can be
calculated from the difference in the IQE data obtained for the solar cells
with 60 and 80 Ω/� emitters. Another 0.4 mA/cm2 gain in Jsc can be
calculated from difference in the IQE data obtained from the 80 and 90
Ω/�. The calculated gains correspond well with the measured Jsc gains.
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Figure 3.25: Internal quantum efficiency of 60, 80 and 90 Ω/�

3.4.4 Diffusion Uniformity Improvements

The unsatisfying results of the previous section make the selective emit-
ter scheme seem much more desirable. A selective emitter can minimize
recombination for both, passivated and metal contacted regions while
lowering contact resistance and thus enabling emitters with higher lat-
eral resistance. These advantages are compromised by drawbacks such
as an increased number of processing steps and a higher degree of accu-
racy needed at metallization. In contrast, in a homogeneous emitter, one
phosphorus diffusion must serve all purposes. In a homogeneous emitter
there should be balance between surface passivation, lateral resistance
and contact resistance. The resistance of a silicon solar cell largely de-
pends on the metallization scheme and technology used to transport col-
lected carriers externally. As understood from the previous experiment,
emitter improvements can only be realized by a combination with Ag
screen printing optimization. Thankfully, there have been many advance-
ments in commercially available Ag pastes and screen print technology.
The ability of printing an increased number of narrower, more conduc-
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tive lines lowers the consumption of Ag and allows for a decrease in line
resistance.

There are two parameters that result in an increase in sheet resistance,
each posing its own challenges:

1. Junction depth reduction: Making the phosphorus profile shallower
increases the sheet resistance, which decreases recombination as
shown in the previous experiment (figures 3.23 and 3.24). A chal-
lenge when utilizing shallow junctions resides in Ag crystallites po-
tentially penetrating the junction. This can cause a localized leak-
age path and increase recombination losses.

2. Phosphorus surface concentration reduction: A reduction of the
phosphorous surface concentration can significantly reduce the sur-
face recombination velocity as shown in literature [143, 144, 145,
146, 147]. The challenge when reducing the phosphorus surface con-
centration is the inherent increase in contact resistance, especially
when considering Ag screen printed cells.

This sensitivity to junction damage and increase in contact resistance
makes diffusion uniformity a higher priority regarding a homogeneous
emitter with high sheet resistance.

Emitter Deposition Ramp Drive-In

60 Ω/� 10 min @ 850°C - 17 min @ 850°C
80 Ω/� 15 min @ 780°C 10 min to 815°C 22 min @ 815°C

Table 3.8: Diffusion conditions for 60 and 80 Ω/� emitters

In order to improve diffusion uniformity a two-step POCl3 diffusion pro-
cess was investigated as shown in table 3.8. The phosphorus glass depo-
sition and drive-in temperature was set to 850° C in one case, resulting
in a 60 Ω/� emitter. At 850°C, phosphorus diffusion initiates during
the formation of the PSG layer. In contrast an 80 Ω/� emitter had the
glass deposition performed at a reduced temperature of 780°C at identi-
cal phosphorus carrier, oxygen and nitrogen gas partial pressures. The
temperature in the furnace was then ramped up to a drive-in temper-
ature of 815°C. This two temperature diffusion allows for a substantial
amount of dopant to accumulate on the surface before being driven in.



74 advanced electron collector formation

20
30
40
50
60
70
80
90

100
110

10

Y
(m

m
)

X(mm)
10 20 30 40 50 60 70 80 90 100 110

<= 75.5
<= 76.5
<= 77.5
<= 78.5
<= 79.5
> 79.5

20
30
40
50
60
70
80
90

100
110

10

Y
(m

m
)

X(mm)
10 20 30 40 50 60 70 80 90 100 110

  

<= 54.5
<= 55.5
<= 56.5
<= 57.5
<= 58.5
> 58.5

Rsheet(Ω/□) Rsheet(Ω/□)

Figure 3.26: Contour plots of two diffusion conditions of 60 (left, pre-dep/drive-
in = 10/17 min @ 850°C) and 80 Ω/� (right, pre-dep 15 min @
780°C/ drive-in 22 min 815°C)

The two contour plots in figure 3.26 demonstrate a significant improve-
ment in Rsheet uniformity in the 80 Ω/� emitter. The standard deviation
of the 80 Ω/� emitter is 2% where as the standard deviation of the 60
Ω/� emitter is 4%. The 60 Ω/� emitter has a typical radial signature,
note that sheet resistance is highest in the middle and becomes lower
towards the edges of the wafer, showing the edges receive more doping
than the center. The 80 Ω/� emitter is more uniform and has a random
distribution of sheet resistance. By depositing PSG before ramping to
diffusion temperatures, the approach ensures that the full surface of the
wafer has a sufficient coverage of PSG before diffusing phosphorus into
the silicon which results in a more uniform distribution of sheet resistance
within wafer and wafer to wafer.
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Figure 3.27: J0n+ for 60 and 80 Ω/� emitters before and after firing



3.4 contribution 75

Figure 3.27 illustrates the recombination current densities comparing the
60 and 80 Ω/� emitters. There is a well known [153, 151, 152] passiva-
tion effect from hydrogen that is released from SiNy:H at “firing” tem-
peratures. The 80 Ω/� emitter only slightly out performs the 60 Ω/�
emitter which indicates that there is still a large amount of recombina-
tion activity in the 80 Ω/� emitter. In order to study this effect further,
SIMS and SRP analysis were performed.
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Figure 3.28: SIMS and SRP for 60 and 80 Ω/� emitters

The SIMS and SRP profiles are plotted in figure 3.28 for both 60 and 80
Ω/� emitters. A larger dead layer and lower electrically active phospho-
rus concentration is evident in the 80 Ω/� emitter. The amount of elec-
trically active phosphorus is related to the lower drive-in temperature.
The drive-in temperature was intentionally kept lower due to ramping
stability and timing concerns. In order to maintain cycle time, ramping
to the final drive-in temperature in the shortest amount of time is desir-
able. Although, there is a tradeoff due to the deviations of temperature
along the furnace. Deviations in temperature at the front, center and
rear of the furnace (consequence of fast temperature ramping) may have
an impact on diffusion and resulting sheet resistances. To achieve equiv-
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alent cycle times between the two investigated diffusion profiles, a lower
drive-in temperature of 815°C was performed.

Condition 60 Ω/� 80 Ω/�

Sheet Resistance 56.8 Ω/� ± 2.3 77.5 Ω/� ± 1.6
Jsc [mA/cm2] 37.9 ± 0.1 38.3 ± 0.1

Voc [mV] 641 ± 1.5 638 ± 0.6
FF [%] 77.8 ± 0.7 77.7 ± 0.5
Eta [%] 18.9 ± 0.2 19.0 ± 0.1

Table 3.9: Solar cell Results comparing 60 and 80 Ω/� emitters

Solar cell results comparing the uniform 80 Ω/� emitter to a non uniform
60 Ω/� emitter are shown in table 3.9. The only significant difference
between the two groups is the Jsc obtained due to the shallower junction
of the 80 Ω/� diffusion. Although the sheet resistance is higher in the
80 Ω/� emitter, the fill factor is not altered. This indicates that the
contact layout (finger width and number) is not optimized for either
emitter. There is a slight reduction in standard deviation in fill factor for
the uniform 80 Ω/� emitter, but since cell efficiency in this case is not
determined by contact resistance, the advantage of a uniform diffusion
is not pronounced. The gain in uniformity for the 80 Ω/� emitter is
overcompensated by the higher phosphorus surface concentration. The
diffused emitters in the proceeding chapters of this thesis are based on
slight alterations (in pre-dep or drive-in time) of the 60 Ω/� emitter
developed in this experiment, which have a 4% standard deviation in
sheet resistance. However, there are other methods in which a uniform
phosphorus diffusion can be achieved, such as implantation as will be
discussed in the following section.

3.4.5 Novel Implantation Process

Implantation has been shown by many [137, 139, 140, 154, 155, 156, 157,
158, 159, 160, 161, 162, 163, 164] to be able to achieve highly efficient solar
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cells on small as well as large area p-type silicon solar cells. The inherent
advantages of implantation is one sided doping, the ability to easily form
selective emitters, the absence of glass formation and an improvement
in uniformity. As discussed earlier in the chapter, there are industrial
tools available for this application. Although, implantation is not the
emitter formation technique with a significant market share, it may be
a viable contender for reducing the complexity in cell structures of the
future. The principle difference between conventional diffusion and the
proposed novel implantation process is to replace the time consuming,
double sided, high temperature diffusion step with a few second, one
sided, low temperature implantation step and a subsequent annealing
performed in a firing furnace.

Process flow difference

Conventional diffusion process flows include a diffusion process step which
takes up to 1 hour to complete with a temperature close to 850°C. Cen-
trotherm’s E1150 data sheet [165], shows that the diffusion furnace con-
sumes 80 kW of power to operate at 1000°C. Considering the tempera-
tures of POCl3 diffusion is closer to 850°C, a 20 kW consumption will be
assumed along with a 45 min process time, an ideal throughput of 4,500
wafers amounting to over 2.6 Whr for each wafer processed. In compar-
ison, an implantation tool operating at 10 keV, dose of 2 x 1015/cm2,
beam current of 60 mA the energy consumption would be 0.2 Whr per
156 mm wafer. Considering an electricity price of 20 ¢/kWhr, the dif-
ference per wafer is minimal, but when fabricating products to produce
electricity, it is desirable to reduce the consumption of it. In any case, in
conventional implantation process flows, wafers are annealed in a high
temperature furnace. In this thesis, the high temperature furnace is re-
placed by an RTA process that can be performed in a tool that all Si-PV
manufacturers own, a contact firing furnace. The difference between a
conventional diffusion i-PERC process flow and the technique developed
is depicted in figure 3.29. The developed technique aims to save energy,
chemicals and is more robust in terms of cleanliness of equipment.



78 advanced electron collector formation

Texturing/polishing
+clean

Diffusion

Rear SiOx/SiNy:H

SiNy:H ARC

Metallization

Co-firing

Texturing/polishing
+clean

Rear SiOx/SiNy:H

Rear laser ablation

Front implant

Rear metallization

Firing

SiNy:H ARC

PSG removal

Rear emitter removal

Clean RTA anneal

Rear laser ablation

Front metallization

800°C<T<900°C
t~45min

20°C<T<90°C

T~20°C

0°C<T<30°C

T~20°C

200°C<T<450°C

200°C<T<450°C

T~20°C

T~20°C

650°C<T<950°C

800°C<T<900°C

20°C<T<90°C

T~20°C
t~1min

200°C<T<450°C

T=950°C
t~90sec

T~20°C

200°C<T<450°C

T=850°C

T~20°C

Conventional diffusion i-PERC “Diffusion-free” i-PERC

Figure 3.29: Process flow comparison for conventionally diffused PERC cells
(left) and diffusion-free PERC cells (right)

The “diffusion-free” process flow depicted in figure 3.29 differs from con-
ventional diffusion by the deposition of the rear passivation stack before
emitter activation. This detail allows for the removal of one cleaning step.
The rear-side interface is well defined by the deposited passivation lay-
ers and then wafers can undergo implantation. A subsequent hydrogen
rich SiNy:H layer is deposited on the front-side. Wafers are completely
covered by the passivation layers and can thus enter a potentially con-
taminating firing furnace for rapid thermal activation without risk of
contamination. This anneal is done to introduce electrically activate the
implanted phosphorus into the silicon. On the rear, the dielectric stack
is locally opened by laser ablation, aluminum is then deposited. Firing is
perfomed to create local aluminum back surface fields and then the wafer
is metalized on the front-side using a Ti/Cu plating technique in order
be able to contact a wide variety of phosphorus surface concentrations
(Ag paste at the time proved to puncture deeper junctions, especially in
combination with the high temperature used).
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Figure 3.30: Temperature-time profile comparison for conventionally diffused i-
PERC cells (left) and “diffusion-free” i-PERC cells (right)

Figure 3.30 shows the temperature profile of a conventional 60 Ω/�
POCl3 diffusion as well as the annealing/firing profile used for implanted
wafers. The time scale is the most evident difference. The duration of
the conventional diffusion is approximately one hour, while implanted
wafers are annealed in only 90 seconds. The two profiles also differ in
peak temperature: 950°C for implanted solar cells compared to 850°C
for diffused solar cells. However, implantation is known to cause damage
[166, 167, 168, 169], so one relevant concern is whether the 90 second
profile shown in figure 3.30 allows for sufficient defect annealing.

Mechanism hypothesis

The main innovation of this process is in the combination of passivation
and the implant activation/annealing. As a result of the wafer being
passivated on both, the front and rear-side, annealing may be done in
a metal contaminated firing furnace. In the annealing step, there are
three processes that take place simultaneously. First, hydrogen is released
from the hydrogen rich SiNy:H layer. Second, the amorphous silicon layer
re-crystallizes and implant damage is reduced. Finally, dopants become
electrically active by taking a substitutional position in the silicon lattice.
There is an abundance of hydrogen available in the local environment
where the crystallization of the amorphous Si and electrical activation
occurs. Atomic hydrogen is known to passivate dangling bonds and other
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defects in silicon [152, 151, 153]. The sequence of the front-side emitter
formation is illustrated in figure 3.31.

-Phosphorus Ion Implantation
Amorphize Front Surface

-PECVD Silicon Nitride Deposition
SiH4 + NH3 → SiNy:H

-RTA/Firing
H2 Release → Defect Passivation

Recrystallization + Dopant Activation
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Figure 3.31: Hypothesis of mechanism: implantation amorphizing front surface,
hydrogen rich SiNy:H deposition, enhanced passivation during fir-
ing
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Doses 9.0x1014/cm2 − 2.0x1015/cm2

Implant Energies 10 keV - 80 keV
Annealing Conditions -RTA (firing furnace) 950°C 90 sec

Table 3.10: Implant and anneal conditions

Various implant energies were screened as displayed in figure 3.10, to
investigate whether the defects and damage created can be reduced by
using lower implant energy. The RTA post implant anneal was chosen
as potentially an industrially relevant technique, as the others are more
complex and need a longer time.
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Figure 3.32: Transmission electron microscopy comparing a diffused (60 Ω/�)
fired sample (left) with an implanted (2x1015 phosphorus/cm2 @
10 keV) sample before (middle) and after firing (right)

Figures 3.32 compares the cross sectional transmission electron microscopy
(TEM) images of a POCl3 diffused wafer to an implanted wafer before
and after firing. The diffused samples appear to have induced PECVD
SiNy:H stress/damage that incurs in the first few nanometers of the sil-
icon. The exact origin of this stress layer must be further investigated.
The second image displays an implanted (10 keV 2x1015 phosphorus/cm2)



82 advanced electron collector formation

wafer. It can be seen that the first 20 nm of silicon is amorphized by the
implantation and there is evidence of end of range damage (EOR). EOR
damage is damage that has been caused at the interface between a-Si
and crystalline structure by the incomplete amorphization of the silicon
lattice. It is where the energy of the implanted ions are not high enough
to displace the silicon from the lattice, but yet it is high enough to create
structural damage as discussed in section 3.2.3. The third image is of the
implanted wafer after the 950°C rapid thermal anneal. The amorphous
layer has been fully re-crystallized and appears similar to the diffused
wafers.
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Figure 3.33: Simulated depth profiles of as-implanted phosphorus with a dose
of 1.2x1015/cm2, varying energy from 5 to 80 keV

Figure 3.33 plots simulated depth profiles for an implanted dose of 1.2x1015

phosphorus/cm3, varying energies from 5 to 80 keV. The simulation indi-
cates that higher implant energies shift the peak phosphorus concentra-
tion deeper into the silicon, resulting in a “retrograde” profile. The higher
energy implantations implant phosphorus too deep as the retrograde may
not recover in the proposed short rapid thermal anneal.
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Figure 3.34: SIMS profiles of hydrogen and phosphorus comparing diffused and
implanted samples (dose of 1.2x1015 phosphorus/cm2 at 10keV im-
plantation energy)before and after firing

Figure 3.34 illustrates depth profiles of hydrogen as well as phosphorus
at different processing stages of a diffused and implanted emitter. Wafers
were deposited with PECVD SiNy:H and annealed in a firing furnace at
950°C for 90 seconds. The data suggests that in diffused samples less
hydrogen is contained in the silicon surface compared to implanted sam-
ples. The SIMS shows that after SiNy:H deposition there is box profile of
hydrogen in the implanted samples. The amorphous Si is thought to act
as a hydrogen trap, during annealing the a-Si is re-crystallized. The data
shows hydrogen remains in the first 20 nm after annealing and activation,
suggesting it may passivate the surface as well as remaining defects.
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Electrical results
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Figure 3.35: Sheet resistance vs. input (assuming planar surface) dose at 10 keV
comparing a polished and textured wafer

Figure 3.35 plots sheet resistance as a function of dose for implanted
phosphorus comparing textured and polished silicon surfaces. After im-
plantation, the wafers have been annealed at 950°C for 90 seconds as
described in figure 3.30. The dose depicted on the x-axis is the dose of
phosphorus atoms considering a planar surface. The sheet resistance de-
pends on surface morphology, since the actual dose is dependent on the
incident surface morphology. It is shown that the surface texture results
in a factor of 1.7 higher sheet resistance as indicated by the dotted line.
As described in section 3.2.3, dose is a measure of implanted dopants per
unit area. A typical pyramid textured surface has an increase in surface
area by a factor of

√
3 (~1.73) calculated with a pyramid angle of 54.74°

(the angle between <100> and <111> crystal orientations). The appar-
ent difference in sheet resistance between textured and polished wafers
displayed in figure 3.35 is in agreement with the surface area increase.
Thus the actual dose that is implanted into the silicon is a factor of 1.7
less than what is input into the implantation tool. The actual dose (the
amount of dopants/area) is what is reported in this thesis.
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Figure 3.36 displays the emitter recombination current densities obtained
using various phosphorus implant doses at an implant energy of 10 keV.
The passivation scheme used for this measurement was a double side im-
planted or diffused sample passivated on both sides with SiNy:H. The
trend demonstrates that decreasing sheet resistance decreases emitter re-
combination current density. This is contrary to the trend of what one
may expect from conventional diffusion [143, 145, 147]. Damage that
is created by the low dose implantation is not able to be sufficiently
annealed using the proposed rapid thermal annealing procedure. In liter-
ature, [133], it has been shown that increasing dose increases the depth
of the amorphous silicon region. This amorphous silicon region is able to
recrystallize at temperatures between 500-600°C. Implanted doses below
the critical dose of 1015 phosphorus/cm2 leads to a significant increase
in recombination. Annealing of damage sustained by the crystal lattice
may require higher thermal energy (author?) [159]. This may explain
the cause of higher emitter recombination currents incurred by lower
implant doses.



86 advanced electron collector formation

10

20

30

40

50

60

70

80

90

100

110

Y
(m

m
)

X(mm)

20

30

40

50

60

70

80

90

100

110

10

Y
(m

m
)

X(mm)
10 20 30 40 50 60 70 80 90 100 110

<128
<129
<130
<131
<132
<133
<134
<135
<136
<138

10 20 30 40 50 60 70 80 90 100 110

  

Rsheet(Ω/□)
<117
<118
<119
<120
<121
<122
<123
<124
<125
<126

Rsheet(Ω/□)

Figure 3.37: Contour plots comparing a 120 Ω/� POCl3 diffusion (left) vs a
phosphorus implanted and annealed sample (right)

The difference in the uniformity comparing a POCl3 diffusion and a phos-
phorus implanted sample is demonstrated in figure 3.37, where the differ-
ence between each successive color is 1 Ω/�. The average sheet resistance
obtained for POCl3 diffused samples was 123 Ω/� with a standard de-
viation of 5.4 Ω/�. In comparison, the average sheet resistance of the
implanted sample was 133.6 Ω/� with a standard deviation of 2.0 Ω/�.
There are methods to improve the uniformity of the phosphorus furnace
diffusion as explained in section 3.4.4, but as described in that section
there are also disadvantages to using the “improved uniformity” recipes
that have been developed. The “improved uniformity” that has been
achieved on a targeted 80 Ω/� diffusion was a 2% standard deviation,
where the uniformity in the implanted wafers has improved with a stan-
dard deviation of 1.5% (on 133.6Ω/� ). The improved uniformity is due
the inherent advantage of the implantation process. In POCl3 diffusion,
uniformity is a function of gas flow distribution and turbulence in the fur-
nace. In implantation, the uniformity of the implantation is determined
by the beam-scanning uniformity in combination with the annealing pro-
cedure.

Implanted phosphorus cell results

The silicon wafers used to process solar cells with an implanted emitter
were Cz p-type, 160 µm thick, 12.5 x 12.5 cm semi-square with a base re-
sistivity of 1 ohm·cm. The process flow for related to cell experimentation
is described in figure 3.29.
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Figure 3.38: Cell efficiency vs. implant energy for diffusion free p-type Cz 148.3
cm2 Si solar cells

Figure 3.38 demonstrates the efficiencies obtained using implant energies
between 10-80 keV. It is shown that decreasing implant energy leads to
a higher efficiency using the conditions applied in this thesis.

Implant Energy (keV) 10 20 40 80

Jsc [mA/cm2] 38.3 ± 0.4 37.4 ± 0.3 35.2 ± 0.4 32.6 ± 0.4
Voc [mV] 639 ± 1.4 593 ± 1.9 586 ± 2.4 583 ± 1.4
FF [%] 76.6 ± 0.7 74.7 ± 1.0 75.5 ± 1.9 77.6 ± 1.9

Table 3.11: Average solar cell results for “diffusion-free” implanted silicon solar
cells

Table 3.11 displays the cell results obtained for the novel process flow.
It is evident that a higher Voc can be obtained using lower implanta-
tion energies with the particular annealing procedure used. Implantation
damage is a culprit according to simulated implant profiles displayed in
figure 3.33, a retrograde phosphorus profile may also cause an increase in
recombination. Higher implant energies implant phosphorus deeper into
the silicon causing the peak concentration of phosphorus to be below
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the silicon surface. The current densities also decrease as a function of
implant energy, which may also be explained by a retrograde profile.

It is shown that a process sequence combining ion implantation, silicon
nitride passivation and rapid thermal annealing performed in a metal fir-
ing furnace can be used for an efficient solar cell process. It is also shown
that ion implantation causes damage in first 50 nm of silicon. However,
upon annealing, this damage can be significantly reduced which is demon-
strated both, visually in transmission electron microscopy images as well
as electrically in the obtained emitter recombination currents. The pres-
ence of hydrogen has also been displayed in secondary ion mass spec-
trometry (SIMS) measurements. It has been shown that upon a thermal
treatment, PECVD silicon nitride layer releases hydrogen that is believed
to contribute in passivation. There are several advantages of the proposed
process flow over conventional diffusion: the technique described can re-
duce cycle time, consumables (water, acids, silicon), energy consumption
and can relax contamination constraints in manufacturing. Advantages
over other implantation techniques [160, 154, 170] are: hydrogenation is
incorporated in the first tens of nanometers of the implanted phosphorus
doped region and the replacement of a tube furnace anneal with a metal
firing furnace.

If implantation is to replace conventional diffusion, it must be advanta-
geous in both performance and cost effectiveness. It has been shown that
efficient large area silicon solar cells can be produced using implantation.
Proof of concept devices of 18.8% efficiency have been fabricated using
this process. It is believed that in order for implantation to penetrate the
solar industry successfully, innovative processes such as the one presented
in this chapter need to be implemented.

3.5 conclusion

In the loss analysis given in figure 1.13 of the introduction, it is shown
that recombination is the largest portion of absolute efficiency loss on
the front-side of a silicon solar cell. The recombination is largely due to
the highly doped phosphorus layer used for junction formation, thus a
reduction of total phosphorus concentration is desirable. However, there
is a trade-off between recombination improvement and the inherent in-
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creased resistance losses attributed not only to lateral, but also to contact
resistance.

Post diffusion processes that alter the phosphorus profile may enhance or
degrade performance, and require additional sheet resistance monitoring.
Two processes that lead to non-intentional front emitter etch-back have
been investigated. The first of which is a post diffusion cleaning sequence
where 8nm of silicon surface is shown to be etched. The resulting sheet
resistance increase on a 60 Ω/� emitter is shown to be 8-13 Ω/�. The
second process in which the front emitter is non-intentionally etched
back is during the rear emitter removal process. This is due to NOx/HF
vapors that are formed during the rear emitter removal. During this
process, the emitter on the front-side is shown to be etched back by
approximately 8nm. Solar cell results of rear emitter removed process
shows an improvement (∆ = 0.1%) compared to a diffusion mask process.
This is mainly due to the increase in sheet resistance (∆ = 8 Ω/�).
Processes that etch the front emitter back non intentionally need to be
considered as they can alter cell performance.

A novel i-PERC fabrication method using ion implantation has been de-
veloped and investigated. Phosphorus is implanted into the silicon crys-
tal lattice, which is partially amorphized due to the damage sustained by
ion bombardment. Wafers are subsequently passivated with a PECVD
SiNy:H ARC and annealed in a firing furnace. During firing procedure
(950°C for 90 seconds) three processes occur: First, hydrogen is released
from the SiNy:H layer which can passivate defects. Second, the a-Si is re-
crystallized by means of solid phase epitaxy. Lastly, phosphorus dopants
take a substitutional position in the silicon lattice, thus becoming elec-
trically active. It has been shown that the dose needs to be carefully
selected. If the dose selected is below the dose needed to amorphize sil-
icon, the underlying damage may not be able to be recovered during a
short high temperature anneal. For this reason, contrary to diffused emit-
ters, a lower J0n+ has been obtained with a 78 Ω/� emitter compared to
a 220 Ω/� emitter. Ti/Cu contacts were used for the novel technique as
a proof of concept. The developed implantation technique has not been
investigated extensively with Ag screenprinting due to absence of ade-
quate Ag paste (at 950°C the Ag pastes at that time punctured shallow
phosphorus junctions). There are several advantages of the proposed pro-
cess flow over conventional diffusion: the technique described can reduce
cycle time, consumables (water, acids, silicon), energy consumption and
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relax contamination constraints in manufacturing. If this method can be
shown with existing Ag screenprinting technology it may be a contender
for high efficiency solar cells.

Alterations in the POCl3 diffusion process have been performed in an at-
tempt to reduce emitter recombination losses. A higher Jsc and Voc have
been achieved for higher sheet resistance n-type doped regions, however
the fill factors obtained counteract gains, thus solar cell efficiencies were
not improved. Sheet resistance uniformity was thought to play a major
role and an attempt at improving diffusion uniformity was made. This
was done by means of using a lower temperature (780°C) at which no
considerable diffusion takes places and allows for PSG formation. In a
second stage, the temperature was increased (815°C) to allow for phos-
phorus to diffuse into the silicon. The process results in a decrease in the
standard deviation of sheet resistance from 4% relative to 2% relative.
However, SIMS measurements show a large amount of inactive phospho-
rus in the improved emitter which caused higher recombination losses.
Although, the single temperature POCl3 diffusion is less uniform, it per-
forms better and is more industrially feasible. If the Ag screenprinted
paste is able to contact a wider range of sheet resistance, there is less of
a need to fabricate a uniform sheet resistance emitter. Thus, in chapter 4,
the focus is on passivation and contact formation that may enable both
enhanced passivation and contact formation on higher sheet resistance
emitters.



4
ADVANCED PASS IVAT ION + CONTACT
FORMATION

4.1 theory

4.1.1 Recombination Basics

In a silicon solar cell, when light with an energy greater than the band-
gap of silicon (1.12 eV or ~1100 nm) is absorbed, an electron-hole pair can
be created. This differs from the equilibrium state of silicon where equa-
tion 4.1 subsides (where n and p are the equilibrium electron and hole
concentrations respectively and n i is the intrinsic carrier concentration).

np = n 2
i (4.1)

In the non-equilibrium case of silicon under illumination (with λ<1100
nm), an equal number of electrons (∆n ) and holes (∆ p ) are generated.
In order to restore equilibrium, generation is opposed by recombination.
Recombination is a general term for mechanisms that act to recombine
the electron with the hole, in essence annihilating the pair. Recombi-
nation does not occur immediately, thus for a given amount of time,
generated carriers do exist. This is essential for solar cells, since the op-
eration of such devices relies on the collection of generated carriers. The
generated carriers (∆n = ∆ p) exist for a given time τ e f f before being
annihilated by recombination rate (U) as in equation 4.2.

τ e f f e c t i v e = ∆n

U e f f e c t i v e
(4.2)

91
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The effective lifetime and the effective recombination rates are inversely
proportional. Thus for solar cell devices, which capture generated carriers,
a higher lifetime or a lower recombination rate is desirable. Unfortunately,
there are three recombination mechanisms that act simultaneously to
annihilate generated electron-hole pairs:

1. Radiative Recombination

Direct or radiative recombination is the exact opposite effect of creating
an electron-hole pair through light absorption. It is when light is emit-
ted due to an electron’s reduction in energy from the conduction to the
valence band as depicted in figure 4.1. This process occurs no matter
how perfect the lattice is, as it is due to perturbations of empty energy
levels which abide by the laws of quantum electro-dynamics. In order for
radiative recombination to occur, it is necessary for the carrier to pos-
sess enough energy to overcome the difference in direction/momentum.
Therefore, radiative recombination is inherently improbable for indirect-
bandgap semiconductors (e.g. silicon).

Ec

Ev

Ei
photon

Figure 4.1: Radiative recombination example [109]

τRadiative∆n�Ndop
= 1

BNDop
(4.3)

τRadiative∆n�Ndop
= 1

B∆n (4.4)

For low injection cases, the radiative recombination is constant and pro-
portional to background doping (NDop) and the radiative recombination
constant (B) as in equation 4.3. At high injection it is proportional to
the injection level (∆n) as in equation 4.4.
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2. Auger Recombination

The Auger recombination can be described as a three particle interaction;
first energy and momentum is transferred by the recombination of an
electron-hole pair. The energy is transferred to either an electron or hole,
which finally relaxes through phonon release, from the high energy state
as illustrated in figure 4.2. This type of recombination is dominant in
highly doped materials [109]

Ec

Ev

Ei

phonons

phonons

Figure 4.2: Auger recombination example [109]

τAuger∆n�Ndop
= 1

CpN2
A

(4.5)

τAuger∆n�Ndop
= 1

(Cp + Cn)∆n2 (4.6)

At low injection levels, Auger recombination is also constant as in equa-
tion 4.5, where Cp is the Auger coefficient in p-type material and NA
is the doping density. At high injection levels, the recombination varies
with the square of the carrier density and relates to both the Auger co-
efficient Cn in the n-type material as well as Cp in the p-type material.
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Auger recombination is the dominant recombination mechanism at high
injection levels, such as in highly doped regions.

3. Shockley Read Hall Recombination

The Shockley Read Hall recombination is recombination that occurs due
to imperfections in the silicon. There are a plethora of imperfections that
can cause this type of recombination, such as impurities, dislocations,
dangling bonds just to name a few. As illustrated in figure 4.3, this type
of recombination occurs through a two-step process where an electron
(or hole) is trapped by a defect whose energy state lies between the
conduction and valence band. A hole (or electron) then recombines with
it at the defect site and energy is released in the form of kinetic or
thermal energy. The effective lifetime from this type of recombination
can be calculated by equation 4.7.

Ec

Ev

Ei

Figure 4.3: Shockley Read Hall recombination example [109]

τSRH = τno (p0 + p1 + ∆n) + τpo (p0 + p1 + ∆n)
n0 + p0 + ∆n (4.7)

Where τn0 and τp0 are the electron and hole lifetimes shown in equations
4.8 and 4.9 which are inversely proportional to the defect’s capture cross
section σn/p, thermal velocity vth, and the density of defects Nt.

τno = 1
σnvthNt

(4.8)

τpo = 1
σpvthNt

(4.9)
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n1 and p1 denote electron and hole concentrations as in equations 4.10
and 4.11 where NC/V are the density of states at the conduction/valence
band. Et is the energy level of the trap and EC and EV are the conduction
and valence band energy levels.

n1 = NCe
Et−EC

kT (4.10)

p1 = NV e
EC−EG−Et

kT (4.11)

All three recombination mechanisms are prevalent in all semiconduct-
ing materials and need to be considered when carriers are generated by
any means. Recombination from each mechanism is added to obtain the
effective lifetime in equation 4.12.

Ueff = Uradiative + UAuger + USRH (4.12)

τeff =
(

1
τradiative

+ 1
τAuger

+ 1
τSRH

)−1

(4.13)

Since the minority carrier lifetime is inversely proportional to the re-
combination, the inverse of each contributing recombination mechanism
needs to be summed according to Matthiessen’s rule, to obtain the effec-
tive minority carrier lifetime as in equation 4.13.

4.1.2 The Silicon Surface

Depending on the particular silicon surface interface, recombination can
be dominated by Auger or Shockley Read Hall recombination. The sur-
face of the silicon can be represented as an abrupt discontinuation of
the silicon crystal lattice. The discontinuation has physical implications
such as a large number of partially bonded silicon atoms. These can be
represented as a large number of defects with energies between the va-
lence and conduction bands. As explained in the previous section, defects
give rise to Shockley Read Hall recombination. The silicon surface is a
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major source of recombination in solar cells, thus surface recombination
may be considered separately. The specific contribution of recombination
(U surface) occurring at the surface due to defects with energy level Et can
be calculated using equation 4.14 where ns and ps denote electron and
hole concentrations at the surface. The individual surface recombination
velocity parameters for electrons and holes Sn0 and Sp0, are a product
of capture cross-section of the defect σ, the thermal velocity vth and the
density of surface states Nst as in equations 4.15 and 4.16 respectively.

Usurface = nsps − n2
i

ns+n1
Sp0

+ ps+p1
Sn0

(4.14)

Sn0 = σnvthNst (4.15)

Sp0 = σpvthNst (4.16)

n1 and p1 represent the effective density of states at the band edges which
are determined by equations 4.15 and 4.18.

n1 = nie
Et−Ei

kT (4.17)

p1 = pi
Ei−Et

kT (4.18)

Usurface = vth
(
nsps − n2

i

) Ec∫
Ev

Dit(E)
ns+n1
σp(E) + ps+p1

σn(E)
dE (4.19)

But equations 4.15 through 4.18 only describe the recombination due to
a specific defect with a corresponding energy level of Et. In reality, there
are a wide variety of defects that contribute to surface recombination
with various energy levels and densities. In order to obtain the absolute
amount of recombination, an integration over various energy levels from
valence band to conduction band must be performed as in equation 4.19,
where Dit corresponds to the density of states at the silicon surface and
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where σn and σp correspond to the electron and hole capture cross section,
all of which are energy level dependent.

4.1.3 Measuring J0n+ by QSSPC

Reference cell

Coil

Flash-lamp

IR filter

RF Bridge
Storage/

Oscilloscope

Dielectric n+ emitterSi test wafer

Figure 4.4: Schematic of inductively coupled quasi-steady-state photo conduc-
tance measurement setup [109]

As demonstrated in figure 4.4, in a quasi-steady-state photo-conductance
(QSSPC) measurement a pulse of light from a conventional xenon strobe
lamp generates excess carriers in the silicon test wafer. An infrared filter is
used to filter the white light emitted by the flash lamp. The excess-carrier
concentration has a nearly uniform distribution throughout the wafer. As
the flash lamp emits a strobe of light, the photo-conductivity of the test
wafer is measured by a magnetic coil under transient quasi-steady-state
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conditions. Meanwhile, a calibrated monitor cell measures the generation
rate from the strobe of light. From the photo-conductance measurement,
the excess carrier density ∆n versus time is derived. From the monitor
cell the generation rate (G) versus time is derived. Using a generalized
quasi-steady-state analysis an effective lifetime can be calculated as in
equation 4.20.

τeffective = ∆n(t)
G(t)− d∆n(t)

dt

(4.20)

The analytical treatment of silicon surfaces is further complexed by adding
heavy doping where effects such as bandgap narrowing, free carrier ab-
sorption, inactive dopants, retrograde profiles complicate the surface re-
combination estimation shown in equation 4.19. As explained in the pre-
vious section, Auger recombination may be the dominant recombination
mechanism in highly doped silicon due to the increased carrier concen-
trations. Thus, under high injection an emitter lifetime can be simplified
as in equation 4.21 [109, 145].

J0n+ = qWn2
i

2[τemitter∆n�Ndop
∆n] (4.21)

The recombination current density coefficient J0n+, can be used as a fig-
ure of merit for front-side recombination in silicon solar cells as shown in
equation 4.21 where W is the width of the base region. As recombination
is caused equally on the front and rear-side of the test wafer depicted in
figure 4.4, the recombination rate that is extracted from equation 4.21
is divided by two. In this thesis, J0n+ has been calculated according to
equation 4.21 where the lifetime measured at an injection level of 1016

carriers/cm3 in order to achieve a high injection level, unless otherwise
specified.

4.1.4 Contact Resistance

A key parameter in any solar cell device is the resistance between the
metal and semiconductor. There are many ways to improve cell perfor-
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mance by means of altering the phosphorus profile as explained in chap-
ter 3. However, a possible consequence of reducing recombination can be
an increase in contact resistance as will be further investigated in this
section.

Metal/Semiconductor contacts can be divided into two types:

1. Schottky diode- In this type of contact, the underlying silicon is
typically lowly doped (Nd ≤ 1017 at/cm3). The difference between
the metal work function eΦm, and the semiconductor’s electron
affinity eχs, leads to a barrier eΦB which hinders current transport
over a distance WD, depleted of carriers as shown in figure 4.5. The
current/voltage characteristics of these types of contacts are highly
non-linear. The current transport mechanism, between the metal
and semiconductor, has been established to be thermionic emission
in these types of contacts.

Evacuum

WD

EF

eΦm eΦB
eVD

eχs
EC

EV

Metal Semiconductor

Figure 4.5: Schottky barrier [171]

2. Ohmic contact- This is a particular case of a Schottky diode where
the potential barrier allows for carriers to tunnel through it and
the current/voltage characteristics are truly linear. In highly doped
silicon (Nd ≥ 1019 at/cm3) this is typically the dominant contact
scheme. The current transport has been established to be due to
thermionic emission via tunneling of carriers through a thin barrier
as shown in figure 4.6.
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Evacuum
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eΦm eΦB eVD eχs EC

EV

Metal Semiconductor

Figure 4.6: Ohmic contact [171]

4.1.5 Transfer Length Method

The transfer length method, first proposed by Shockley [172], is used in
this thesis to accurately determine the contact resistivity of fabricated
silicon solar cells. After cell fabrication, samples were laser diced with
width W as shown in figure 4.7. Finger width L, and the distance between
fingers d, were both measured. The resistance was measured between each
contact combination for a series of 8 contacts and can be plotted against
distance as shown in figure 4.8, where a linear extrapolation can be done.

Figure 4.7: Schematic of samples used for TLM measurements
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Figure 4.8: Resistance versus distance example of a TLM measurement

The slope of the linear function corresponds to the resistance incurred
through the contacted material divided by the width of the contact as
described in equation 4.22.

Slope = Rsheet
W

(4.22)

The resistance value at the y-intercept corresponds to the resistance
caused by the two contacts used. Combining this with the slope shown in
equation 4.22 an equation for the line shown in figure 4.8 can be derived
as in equation 4.23.

R = Rsheet
W

d+ 2Rc (4.23)

The length value indicated at the x-axis intercept is the length within
which current transfers from the metal to semiconductor and can be used
to determine the specific contact resistivity as in equation 4.24.

ρc = L2
T ×Rsheet (4.24)
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In order to improve the accuracy of obtaining the specific contact resis-
tance ρc, in this thesis 1x3 cm stripes of silicon were laser diced from
finished solar cell devices. The Ag fingers were contacted with 16 probes,
where the current was measured while the voltage was swept from -10 to
10 V for each finger distance combination. The resistance value was cal-
culated for each distance combination, resulting in numerous resistance
values for each distance. The transfer length LT was only obtained if
resistance values obtained for each distance were in agreement, and the
r2 of the resulting line was above 0.99 which is shown to be accurate to
10−4 Ω · cm2.

4.2 state of the art in industry

4.2.1 PECVD Silicon Nitride

MW-supply
Quartz tube

Antenna
Plasma

Cooling air Cooling airChamberSubstrate holder
SubstratesAssisting

magnetic field

Figure 4.9: Schematic view of PECVD deposition

SiH4+NH3→SixNyHz+H2 (4.25)

Historically, PECVD silicon nitride was initially used in MIS cells, where
the positive charges in the layer were used to develop an inversion layer
in the underlying p-type silicon. A cell efficiency of 15.1% was achieved
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Figure 4.10: Roth and Rau SiNA PECVD deposition tool

Process Gases SiH4 and NH3 Precursor
Deposition Temperature 400°C
Microwave Power 3500 Wpeak

Process Pressure
Process -15% pulse phase shift @ ton=8ms /toff 8ms

-600 sccm gas flow per plasma source
-140 cm/min carrier speed @ 4 Plasma Sources

Film Thickness Non-Uniformity <3%
Refractive Index Non-Uniformity <1.5%

Table 4.1: Roth and Rau SiNA data sheet

using this technique in 1981 [173]. Currently, PECVD silicon nitride is
the most widely used dielectric in the solar industry for many reasons.
The first of which is the range of index of refraction that can be obtained,
typically from 1.8-2.5 [153] which can add flexibility to the design of the
anti-reflective coating. Another reason silicon nitride is widely used in
the industry is due to its abundance of atomic hydrogen. It has shown
[151, 152, 174], upon a short firing step, atomic hydrogen is released and
can passivate surface and bulk defects. Moreover, large SiNy:H depositing
tools have been developed with high through-puts and acceptable cost of
ownerships.

Figure 4.9 shows a schematic of a PECVD deposition tool and figure 4.10
shows the industrial manifestation of such a schematic.
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Figures 4.10 shows the Roth and Rau SiNA deposition tool that allows
a throughput of over 4000 wafers/hour. Table 4.1 displays the process
description, mainly that this tool uses silane and ammonia in order to
produce silicon nitride at 400°C at reduced pressure. One key issue in
manufacturing is silane, it is a dangerous pyrophoric gas that would be
safer if replaced.
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Figure 4.11: J0n+evolution from ITRPV

Figure 4.11 illustrates the prediction from the international road-map for
photovoltaics (ITRPV) for the evolution of the recombination current
density. It is shown that industry will target to improve efficiency over
time by decreasing the average recombination current density. In 2013,
the industry target emitter recombination current density is 200 fA/cm2.

4.2.2 Contacting Using Screen-Printed Silver

Industrially available Ag screen printing pastes typically contain: Ag pow-
der, glass frit (usually borosilicate glass with high lead content [175]) and
organic binder, solvent and certain additives to ensure proper printing
properties [82]. In the PV industry, there is no agreement of the exact
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mechanics of Ag screen printing [77]. Generally, it is understood that
upon heating, the glass frit melts and wets the surface. The glass frit dis-
solves Ag according to the Pb-Ag phase diagram and etches the SiNy:H
anti-reflection coating. When the liquid glass reaches the Si emitter, Si
is also dissolved in the lead-silver melt (author?) [82, 176, 81]. Upon
cooling, Si re-grows epitaxially followed by the growth of Ag crystallites
at the Si surface. The glass layer then solidifies and Pb and Ag precipi-
tates are formed in the glass layer [177]. Although Ag screen printing is
the work horse of the industry, the current transport mechanism is still
highly controversial.

1. Direct 
Connection

Ag bulk Glass layer 2.Tunneling Through
Ultra-thin glass

n+ emitter

Si Si

Ag Crystallites

Pb
precipitates

3. Carrier 
Tunneling 
Glass Layer

n+ emitter Ag Crystallites

Figure 4.12: Three possible current transport mechanisms in Ag screenprinted
contacts direct connection/ tunneling through very thin glass (left)
or tunneling between metal precipitates (right) [178]

There are three possible paths of current transport as shown in figure
4.12:

1. Direct silicon contact, between the printed silver and silver crystal-
lites. This would allow for direct current transport from the silicon
[81, 178, 111, 112, 80].

2. Tunneling through very thin glass layers between portions of the
bulk Ag and the silver crystallites [179, 180]

3. Electrons tunnel from one silver colloid to another and eventually
tunnel into the bulk silver layer [80]

This dispute in current transport mechanisms is complexed by the dif-
ferences in the industrially available pastes. There are pastes that have
claimed not to make any direct connection and are full of Ag colloids
such as DuPont [80], and other pastes that claim improvement of con-
tact resistance via the abundance of Ag crystallite formation.
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Figure 4.13: Ag consumption evolution from ITRPV
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Figure 4.14: Printed finger width evolution from ITRPV

A particular evolution of screen printing technology of interest is to de-
crease the amount of silver printed per cell. Silver is a costly material that



4.3 contribution (oxidation enhanced i -perc) 107

contributes to a large portion (roughly 20% [181]) of solar cell’s material
costs, thus a reduction of silver usage is desirable. The ITRPV has made
predictions regarding front metallization and the silver consumption as
illustrated in figure 4.13. In 2015 it is predicted that the silicon photo-
voltaic industry will switch from a silver screen-printing based cell design
to a copper front metallization scheme. This would drastically decrease
costs while potentially improve efficiency as copper is more conductive
than silver. Reliability is a concern since copper is a mid gap defect in
silicon and solar cell devices are to be operated in the field for decades.

Another development of screen printing technology is the decrease in
the printed finger width. Metal shading can account for 1.8% absolute
efficiency loss as shown in figure 1.12 in the introduction. Reduction of
the printed finger width can both improve performance (by minimizing
shadowing) and also reduce cost as less silver per wafer could be printed.
Figure 4.14 plots the evolution of the finger width as predicted by the
ITRPV.

4.3 contribution (oxidation enhanced i -perc)

4.3.1 Initial J0n+ and Lifetime Investigation

An easily implementable approach to increase cell efficiency without in-
curring too much cost is to introduce thermal oxidation [182, 183, 184,
147, 146]. Thermal oxide is well known to the microelectronics industry
as one of the best dielectrics to passivate silicon surfaces. The goal of this
section is to improve i-PERC cell efficiency by adding a thin thermal ox-
idation step. However, there are several considerations that are outlined
below

• Front-Side Considerations:

– Due to the 1.46 index of refraction of SiO2, using it below the
1.9-2.2 index of refraction SiNy :H and above 3.9 index of re-
fraction silicon will cause light to be reflected. Thus, the thick-
ness of the oxide should be kept thin enough to be translucent
to wavelengths below 400 nm. If the oxide thickness is too
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thick, photons may be reflected causing a reduction in current
density.

– Any high temperature treatment (>700°C) will alter the phos-
phorus diffusion. In order to minimize this effect the oxidation
temperature should stay below 900°C. The remaining phos-
phorus surface concentration is high enough to be contactable
by Ag screen printing pastes.

– The resulting thermal budget must allow only a minimal change
in sheet resistance. If sheet resistance is altered in this step
the process will put more constraints on monitoring of sheet
resistance.

• Rear-Side Considerations:

– Thickness must be thick enough to resist wafer handling scratches
that can be made between oxidation and PECVD deposition
steps

– The furnace in which the oxidation is performed, must be very
clean since this side is exposed silicon with no heavy doping
to shield possible metal contaminants

The resolution to the above constraints is to set the oxidation temper-
ature to 800°C in a POCl3 furnace. This allows for low temperature
processing that is needed for the front-side as well as ensures the clean-
liness of the furnace as a result of the POCl3. One potential issue could
be doping due to the deposition of phosphorus on the furnace walls, this
concern was mitigated by means of a bare p-type wafers being oxidized
in the tube resulting in no change in resistivity or type.

SiNy:H SiO2
150µm p-type Cz Si

~1.5 ohm·cm n+

Figure 4.15: Front-Side lifetime investigation structure wafers are textured, dif-
fused and passivated symmetrically
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Figure 4.16: Emitter recombination current density vs. oxidation time for a 65
Ω/� emitter

Before exploring the benefits of thermal oxide on silicon solar cells, life-
time and emitter recombination current density structures were used to
investigate the potential enhancements on i-PERC cells. The front-side
of an i-PERC cell was mimicked by the structure depicted in figure 4.15.
Cz wafers were intentionally used in order to obtain results that may
be as applicable to cells as possible (the oxidation process may alter Cz
bulk lifetime as well). Both sides of the wafer are textured, diffused and
passivated. Passivation is provided by PECVD SiNy:H in combination
with an dry oxide grown at 800°C for 0-60 minutes.

Figure 4.16 shows that the emitter recombination current density de-
creases as a function of oxidation time and also shows a drastic difference
in passivation before and after the firing step. To further understand why
the emitter is better passivated with increasing oxidation, SIMS and SRP
was measured on each of the samples as in figure 4.17.

Figure 4.17 shows each SIMS and SRP for 0-60 min of oxidation. SIMS
measures the total amount of phosphorus per unit depth into the sili-
con whereas the SRP measures the amount of electrically active phos-
phorus per unit depth into the silicon. Electrically inactive phosphorus



110 advanced passivation + contact formation

0 200
Depth (nm)

SIMS SRP
No Oxidation 10 Min Ox 30 Min Ox 60 Min Ox

Ns~6x1020

Ns~4x1020
Ns~3x1020

Ns~2.5x1020

56.8 Ω/□
60.8 Ω/□ 61.4 Ω/□ 61.4 Ω/□

Ph
os

ph
or

us
 (

at
om

s/
cm

3 )

1017

1018

1019

1020

1021

100 3000 200100 300 0 200100 300 0 200100 300 0 200100 300 400

Figure 4.17: SIMS and SRP for each oxidation condition on a a 65 Ω/� emitter

contributes to significant recombination and thus a decrease of the con-
centration of electrically inactive phosphorus is preferred [146, 143, 147].
Phosphorus surface concentration decreases as a function of oxidation (Si
is consumed by oxide); dopants are driven in deeper and become electri-
cally active which yields comparable sheet resistances. The best case is
60 min oxidation where the surface concentration is reduced to the elec-
trically active phosphorus (~2.5x1020/cm3). The emitter recombination
current density is significantly reduced to 176 fA/cm2 before annealing
and 158 fA/cm2 after; this indicates that this emitter can be used in a
“fire-free” process such as a copper plating process [185]. The sheet resis-
tance initially increases with a 10 min oxidation and then stays relatively
constant. The inactive phosphorus is significantly reduced after 60 min
oxidation and the resulting profile is almost completely active. This can
explain why in figure 4.16 the emitter recombination current density is
lowest with a 60 min oxidation time.

SiOx
150µm p-type Cz Si

~1.5 ohm.cm SiO2SiNy:H

Figure 4.18: Rear-Side lifetime investigation structure wafers are chemically pol-
ished and passivated symmetrically
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Lifetime(µs) @ 1015 carriers/cm3

No Ox ~310 µs 10 min Ox ~460 µs 

30 min Ox ~525 µs 60 min Ox ~580 µs

150 200 300 400 500 600 700

Figure 4.19: Lifetime measured of symmetrical structures with PECVD SiOx/
PECVD SiNy :H stack with 0, 10, 30 and 60 min oxidation

The rear-side of a PERC cell was mimicked by the structure depicted
in figure 4.18. The wafer is first chemically polished then cleaned and
passivated with or without an 800°C dry oxidation for 10-60 minutes
combined with a deposited PECVD SiOx/SiNy:H stack.

Figure 4.19 shows the minority carrier lifetime results of structures de-
picted in figure 4.18. The data suggests that increasing oxidation time
increases lifetime by a factor of two when comparing no oxidation to a
60 minute oxidation. Another observation is that there are significantly
less visible scratches as the wafer is further oxidized, which is most likely
due to the oxide thickness increase. The scratches visible in this mea-
surement are likely to originate from wafer handling during the PECVD
deposition step. This may decrease the effective lifetime of the rear-side,
but scratches are much more of a concern for the front-side. Scratches
could potentially damage the emitter region causing local high recombi-
native areas or even worse, local shunts [186, 187, 188, 189, 190, 191].

4.3.2 Varying Oxidation Time

In order to mitigate optical losses as much as possible, oxide thickness
must be measured in order to adapt nitride deposition thickness/time.
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Figure 4.20: Oxide thickness versus oxidation time for 10, 30 and 60 min oxida-
tions comparing diffused and non diffused wafers

Figure 4.20 shows oxide thicknesses that were measured on mirror pol-
ished wafers of the <100> orientation using a single wavelength ellip-
someter. This is a good representative for the rear-side of the solar cell
but differs from the <111> random pyramid textured front-side of real so-
lar cell devices. According to the data in figure 4.20, the PECVD SiNy:H
anti-reflective coating was adapted for oxidation time to achieve simi-
lar anti-reflective properties. This was done by depositing less nitride
on the 60 min vs. the 10 min oxidized wafer (the wavelength at which
the reflectance was minimum for each of the conditions was ~630 nm).
Transmission electron microscopy (TEM) images of solar cell devices
confirmed that the 60 min oxidation resulted in a thickness of close to
13 nm on textured <111> facets. Generally, thermal oxidation growth
rates on <111> surfaces are higher than on <100> oriented surfaces
[192, 193, 194, 195, 196] due to the relative values of the areal density
of Si-Si bonds or due to the differences in intrinsic oxide stress induced
[197]. However, the thermal oxidation rate on highly phosphorus doped
surfaces is significantly higher than on weakly doped test structure wafers
[198, 199, 200, 201]. Based on TEM oxide evaluation and the adapted
PECVD SiNy:H deposition times, we suggest that both trends shown in
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Figure 4.21: Reflectance curves of 65 Ω/� cells with 0, 10, 30 and 60 min ther-
mal oxidation and adapted SiNy:H (minimum reflectance @ 620
nm for all conditions)

figure 4.20 represent the oxide thicknesses that can be expected on final
devices.

Figure 4.21 displays reflectance curves of cells fabricated with different
oxidation times. This measurement was done using an aperture size of
3.75 mm x 3.75 mm, which included two Ag fingers on finished cells. The
data shows that increasing oxidation time increases reflection (specifically
in the sub 500 nm wavelengths), this is expected due to the low refractive
index of silicon oxide compared to SiNy:H.

The process flow used to fabricate i-PERC cells is shown in figure 4.22.
After surface decoupling, wafers are cleaned and diffused, the parasitic
junction is removed from the rear and wafers are cleaned once more.
Wafers are then split into four groups, one group does not receive any
oxidation or thermal treatment where as the other groups receive a 10,
30 or 60 min oxidation at 800°C.
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Texturing/Rear-Side Polishing

Clean

65 ohm/sq Diffusion

No Ox

PSG + Rear Emitter Removal + Clean

SiNy:H ARC(Front) + PECVD SiOx/SiNy:H(Rear)

Laser Ablation 

2 µm PVD Al + DuPont PV-17A

Co-Fire

800°C 10min Ox 800°C 30min Ox 800°C 60min Ox

Figure 4.22: Process flow for p-type i-PERC solar cells including thermal oxida-
tion times of 0, 10, 30 and 60 min
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Figure 4.23: Jsc vs. oxidation time on i-PERC cells with a 65 Ω/� emitter

Figure 4.23 illustrates the evolution of Jsc with oxidation time. It de-
creases as a function of oxidation time which can be expected due to
higher reflectance in the sub 500 nm range shown in figure 4.21. There is
a 0.3 mA/cm2 decrease of current when comparing an 8 nm oxide versus
a 21 nm oxide, this difference in current is not only due to the difference
in optics but also as shown in figure 4.17, the difference is due to the
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difference in the resulting emitter profiles. In order to decouple the effect
the oxide itself has on the current density another experiment where the
oxide is etched off is devised later in this chapter in subsection 4.3.6.
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Figure 4.24: Voc vs. oxidation time on i-PERC cells with a 65 Ω/� emitter

Figure 4.24 displays the increase of Voc with oxidation time. As expected
from the emitter recombination current density results in figure 4.16, the
60 min oxidation is shown to have the highest Voc. The gain can be
attributed to a decrease in both phosphorus surface concentration as
well as a decrease in the amount of inactive phosphorus, but can also be
due to the enhancement of the passivation of the rear-side. In order to
find the value of enhancement that each front and rear-side oxide attains,
an experiment where the oxide is etched from the front or from the rear
must be done as is done later in this chapter.

The most surprising result from this experiment was that the fill fac-
tor as shown in figure 4.25 increases significantly with oxidation growth.
Considering that the surface concentration of the phosphorus is greatly
reduced and the emitter sheet resistance is 5% higher in the 60 min oxide
case, this trend is a surprise. Further experimentation has been done in
order to understand if the fill factor enhancement is coming from the
front-side or from the rear-side and to determine if it is coming from
emitter profile modification or from the oxide’s passivation properties.



116 advanced passivation + contact formation

77

78

79

80
Fi

ll 
Fa

ct
or

 (
%

)

77.8

79.1

79.6

79.9

0 Min Ox 10 Min Ox 30 Min Ox 60 Min Ox

Figure 4.25: Fill factor vs. oxidation time

18.8

19

19.2

19.4

19.6

Ef
fic

ie
nc

y 
(%

)

18.9

19.0

19.3
19.4

0 Min Ox 10 Min Ox 30 Min Ox 60 Min Ox

Figure 4.26: Efficiency vs. oxidation time on i-PERC cells with a 65 Ω/� emit-
ter

Increasing oxidation time improves cell results as show in figure 4.26. The
major contributor to this trend is from the fill factor trend in spite of
the opposite trend in current density. Further oxidation experimentation
has been done in order to understand the key questions that have risen
from this particular experiment.
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4.3.3 Pre-Oxidation POCl3 Re-Optimization

Diffusion 1 2 3 4 5 6 7

Deposition
-Time
-Temp
-N2(sccm)
-O2(sccm)
-POCl3(sccm)

-10 min
-850°C
-500 N2
-240 O2
-240 POCl3

-10 min
-850°C
-500 N2
-240 O2
-240 POCl3

-10 min
-850°C
-500 N2
-240 O2
-240 POCl3

-10min
-850°C
-500 N2
-240 O2
-240 POCl3

-23 min
-780°C
-500 N2
-500 O2
-240 POCl3

-23 min
-780°C
-500 N2
-500 O2
-240 POCl3

-23 min
-780°C
-500 N2
-500 O2
-240 POCl3

Ramp
-Time
-Temp
-N2(sccm)

NONE NONE NONE NONE
-10 min
-835°C
-1000 N2

-10 min
-830°C
-1000 N2

-12 min
-840°C
-1000 N2

Drive in
-Time
-Temp
-N2(sccm)

-17 min
-850°C
-1000 N2

-14 min
-850°C
-1000 N2

-12 min
-850°C
-1000 N2

-10 min
-850°C
-1000 N2

-36 min
-835°C
-1000 N2

-36 min
-830°C
-1000 N2

-24 min
-840°C
-1000 N2

Table 4.2: Variation of POCl3 diffusion parameters (gas flows shown in sccm)
reduction of drive-in (1-4) and attempting to reduce surface concen-
tration on the “improved uniformity” emitter (5-7)

In section 3.4.3 and 3.4.4, attempts were made to improve the phosphorus
diffusion profiles before the introduction of thermal oxide. Although a low
temperature oxidation, 800°C, was specifically chosen to limit changes in
the diffusion profile, it has nevertheless been shown in figure 4.17 to have
significantly altered the profiles. In order to further improve cell efficiency,
another attempt at altering POCl3 parameters was performed in view of
thermal oxidation. In section 3.4.4, it was shown that a uniform diffusion
was achieved using a two stage diffusion, where the pre-deposition was
done at a lower temperature than the drive-in. In that experiment cell
results were shown to not be optimum due to the presence of a dead layer.
Drive-in times and temperatures were varied in an attempt to reduce the
inactive phosphorus. This two temperature diffusion was again compared
to a one temperature diffusion with various deposition and drive-in times.
The complete diffusion matrix is shown in table 4.2.

Figure 4.27 shows the sheet resistance of each of the diffusions at three
different stages:
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Figure 4.27: Sheet resistance of each diffusion profile after each process step: as
diffused, emitter removal and oxidation (60min @ 800°C)

a. As Diff [as diffused]: The sheet resistance is measured after the
diffusion process indicated in table 4.2, with the phosphosilicate
glass still deposited on the wafer.

b. ER [emitter removal]: After phosphosilicate glass removal, the rear
parasitic emitter was removed, as described in section 3.4.1. The
rear emitter removal process produces HF/HNO3 vapors that etch
the phosphorus diffused front-side. Depending on the phosphorus
diffusion profile, this can increase the sheet resistance 8-14 Ω/�.

c. Ox [oxidation]: After oxidation for 60 min @ 800°C the sheet re-
sistance can increase, decrease or is maintained, which depends on
the pre-diffused phosphorus profiles amount of inactive dopants.

It is shown in figure 4.27 that all diffusions increase in sheet resistance
after the rear diffusion is removed. The diffusions performed at a single
temperature remain at the same sheet resistance after oxidation indi-
cating that the amount of inactive dopant activation counteracts the
consumption of silicon by the oxide. However, the sheet resistance of the
two stage diffusions all increase after oxidation indicating a low amount
of inactive phosphorus.
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Figure 4.29: SIMS measured after oxidation comparing different two stage phos-
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A simple method of increasing sheet resistance is to decrease the drive-
in time explained in section 3.2.2. Figure 4.28 shows the various SIMS
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profiles after oxidation, where the phosphorus diffusion drive-in condition
was varied from 12-17 minutes. It is shown that the profiles have not been
altered much, the surface concentration is reduced barely by a factor of
2 and the junction depth vary by 25 nm.

As shown in figure 4.29, the surface concentration for 830°C drive-in
condition seems to have a retrograde profile; a profile that has a peak
concentration in the silicon rather than at the surface. For the other two
profiles the retrograde is less prevalent, but have a slight retrograde as
well. This would cause an electric field in a direction that would facilitate
holes to accelerate into the surface causing increased recombination.
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Figure 4.30: Jsc(left) and Voc(right) vs. sheet resistance for various POCl3 dif-
fusions

The evolution of current density and open circuit voltage as a function of
sheet resistance is shown in figure 4.30. It is worth mentioning that the
cells were all printed using the same screen and the same firing conditions.
It is interesting to note that regardless of the phosphorus profile, the
current density relationship follows roughly the same trend. However,
the two stage diffusion that has been driven in at 830°C seems to deviate
from the other diffusions. Due to the retrograde profile shown in figure
4.29, the Voc should be ~5 mV higher for those particular cells, although
the current density is not affected.
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Figure 4.31: Fill factor(left) and efficiency (right) vs. sheet resistance for various
POCl3 diffusions

As lateral resistance increases, fill factor is decreased as a shown in figure
4.31. In order to optimize the fill factor for each sheet resistance another
screen must be used considering the lateral distance and increased loss
in reflection. Higher sheet resistance phosphorus diffusions may also ben-
efit from optimizing the firing temperature. Figure 4.31 also shows the
final cell results showing that the gain made in current and open circuit
voltage is lost by the decrease in fill factor and thus the efficiency isn’t sig-
nificantly improved. In order to improve the efficiency further, the screen
must be optimized to take full advantage of the higher sheet resistance
phosphorus diffusions. Throughout the continuing work the screen has
been progressively optimized. However, in order to have a true compar-
ison, the reference process “65” Ω/� process was set to the 10/17 min
condition and the “80” Ω/� has been set to the 10/10 min. The sheet
resistance is shown to be a crucial parameter that dictates the cell per-
formance, and thus it needs to be monitored at many stages of the cell
process. It is key to couple the thermal oxidation step with a phosphorus
diffusion that will benefit from it.
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4.3.4 Impact of Oxidation Temperature
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Figure 4.32: Oxide thickness versus oxidation temperature

After 60 min of oxidation, the oxide thickness was measured for each of
the temperatures as shown in figure 4.32. A native oxide of 3.5 nm was
measured for both the 65 and 80 Ω/� diffusions. The diffusions used in
this experiment are detailed in section 3.4.3 as 10 + 17 min and 10 + 10
min @ 850°C for the 65 and 80 Ω/� respectively.

The final target sheet resistances were 65 and 80 Ω/�, but due to unin-
tentional etch back of the emitter as explained in section 3.4.1, the sheet
resistance obtained pre-oxidation differed as shown in figure 4.33. The
initial sheet resistance for the 65 Ω/� diffusion after emitter removal
was 60 Ω/� which is then reduced to 56.7 Ω/� after an 800°C oxidation.
The sheet resistance progressively decreases with an increase in oxidation
temperature, indicating the presence and activation of the “dead” layer.
In the 80 Ω/� diffusion, the pre-oxidation sheet resistance was 84.3 Ω/�
which then increases by 10 Ω/� after an 800°C oxidation. Contrary to
the 65 diffusion, increasing the oxidation temperature does not decrease
the sheet resistance, it is maintained, which indicates that most of the
dopants are active.
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Figure 4.33: Sheet resistance vs. process condition and oxidation temperature
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Figure 4.34 displays the SIMS measurements for each of the oxidation
conditions. After an 800°C oxidation, the phosphorus surface concentra-
tion is reduced from 1021 to 3x1020 phosphorus/cm3 and the junction
depth increases by over 100 nm in 65 Ω/� diffused cells. Increasing the
oxidation temperature by 30°C increases the junction depth another 100
nm, this redistribution of dopants causes a decrease in sheet resistance
in 65 Ω/� cells. After oxidation, the 80 Ω/� cells also show a significant
decrease in surface concentration from 6x1020 to 1.5x1020 and an increase
in junction depth by 100 nm. Increasing the oxidation temperature does
not alter the profile as significantly as in the 65 Ω/� condition.

The current density shown in figure 4.35 shows that the current density
for both diffusions used in the experiment as a function of oxidation tem-
perature. For the 65 Ω/� diffusion, the highest current is obtained using
no oxidation, indicating that the increased reflection caused by the oxide
is significant and the improved passivation does not compensate for the
reflection loss. In the 80 Ω/� diffusion, on average there is little differ-
ence between the oxidation temperatures which indicates that the optical
losses due to the oxide are compensated with the enhanced passivation.
However, the sheet resistances are not equivalent, the no oxide 65 Ω/�
is in fact at least 10 Ω/� higher than any of the other conditions and in
the 80 Ω/� the sheet resistance of the no oxide is 7 Ω/� lower than any
other condition.
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Ω/� target sheet resistances

The open circuit voltages shown in figure 4.36 illustrates a different story,
there is no statistical difference in Voc for the 65 Ω/� diffusion in spite
the sheet resistance difference. This implies a significant presence of in-
active phosphorus which contributes to recombination. As the oxidation
temperature increases the surface concentration is reduced and inactive
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dopants become active, yielding similar passivation. The Voc for the 80
Ω/� diffusion increases slightly as a function of oxidation temperature.

The fill factor versus oxidation temperature shown in figure 4.37, reaf-
firms that cells without a thermal oxide suffer from a significantly lower
fill factor. Again, the comparison in these cells are not one to one as the
sheet resistance has been altered by oxidation temperature. In spite the
lower sheet resistance of non oxidized 80 Ω/�, the fill factor obtained is
nevertheless lower. This reaffirms the need for thermal oxide in order to
achieve a higher fill factor, but further experimentation has been carried
out as will be discussed in this chapter.
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Figure 4.38: Efficiency versus oxidation temperature for 65 (left) and 80
(right)Ω/� target sheet resistances

The efficiencies shown in figure 4.38 are statistically equivalent for the
65 Ω/� conditions, the gains made in passivation and fill factor have
been lost in current due to the difference in sheet resistances. What is
clear is that cells that aren’t oxide passivated are 67 Ω/� which perform
statistically equivalent to oxide passivated 47 Ω/� cells. This significant
statistical difference is also shown in the 80 Ω/� cells comparing oxidized
to non oxidized cells. There may be an increase in efficiency as function of
oxidation temperature, but the slight gain may not be worth the potential
issues regarding a thicker oxide, a lower surface concentration and the
extra time needed to ramp to a higher temperature.
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4.3.5 Oxidation vs. N2 anneal
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Figure 4.39: Process flow comparing 65 and 80 Ω/� with a nitrogen or oxidation
anneal
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Figure 4.41: Secondary ion mass spectroscopy of a nitrogen and oxidation an-
neal comparing 65 and 80 Ω/� diffusions

In order to compare thermal treatment independently of the oxidation
treatment, cells were processed with the process flow described in figure
4.39. After surface decoupling, a 65 and 80 Ω/� phosphorus diffusion
(10+17 min and 10+10 min @ 850°C respectively) was performed as
detailed in section 3.4.3. This diffusion was then removed from the rear-
side, cells were then either subject to a hour long oxidation or nitrogen
anneal at 800°C.

The fill factor enhancement shown in the previous experiments may be
caused by the change in phosphorus profile due to the thermal treatment.
Figure 4.40 shows the difference in the sheet resistance distributions be-
tween cells that have been oxidized versus cells that have had that same
800°C anneal done in a nitrogen environment. There is a noticeable in-
crease in the spread in sheet resistance that may be attributed to out
diffusion, wafers that are placed at the ends are more prone to out dif-
fusion whereas wafers that are placed in the middle suffer less from out
diffusion.

The spread in the sheet resistance shown in figure 4.40 is a consequence
of the difference in the trends of the SIMS results shown in figure 4.41.
The 65 Ω/� diffusion shows that using a nitrogen anneal decreases the
surface concentration compared to an oxidation, where as in the 80 Ω/�
diffusion, the surface concentrations are similar if not lower for the oxi-
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dation condition compared to the nitrogen anneal condition. The SIMS
for the nitrogen annealed samples have been measured with a sensitivity
of only 1x1018 at/cm3 whereas the oxidized samples have been measured
with a sensitivity of 1x1016 at/cm3. Thus, the junction depth information
cannot be extracted for the nitrogen annealed samples. The profiles are
similar to each other especially regarding the 80 Ω/� diffusions, thus if
the profile is the key to improving fill factor this experiment should show
it.

The current densities in figure 4.42 follow the same explanation as the ex-
periment varying oxidation temperatures. The 65 Ω/� diffused cells have
a higher current density when cells are annealed in nitrogen due both to
the increased sheet resistance and the optical difference as compared to
the oxidation case. The 80 Ω/� diffusions have the opposite trend where
the oxide provides the necessary passivation in order to improve current,
the sheet resistances shown in figure 4.40 may also explain the differences
in current.

The difference in open circuit voltage shown in figure 4.43 is relatively
lower than the relative difference in current density, which also indicates
that the oxide may play a role optically. Oxidized 80 Ω/� cells are clearly
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better passivated then their nitrogen annealed counterpart, which may
also explain the higher current density.

 Nitrogen Oxide

65 Ω/□

 Nitrogen
50

55

60

65

70

75

80

 Nitrogen Oxide  Nitrogen Oxide Student's t
0.05

65 Ω/□ 80 Ω/□

Fi
ll 

Fa
ct

or
 (

%
)

Figure 4.44: Fill Factor comparing nitrogen annealed with oxidized 65 and 80
Ω/� cells
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Figure 4.45: Series resistance photoluminescence map of a 80 Ω/� nitrogen
annealed (left) and an oxidized (right) i-PERC solar cell

The fill factors in figure 4.44 clearly display that the nitrogen annealed
80 Ω/� cells have fill factor issues. The series resistance was confirmed
to be the major contributor using a series resistance PL/EL image as
shown in figure 4.45. There is also a significant difference in the 65 Ω/�
cells as well. This is another indication that the oxide is needed in order
to obtain high fill factors, in fact the 80 Ω/� oxidized samples have the
same fill factor as the 65 Ω/� nitrogen annealed samples, which proves
the point that oxide can improve fill factor significantly.

The efficiencies of the nitrogen annealed and oxidized samples are pre-
sented in figure 4.46. The decrease in fill factor for the 80 Ω/� nitrogen
annealed cells is clearly visible in efficiency, the increase in variation of ef-
ficiencies is also shown in both groups of nitrogen annealed samples. This
experiment was yet another confirmation that the oxide that is grown im-
proves fill factor and can enable the contacting of higher sheet resistance
diffusions. It is clear that the oxide improves the fill factor, however in
order to further investigate this effect and experiment was performed to
determine which oxide (the oxide grown on the front or rear) improves
the fill factor. In the next section the individual front and rear-side oxide
enhancement effects are quantified.
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Figure 4.46: Efficiency comparing nitrogen annealed with oxidized 65 and 80
Ω/� cells

4.3.6 Individual Front/Rear Thermal Oxide Enhancement

In order to distinguish the individual front and rear oxide enhancement
contributions, an experiment was devised following the process flow de-
scribed in figure 4.47. The goals of this experiment are the following:

• Ensure the same exact phosphorus diffusion profile and distinguish
the gain related to oxide passivation

• Compare rear thermal oxide enhancement independent of the front-
side

This experiment will allow for direct comparison between the enhance-
ment in passivation attributed to the front oxide vs, the rear oxide. Note,
the emitter diffusion profile remains the same between cells that have
been etched back from the front-side, the only difference between cells
that are “Front Oxide Etched” and cells that are “Oxide Kept” is the
oxide is etched or kept on the front-side. The “Rear Oxide Etched” cells
will be used to quantify the rear thermal oxide’s contribution to cell
performance enhancement.
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Figure 4.47: Process flow for p-type i-PERC solar cells comparing cells that have
kept both front and rear oxide or etched one of them
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Figure 4.48 displays the current density trends comparing cells that have
had the oxide removed from either front or rear. For 65 Ω/� diffused
cells, the current density increases when the front oxide is etched by
0.2 mA/cm2. There are two opposing forces to consider, the passivation
and the optical role of the underlying oxide. Although the oxide pro-
vides enhanced passivation, the gain in passivation does not overcome
the difference in optics and thus current is decreased. This differs in the
80 Ω/� diffused cells, where the current densities obtained are similar.
This indicates that the passivation of the 80 Ω/� diffusion plays a larger
role than in the 65 Ω/� case and may also indicate that the oxide may
be thinner as indeed predicted by figure 4.32. The loss in optics and
the enhancement in passivation is balanced, producing no difference in
current.
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Figure 4.49: Open circuit voltage comparing front and rear oxides etched or
kept for 65 and 80 Ω/� diffusions

The open circuit voltage difference displayed in figure 4.49 quantifies the
individual contributions to passivation enhancement by the thermal ox-
ide. The differences in the 65 Ω/� amount to only 3 mV, which indicates
the reason why the current density increases between the front oxide
etched and oxide kept cells. There is only a 2 mV decrease in Voc com-
paring cells with the oxide kept and the rear oxide etched which indicates
that the major contributor to recombination in these cells is the front-
side. In the 80 Ω/� cells, the difference between the front oxide being
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Figure 4.50: Fill Factor comparing front and rear oxides etched or kept for 65
and 80 Ω/� diffusions

etched off or kept is significant showing that passivation of the 80 Ω/�
diffusion is more crucial than in the 65 Ω/� diffused cells.

The fill factor’s presented in figure 4.50 show a definitive advantage of
the oxide on the front-side on both 65 and 80 Ω/� cells. There is at
least a 0.6% gain in fill factor for the 65 Ω/� when the oxide is kept
on the front-side. The difference becomes even more evident when com-
paring the two conditions in 80 Ω/� cells, where the absolute difference
is 2.2%. The front-side oxide is clearly enabling high fill factors for high
sheet resistances. Further investigation to determine the reasons for this
enhancement will be discussed later in this chapter.

Etching the oxide off the front-side is clearly detrimental, but it is even
more detrimental in 80 Ω/� cells compared to 65 Ω/� cells. An 0.8% and
a 0.1% absolute difference in cell efficiency can be observed respectively.
The fill factor is significantly degraded especially for the 80 Ω/� cells.
The cell efficiencies presented in figure 4.51 follow the same trend as the
fill factors shown in figure 4.50. This experiment proves that the fill factor
enhancement’s origin is the oxide itself rather than from the difference
in the emitter profile or from the rear-side. What this experiment hasn’t
proven is if there is a substance in the oxide or does the oxide provide
protection from scratching during the PECVD deposition processes. The
relative differences in current densities between etching the front-side
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Figure 4.51: Efficiency comparing front and rear oxides etched or kept for 65
and 80 Ω/� diffusions

oxide off and keeping it are insignificant for the higher sheet resistance
emitter, this is due to the canceling out of the gain from passivation and
the loss from optics. For the 65 Ω/� the passivation contribution from
the oxide is overcompensated by the loss from reflection and there is a
loss of 0.2 mA/cm2. The open circuit voltage difference in the group of
cells with a 65 Ω/� emitter is insignificant. This further explains why the
current is increased when the front oxide is etched. In the 80 Ω/� cells,
there is a clear 8 mV gain and which clearly proves superior passivation
achieved by oxide passivating the front-side.

Figure 4.52 shows the two distributions of fill factor vs. sheet resistance
that correspond to the oxide being present or not on the front-side. The
graph clearly shows that a relatively high fill factor is achieved even at
high sheet resistances when oxide is used. The decrease in fill factor is
much more rapid in the case where there is no oxide. The difference in
pseudo fill factor was measured to be only 0.3% higher for oxide pas-
sivated cells for both 65 and 80 Ω/� cells. Since the pseudo fill factor
between the oxide passivated cells and the front oxide etched cells is sim-
ilar, there are many effects that can be neglected. There must be a lower
series resistance in the oxide passivated cells.
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Figure 4.53: Fill factor vs. contact resistivity for cells with oxide and without
oxide

The major contributor to the difference in series resistance between cells
with oxide and without oxide is shown in figure 4.53. The contact resistiv-
ity is measured by means of TLM as described in section 4.1.5. Contact
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resistivity is shown to be much lower (by almost an order of magnitude)
for cells with oxide, the measurements done here are from the same cells
shown in figure 4.52. This data shows that the major contributor to the
decrease in series resistance is the significant decrease in contact resistiv-
ity which is altered with this particular thermal oxide.

4.3.7 Altering Phosphorus Content in Thermal Oxide
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Figure 4.54: Process flow comparing 10 min oxidized, 10 min re-oxidized and 60
min oxidized cells

In order to further investigate the possible reasons for fill factor enhance-
ment, an experiment was devised in order to vary the phosphorus content
in the silicon oxide without significantly affecting the phosphorus profile
in the silicon. The hypothesis is that the phosphorus in the silicon oxide
interacts with Ag paste during firing and creates a lower contact resis-
tance. In order to vary the phosphorus content in the silicon oxide a few
different direct comparison experiments were done. The first of which
was to grow the thermal oxide for 10 min @ 800°C, etch it off and regrow
another 10 min @ 800°C and compare cells that have the re-grown oxide
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to the cells with the initial oxide. The process flow is shown in figure
4.54.
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Figure 4.55 shows the differences in sheet resistance for each of the condi-
tions. The re-oxidized cells have a significant increase in sheet resistance
compared to the 10 min oxidized cells, which is most likely due to the
silicon consumption, for further information secondary ion mass spec-
troscopy measurements have been done.
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Figure 4.57: Secondary ion mass spectroscopy measurements of 80 Ω/� emit-
ters of 10 min, 10 min re-oxidized and 60 min oxidized cells

The oxide thickness was measured using ellipsometry as displayed in
figure 4.56. The 10 min re-oxidized samples have a reduction in thickness
by a factor of two compared to the initial 10 min oxidation. This can be
explained by the consumption of phosphorus by the initial oxide and
thus the oxidation enhanced diffusion effect is reduced (author?) [199,
200, 201] and the growth rate of the oxide is reduced. The silicon nitride
thickness needs to be adjusted for each of the different thermal oxide
thicknesses in order to achieve optimum anti-reflective properties, but
this has been done just as in figure 4.21. The SIMS measurements of
various oxidation conditions is illustrated in figure 4.57. The phosphorus
concentration is shown to vary in the silicon oxide.
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Figure 4.59: Fill factor and efficiency of 80 Ω/� cells with 10 min, 10 min re-
oxidized and 60 min oxidation

Figure 4.58 illustrates that the highest current was obtained by the 10
min re-oxidized cells due to the decrease in oxide thickness as well as
the higher sheet resistance. In comparison, the current density for the
60 min oxidation cells was 1.0 mA/cm2 lower due to optical losses. The
open circuit voltages obtained were the highest for the 60 min oxidation
case indicating that the passivation of this diffusion was superior to the
passivation of the other conditions.

Figure 4.59 presents the fill factor and efficiencies for 10 min oxidized
and re-oxidized cells. The re-oxidized cells have a significant reduction
in fill factor. The fill factor is the major contributor of the cell efficiency
for the re-oxidized cells as it is almost 5% absolute lower than 10 min
oxidized cells. As shown in table 4.3, the sheet resistance difference is
clearly not the cause of the difference in fill factor since the 60 min
oxidized cells have a comparable sheet resistance to the re-oxidized cells.
The re-oxidized cells clearly suffer from a high contact resistance. The
difference in the phosphorus surface concentration in the silicon is also
not a culprit as they are shown to be similar in figure 4.57. There is a
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Rsheet ρc Rseries FF Pseudo FF
CONDITION [Ω/�] [mΩ·cm2] [mΩ·cm2] [%] [%]

10 min Oxidation 73.7 2.9 641 79.6 83.7
10 min Re-Ox 80.4 25.1 1342 75.1 83.6

60 min Oxidation 82.1 2.8 567 79.9 83.5

Table 4.3: Electrical parameters obtained for 10 min, 10 min re-oxidized and 60
min oxidized cells

significant difference in oxide thickness as shown in figure 4.56, as well as
phosphorus content in the oxide. An experiment was devised in order to
eliminate the possibility that the oxide thickness difference is the major
contributor to the difference in the next section.

Texturing/Rear-Side Polishing

Clean

80 �/□ Diffusion (850°C10/10 min) 

-HF Oxide etched 75% 
-Front  SiNy:H ARC
-Rear SiOx/SiNy:H
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PSG + Rear Emitter Removal + Clean

Rear Laser Ablation 

2 µm PVD Al + DuPont PV-17a

Co-Fire

60 min Oxidation @ 800°C

-HF Etch Oxide 100%
- Re-grow 10 min Ox @ 800°C
-Front SiNy:H /Rear SiOx

“60 min Ox +HF+ 10 min ReOx”

Figure 4.60: Process flow comparing etched back and regrown silicon oxide pas-
sivated cells

In order to put concerns about oxide thickness differences to rest, the
following experiment has been devised. A group of wafers were subject
to the full 60 min oxidation time at 800°C, then etched back to 75% of
the initial oxide thickness. This allows for 3 nm of silicon oxide to remain
which include the high phosphorus content. To compare, another group
of cells have been completley etched back and then regrown a 3 nm oxide
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using a 10 min 800°C oxidation process. The detailed process flow for this
experiment is shown in figure 4.60.
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Figure 4.61: Secondary ion mass spectroscopy measurements of 80 Ω/� emitters
comparing a regrown and etched back oxide

Figure 4.61 plots the SIMS profile for varying oxidation conditions of an
80 Ω/� emitter. It is shown that a large phosphorus peak is located inside
of the ~3 nm of silicon oxide which differs between the etched back and
regrown samples. The purpose of this experiment is to vary the amount
of phosphorus in the oxide, while keeping the oxide thickness as well as
the phosphorus profiles similar.

In order to further investigate the surface and the difference in the phos-
phorus levels in the silicon oxide, lower energy SIMS measurements were
performed.Figure 4.62 displays low energy SIMS measurements obtained
at 250 eV. These measurements were done in order to increase the sen-
sitivity to the surface by increasing the number of data points between
the surface and 5 nm in depth. The data obtained shows that there is
a difference in the phosphorus in the silicon oxide between etched back
and re-oxidized wafers. The measured silicon oxide in both cases is ap-
proximately 3.5 nm, which is in agreement with the SIMS measurements
as there is no discernible oxygen signal beyond 3.5 nm, however it is arbi-
trary where exactly the silicon oxide is terminated and where the silicon
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Figure 4.62: Low energy (250 eV) SIMS measurements comparing a regrown
and etched back oxide

begins. What can be shown is that beyond the peak of phosphorus, the
oxygen content decreases.

CONDITION Rsheet ρc Rseries FF Pseudo FF
[Ω/�] [mΩ·cm2] [mΩ·cm2] [%] [%]

75% Etched Back 84.9 7.56 754 78.3 83.4
10 min Re Ox 80.2 26.8 1405 75.3 83.6

Table 4.4: Electrical parameters obtained for 10 min, 10 min re-oxidized and 60
min oxidized cells

Table 4.4 illustrates that the re-oxidized cells have a very high (26.8
mΩ·cm2) contact resistance compared to the cells which have 3 nm of
the original oxide. This large difference in contact resistance is the main
contributor to the difference in series resistance and thus fill factor. The
phosphorus level in the oxide is the primary reason for a low contact
resistance. The absolute values of phosphorus concentration cannot be
determined by high energy SIMS shown in figure 4.61, so additional low
energy SIMS measurements were done. This allows for a determination
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Figure 4.63: X-Ray photo-electron spectroscopy measurements of phosphorus
comparing etched back and regrown oxide samples (need to change
graph)

of relative amounts of phosphorus in the silicon oxide. The presence of
the phosphorus in the silicon oxide was also confirmed using XPS mea-
surements shown in figure 4.63. XPS results show a large difference in
counts/sec of phosphorus atoms which indicates the dose of phosphorus
atoms in the oxide differs significantly in the silicon oxide between the
two samples. Depth resolution using this methodology is not possible us-
ing this type of angle resolved XPS measurement, so the relative values
in the SIMS results were used to relate differences between phosphorus
content in the silicon oxide. The values were normalized to the value
obtained using 60 min oxidation at 800°C. In order to investigate the
hypothesis that contact resistance should vary with varying phosphorus
content in the oxide, more cells were re-oxidized with different times in
order to vary the level of phosphorus in the oxide. The results of this
comparison are shown in figure 4.64.

Figure 4.64 shows the contact resistance vs. sheet resistance with varying
levels of phosphorus in the oxide. The 100% level is normalized to the
amount of phosphorous found in the oxide grown for 60 min. It is shown
that decreasing the amount of phosphorus in the oxide clearly increases
contact resistance for any given sheet resistance, but especially for higher
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Figure 4.64: Contact resistivity vs. emitter sheet resistance with varying levels
of phosphorus content in oxide (considering 100% = 60 min oxida-
tion)

sheet resistances. Also, the absence of the oxide is shown to be the worst
case scenario, where contact resistance increases by roughly an order of
magnitude. In order to further prove the hypothesis, cells passivated with
phosphosilicate glass (deposited at 750°C) were fabricated for compari-
son. The current density and the open circuit voltage for PSG passivated
cells were clearly lower then any of the oxidized cells, but considering the
sheet resistance of above 90 Ω/�, high fill factors (~78.5%) were achieved
due to the low contact resistance as shown in figure 4.64.

It has been shown that thermal oxidation can improve overall PERC cell
performance by 0.6-1.0% absolute. This gain has been shown to be largely
due to the contact resistance improvement in conjunction with enhanced
passivation. It has been shown clearly in this thesis that a large peak of
phosphorus in the thermal oxide can enable contacting high resistance
emitters (>95 Ω/�) with industrially available pastes. Thermal oxide is
not the only way to incorporate phosphorus in the oxide, another way
is to passivate the front-side with PSG. It has been found that PSG is
not adequate for passivation, but from the contacting perspective, it can
be used to contact 95 Ω/� emitters with contact resistances below 3
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mΩ·cm2, which proves that it works similarly to the grown silicon oxide
layer with high phosphorus content. Advanced processes such as thin
thermal oxidation can bring average cell efficiencies at and beyond the
20% level which make them an attractive alternative to inter-digitated
back contacted cells.

4.3.8 Ag Screen Printed Contact Characterization

The phosphorus in the silicon oxide has been shown to decrease the
contact resistance in Ag screen printed cells. Commercial paste manufac-
turers are not keen on divulging the exact composition of their pastes
and thus it is difficult to determine what is the exact chemical interac-
tion between the paste and the phosphorus in the silicon oxide that is
grown. In order to characterize the differences in the contacts between
cells that have been passivated with a phosphorus rich oxide and cells
that do not have as much phosphorus in the silicon oxide, SEM and con-
ductive atomic force microscopy (C-AFM) images were taken to evaluate
visual and conductivity differences.

In order to investigate the contact behavior using C-AFM, wafers were
screen printed and fired. The Ag was etched using 70% HNO3 mixture at
90°C for one hour and the glass frit remained on the samples. The glass
frit was probed in order to detect differences in conductivity (between the
underlying silicon and the top of the glass) in the of the samples with
various phosphorus contents in the silicon oxide. Figure 4.65 displays
AFM images on the left side and C-AFM images of various oxidations on
the right side. It is shown that the re-oxidized samples do not show any
conductive regions throughout the scan (black dots). The 10 min and 60
min oxidized samples show various conductive regions where crystallites
are thought to be directly contacted to the silicon. The 60 min oxidized
C-AFM measurement has been performed using a larger scan area of 25
x 25 µm. The results suggests the number of direct silicon/Ag contacts
are very low for all of the cases. In samples that have phosphorus in the
thermal oxide, there are more of these direct contact points.
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Figure 4.65: AFM image (left) and C-AFM (right) images for various oxidations
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Figure 4.66: SEM images comparing cells with phosphorus in etched back vs
re-grown oxide after Ag removal in the SiNy:H, Bleed and Ag-line
regions
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Figure 4.67: SEM images comparing etched back cells vs re-grown oxide after
Ag removal in the bleed and Ag-line regions

For the SEM analysis, the Ag was etched using a 70% HNO3 mixture at
90°C for one hour and the glass frit was etched in 50% HF for 2 minutes.
SEM images shown in figures 4.66 show that there is a visual difference
in the “bleed” regions of the Ag line comparing the oxide and no oxide
cells. The imprints left behind from the Ag particles in the bleed region
as displayed in figure 4.67, indicate that the size of the Ag nano particles
that were in the bleed region were much smaller and thus the uniformity
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“60min Oxide + 75% Etched Back”       “60min Ox + HF + 10min ReOx”

Figure 4.68: SEM images comparing cells with phosphorus in etched back (205
crystallite counts) vs re-grown oxide (83 crystallite counts) in the
middle of the Ag-line counting crystallites

of the bleed region differs from the uniformity of the bleed region of the
re-oxidized cells.

“60min Oxide + 75% Etched Back”       “60min Ox + HF + 10min ReOx”

Figure 4.69: SEM images comparing cells with phosphorus in etched back vs re-
grown oxide after Ag removal showing a difference in crystallites

There may also be a difference in crystallite formation as shown in figures
4.68 and 4.69. The resulting crystallites are highlighted in figure 4.68. The
density of crystallites is shown to be more abundant (205 counts) in the
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cells that have the high phosphorus content in the oxide. The issue with
SEM images is that the cell is a full wafer device and the SEM images
shown are a 40 x 40 µm view of a cell that is 125x125 mm,there may be
a small difference in crystallite formation which may or may not account
for the decrease of contact resistance by a full order of magnitude.

Figure 4.70: SEM image of Ag particles on 75% etched back sample

Ag0 287 P0 29 Si0 979

Figure 4.71: Energy-dispersive X-ray spectroscopy images of Ag (left), phospho-
rus (middle) and silicon (right) on 75% etched back sample shown
in figure 4.70

The EDX images shown in figure 4.71 correspond to the SEM image
shown in figure 4.70. It is shown that the Ag peaks correspond to the
phosphorus peaks. The counts on the phosphorus EDX is clearly lower
than Ag or silicon, but there are some similarities between the Ag and
phosphorus images indicating the existence of a Ag/P alloy that is formed
during the firing process. In literature [112], it has been shown that there
can be an interaction between Ag and P to form stable forms of AgP2.
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The data that is shown in figures 4.71 and 4.70 suggest the same phe-
nomenon as a possibility why the contact resistance decreases with an
increase of phosphorus in the silicon oxide. There are other explanations
as well as shown in figures 4.66 through 4.69 showing there may be a
difference in crystallite formation. There are many difficulties in finding
the exact reason for why there may be a difference in contact resistance
for cells passivating with a varying phosphorus content due the complex-
ity of the Ag screen printing process, but it is clear that the difference is
only due to the phosphorus concentration in the oxide and its interaction
with the specific paste that we have chosen.

4.3.9 Contact Stability and Reliability

In order to investigate the stability of thermal oxide passivated i-PERC
cells, one has to make sure that no other degradation mechanisms, such
as degradation of the silicon bulk, can interfere with the measurement.
The boron-oxygen complex is a common defect that has been shown to
degrade the performance of p-type silicon solar cells, it has been shown
by many to degrade cell efficiencies by 0.3-1.0% efficiency absolute (au-
thor?) [202, 203, 204, 205]. This complex can be mitigated by a few
methodologies :

1. Stabilization: There is a procedure that entails illuminating finished
cells at an elevated temperature in order to mitigate the boron-
oxygen complex [206, 207]. This stabilization is shown to enable
higher efficiencies that have proven to remain stable for a long
period of time.

2. Low Oxygen Content Silicon: If the concentration of oxygen is kept
low, the effect of the boron-oxygen complex is shown to be nullified
[208], there is simply less oxygen for the complex and thus less or
no measurable degradation

3. Ga Doped material: Ga does not interact with the oxygen that
is readily available, it does not form the degrading complex that
boron does. However, Gallium is not an abundant material found
on earth, therefore the price of Ga doped silicon would perceivable
increase if used by all silicon cell manufacturers. Also, Ga doped sil-
icon typically needs a thermal treatment in order for the Ga to take
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Jsc Voc FF Efficiency

Ingot Position Condition [mA/cm2] [mV] [%] [%]
Near Seed As Processed 38.2 658 78.5 19.6
Near Seed 12h @ 1 sun 38.0 649 77.2 19.1
Near Seed Stabilized 38.1 653 78.8 19.6
Near Seed Stab +12h @ 1 sun 38.2 653 78.6 19.6

Center As Processed 38.5 654 79.0 19.8
Center 12h @ 1 sun 38.0 649 78.2 19.3
Center Stabilized 38.3 654 79.2 19.8
Center Stab +12h @ 1 sun 38.4 654 79.1 19.8
Near Tail As Processed 38.2 654 78.6 19.6
Near Tail 12h @ 1 sun 37.8 650 77.9 19.2
Near Tail Stabilized 38.0 653 78.8 19.5
Near Tail Stab +12h @ 1 sun 38.3 652 78.4 19.6

Table 4.5: Table of cell results to investigate stabilization [208]

a substitutional place in the silicon lattice. Another drawback of us-
ing Gallium is its relatively small segregation coefficient (k0=0.008
[209]) compared to Boron (k0=0.8[209]) leading to a much wider
variation of resistivity in manufactured ingots.

In order to investigate the stability of the oxide passivated i-PERC cells
[208], wafers from three separate ingot locations have been selected, pro-
cessed and illuminated at 1 sun for 12 hours (at room temperature),
which activates the boron oxygen complex. After the illumination, the
cells were stabilized using a similar process outlined in [206] (180°C un-
der 1 sun illumination for 2 hours). They were then subject to another
12 hours of illumination at 1 sun (at room temperature) to detect if the
efficiencies would remain at the same levels as before the degradation.
The results are shown in table 4.5. The fill factor initially degrades along
with the current and open circuit voltage, but once stabilized the cells
clearly recover and the fill factor and thus the contact is also shown to
be stabilized.

In order to investigate the reliability of the contact the International
Electrotechnical Commission (IEC) has developed a crystalline silicon
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terrestrial photovoltaic module qualification standard IEC61215. All sam-
ples were “pre-conditioned” by exposing them (open-circuited) to 5.5
kWh/m2. In order to pass the IEC61215 specification the power degrada-
tion of the samples must not degrade more than 5% after each test. The
two specific tests that were relevant for contact degradation are damp
heat and thermal cycling tests.

Damp Heat Tests:

The purpose is to determine the ability of the module to withstand long-
term exposure to penetration of humidity by applying 85 °C ± 2°C with
a relative humidity of 85% ± 5%. Samples must not degrade more than
5% in output power after 1000 hours of exposure in order to pass the
IEC61215 specification.

Thermal Cycling Tests:

The purpose is to simulate thermal stresses on materials as a result of
changes of extreme temperatures. The samples are subjected to the cy-
cling temperatures from –40 °C ± 2 °C to +85 °C ± 2 °C. Samples must
not degrade more than 5% in output power after 200 cycles in order to
pass the IEC61215 specification.

The method used to investigate reliability concerns of increased phos-
phorus content in the thermal oxide/contact, thermal oxide passivated
i-PERC cells were compared to conventional Al-BSF cells (with no ther-
mal oxide). The full Al-BSF cells were printed on the rear with rear Ag
pads in order to solder strings @ 320°C. The use of a conductive adhesive
film (Hitachi Chemical) for tabbing permitted contacting directly to the
metallic Al rear of i-PERC cells (which cannot be conventionally soldered
to). The front-side of both Al-BSF and i-PERC cells were both soldered
directly onto. Two single cell laminates and 10-cell string modules were
subjected to damp heat and thermal cycling tests described above. The
thermal cycling i-PERC module unfortunately contained a cell that was
broken, so data from that module has not been included.
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Damp heat tests
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Figure 4.72: Damp heat tests measuring current and open circuit voltage

Figure 4.72 shows the current and open circuit voltages of samples that
were subject to damp heat tests. It is shown that even after an extended
1500 hours, the current and voltage values are well above the 5% fail
level.
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Figure 4.73: Damp heat tests measuring fill factor and efficiency

Figure 4.73 shows the most relevant values concerning the reliability of
the contact, the fill factor and the efficiency. Both the fill factor and
efficiency is shown to pass the IEC61215 specification. There is no dis-
cernible difference between the degradation shown in Al-BSF cells that
are not passivated on the front-side with thermal oxide and i-PERC cells
that are passivated on the front-side with high phosphorus content silicon
oxide.
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Thermal cycling
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Figure 4.74: Change in Jsc and Voc as a function of number of thermal cycles
from -40°C to 85°C

Figure 4.74 shows the differences in current and open-circuit voltage after
thermal cycling cycling. It is shown that the level of degradation of these
values are well within the specifications for the IEC61215.
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Figure 4.75: Change in FF and efficiency as a function of number of cycles from
-40°C to 85°C

Figure 4.75 shows the dependance of fill factor and efficiency on thermal
cycle. Even after an extended 400 cycles, all samples have passed the
specifications of the IEC61215. There is no difference between thermal
oxide passivated i-PERC cells and SiNy:H passivated full Al-BSF cells.
Both cell types have passed both the thermal cycling and damp heat
test which is an indication that there is no additional degradation mech-
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anism that needs to be addressed when considering the high amount of
phosphorus in the silicon oxide.

4.4 conclusion

The introduction of thermal oxidation in the i-PERC process flow has
been investigated. It has been show to improve cell performance by 0.6-
1.0% absolute. The individual gain of the oxide grown on the front-side
and the rear-side has been assessed to show that the gain in efficiency is
largely attributed to the front-side. There is a clear improvement of open
circuit voltage as well as a notable improvement in fill factor. The Voc
improvement due to the phosphorus profile alteration has been assessed
separately from the Voc improvement from the silicon oxide layer itself.
The fill factor has been shown to reduce the contact resistance by ap-
proximately one order of magnitude and has been particularly beneficial
for contacting high sheet resistance (>85 Ω/�) emitters. The decrease in
contact resistance from the silicon oxide has been attributed to the large
peak of phosphorus in the thermal oxide. The large phosphorus content
in the silicon oxide may improve crystallite formation or may form AgPx
as detected by EDX. Another method of introducing phosphorus in the
passivation layer has been attempted by using phosphosilicate glass. Al-
though PSG is not adequate for passivation, it has been shown to be
able to enable a contact resistance below 3 mΩ·cm2 on a 95 Ω/� emitter.
One particular process that has not been implemented in this thesis is
the use of wet thermal oxidation due to tool limitations. If wet oxidation
can be used replacing the thermal oxide shown in this thesis, the costs
would be significantly reduced as shown by Biro et al [183]. In 2009, for
a throughput of 2200 wafers per hour, a 15 nm thermal oxide would cost
and additional 0.03 euro/wafer. Considering an initial efficiency of 18%,
this would amount to an increase of 0.85 ¢/W p. Considering the current
cell price of 40 ¢/W p (PVinsights 2012) and the efficiency gain shown
in this chapter (0.6-1.0% absolute), thermal oxide can be economically
viable. Such advanced processes such as thin thermal oxidation can bring
average cell efficiencies at and beyond the 20% level which make them
an attractive alternative to other high-efficiency cell concepts such as the
inter-digitated back contact cell.





5
SUMMARY AND OUTLOOK

5.1 summary

The goal of this thesis is to improve the efficiency of silicon solar cells
such that the cost/watt could be reduced to a competitive level. In this
thesis, three aspects of the front-side of crystalline silicon solar cells have
been investigated. Advanced texturing, emitter formation and passiva-
tion are detailed in chapters 2, 3 and 4 respectively. Below, each chapter
is summarized.

In chapter 2, a new technique has been developed that textures the front-
side while polishing the rear-side. The technique involves the application
of an acrylic adhesive micro-masking layer to a rough, as-cut wafer. Upon
removal, remnants of the adhesive layer adhere only to the peaks of the
as-cut wafer. The wafer is then subject to a 4 minute 12.5 wt% heated
NaOH etch, where the front-side of the wafer is textured and the rear-
side of the wafer is polished. The developed technique can lead to savings
by: decreasing cycle time (4 min vs. 20 min conventional texturing time
[67, 68, 66, 93]), saving consumables (one chemical solution vs. two) and
reducing the amount of silicon loss (15 µm vs. 25 µm from texturing both
sides and then polishing the rear). Equivalent solar cell efficiencies have
been achieved when comparing the developed technique to conventional
random pyramid textured and in-line polished wafers.

Chapter 3 focuses on a novel emitter formation process that as been de-
veloped. The process involves the combination of ion implantation, passi-
vation and annealing in a firing furnace. The developed process may en-
able ion implant technology to have a lower cycle time than conventional
diffusion as the anneal is done in a firing furnace (within 90 seconds).
Cell results show that implantation-induced damage can be annealed to
an extent to reach open circuit voltages above 640 mV. Along with emit-
ter formation, intentional and unintentional emitter alterations have also
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been investigated. Two processes that cause unintentional emitter etch
back have been investigated, the rear emitter removal process as well as
surface cleaning processes. Processes that alter the emitter profile neces-
sitate an increase in sheet resistance monitoring. To reduce recombina-
tion, the phosphorus profile was altered. While this improved current and
open circuit voltage, the use of aggressive screen printing paste shunted
shallow junctions and significantly decreased the fill factor. The need
for improved contact formation was evident for higher sheet resistance
emitters developed in chapter 3, which has been done in chapter 4.

In chapter 4, passivation and contacting of emitters developed in chapter
3 were improved with the introduction of thermal oxidation. Thermal ox-
ide has been shown to improve i-PERC solar cell efficiency by 0.6-1.0%
absolute. There are clear differences between improvements made on the
front-side and the rear-side due to thermal oxide, the individual contribu-
tions of which are detailed in chapter 4. It has been shown that the gain
in efficiency is largely attributed to the front-side. Careful selection of
the emitter must be taken into account when attempting to enhance per-
formance by oxidation. The recombination reductions is caused by the
additional phosphorus drive-in and has been assessed separately from
passivation enhancement achieved by the silicon oxide. Besides the ex-
pected improvement in open circuit voltage (passivation), the fill factor
has also shown to improve. The improvement in fill factor is due to a
significant (one order of magnitude) reduction in contact resistance in
high sheet resistance (>85 Ω/�) emitters. This has been accredited to a
large peak of phosphorus in the thermal oxide, which has been confirmed
by SIMS and XPS measurements. Contact characterization by means of
SEM, EDX, and C-AFM show that the large phosphorus content in the
silicon oxide may improve crystallite formation or may form AgPx as de-
tected by EDX. Phosphosilicate glass was used as an alternate method
to introduce phosphorus in the passivation layer. Although PSG is not
adequate for passivation, it has been shown to be able to enable a contact
resistance below 3 mΩ·cm2 on a 95 Ω/� emitter, which demonstrates the
potential of phosphorus incorporation in passivation layers. The reliabil-
ity and stability of the contacts has been assessed. Extended versions
of the IEC61215’s damp heat and thermal cycling tests have been per-
formed. Phosphorus rich silicon oxide passivated i-PERC cells are shown
to be as reliable as conventional screen printed cells.
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5.2 loss analysis

Parameter Description Value

W Wafer thickness 160 µm
L Wafer length 125 mm

ρbulk Bulk resistivity 2.0 ohm·cm
τbulk Bulk lifetime 50 µs
RSRV Rear surface recombination velocity 1500 cm/s
Rsheet Emitter sheet resistance 55 Ω/�
ρc Contact resistance 5 mΩ·cm2

J0n+ Emitter recombination current density 200 fA/cm2

J0metal Front metal recombination current density 300 fA/cm2

Nf Number of Ag fingers 56
Wf Width of Ag fingers 120 µm

Table 5.1: Parameters used in the analytical model to obtain absolute losses in
conventional full Al-BSF cell

Table 5.1 depicts the values obtained and used in an analytical model
resulting in similar values as shown by Swanson et al. in figure [45]. A
multi-crystalline silicon wafer with a minority carrier lifetime of 50 µs was
assumed. The rear surface, emitter and metal recombination values have
been obtained from experimental results and are in agreement with values
that have been obtained in literature (author?) [174, 210, 143, 211].
Optical data has been empirically obtained by fabricating full Al-BSF
cells.

Figure 5.1 illustrates individual contributors to absolute efficiency loss in
a conventional Al-BSF cell as presented by Swanson et al [45]. The total
front resistive losses sum to 0.7%, the front optical losses account for
2.2% and the recombination losses account for 5.34% absolute efficiency
loss. The losses shown in figure 5.1 have also been modeled analytically.
The purpose of the model is to analyze the major loss mechanisms for
the conventional Al-BSF cell as well as for the i-PERC cell structure
as they are fabricated. Empirical data (measured throughout solar cell
processing) has been collected and entered into the model.
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with thermal oxide
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Parameter Description Value

W Wafer thickness 160 µm
L Wafer length 125 mm

ρbulk Bulk resistivity 1.5 ohm·cm
τbulk Bulk lifetime 500 µs

RSRVpass Rear passivation surface recombination velocity 100 cm/s
RSRVcontact Rear contact surface recombination velocity 1500 cm/s

dpitch Distance between rear contacts 600 µm
dradius Radius of ablated rear contact 25 µm
Rsheet Emitter sheet resistance 85 Ω/�
ρc Contact resistance 4 mΩ·cm2

J0n+ Emitter recombination current density 128 fA/cm2

toxide Thickness of front oxide layer 13 nm
J0metal Front metal recombination current density 366 fA/cm2

Nf Number of Ag fingers 68
Wf Width of Ag fingers 70 µm

Table 5.2: Parameters used in model to obtain absolute losses in i-PERC cell

Figure 5.2 illustrates the individual contributions to absolute efficiency
loss of a 20% efficient i-PERC cell that has been fabricated in the frame-
work of this thesis. Table 5.2 displays the values obtained experimentally
which were entered into the analytical model resulting in figure 5.2.

There is an evident gain (M= +0.6%) by using Cz mono-crystalline sili-
con versus multi-crystalline silicon due to an order of magnitude gain in
minority carrier lifetime. There are also evident optical (M= +0.3%) and
recombination (M= +1.8%) gains when comparing the rear-side of a full
Al-BSF cell to a local Al-BSF cell. However, due to the local contacts,
there is also an increase in lateral resistance which is shown to decrease
efficiency (M= −0.2%). Beyond that, there have been significant improve-
ments on the front-side:

• Optical [M= 0.0%]: A novel method of texturing and polishing has
been developed that aims to lower the cost/Wp in crystalline sil-
icon solar cells. Conventionally, both silicon surfaces are textured
in a solution after which the rear-side is polished using another so-
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lution. The developed method utilizes only one chemical solution
which decreases cycle time, consumables and decreases silicon loss
as it only etches a total of 15 µm of silicon. The front Ag screen
printed contacts have also been improved from a 120 µm contact to
a 70 µm wide contact. Nevertheless, a larger number of contacts is
needed due to the larger spreading resistance of an 85 Ω/� emitter,
thus the absolute efficiency is only marginally increased (M= 0.1%).
However, this marginal improvement is lost (M= −0.1%) due to the
increase in reflection from the underlying silicon oxide layer. Silicon
oxide has an index of refraction of 1.46 which is between SiNy:H
(2.1) and Si (3.9).

• Recombination [M= 1.6%]: A novel process flow that incorporates
ion implantation has been developed. The novel process entails the
use of phosphorus ion implantation, PECVD SiNy:H passivation
and finally an annealing in a firing furnace. Since ion-implantation
is inherently a one-sided process, it may be convenient for complex
cell structures such as selective emitter and inter-digitated back
contact cells. The novel technique could be able to reduce energy
consumption, cycle time and enable ion implantation to become a
viable alternative to conventional diffusion. Additionally, conven-
tional diffusion profiles have also been investigated in chapter 3.
Reducing the phosphorus surface concentration or junction depth
decreases recombination significantly and can improve both current
and open circuit voltages. However, in a silicon solar cell, improv-
ing solely recombination can be futile if the gain is lost due to the
contacting scheme (as shown in chapter 3). Finally, recombination
is shown to be significantly improved by the use of thermal oxida-
tion. The improvement can be accredited to the alteration of the
underlying phosphorus profile as well as enhanced surface passiva-
tion.

• Resistance [M= 0.1%]: Although the developed emitter is more resis-
tive (85 vs. 55 Ω/�) there has still been a decrease in resistance loss.
The improvement can be attributed to the low contact resistance
that has been achieved with the assistance of thermal oxidation. It
has been demonstrated that thermal oxide containing phosphorus
can significantly improve contact resistance for high (90 Ω/�) sheet
resistance emitters. Another culprit for resistance performance im-
provement is the advancements made in screen printing. Narrower
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lines allow for more contacts to be printed (considering shading
loss) and thus can reduce the lateral resistance significantly.

5.3 outlook

It is evident that further optimization and efficiency improvements can
and will be made. Possible front-side improvements are the following:

• Optical: A novel technique that textures the front-side and pol-
ishes the rear-side has been developed in a lab environment. An
industrialization of this process is depicted in figure 2.25, where
wafers transported underneath adhesive rollers that deposit the
thin micro-masking layer on the rough front silicon surface. The
wafers can then be directly transported through an alkaline solu-
tion to be textured and polished in one step. On an industrial scale,
a key parameter that needs to be investigated is bath lifetime. The
bath life may be critical as the organic compound may accumulate
in the alkaline solution which may inhibit the etch rate after a num-
ber of wafers have been textured and polished. In terms of reducing
front reflection losses, the underlying oxide can be improved. A 13
nm silicon oxide is not necessary and may be reduced to 3nm as
shown in chapter 4. The thinner oxide would also decrease cost as
the wafers would need less oxidation time. This can be done by
means of wet oxidation or by rapid thermal oxidation. Coupling
techniques that allow for rapid oxidation growth rates and con-
sidering only 3nm needs to be grown can make thermal oxidation
industrially relevant, especially if both the rear and front-side of
the cell is enhanced. Beyond thinning the thermal oxide, improve-
ments can also be made to the anti-reflective coating. Altering the
composition of the silicon nitride such that the index of refraction
is linearly graded or by a stack of high/low index refraction ARC
can reduce reflection losses as well.

• Recombination: The developed ion implantation cell fabrication
technique discussed in chapter 3 can be improved by the use of
screen printing. By using a screen-printed paste, only one firing step
would be needed to perform four processes; hydrogen release from
SiNy:H, re-crystallization of the amorphous silicon layer (amor-
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phized during implantation), dopant activation and contact forma-
tion. More complex cell structures such as selective emitters, local
boron implantation and inter-digitated back contact cells can make
use of the one-sided implantation in order to reduce the number of
fabrication steps needed. Ion implantation has been considered an
expensive method of emitter formation. However, with the absence
of a tube furnace anneal, it can be a viable replacement as shown
in chapter 3. Another improvement to the recombination would be
to further decreasing the phosphorus surface concentration. The at-
tributed higher contact resistance may be mitigated by using a “se-
lective emitter”, where the contacts are also passivated. Although
selective emitters require a much higher degree of accuracy during
metallization, emerging contacting technologies utilizing Ni silicide
may be able to take full advantage of a “selective emitter”. One
laser step may be applied to ablate the ARC dielectric and drive-in
liquid dopants that would be plated on. The most inspiring method
of improving recombination that can be deduced from this thesis
is incorporating phosphorus in a deposited passivation layer. This
may be possible with use of atomic-layer-deposited (ALD) SiO2.
Using ALD technology, a high quality, thin silicon oxide layer can
be deposited at a relatively low temperature and thus may be in-
dustrially feasible.

• Resistance: Contact resistance in Ag screen printed cells can be
improved by using a thermal oxide that incorporates phosphorus
oxide, although an ALD SiO2 with incorporated phosphorus may
be an alternative method. Furthermore, the use of a Ni silicide can
also significantly reduce the contact resistance, particularly when
implemented in a selective emitter scheme. Line resistance can also
be further reduced by using a higher Ag content paste or by replac-
ing Ag with Ni/Cu. As silver is one of the major costs in silicon
solar cells, replacing it with copper can be advantageous from a cost
and technological point of view. Although, Cu is a defect an energy
level in the middle of the silicon bandgap (effective trap) and thus
reliability must be assessed thoroughly for such a technology.
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5.4 last word

The aim of this thesis is to improve silicon solar cell efficiency whilst
having industrial applicability. Three novel techniques have been devel-
oped and patented in the framework of this PhD, all of which have the
same aim as this thesis. The first is an advanced surface decoupling tech-
nology that saves process time (4 vs. 20 min), savies consumables (one
vs. two chemical solution) and reduces the amount of silicon loss (15
µm vs. 25 µm). The second is an advanced emitter formation technology
that aims to reduce cycle time (90 seconds vs. ~1 hour). The third is a
passivation and contact formation technology aimed at both improving
passivation while reducing contact formation with the introduction of
one step. Integrating all the knowledge gained in this thesis allows for
a cell conversion efficiency of approximately 21% to be within reach on
large area p-type silicon. It is industry who, in the end, follow the path
of cost reduction through their economies of scale. It is institutes that
can suggest directions worth investing in.
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