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Abstract

Implementation of diamond wire sawing (DWS) technique over multi-wire slurry saw-
ing (MWSS) for cutting wafers from ingots was one of the significant steps that industry
adopted for reducing the overall cost of PV technology in the last decade. DWS tech-
nique allows to produce wafers at a much cheaper rate due to its increased cutting rate,
reduced kerf-loss and lower wire wear and breakage. DWS wafer surface is relatively
polished, consist of thinner damage layer compared to multi-wire slurry sawn (MWSS)
wafers. Also, 10-20 nm thin amorphous silicon (a-5i) layer is present on the DWS
wafer surface, which hinders the wet texturing processes. Hence, the adoption of DWS
wafers has resulted in urgent requirement of an industrial texturing process for both

mono-crystalline silicon (c-5i) and multi-crystalline silicon (mc-5i) wafers.

Alkaline texturing process used in industry consists of two process steps; (i) a saw
damage removal (SDR) step that removes the unwanted damages present on the as-cut
wafer surface followed by (ii) uniform random pyramid texture generation utilizing
the preferential etching properties of KOH solution. The uniformity and quality of
pyramid formation heavily depends on the morphology and quality of wafers used.
Hence, development of an SDR process that effectively removes the unwanted saw
mark impressions and a-Si layer was the major challenge in processing DWS c-Si
wafers. The previously reported SDR processes were either inefficient or expensive
for industrial implementation. In this context, we proposed and demonstrated a novel
alkaline texturing process; potassium hydroxide (KOH)-sodium hypochlorite (NaOCl)
solution based SDR process followed by a high throughput KOH-isopropyl alcohol-
potassium silicate solution based etching process for pyramid texturing of DWS c-Si
wafers. The texturing process generates 2-5 um sized textures and the weighted average
reflectance (WAR) of textured samples were 13.1% and 2.3%, respectively before and

after silicon nitride anti-reflection coating (ARC). The proposed texturing process is
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cost-effective and can be easily integrated to any of the existing alkaline texturing
tools. The chemicals used in our process are PV grade chemicals, which also eliminates

additional safety and waste disposal concerns.

In contrast, a single step acid etching process was employed for both saw damage
etching and texturing of mc-Si wafers in industry. Acid texturing requires thicker and
uniform saw damage layer for uniform texture generation. This limited its applicability
for DWS mc-Si wafers. Almost all of the methods reported as an alternative to acid
texturing, either use expensive texture-additives or demand additional process steps
that necessitate monetary investment. In this regard, we demonstrated an additive-
free, energy-efficient acid texturing process and named it as NCPRE acid texturing
process. The proposed texturing process uses hydrofluoric acid (HF)-rich acid solution
for generating porous silicon structures, followed by a dilute KOH rinse to produce
inverted scalloped textures. The surface reflectance and recombination properties of
additive-free acid textured samples were comparable to conventional acid textured
MWSS mc-Si samples. The additive-free acid texturing process developed using small
footprint tools, was later demonstrated in three of the leading PV manufacturing units in
India. When the demonstrations were conducted, PV manufacturing units were using
expensive additive-based acid texturing process for solar cell production. Our additive-
free process was performed efficiently in the production lines without compromising in
process performance parameters such as material loss, process time and temperature.
Comparable batch average efficiency values were achieved for the NCPRE additive-
free and additive-based acid textured mc-Si cells. Most importantly, through a detailed
cost analysis, we illustrated that ~60% of the chemical cost involved in preparing the
acid bath can be cut down by choosing additive-free process over additive-based acid

texturing.

Over the years, especially after the arrival of DWS wafers, metal assisted chemical
etching (MACE) process gained significant attention for texturing industrial wafers;
initially for mc-Si wafers and later as a universal process applicable for both mc-Si and
c-Si wafers. MACE process allows to produce fine anti-reflective nano-structures called
black silicon (b-Si) uniformly across the mc-Si wafer surface. However, b-Si textured
wafers can not be directly used for solar cell fabrication because of the presence of high

density surface defects. Hence, b-Si features are modified further prior to solar cell
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processing and acid etching based processes are reported for generating nano-textures
from b-Si features. However, the potential of such nano-textured surface over acid
textured (iso-textured) surface is not completely investigated yet. Through a com-
prehensive analysis, we demonstrated that implementation of MACE nano-textures
over iso-textures produce higher short circuit current by substantially lowering the
surface reflection and ensures remarkable enhancement in fill factor due to lower se-
ries resistance. The contact formation mechanism in screen printed mc-Si solar cells,
investigated using scanning electron microscopy, revealed that the elevated portions at
the boundaries of the textures act as favorable sites for silver crystallite precipitation.
A larger areal density of such sites is observed on the MACE nano-textured surface
than in case of acid textured solar cells, which was responsible for much lower series
resistance. The results suggest the potential for the application of MACE in the more
popular mono-crystalline silicon cell technology for further reduction of contact resis-
tance. Alternatively, MACE may be used to obtain similar contact resistance with lower

amount of silver paste, compared to iso- and pyramid textured solar cells.

Recent studies demonstrated that anti-reflective (WAR in the range of 16%) in-
verted pyramidal nano-textures can be fabricated from MACE b-Si samples by ad-
vanced and expensive processes like RIE, which are not industrially viable in the
present scenario. In this context, we developed a simple surface modification process
by sequentially etching the MACE b-Si samples in HF-HNO; and dilute KOH solu-
tions for the fabrication of random inverted nano-pyramid textures. Further, the optical
losses in MACE inverted pyramid textured mc-Si solar cells and modules are estimated
using SunSolve module ray-tracer simulator of PV Lighthouse. Our study established
that adoption of MACE inverted pyramid texturing over acid texturing would enhance
the total photo-generation in mc-Si modules by ~0.5% and the total photo-generation
current density in mc-Si solar modules approaches 99.6% of that in random pyramid

textured c-Si modules.

Advanced texturing methods like nano-wire and ordered inverted pyramid tex-
turing promise better light harvesting efficiency than in conventional random pyramid
and acid textures. However, fabrication of these textures require complex and ex-
pensive photo-lithography steps, which limits their application in industry. In this

regard, we present preliminary experimental results on some of the lithography-free
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process steps that are developed for the fabrication of nano-wires and regular inverted
pyramids in the last part of the thesis. Relatively inexpensive processes compared to
photo-lithography such as colloidal lithography, reactive ion etching and MACE are

utilized for the fabrication of silicon nano-wires and inverted pyramid textures.
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Chapter 1

Introduction

Fossil fuels contribute to more than 70% of greenhouse gas emissions. Photovoltaic
(PV) solar panels emerged as alternative to fossil fuel energy sources to bring off the
increasing energy demand. The cumulative installed PV capacity was estimated to ~
627 GW by the end of 2019, with new installations of ~ 115 GW in 2019 alone [1]]. This
corresponds to carbon dioxide (CO,) emission saving of 720 million ton per year [1].
The current market share for crystalline silicon technology and thin film technology
are about 95% and 5%, respectively and are expected to remain unchanged in near
future as well [2]. In addition, the current annual production capacity of crystalline
silicon cells and module panels was likely to have reached > 130 GW with the recent
advances in process optimizations and with the implementation of passivated emitter
rear contact (PERC) architecture over aluminum back surface field (Al-BSF) architec-
ture in production lines [1]. Assuring continuous improvement in power conversion
efficiency and reduction in production cost are the main challenges associated with
crystalline silicon solar cells. The cost to performance factor is the key element, which
decides the future of any new technology or process in PV industry. For instance,
PERC architecture was opted over Al-BSF architecture because the anticipated gain in
efficiency by sandwiching a thin passivation layer between back aluminum contact and
silicon is significant compared to the cost involved in incorporating those process steps
to the existing production lines.

Over the years, especially in the last decade, the performance of multi-crystalline
silicon (mc-Si) and mono-crystalline silicon (c-5i) solar cells have improved significantly

with the advancements in materials and process technology. As per the international
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technology roadmap for photovoltaic (ITRPV-2020) results, average efficiency (n) of
Al-BSF mc-Si and ¢-Si solar modules are in the range of 18.5% and 20%, respectively
[2]. The n values are expected to reach 20% and 22.5%, respectively for mc-Si and
¢-Si modules in next 10 years due to the industrial adoption of PERC architecture
and half cell interconnect etc. [2]. Use of thinner and large area wafers for solar cell
fabrication and adoption of diamond wire sawing (DWS) technique for cutting thinner
wafers from ingots were some of the major steps that industry have availed in the last
decade for significantly reducing the cost for wafer production. DWS technique allows
to produce thinner and better quality wafers at a much faster rate than conventional
multi-wire slurry sawing (MWSS) (also known as slurry wire sawing (SWS)) technique
[3]4]. In addition, the kerf-loss and total thickness variation (TTV) for DWS wafers are
significantly lower than SWS wafers.

Two different texturing schemes, commonly known as alkaline texturing and
acid texturing, respectively are used for texturing c-Si and mc-Si wafers in industry.
The former uses hot (80°C) dilute (nearly 2%) potassium hydroxide (KOH) or sodium
hydroxide (NaOH) solution and the later uses a combination of hydrofluoric acid - nitric
acid (HF - HNO;) solution, respectively for generating random upright pyramid and
inverted scalloped textures. Acid texturing is relatively cheaper and high throughput
process compared to alkaline texturing. In addition, acid texturing process nucleates
on surface defects and hence, does not require additional saw damage removal (SDR)
process prior to texturing. Significantly lower amount of material (< 5 ym per side) is
removed in acid texturing process, while alkaline texturing removes nearly 10-12 ym
per side [5, 6, 7]. However, the anti-reflection properties of acid textured mc-Si wafers
are significantly lower than alkaline textured c-Si wafers. The WAR values of alkaline
textured c-Si and acid textured mc-Si wafers without and with anti-reflection coating

(ARC) are in the range of 11-13%, 2-3% and 23-28%, 5-7%, respectively.

1.1 Thesis motivation

MWSS and DWS processes, respectively follow rolling - indenting model and ductile
model for cutting the wafers from ingots [3 4]. MWSS process introduces thicker

and uniform saw damage layer across the wafer surface. In contrast, DWS wafers
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posses relatively thinner and non-uniform damages, where surface defects are mainly
distributed along the wire cutting direction. DWS wafer surface also contains non-
uniform hard damage pits and crystal defects, which are difficult to remove by wet
etching processes. Presence of thin 10-20 nm amorphous silicon (a-5i) layer is reported
close to saw marks [8]. a-Si layers are reported to hinder the wet etching process. All
these factors jointly make the texturing of DWS wafers extremely challenging compared

to MWSS wafers.

For DWS c-Si wafers, an SDR process that removes the unwanted saw damages
and wire impressions is essential to solve the wet texturing issues. Pre-etching in
concentrated KOH or NaOH solutions, mixtures of HE-HNO; solutions, hydrochloric
(HCI) acid - hydrogen peroxide (H,O,) solutions and HCI-HF solutions were some
of the previously reported methods for DWS ¢-Si wafers [9, [10]. However, all of
them were ineffective in completely removing the saw damages. In contrast, Chen et
al. reported tetra-methyl-ammonium hydroxide (TMAH) solution based pre-etching
process at relatively higher temperature (85-90 °C) for completely removing the saw
damages [8]. However, the reported TMAH process had several disadvantages. It
require an additional pre-cleaning processes prior to SDR. TMAH solution is expensive

compared to other PV grade wet chemicals used in industry.

The wet texturing issues were more severe for DWS mc-Si wafers due to lack of
thicker and uniform defect layer, which are essential for the nucleation of iso-texture
formation [11]. Several alternative approaches such as sand blasting [12], vapor etching
[13] and reactive ion etching (RIE) [14] were proposed for texturing DWS mc-Si wafers.
However, all of them require additional equipment setting cost and cannot be directly
implemented in existing production lines. Hence, PV manufacturing units continued
to use acid texturing with the inclusion of texture additives for generating deeper and
more uniform surface textures [2]. However, these expensive texture additives provide
only a limited gain in performance. Hence, the cost advantage of using DWS is not

tully utilized for mc-Si solar cell production.

The minimum reported WAR achieved by acid texturing is in the range of 22-24%,
which is significantly higher compared to pyramid textured c-Si wafers. Most of the
other efficient texturing schemes such as laser texturing and RIE, are expensive and

low throughput processes compared to existing wet texturing schemes. Hence, de-
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velopment of an industry viable, efficient, chemical texturing process for mc-Si wafers
was essential for reducing the performance gap of ¢-Si and mc-Si solar cells. In ad-
dition, even though the alkaline texturing lower the surface reflectance to as low as
11-12% and 2-3% without and with ARC respectively, significant amount of material
loss continued to be a concern. Hence, alkaline texturing may not be a viable option
for next generation thinner wafers due to the mechanical stability and wafer handling
challenges. In addition, use of an universal texturing process applicable to both c-Si
and mc-Si wafers will eliminate the redundancy of using two different etch chemistry
and texturing tools [15].

It is well known that the texture geometry influence all the three performance
parameters; open circuit voltage (Voc), short circuit current density (Jsc) and fill factor
(FF) of solar cells. However, the influence of texture morphology and dimensions on
optical properties after module encapsulation are not widely investigated yet. The
optical losses in solar cells before and after encapsulation are significantly different
mainly because of the parasitic absorption in glass and encapsulants. Hence, evaluation
of texture morphology with respect to the optical losses after encapsulation is essential
for deciding the potential of any new texturing process.

As discussed above, the wet chemical processes utilized in industry have several
performance limitations. Hence there is a great interest to explore the other low-cost
processes for the fabrication of advanced textures. Over the years, use of colloidal
lithography as an alternate to expensive photo-lithography, RIE for directional etching
and metal assisted chemical etching (MACE) for the fabrication of wide range surface
features are reported. However, there is a requirement of investigating the potential

application of such processes for the fabrication of advanced surface textures.

1.2 Organization of the thesis

This thesis contains 10 chapters. The introduction chapter begins by discussing the
importance, current status and significance of cost to performance factor of PV panels.
Further, a brief background on the emergence of DWS technique and its implications
on existing wet texturing processes are presented. Subsequently motivation behind

this work is elaborated. The other chapters are organized in the following manner.
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In chapter 2, an introduction and road-map to different texturing methods used
in industry for texturing c-Si and mc-Si wafers are presented. The chapter reviews
some of the efficient texturing methods developed as an alternative to alkaline and
acid texturing processes. The advantages, disadvantages and challenges in industrial

adoption of these methods are detailed subsequently.

Chapter 3| begins with a review of DWS technique; its working mechanism, ad-
vantages, industrial road-map and finally, the wet texturing difficulty associated with
DWS wafers. Alternative processes developed for addressing the texturing difficul-
ties of DWS wafers are detailed subsequently. A separate section was dedicated for
detailing the usefulness and advantages of MACE process and the chapter ends by
summarizing the potential of MACE.

Chapter 4| details the process flow used for the fabrication of lifetime test struc-
tures and the theory behind some of the widely used measurement techniques for

characterizing the lifetime structures and solar cells in this thesis.

Chapter 5| discuss about our novel texturing process developed for DWS c-Si
wafers. The chapter provide an in-depth comparative analysis of the random pyramid
textures obtained by novel texturing process in terms of opto-electronic properties. The
performance parameters of novel textured c-Si solar cells are studied and benchmarked

against the standard alkaline textured DWS and MWSS c-Si solar cells.

Chapter [p] presents our additive-free acid texturing process developed for DWS
mc-Si wafers. The underlying reaction mechanism of HF-rich acid texturing is detailed
in this chapter. The chapter provide detailed analysis of surface properties of different
iso-textures obtained by varying the HF concentration in the acid texturing solution.

Chapter [7] provides the details about the industrial implementation of NCPRE
additive-free texturing process. A detailed comparative analysis of performance pa-
rameters of additive-free and additive-based acid textured cells and the scope for effi-
ciency enhancement is presented. In the end, chemical cost comparison of additive-free
and additive-based acid texturing processes are presented to illustrate the potential of

additive-free texturing in industrial environment.

Chapter 8| describes a low cost approach for the generation of black silicon (b-5i)
surface features and inverted pit-like nano-textures, using the combination of MACE

and acid etching. Detailed performance parameter analysis of nano-textured and iso-
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textured mc-Si solar cells are conducted to demonstrate the potential of nano-texturing.
The improved short circuit current due to lower surface reflection and enhanced fill
factor values due to lower series resistance were measured for MACE nano-textured
solar cells. Further, the contact formation in iso-textured and nano-textured surfaces
are investigated to probe the cause in reduced series resistance.

Chapter 9] describes a low cost approach for inverted nano-pyramid texture fabri-
cation by MACE process. The optical and electronic properties of inverted pyramids
are studied against the MACE nano-textures (discussed in Chapter 8) and iso-textures.
Further, the optical loss analysis of inverted pyramid textured cells before and af-
ter module encapsulation were estimated using SunSolve ray tracer simulator of PV
Lighthouse and interesting observations are presented.

Chapter 10| summarizes some of the lithography-free and cost-effective methods
for the fabrication of advanced textures such as nano-wires and inverted pyramid
textures on c-Si wafers. The process details and initial characterization (mainly SEM
images and in some case reflectance also) of such textures are presented.

Chapter(l1jconcludes and details an outlook on the future directions of this work.



Chapter 2

Literature Review on Texturing of

Industrial Silicon Wafers

This chapter reviews different etching processes used for texturing both c-Si and mc-Si
wafers. The chapter is divided in to three sections. In the first section, we present
different alkaline texturing processes proposed for c-Si wafers. This includes a review
of both SDR as well as random pyramid texturing processes. In the second section, the
evolution of acid etching process as the most feasible process for texturing industrial
mc-Si wafers is discussed. The light trapping properties of acid textured mc-Si wafers
were significantly lower than the alkaline textured c-Si wafers. Hence, there were
several efforts made towards developing efficient texturing processes that lowers the
surface reflectance of mc-Si wafers to as low as that of alkaline textured c-Si wafers.

The final section of this chapter briefly reviews those efforts.

2.1 Alkaline texturing of c-Si wafers

From the beginning of ¢-Si solar cell production, alkaline solution based etching pro-
cess was the dominant method for texturing c-Si wafers. Hot dilute NaOH or KOH
solution selectively etches the <100> planes over <111> planes, resulting in generation
of random upright pyramids unformly across the <100> surface. The dimensions,
uniformity and substrate coverage of pyramids heavily depends on as-cut wafer sur-
face morphology. Solar grade c-Si wafers are produced by slicing the Czochralski (Cz)

grown silicon ingots. The carbon contaminants from Cz crucible and organic con-
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taminants from wafer grinding and slicing processes are present at the wafer surface.
Inadequate removal of organic and inorganic contaminants adversely affect the texture
formation and Vo of solar cells. Hence, a pre-texturization process namely saw dam-
age removal (SDR) or saw damage etching (SDE) is used for removing both organic

and in-organic surface contaminants from as-cut wafers.

2.1.1 Saw damage etching (SDE) process for c-Si wafers

Concentrated KOH, NaOH or TMAH solutions are commonly used for saw damage
etching. However, KOH or NaOH solutions are preferred over TMAH solution due to
the cost and safety (chemical handling) advantages. The chemical reaction involved

with all three etching solutions remain the same and is as follows,
Si+20H™ +2H,0 — SiO,(OH);™ + 2H, (2.1)

As seen in equation[2.1} the concentration of 20H™ and H,O play vital role in the mech-
anism of Si etching. The etch rate of <100> Si wafers for varied KOH concentrations at
72°C is shown in Figure[2.1|[16]. Initially the etch rate increases with increase in OH™ in
the KOH solution and then reduces with further increase in OH™ because of decrease
in H,O content in the etching solution. Both etch rate and anisotropy of Si etching
depends on process temperature and KOH concentration. For instance, the anisotropy
(etch rate ratio between (100):(111) planes) of Si etching in KOH solution are in the range
of 100:1 and 30:1, respectively at room temperature and 100°C. Similarly, the etch rate
is changed from 0.1 nm/sec to 200 nm/sec for the variation in temperature from room
temperature to 100°C. Hot (72-80°C) concentrated (6-10%) KOH or NaOH solutions
are reported to be best suited for SDE of wire-sawn wafers. Under these conditions,
etching process is isotropic in nature and the etch rate is in the range up to 2-4 y/minute
(min) [6, 17]. This corresponds to only 2-3 min of processing in industry. However,
SDE using concentrated alkaline solution has several disadvantages. Firstly, etching
of Si in KOH or NaOH are highly non-uniform and rigorous. PV manufacturing units
currently use thin (160-180 um) and large area (6 inch) wafers for solar cell production
and the thickness and size of wafers are expected to get thinner and larger, respectively.
Hence, any additional loss of Si material apart from the damaged layer may lead to the

wafer breakage [18]. In addition, non uniform etching or inadequate damage removal
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often results in either no pyramid generation or in non-uniform pyramid generation at
different locations of the wafer surface area [19) 20, 21]. Also, the traces of carbon con-
taminants and inorganic contaminants such as oil, grease and slurry may also inhibit
the effective removal of saw damages and nucleation of pyramid generation, result-
ing poor texture quality. For removing the organic contaminants, standard cleaning 1
(SC-I) solution consisting of ammonium hydroxide (NH,OH) and H,O, is used [22].
However, this is method is prolonged, hazardous and require additional processing

steps compared to alkaline based etching processes.
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Figure 2.1: Variation in etch rate of <100> Si sample with KOH concentration. Data

reproduced from [16].

In this regard, Gangopadhyay et al. proposed hot sodium hypochlorite (NaOCl)
solution for removing organic contaminants present in the as-cut wire-sawn silicon
wafers [19]. NaOCI based pre-treatment process was carried out for 15 min at 80°C
and the wafers subsequently underwent a standard alkaline texturing (both SDE and
pyramid texturing) process. The SEM images of alkaline textured c-Si wafers without
and with NaOCl pre-treatment are shown in Figure It can be clearly seen that, the
absence of an effective etching method for removing the organic layer has significantly
inhibited the nucleation of pyramid texturing process resulting in bad texture quality.
The n difference of solar cells without and with NaOCl pre-treatment was nearly 6%.
However, this approach does not solve the issue of higher etch rate and non-uniform

etching as the proposed approach also use conventional NaOH based etching process
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for SDE (after NaOCl pre-treatment). In addition, embedding an additional process is
always a challenge in industry as it not only increase the cost of production, but also

impacts the production throughput.

Figure 2.2: SEM images of pyramid textured c-Si surface (a) without and (b) with
NaOCl pre-treatment [19].

The reaction chemistry of hot (80°C) NaOCl solution with Si is as follows,

NaOCl < Na* + OCI~ (2.2)

20CI" + H,O < HOCI + OCI” + OH™ (2.3)
20CI™ + S5i & SiO, + 2CI7 (2.4)

Na* + OH- < NaOH (2.5)

NaOCl at higher temperature dissociates to form hypo-clorous (OCI") ions ( equa-
tion 2.2)), and oxidize Si to form silicon dioxide (5iO,) ( equation . The oxidation
properties of hot NaOCl was responsible for organic contaminant removal reported by
Gangopadhyay et al. [19]. In addition, equation [2.5/indicate the formation of NaOH
and this implies that hot NaOCl solution can be potentially used for SDE of Si wafers.
On a related note, Basu et al. demonstrated the application of hot NaOCl solution for
SDE by removing ~ 3 um of saw damage layer per side in 10 min [23]. However,
average etch rate of only 300 nm/min was observed for Si in NaOCl solution, which
was significantly lower for industrial applications. The oxidation process (shown in
equation [2.4) is responsible for the lower etch rate as SiO, layer act as a mask for Si
etching.

Basu et al. improvised the above process further by using the combination of

NaOClI and concentrated alkaline solution in the ratio of 1:3 for SDE. Moderate and

10



controlled silicon etch rate of ~ 900 nm/min was reported for NaOCl-NaOH solution ,
in comparison with higher (2-3 ym/min) and lower (300 nm/min) etch rates of NaOH
and NaOCl solutions, respectively [20, 23]. The performance parameters of solar cells
fabricated on modified SDE process with NaOCl-NaOH solutions were comparable to
two step SDE (NaOCl pretreatment, followed by NaOH SDE) developed by Gangopad-
hyay et al. Importantly, the NaOCI - KOH SDE process can be transferred to industrial
production lines, as inclusion of low-cost NaOCl overcomes the disadvantages of ex-
isting alkaline based SDE process (without disturbing the production throughput), and

ensures the organic contaminant removal from the wafer surface.

2.1.2 Pyramidal texturing of c-Si wafers

The texturing of Si wafers in alkaline solutions is based on anisotropic or preferential
etching of (100) planes over (111) planes. Dilute alkaline solution at lower tempera-
tures exhibit very high etch anisotropy of >100 [16]. However, etch rate of Si in such
solutions are as low as 10 nm/min [16]. Hence, dilute alkaline solution at higher process
temperature (80°C) is used so that moderate etch rate and anisotropy is assured while
texturing the c-Si wafers. Many studies co-related the variation in etch rate for (100)
and (111) planes in low concentration alkaline solution to dangling bond density of
each Si unit cells, where (111) and (100) planes, respectively have one and two dangling
bonds each [24] 25]. This imply that two back bonds are only needed to break for
(100) plane whereas three back bond breakage is essential for (111) plane for Si etching.
Hence, controlled etching of (100) plane results in exposure of (111) and lower etch rate
of this (111) plane, thus result in formation of up-right pyramid textures.

Dilute (~ 2%) KOH (NaOH) - isopropanol (IPA) solution is commonly used in
industry for pyramidal texturing of c-Si wafers [6]. Even though the KOH - IPA based
etching process is well established and used in industry for several years, it has several
disadvantages especially in the choice of chemicals used. There were several attempts
to replace both KOH (NaOH) and IPA in the texturing bath and based on this, the
pyramidal texturing process can be classified in to three major groups. First group use
the combination of KOH or NaOH and IPA as texturing solution, which is commonly
followed in industry. In the second group, KOH or NaOH is replaced with other

chemicals and IPA may or may not be used for solution preparation. Third group of
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texturing process does not use IPA at all in solution preparation. The details of all three
groups are separately discussed in the following subsections with their advantages and

disadvantages.

KOH/NaOH-IPA based pyramidal texturing process

The chemical reaction of alkaline texturing can be summarized as follow,
Si+2KOH + Hzo - KzSZOg, + 2H, (26)

One of the bi-product of the texturing process is the formation of hydrogen (H,) bubbles,
which act as localized mask against the alkaline etching process and results in non-
uniform texture generation. IPA is added to improve the wettability of Si surface for
preventing the adhesion of H, bubbles on the surface [6]. Constant removal of H,
bubbles from Si surface maintain consistency in texturing process. Amount of IPA
required in the texturing bath is proportional to the concentration of KOH and hence
a fixed amount of KOH and IPA are regularly dosed to the texturing solution for
maintaining the concentration of chemicals for texturing multiple batches. However,
IPA usage has several disadvantages. IPA is expensive and the boiling point of IPA is
less than 80°C, which leads to IPA evaporation [6]. Hence, larger consumption of IPA
adds significantly to the cost per watt-peak value of solar cells.

As per equation increase in concentration of reaction by-product potassium
silicate (K,SiO3) reduces the active concentration of KOH in the texturing solution. This
substantially reduces the etch rate and increases process bath stability [26]. Singh et al.
reported that an established IPA - KOH alkaline texturing process was not repeatable for
more than two or more batches due to lower etch rate [27]. Similarly, Basu et al. reported
longer process time for pyramid generation for second batch of wafers and observed
end of texture bath stability after only two consecutive KOH - IPA texturing process.
Addition of crushed or broken pieces of Si wafers in to solution prior to texturization
for pushing concentration of both reactants and products (equation to much more
stable process window is another method followed for processing multiple batches of
wafers. Addition of Si pieces saturates the texturing solution by increasing the Si or
silicate concentration [6]. However, this approach is challenging especially in industry

due to the dynamic nature of chemical process shown in equation
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In this context, Basu et al. reported the use of K,5iO; as an additive to the texturing
bath for increasing the bath stability and controlling the chemical reaction [6]. In such
a case, relatively lower concentration of KOH (1.4%), less H, bubbles formation and
thereby lower consumption of IPA were achieved. The IPA consumption and bath
lifetime, respectively were nearly three times lower and six times higher for K,SiO;

additive-based alkaline texturing process than standard alkaline texturing process.

IPA-free texturing process

IPA being expensive, there were attempts to develop IPA-free alkaline texturing process.
Sun and Tang proposed a combination of NaOClI and ethanol instead of NaOH - IPA
solution for generating smaller pyramid textures of 2 um height [28]. Authors reported
an excellent WAR of 10.8% for NaOCl - ethanol textured samples in comparison with
11.9% reflective standard NaOH textured samples for the wavelength range of 400 -
1000 nm. The process duration for generating uniform textures were also significantly
lower (15 min) in that approach. However, cost, safety and handling aspect of hot
ethanol solution is a challenge, which makes the process industrially inconvenient. On
a similar note, Birman et al. proposed use of cyclohexanedial (CHX) instead of IPA
as the boiling point of CHX (> 250°C) is significantly higher than the temperature at
which texturing process is carried out [29]. Only 10 min of texturing using KOH -
CHX solution at 90°C has produced uniform and smaller textures with size in the range
of 2-4 um. However, similar to ethanol, cost and chemical handling were the major
drawbacks of this method as well. Addition of organic texture additive to the KOH
solution is another common practice reported for eliminating the IPA usage [30]. Higher
boiling point and lower flammability of texture additives over IPA offers better process
window, allows higher temperature process and assures high etch rates (as high as
1.2 ym/min) [30]. Some of the texturing equipments suppliers like Stangal GmbH and
Rena GmbH and chemical providers like GP solar and Dow chemical have also released
IPA-free texture additives. However, the cost of these additives are significantly higher

than silicate additives.
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NaOH/KOH-free texturing process

Several efforts were made to replace NaOH/KOH based texturing solutions for avoiding
contamination effects of sodium (Na) and potassium (K) on solar cell performance.
However, most of them use IPA for improving the lateral uniformity, which provides no
cost advantages over KOH/NaOH - IPA based processes. Merlose et al. utilized TMAH
solution instead of KOH for pyramidal texturing [31]. However, TMAH has lower etch
rate for Si etching and is expensive compared to KOH. Gangopadhyay et al. proposed
use of tribasic sodium phosphate (Na3;POy4, 12H,0) instead of NaOH that can lower the
IPA consumption [11]. Authors reported that Na;PO,, 12H,O readily hydrolyzes in
water and act as active surface agent for the nucleation of pyramids requiring minimal
consumption of IPA [11]]. Similarly use of hydrazine monohydrate (N,H4, H,O) and
sodium carbonate/bicarbonate (Na,CO3/NaHCOj3) based texturing processes were also
reported as an alternate to standard alkaline texturing process [32]. However, industrial
adoption of these processes were limited due to the well established process window

and cost-effectiveness of standard KOH/NaOH - IPA processes.

2.2 Acid texturing process for mc-Si wafers

2.21 History and basic mechanism

In the initial days, industrial mc-Si wafers were textured, basically saw damage etched
in alkaline based (KOH or NaOH) solution. The chemical reaction of KOH with Si can
be summarized as,

Si+2KOH + HzO — KleO3 + 2H, (27)

However, the reaction kinetics are highly anisotropic and selective with Si crystal plane
orientations. The crystallographic planes close to <100> etches faster and crystallo-
graphic planes near to <111> etches very slowly in KOH solution. This leads to the
formation of grain dependent irregular and shallow texture on mc-Si wafers as seen
in Figure (@) [17]. Non-uniform textures lead to non-uniform surface reflectance
distribution across the wafer surface [17,33]. Faster etch rates can be obtained by in-
creasing the KOH concentration in the texture solution. As per equation , increase

in KOH concentration leads to the increase in hydrogen (H,) and potassium silicate
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(K5Si03) concentrations. Increased concentration of H, bubbles acts as localized masks
during the etching process, which results in non-uniform etching and non-uniform
texture generation. Drastic increase in K;S5iO3 concentration saturates the texturing
solution and suppresses the preferential anisotropic etch behavior of the chemical reac-
tion. Hence, increased KOH concentration in the texturing solution pushes the process
window of chemical reaction towards the isotropic etching, resulting in undesired sur-
face undulations [6]. This condition does not contribute to texture generation even in
<100> grains. Hence, concentrated alkaline treatment results in much higher surface
reflectance distributions across the mc-Si wafer surface irrespective of grains, and grain
boundaries and produce similar range of WAR values as that of polished Si wafers.
There were also attempts to add additives to alkaline solution to improve the texture
quality [17,[19] 34]. For instance, Gangopadhyay et al. demonstrated an enhancement
in 1 of ~1.4% (absolute), for additive-based NaOH etching over conventional alkaline
texturing. Sodium hypochlorite (NaOCl) solution was added as an additive in that
case [19]. The addition of NaOClI significantly improved the surface smoothness of
alkaline textured mc-Si surface as seen in Figure 2.3|(b), and thereby fill factor (FF) and
open circuit voltage (Voc) values. However, the WAR (after ARC) and Isc values of the
mc-Si cells were improved only by ~ 1% (absolute) and ~ 2% (relative), respectively and
the reported WAR and Isc values were still much higher than that of alkaline textured
c-Si wafers and cells used in industry. As per literature, texturing of mc-Si wafers by

alkaline texturing is limited by its anisotropic etching behavior.

Figure 2.3: Top down SEM images of mc-Si wafers textured using (a) NaOH solution

and (b) NaOCl-NaOH solution. Adapted from [34].

Hence, researchers started to explore industry viable isotropic Si etchants for tex-
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turing mc-Si wafers to get the better of the strong material dependency observed in
case of alkaline based etching. In 1997, Einhaus et al. [35] first reported a low-cost
chemical texturing process using isotropic HF - HNO; acid solution for texturing mc-Si
wafers. In their study, the morphological and optical properties of acid textured wafers
were examined and the performance of the acid textured cells were compared with
alkaline textured mc-Si cells. The acid texturing solution compositions were optimized
to achieve uniform and deeper inverted pit-like textures with a diameter of about 10
um across the wafer surface area irrespective of grains. The acid textured and alka-
line textured mc-Si wafers had a WAR values of 24.5% and 30.1%, respectively. After
titanium oxide (TiO,) ARC deposition, the respective WAR values were reduced to
13.4% and 15.4% for acid textured and alkaline textured mc-Si wafers. An impressive
enhancement in short circuit current density (Jsc) by 1.5 mA/cm? (5% relative) was
achieved for acid textured mc-Si cells over conventional alkaline textured cells. The
corresponding Voc values of the cells were 600.9 mV and 597.6 mV for acid textured
and alkaline textured cells, respectively. Additional 3% in increment (without consid-
ering the 2% gain in WAR after ARC) in Jsc and 3.2 mV enhancement in Vpoc were
attributed to the better passivation properties of acid textured surfaces over alkaline
etched samples. Hence, the application of isotropic etching of Si in HF - HNOj solution
for texturing mc-Si wafers gained immense industrial attention due to its simplicity,
cost-effectiveness, and improved optical and electronic performance in comparison
with alkaline texturing. The basic chemistry of Si etching in HF - HNOj solution,
the optimization efforts carried out prior to industrial adoption and road-map of acid

texturing process in industry are discussed in detail in the following subsections.

2.2.2 Reaction chemistry of acid texture process

Si etching in HF - HNO; solution can be explained by a hole-initiated mechanism
[36,37]. The oxidizing agent HNOj inject holes into the bulk of silicon. The mechanism
of this process and the identity of the nitrogen intermediates involved are still uncertain.
Different studies proposed various intermediates like nitrogen oxides, nitrous acid
(HNO,), nitrosonium ion (NO¥), dinitrogen trioxide (N,O3), trinitramide [N4O¢2] etc.,
as the key intermediate formed during the oxidation of Si [38, [39] 40, 41]. The hole

injected to the bulk diffuses to the Si surface. The presence of a hole in the valence band
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of Si makes Si-Si bonds weaker. A nucleophilic addition of F~ occurs to the electron
deficient Si which provides an electron to the conduction band. The newly formed
Si-F bond polarizes the surrounding Si-Si bonds which facilitates further nucleophilic
addition and breaking of Si-Si bonds as shown in steps 3 and 4 of Figure Series
of nucleophilic addition and Si-Si bond breaking furnishes the trifluorosilane (SiHF;)
intermediate which in turn converts to silicon hexafluoride (SiF¢2") in the solution as

shown in Figure[2.4] [42].
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Figure 2.4: Mechanism of Si etching in HF-HNO; solution.

This etching process and removal of surface silicon continues until the surface
features reach nanoscale. As the features reach nanoscale, the band gap increases.
The electrons in the confined nanostructures possess higher kinetic energies. Hence
higher energies are required to remove one electron and generate a hole. As a result
of this quantum confinement, etching process stops when the surface features reach

nanostructure level [43, 44}, 45].

2.2.3 Application for low-cost mc-Si solar cells

The lower material cost of mc-Si wafers compared to c-Si wafers resulted in steady
increase in the market share of mc-Si wafer based solar panel installation in the late
1990s and in early 2000 [46,47]. As per the available literature, global installation of mc-
Si based solar panels reached above 50% from less than 10% in a span of just 5-10 years
during the above stated period [48| 49]. However, the performance of the mc-Si cells
was limited in comparison with c-Si cells mainly due to the unavailability of an efficient
texturing scheme for mass production. Though the acid etching process was reported to
be an effective method for texturing mc-Si wafers, its industrial applicability was a major

concern at that time because of several reasons. Very high etch rate up to 50 ym/min,
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inconsistent etch rate in processing batch of wafers, lower throughput and lifetime of
the acid bath, unavailability of an effective control mechanism for the excessive heat
generated during the exothermic acid etching process, in-line system compatibility,
difficulty in chemical disposal, low mechanical strength and higher breakage rate of

wafers after texturing were some of the major concerns.

Chemical processes with higher etch rates are generally preferred for industrial
scale manufacturing as large number of wafers can be textured in a short span of
time. However, exceedingly high etch rates results in process control difficulties.
Hence, it is important to achieve moderate and controllable etch rates consistently
over a batch of wafers. Nishimato et al. achieved controlled reaction kinetics for acid
texturing process without any compromise on the texture surface morphology and
adverse impact on performance by using certain catalytic agents [50]. Low-ionizing
acids such as phosphoric acid (H3PO4) and acetic acid (CH3;COOH) were tried as the
catalytic agents for the controlled texturization process. mc-Si wafers were textured in
HF:HNO; (12:1) solution without and with the additives and the surface morphologies
were compared as shown in Figure An etch rate of ~ 50 ym/min was observed
without any additive. The addition of a moderate amount of CH;COOH (12:1:2) fairly
controlled the etch rate and similar surface texture features as that of additive-free
process were observed. However, a higher amount of CH;COOH addition adversely
influenced the morphology of surface textures, resulting in highly reflecting flatter
textures (see Figure (c)). Addition of H3POy as a catalytic agent also helped to
control the etch rate with surface texture morphology and dimensions (Figure[2.5)(d-f))
similar to the additive-free processed one (Figure2.5(a)). The etch rate was effectively
controlled in the range from 50 ym to 10 ym by altering only the H;PO, concentration.
H;PO, based acid textured cells has resulted in 1 mA/cm? higher Jsc in comparison
with alkaline textured mc-Si solar cells. However, no further studies were found on
H3PO4 based acid texturing process. On the other hand, the role of CH;COOH in acid
etching of Si wafers has been widely investigated [51,/52,153,54]. In line with Nishimoto
et al. [50], Kim et al. also observed the formation of smoother surface textures with
higher reflectance with the addition of CH;COOH to the HF-HNOj etch solution [51]].
The WAR values were 5.62%, 6.84%, and 7.05%, respectively for acid textured, alkaline
etched, and CH;COOH based acid textured mc-Si samples after ARC deposition in their
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case [51]. Hence, the use of CH;COOH adversely affects the light trapping properties

of acid textured wafers and hence, is not used for texturing applications.

Figure 2.5: The cross-sectional SEM images of mc-Si wafers textured using an acid
solution comprising of; (a) HF, HNO; (12:1) solution only, (b) and (c) HF, HNO; and
CH;COOH solution in the ratio of 12:1:2 and 12:1:12, respectively, and (d), (e) and (f) HE,
HNO;-H;3POy solution in the ratio of 12:1:3, 12:1:9 and 12:1:12, respectively. Adapted

from [50].

On arelated note, Hauser et al. developed a low-temperature (8-10°C) acid etching
process for texturing mc-Si wafers, which proceeds with controlled etch rates [55].
Along with lower and controlled etch rates [41} 56], low-temperature acid etching has
several reported advantages such as lesser heat generation during the acid process
[41], higher process bath stability, and horizontal etching (in-line system) compatibility
[55, 57] compared to room temperature acid texturing processes [35, 50]. No additives
(e.g. H3PO, or CH3COOH) were used in the HF-HNOj; acid solution in this method.
This reduces the chemical cost involved in preparing the texture bath, simplifies both
chemical disposal and solution mixing processes. The acid texturing process conditions
were optimized to achieve an etch depth of 4-5 um for which the V¢, Jsc and 7 values
of acid textured cells were maximum as shown in Figure (a). Lower etch depth
(< 4 pm) has resulted in significant emitter recombination leading to poor V¢ and
Jsc values whereas higher etch depth (> 5 um) resulted in larger surface area textures
having higher surface reflection (lower Jsc). An optimal etch depth of only 4-5 um
(per side) assures better mechanical strength and lower breakage rate for mc-Si wafers
during further processes like high temperature emitter diffusion and metalization.

Acid textured mc-Si cells and modules generated an additional Jsc of 2 mA/cm? (4.0%
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relative) and Isc of 0.21 A (4.2% relative), respectively in comparison with alkaline
textured cells and modules. In similar studies, McDonald et al. and Gangopadhyay
et al. also reported an improved Jsc of 1 mA/cm? (3.3% relative) and 2 mA/cm? (8.0%
relative), respectively for acid textured samples over alkaline textured cells [5, 58].
Similarly, McDonald et al. reported ~ 1.5 mA/cm? (5.1% relative) improvement in Js¢

after encapsulation for acid textured cells over alkaline textured mc-Si modules.

Non-uniform etching and formation of deep grooves in acid texturing can soften
the mechanical stability of textured wafers [35,59]. However, Geipel et al. reported that
acid textured mc-Si solar panels have almost 35% (relative) lesser breakage rate than
that of alkaline textured panels [60]. Fracture force test and twist displacement test (up
to wafer breakage) conducted by Arumughan et al. later confirmed better mechanical
stability of acid textured wafers over as-cut and alkaline textured wafers [61]. Aru-
mughan et al. also reported that the wafer breakage rate of acid textured mc-Si samples
remained almost unchanged even after the high temperature processes used for buried
contact solar cell fabrication through fracture force and twist displacement tests [61].
Significant improvement in performance parameters at both cell level and module level
(before and after module encapsulation) with adequate mechanical stability expedited

the industrial adoption of acid texturing.

Together with RENA GmbH, Hauser et al. developed an in-line small foot print (8
m?) acid etching system with a throughput of ~ 600 wafers per hour for texturing large
area mc-Si wafers [57]. Authors conducted three sets of experiments by processing
7000, 10000 and 4000 wafers, respectively for simulating the production conditions
of the newly designed acid texturing tool. Manual dosing was used to maintain the
concentration of chemicals in the bath. In the first trial, the long term process stability
of the acid solution was established by recording the WAR values of 7000 acid textured
wafers and only a minor variation of +1.5% as shown in Figure (b) was noticed.
In the second trial, the lifetime of acid bath was examined by continuously etching
10000 mc-Si wafers with an etch rate of ~ 3 ym/min. 10000 wafers were processed
in 60 hours. In the final trial, manual dosage of chemicals was adjusted to maintain
the overall concentration of chemicals constant in the texturing bath and nearly 4000
wafers were etched in 24 hours without major variation in process parameters as

shown in Figure [2.6] (c). Through these three trial runs, the larger process window
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of acid texturing process in industrial in-line tool was confirmed, favorable for large
scale production. In addition, in-line acid textured mc-Si cells consistently recorded
6% (relative) higher Isc values compared to alkaline textured cells in industry (refer
Figure[2.6/(d)). Authors reported that acid texturing method using an in-line texturing
system have been commercialized and two of the industrial acid etching tools with a
throughput of 1800 wafers/hour have been sold to PV manufacturing units by then. As
per the literatures/reports, acid texturing process was used for texturing mc-Si wafers
in industry for the first time in 2003-2004. Currently, there are industrial in-line acid
texturing tools available from RENA, Schimid and Singulus for texturing mc-Si wafers
[62,163,164]. The minimum average throughput of these tools is around ~3500 wafers
per hour. The average lifetime of acid texturing bath is now around 10 days with

continuous dosage of chemicals.
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Figure 2.6: (a) Variation in Voc, Jsc and 71 values of acid textured screen printed mc-
Si cells with varied etch depth. (b) Reflectance variation of 70000 mc-Si wafers after
continuous acid texturing, (c) recorded process parameter variation (etch rate, solution
composition, and process temperature) in acid texturing process used for texturing 4000
wafers (d) Isc value distribution of alkaline textured and acid textured neighboring solar

cells fabricated in industry. Data reproduced from [55] and [57].

The size of the inverted pit-like texture formed after acid texturing was in the
range of 10 um in all previously reported articles [5, 55]. Smaller and uniform surface
textures exhibit better light trapping properties than larger surface textures [33]. Chen

et al. demonstrated that difference in acid solution composition can produce different

21



surface textures with varied dimensions on mc-Si wafers as depicted in Figure 2.7
[33]. Lower and moderate HF concentration in acid texturing solution produce larger
inverted pit-like textures (~ 10 um as reported in previous studies) as shown in Figure
2.7 (a) and (b) and very high HF concentration in acid etching solution resulted in
small micro-crack like structures as shown in Figure (d). Chen et al. reported
that there exists a process window between the above conditions where the texture
solution composition can be fine tuned to generate uniformly distributed inverted pit-
like structures (see Figure [2.7] (c)) with diameter and height values in the range of 2
pm and 3.2 um. The WAR associated with these surface textures were as low as 21.7%
with adequate ARC surface passivation similar in the case of alkaline textured mc-Si
cells. The light trapping properties of these textures were verified with theoretical
simulations. Later, there were several attempts to improve the texture size uniformity
further [65]. However, the average size of the textures (inverted pits) were still in the

range of 2-4 um in most of the cases [65, 166, 67].

Figure 2.7: The SEM images of mc-Si wafers textured in acid solution comprising of
HF:HNOs;:DI water in the ratio of; (a) 2.5:1:2.5, (b) 7:1:2.5, (c) 15:1:2.5, and (d) 36:1:2.5.
Adapted from [33].

Addition of sulphuric acid (H,SO,) to acid texturing solution is another effective
method reported for improving acid texturing process as it not only helps to stabi-
lize the nitrogen-oxygen intermediates in the oxidation reaction, but also enhances
the formation of fluorine capturing species [68} 169, [70]. Pseudo ternary system with
concentrations of H,SO,, HF and HNO; as three input parameters was established to

study the etch rate and surface texture morphology of H,SO, based acid textured mc-Si

22



wafers [71]. Variation in etch rate from 2 ym/min to 700 ym/min was identified for
different composition of H,SO,4 - HF - HNO; mixture. Acid solution with moderate
etch rate (< 5 ym/min) has resulted in uniform textures on the mc-5Si wafer suitable
for solar cell fabrication, which corresponds to H,SO,-rich region of pseudo ternary
system. Few micrometer sized worm-eaten like random surface textures were obtained
after H,SO,-rich acid etching in comparison with the inverted pit-like textures obtained
after HF - HNO; acid texturing [70, [71]. H,SO,-rich acid textured MWSS mc-Si cells
produced average 0.08% (absolute) higher n compared to conventional acid textured
cells with an improvement of 0.12 mA/cm? in Jsc and 0.24% (absolute) in FF values
[71]. A similar improvement in 1 of 0.12% were noticed in H,SO4-rich acid textured
cells over conventional acid textured cells fabricated using DWS mc-Si wafers as well
[71]. However, handling of large amount of sulphuric acid, stability and lifetime of
texturing bath, throughput and waste disposal analysis of H,SO,-rich acid texturing
process needs to be scrutinized for its industrial adoption. Interestingly, there are no
reports on industrial implementation of the H,SO, based acid texturing process as per

our knowledge.

2.3 Other texturing schemes for mc-Si wafers

2.3.1 Reactive ion etching

Etching processes are broadly classified as chemical and physical etching. Chemical
etching is based on the specific chemical interaction of the materials and physical
etching (eg. plasma based etching) occurs due to the physical interaction of high energy
ions with the substrate. Chemical etching process possess high selectivity and poor
directionality whereas physical etching processes have better directionality and posses
poor selectivity [72, [73]. RIE is a combination of both. This assures both selectivity
(due to chemical species) as well as directionality (due to high energy species). Unlike
acid texturing, RIE texturing does not depend on initial surface morphologies of as-
cut wafers. Fluorine based plasma such as sulphur hexafluoride (SF¢) and carbon
tetrafluoride (CF;) are commonly used for the directional etching of Si wafers [74) 75,

76, 177].
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Winderbaum et al. proposed a combination of photo-lithography and RIE pro-
cesses for texturing mc-Si wafers [78]]. Sputtered nichrome layer after photo-lithography
was used as mask for RIE texturing of mc-Si wafers [78]]. Regular pyramids with a base
width of 5 um was obtained after RIE as shown in Figure (a). These RIE textured
surface produced excellent WAR of 5.6% (without ARC) confirming the possibility
of triple-bounce effect for incoming radiation, in contrast with alkaline textured c-Si
(upright random pyramids) surface, which possess double-bounce effect [79, 80, 81].
Authors reported that the masked RIE textured mc-Si wafers in combination with con-
ventional SiNx ARC are capable of suppressing the surface reflectance to nearly 0%
values for entire wavelength in the range of 500 nm to 1000 nm. Significant improve-
ment in Jsc of 5.7 mA/cm? was reported for RIE textured cells over chemically polished
mc-5Si solar cells. However, the feasibility of masked RIE texturing method for indus-
trial applications was limited by the use of photo-lithography, since the stated process

is too complex and expensive for solar cell production.

Apparently, Inomata et al. developed photo-lithography-free (mask-less) chlorine
(Cl,) plasma based RIE texturing process for mc-Si wafers [82]. The varying aspect ratio
pyramid-like nano-textures were generated on mc-Si wafers by altering the Cl, gas flow
rate. Though higher aspect ratio textures produce extremely low surface reflection, they
are very difficult to passivate using conventional SiNyx ARC layer. Optimal surface
textures as shown in Figure (b) having a balanced WAR and emitter saturation
current density (Jo.) were generated for a Cl, gas flow rate of 4.5 sccm. The champion
RIE textured cell recorded an impressive 1 of 17.1% with Jsc, Voc and FF values of 36.13
mA/cm?, 621 mV and 76.15%, respectively. This was the highest reported 1 value for
large area mc-Si solar cells in that period. Authors reported that multiple wafers were
textured using Cl, based RIE process, which makes it suitable for mass production.
However, the corrosive and toxic nature of Cl, gas was the major bottleneck of this

approach.

Later, Ruby et al. proposed metal catalyst assisted mask-less RIE texturing using
SF¢/O, plasma instead of Cl, plasma for texturing industrial mc-Si wafers [83]. In ad-
dition, SF¢/O, plasma has a higher isotropic etch rate compared to Cl, plasma for RIE
of Si. This corresponds to higher throughput in industry. Four different metal-assisted

RIE texturing processes; namely Al-assisted, Cr-assisted, Ti-assisted, and chamber-
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Figure 2.8: SEM images of mc-Si wafers textured by; (a) masked RIE, (b) mask-less RIE

using Cl, plasma and (c) metal catalyst assisted mask-less RIE using SF¢/O, plasma.

Adapted from [78], and [83].

conditioned were developed [84]. However, RIE textured wafers underwent an addi-
tional damage removal etching (DRE) in dilute HF-HNO; solution for removing the
shallow surface damages introduced on the wafer surface during the RIE process. RIE
textured mc-Si cells with the DRE process performed better than both planar and RIE
textured (without DRE process) cells, respectively because of increased light absorption
and emitter spectral response, respectively. Authors stated that an additional DRE step

is essential after RIE texturing for recovering the emitter spectral response.

Yoo et al. optimized SF¢/O, based mask-less RIE texturing process further for the
fabrication of 16.1% efficient large area (156.75%156.75 cm?) mc-Si solar cells [85]. In
their experiments, RIE texturing for 5 min, 10 min and 15 min has resulted in dense
pyramidal nano-textures. The width and the height of the textures were enlarged with
an increase in RIE time as seen in the SEM images in Figure The average material
loss (in terms of thickness) and WAR value of RIE as-textured samples were only 0.43
pm, 1.01 ym and 1.56 ym and 17.6%, 13.7% and 13.3%, respectively for 5 min, 10 min
and 15 min of RIE texturing. 10 min RIE textured cells produced the highest power
conversion efficiency with maximum Jsc, Voc and FF values. The blue response of
15 min RIE textured mc-Si cells were inferior compared to the other two batch of RIE
textured cells. This suggests the possibility of RIE induced surface damage formation
at the surface (for 15 min RIE textured samples) as previously reported by Ruby et
al. [83]. In such a case, an additional cleaning process is essential to recover the blue
spectral response. However, according to Yoo et al. [85], under optimized conditions,
RIE process produce defect-free nano-textures on the mc-Si wafer surface with minimal

material loss and excellent light absorption. Similar work was reported by Lee et al.
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[86]. These investigations open up the potential applicability of RIE texturing method

on the next generation kerf-less and thinner wafers.

Figure 2.9: SEM images of mc-Si wafers textured by (a) only acid etching (no RIE) and
RIE texturing for (b) 5 min, (c) 10 min, and 15 min. Adapted from [85].

Basu et al. proposed an improvised texturing scheme using the combination of
acid texturing process and mask-less RIE for generating sub-micron surface features
on mc-Si wafers [7]. Acid texturing process consisted of an isotropic etching in HF-
HNO; solution followed by 5% KOH rinse. Micron-sized inverted pit-like textures
(as discussed section in with a WAR of 6.1% (after ARC) were obtained after
acid texturing. Further, RIE texturing has produced sub-micron pyramidal textures
on these micron-sized pits. The spikiness and roughness of the sub-micron pyramid-
like textures were the key factors in deciding the balance between surface reflection
and carrier recombination for RIE textured samples. The optimized RIE texturing on
acid textured mc-Si wafers produced an overall enhancement in WAR by ~ 3.5% (after
SiNx ARC) and similar surface passivation properties in comparison with acid textured
samples. This sets its suitability for high efficiency mc-Si solar cell fabrication. Similar
approaches were reported for c-Si wafers as well, where a combination of alkaline
etching and RIE was used to generate b-Si samples having extremely low surface
reflection [87]. The major drawback of the RIE texturing method is the cost of the
technology and poor production throughput compared to wet texturing methods. This
makes industrial adoption of RIE texturing process extremely challenging irrespective

of its improved performance.
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2.3.2 Mechanical Grooving

Mechanical grooves on mc-Si wafers were first fabricated using a saw with bevelled
blades used in the wafering process [25]. The tip angle and thickness of the blade
were varied from 35° to 180° and 40 ym to 150 um, respectively for the fabrication of
V-shaped grooves on mc-Si wafers as shown in Figure[2.10](a, b and c). These V-groove
samples underwent HF - HNO; - CH3;COOH treatment for saw damage etching and
surface smoothening as shown in Figure (d, eand f). An impressive WAR of 6.6%
(without ARC) was achieved for 35° blade angle and 120 um pitch (Figure (b))
sliced textured samples. This WAR value was as good as masked RIE textured mc-Si
samples reported by Winderbaum et al. [78], indicating the possibility of triple-bounce
effect in this case as well. The reflection coefficient of V-grove samples was dependent

on the blade tip shape and quality of damage etching.

Figure 2.10: SEM images of mechanically textured mc-Si wafers using saw with bevelled

blades. Adapted from [25].

Nakaya et al. studied the impact of blade tip angle on solar cell parameters by
varying the blade tip angle from 40° to 70° [24]. 70 uym deep V-shaped grooves were
fabricated on mc-Si wafer surface using a dicing machine consisting of bevelled blades.
Unlike the previous study, the V-grooved samples were etched in 3% NaOH solution
for surface smoothening and saw damage etching. Significant reduction in Isc and
n values were noticed for higher tip angle grooved samples in agreement with the
previous study by Willeke et al. [25]. Authors also observed that V-groove textured

samples have better light capturing and power conversion efficiency than that of U-

27



groove textured samples [24]. Later, Gerhards et al. developed a low-cost structuring
wheel with V-grooved metal body coated with diamond abrasives for texturing mc-Si
wafers and reported 8% enhancement in Isc and 7 for V-groove textured mc-Si cells
over the conventionally acid textured cells [88].

However, low speed (low throughput), higher tool wear, higher kerf-loss and
the saw damage issues were some of the obvious drawbacks of V-groove texturing
(mechanical texturing) compared to the wet chemical based texturization methods. A
kerf-loss of ~140 um was reported per wafer [25]. During that period, the thickness of
wafers used for solar cell fabrication was in the range of 300-400 ym. However, currently
industry use more thinner wafers (thickness of 160-180 um) for cell fabrication. This
limits the applicability of the proposed texturing process on thinner wafers. Also,
the higher wafer breakage rate was another limiting factor for this method. Other
mechanical ways of texturing such as inkjet texturing [89, 90] and sandblasting [91]
were tried for texturing Si wafers. However, higher breakage rate and lower production
throughput of mechanical ways of texturing always limited its usage in industry over

wet texturing processes [61].

2.3.3 Laser etching

Fabrication of various arrays of textures such as conical spikes, inverted conical spikes,
and parallel grooves were demonstrated on mc-Si wafers by laser etching [92,093]94, 05].
The laser texturing processes were carried out in SFg, Cl,, helium (He) or nitrogen (N,)
ambient using femto-second (fs) or nano-second (ns) lasers. The balance between
the transverse mode order and laser power is reported to be the key for generating
smaller and uniform textures suitable for solar cell applications [96]. Halbwox et al.
demonstrated an impressive 30% enhancement in photo-current in laser textured areas
of the solar cells in comparison with planar regions [97]. They have generated uniform
10 pym height ‘penguin’-like structures using a fs laser on 1 mm? wafer area. Similar
textures were generated in many of the previous studies too [93,/94,98]. However, most
of the studies were restricted to optical property analysis. The surface recombination
velocity and solar cell performance studies were missing. In contrast, Abbott et al.
performed a detailed investigation of morphological, optical, electronic and electrical

performance comparison of laser textured mc-Si wafers and solar cells with alkaline
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textured c-Si and planar wafers and solar cells [95]. Abbott et al. have generated
interlock pit-like array of textures using Nd:YAG laser and used double sided buried
contact cell architecture for solar cell fabrication. The SEM images of the interlock
pits are shown in Figure (@). An additional damage etching process was used
for removing the amorphous ablation slag and damage layer introduced during the
laser etching as shown in Figure (a). A combination of alkaline (weak NaOH) and
isotropic (HF - HNO; - CH3;COOH) solutions, respectively were used for ablation slag
removal and surface smoothening. The SEM images of laser textured mc-Si wafers after
alkaline and isotropic etching are shown in Figure[2.11|(b) and (c)-(d), respectively. The
single-sided laser textured samples (shown in Figures. (c) and (d)) exhibited lower
surface reflectance than alkaline textured c-Si wafers, which resulted in an additional J5¢
of 0.8 mA/cm? over an area of 7.3 cm? [97]. There were similar efforts for the fabrication
of laser texture based solar cells on mc-Si wafers later as well [98, 99, [100]. However,
mostly on smaller area mc-Si samples because of the lower speed of laser texturing.
Laser texturing process is expensive, complex, and time-consuming compared to
existing chemical texturing processes. Also, the requirement of an additional chemi-
cal process step after laser etching limits its industrial adoption. However, with the
emergence of passivated emitter rear contact (PERC) solar cells, femto second lasers are
already used in industry for ablating the dielectric for rear side Al contact [101},102,[103].

This may open up the possibilities for industrial adoption of laser etching for texturing.

2.3.4 Colloidal masking

As discussed in section masked RIE textured wafers exhibited better light cap-
turing properties than wet textured and mask-less RIE textured mc-Si samples because
of triple-bounce effect [58] 78| 83]. The masked RIE textured samples were capable of
suppressing the surface reflection to nearly zero in 500 nm to 900 nm wavelength range
after SiNx ARC deposition [78]. However, the masked RIE texturing approach did not
gain significant industrial attention due to the involvement of complex and expensive
photo-lithography steps. On a related note, there were attempts to develop photo-
lithography-free masking techniques for the selective etching of Si wafers. Colloidal

lithography (CL) was one of the leading candidate in those. The technique is often
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Figure 2.11: SEM images of laser textured mc-Si wafers at different processing stages;
(a) after laser etching; (b) after alkaline (NaOH) etching; (c) and (d) after final isotropic
(HF-HNO;-CH;3;COOH solution) etching. Adapted from [95].

called as natural lithography or nano-sphere lithography. In this approach, colloidal
nano-particles such as polystyrene beads or silica beads are transferred on to Si wafer
surface by low cost deposition techniques such as spin coating and dip coating. These
beads act as the mask for Si etching 105] [106]. The advantages of this method are
good control on the periodicity, any standard Si dry etch recipes can be used, good mask

selectivity for dry etching, and no need of additional processes for mask preparation
and etching [107, 108, [109].

The CL based texturing process consists of four major steps; (i) transfer of single-
layer colloidal masks on to Si substrate, (ii) organic residual etching and mask size
reduction by O, plasma etching, (iii) Si etching by RIE and (iv) colloidal mask etching
in HF solution [110, 113]. Nositschka et al. were the first to propose the
combination of CL and RIE for texturing mc-Si wafers [110]. Authors have used spin
coating method for transferring SiO, colloidal beads (silica beads) with a diameter in
the range of 250 nm to 1000 nm on to saw damage etched mc-Si wafers. The top-down
SEM images of beads spin coated on alkaline SDR mc-Si surface are shown in Figure
(a) and (b). The spin coating process parameters were optimized for achieving
mono-layers of colloidal masks as shown in Figures (a) and (b), and O, plasma
etching was used effectively for reducing the size of beads and thereby opening the

space for Si etching. ~ 100-300 nm tall nano-pillars were fabricated by RIE etching.
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The SEM images of surface textures are shown in Figures (c) and (d). After the
RIE process, the silica beads were etched in HF solution. The surface reflectance values
of the colloidal RIE textured mc-Si samples were significantly lower than the reported
wet chemical approaches and were in the range of V-groove textured and masked RIE
textured mc-Si samples at both cell and module level. A relative increase in Jsc of nearly
3% was achieved for CL based RIE samples over mask-less RIE samples. Marginally
improved Voc and FF values were measured for CL based RIE textured cells over the
other [114]. An overall 0.6% gain in n was reported for CL masked RIE textured cells

over mask-less RIE textured mc-Si cells.

Figure 2.12: SEM images of (a) and (b) silica beads coated on mc-5i wafers. (c) and (d)
represents the SEM images after RIE etching using silica beads as mask. Adapted from
110].

However, CL is best suited for polished planar Si wafers. Perfectly placed hexag-
onal close packing of beads was reported only on polished wafers. However, solar
grade wafers undergo a SDR process in alkaline or acid solutions prior to any process-
ing. Both acid and alkaline based processes result in surface undulations, which makes
the uniform and mono-layer deposition of beads extremely difficult as seen in Figure
(a) and (b). Non-uniform distribution of beads results in non-uniform etching and
texture formation after RIE. Cost analysis of the CL and RIE process would be the cru-
cial parameters in deciding its industrial viability. At this point, we believe that the CL
followed by RIE based texturing scheme may not be suitable for industrial production

in near future since the process steps involved in the CL and RIE are still complex and
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expensive compared to the existing wet texturing processes.

2.4 Conclusions

A comprehensive review of various etching processes used for texturing industrial c-Si
and mc-5Si wafers is presented in this chapter. History and evolution, basic reaction
mechanisms involved, composition of chemicals and process sequence, advantages,
disadvantages of each texturing schemes and, finally its influence on solar cell per-
formance are discussed. The chapter can be summarized by stating that the alkaline
etching (SDR in concentrated KOH solution followed pyramidal texturing in KOH-IPA
solution) and acid (HF-HNO3) etching, respectively dominated the texturing of MWSS

¢-Si and mc-5Si wafers in industry.
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Chapter 3

Literature Review on Texturing of

Industrial DWS Wafers

This chapter starts with reviewing the diamond wire sawing technique and its impli-
cations on wet texturing methods. The basic cutting mechanism, advantages of DWS
over MWSS and the methods proposed for addressing the texturing difficulty of DWS
c-Si wafers are discussed in the first section of this chapter. Second section provides
detailed reviews of different methods reported for texturing DWS mc-Si wafers. The
advantages, disadvantages and challenges for industrial adoption of such methods are
detailed in this section. The third section elaborately discusses the MACE process and

its potential for solar cell fabrication.

3.1 Emergence of DWS wafers: a new challenge

Till the end of 2015, wafer manufacturing units were using MWSS (also known as
loose abrasive slurry sawing in industry) technique for slicing wafers from ingots
and casted blocks. In MWSS set up, multiple steel wires are rolled at a speed of 15-
20 m/s and a specific tension in the range of 18 - 25 N in a roller like arrangement
[3,4]. The Si blocks (ingots) are continuously sprayed with a slurry containing SiC
abrasive particles and polyethylene glycol (PEG) fluid and the material removal process
happening between the steel-wire, SiC abrasive, and the casted block or Cz grown
ingots is responsible for the wafering phenomenon [4] 115} 116|,117,[118,[119,[120]. The

MWSS wafering processes are explained with respect to rolling and indenting model

33



[118]. The indenting process during wire sawing results in elastic deformation of Si
material due to high contact stress and application of a critical load generates cracks
near the indenter [121) 122}, 123]. Further, with the release of the indenter, the wafers
are separated from the ingots and the residual debris are collected along with the slurry
[118][122]. Multiple wafers are sawn simultaneously from a single ingot. However, the
MWSS approach has several process limitations and disadvantages. In the rolling and
indenting process, the speed of the SiC abrasives is always limited with respect to the
wire moving speed and this sets the overall speed of the slicing process [4, 119]. In
addition, MWSS technique requires huge amount of PEG based slurry, which makes
waste management and recycling of Si debris extremely challenging [4,120]. The wear
of steel-wire is significant and almost all wires need to be replaced after each slice
[119]. Importantly, the kerf-loss associated with the MWSS process is high. As per the
industry reports, approximately 130 um Si material is lost as kerf in the MWSS process
for slicing 180 um thick wafers [2, [119]. Also, considerable total thickness variation
(TTV) is noticed for this approach due to the unavoidable size variation of SiC abrasives
in the slurry fluid [4,119]. All the above factors made the MWSS approach not favorable
for the manufacturing of high quality, low-cost, and thinner wafers with a thinner saw

damage, less kerf-loss, and smaller TTV.

The diamond plated wire sawing (DWS) approach, also known as fixed wire
abrasive cutting emerged as an alternate technique for slicing thinner wafers from
ingots and casted blocks. In DWS, the steel-wire used in the MWSS technique is
replaced by thinner steel-wires with 10-20 um sized diamond particles embedded on
it. The diamond particles are attached to the wire by resin bonding or Ni electro-
plating [4, [119]. Diamond scribing on Si surface usually follows a ductile behavior,
which produces damage-free wafer surface after cutting [124]. Instead of PEG based
slurry, the DWS approach uses chilled water as coolant. This reduces environmental
pollution and makes the kerf material recycling easier [125]. The wire wearing with
the DWS method is significantly lower than the MWSS approach and single roll of
steel-wires are used for cutting multiple ingots. The kerf-loss and TTV are remarkably
lower for DWS wafers [126]. The kerf-loss associated with DWS is now ~ 75 ym and
is expected to reduce to ~ 50 um by 2028 as per ITRPV 2020 predictions [2]. Since the

diamond particles are attached on the steel wire itself, cutting speed of DWS technique
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is not limited by a third body movement, and the cutting efficiency is influenced

only by the wire speed. This results in 2-3 times enhancement in cutting efficiency

(higher production throughput) for the DWS method than the MWSS approach [4].

The comparison of DWS and MWSS wafering approaches are summarized in Table

Table 3.1: Envormental and economical aspect comparison of DWS and MWSS ap-

proaches used for slicing mc-Si wafers from casted blocks.

DWS

MWSS

Economical

Higher productivity.
Good quality wafers.

Long life-cycle of steel

wires.

Lower waste management

cost.
Easy recycling of Si debris.

Affordable for large scale

production.

Lower productivity.
Poor quality wafers.

Higher breakage rate of steel

wires.

Higher waste management

cost.
Expensive recycling of debris.

Higher large scale manufac-

turing cost.

Environmental

Reduced kerf-loss.

Water based based cooling

and cutting.

Lower environmental pol-

lution.

Thinner and fewer saw

damage layer

Higher kerf-loss.

PEG slurry cooling and cut-
ting.

Higher environmental pollu-

tion.

Thicker and uniform saw

damage layer.

The top-down SEM images of as-cut MWSS and DWS mc-Si wafers are shown in
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Figure 3.2/ (a) and (b), respectively. Both the types of wafers possess different surface
morphologies because of the difference in their cutting mechanisms. Indentation pro-
cess produce random defects and damages uniformly across the MWSS wafer surface
[127]. The scratching process results in the formation of grooves and pits mainly along
the diamond wire cutting direction. Several parallel saw marks are visible on the sur-
face of DWS mc-Si wafers as seen in Figure 3.2 (b). Compared to MWSS wafers, DWS
wafers possess smoother, thinner, and fewer saw damages due to the ductile behavior
of Si while diamond wire sawing. Fewer surface damages are preferred for solar cell
applications since these surface defects act as recombination centers at the emitter sur-
face. However, the effectiveness of the texturing process also highly depends on the
initial wafer surface topology and polished surfaces are relatively difficult to texture
compared to defect-rich surfaces. Since the as-cut wafer topologies are significantly
different for MWSS and DWS wafers, there exists a technical difficulty in using the
same texturing process for both MWSS and DWS wafers, especially for mc-Si wafers

[127].

For DWS c-Si wafers, a suitable SDR process for the removal of undesired parallel
saw marks, a-Si layer and deeper grooves (shown in Figure (b)), followed by an
existing standard alkaline texturing process can effectively reduce the surface reflection
to the same as that in the conventional alkaline textured MWSS c-Si wafers. In this
regard, several pre-treatment processes such as etching in RCA1 and RCA2 solutions,
NaOH - H,O, solution and citric acid solution were previously tried [9,[10]. However,
complete removal of saw marks were not achieved in any of the above cases. In most
of the cases, the residual saw marks and traces of amorphous silicon layers were still
present on the wafer surface as shown in Figure (a) and (b) even after alkaline
pyramid texturing. These saw mark impressions adversely impact the performance
of solar cells and hence, the potential cost advantage of using DWS wafers are not
completely utilized due to the lower performance of DWS alkaline textured cells in

comparison with conventional alkaline textured MWSS c-Si solar cells.

On a related note, Chen et al. proposed TMAH solution based pre-polishing step
for the SDE of DWS c-Si wafers prior to alkaline texturing [8]. The pre-polishing
step was optimized by varying the etching time from 50 sec to 500 sec for a targeted

removal of complete saw mark impressions and damages. All the saw marks were
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nearly removed from the wafer surface for an etch time of 100 sec and with the further
increase in TMAH etching time, the wafer surface started to become more polished and
flat without any surface defects. However, these kind of surfaces are not suitable for
the nucleation of pyramid texture formation. In addition, higher polishing time implies
lower throughput and higher material loss, which makes it not suitable for industrial
applications. Hence, authors considered 100 sec of TMAH treatment produce optimal
surface quality, best suited for alkaline texturing. The SEM images of upright pyramids
obtained after routine alkaline texturing for TMAH pre-treatment of 100 sec are shown
in Figure[3.T)(c) and (d), respectively. No saw mark impressions were visible on 100 sec
pre-polished alkaline textured samples and the texture distributions were similar to that
of conventional alkaline textured c-Si samples. The solar cell performance parameters
of 100 sec pre-polished alkaline textured DWS c-Si cells were also similar to that of the
conventional saw damage etched and alkaline textured MWSS c-Si cells [8]. However,
as discussed earlier, TMAH based Si etching process has several disadvantages and
hence is not used in PV industry. In this regard, we proposed the NaOCl - KOH
based etching for SDE of DWS ¢-5Si wafers and optimized the process conditions for
generating uniform and smaller pyramid textures on DWS c-Si wafers. The process
details and performance of novel NaOClI - KOH solution based alkaline textured DWS

wafers and cells are described in chapter 5| of this thesis.

T/
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Figure 3.1: SEM images of pyramid textured DWS c-Si wafer (a), (b)without and with
(c), (d) TMAH pre-polishing treatment [8].
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Standard acid texturing process used in industry for MWSS mc-Si wafers was
not effective in the case of DWS mc-Si wafers because of the absence of sufficient saw
damage layer. The SEM images of acid textured MWSS and DWS wafers are shown in
Figures(3.2|(c) and (d), respectively. In comparison with the acid textured MWSS mc-Si
wafers, acid textured DWS mc-Si wafers have fewer surface textures and the textures
are mainly located along the diamond wire saw marks and the regions where saw
damages were initially present. The regions between the parallel saw marks, where
there were no surface damages present initially were found to be relatively smoother
even after acid etching as seen in Figure [3.2| (d). This leads to poor light trapping in
acid textured DWS mc-Si wafers (WAR of >30%) compared to acid textured MWSS
mc-Si wafers (WAR in the range of 23-26%). Wang et al. demonstrated that the acid
texturing issue can cause 0.6% (absolute) reduction in 1 values for DWS mc-Si cells
in comparison with MWSS mc-Si cells [12]. PV industries immediately adopted DWS
technique over MWSS for slicing wafers and in two-three years of time the DWS wafers
have completely replaced the MWSS mc-Si wafers in industry. This led to an urgent

demand for developing an industrially viable texturing method for DWS mc-Si wafers.

Figure 3.2: Top view SEM images of (a) as-cut MWSS, (b) as-cut DWS, (c) standard acid
textured MWSS, and (d) standard acid textured DWS mc-Si wafers.
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3.2 Texturing DWS mc-Si wafers

3.2.1 Additive-based acid texturing process

Researchers tried to address the wet texturing difficulties of DWS mc-Si wafers by
examining alternate industrially feasible Si etching options. The first approach for the
immediate industrial use was to dose texture additives to existing acid solution for
improving the texture uniformity and thereby light absorption. In such a situation, the
manufacturing process sequence and parameters are least disturbed. There are com-
mercial texture additives developed by RENA and GP Solar available in the market for
large scale texturing of DWS mc-Si wafers [62, [128]. As per the latest ITRPV reports
[2], the majority of the industry (~ 60%) uses this method for texturing DWS mc-Si
wafers in their production line. Deeper and denser textures (in comparison with the
conventional acid textured DWS mc-Si samples) formed by additive-based acid textur-
ing lowers the surface reflectivity of DWS mc-Si wafers in the range of acid textured
MWSS mc-Si wafers. Significant improvement in Jsc and simultaneous enhancement
in Voc are guaranteed in the additive-based industrial texturing process [62, 128]. In
addition, texture additives improve the stability and lifetime of acid texturing bath.
However, only limited information is available in the literature regarding the composi-
tion of additives used and the process window of these additive-based acid texturing
processes.

On a related note, Lippold et al. and Krieg et al. applied H,SO,-rich H,SO, - HF -
HNO:s; acid solution for texturing DWS mc-Si wafers [71}129]. The SEM images of the
surface texture formation at different stages of H,SO4-rich acid texturing are shown in
Figure[3.3] Even for an etch depth up to 5 um (the optimized process condition reported
in the article), the uniformity of textures was not as good as in case of acid textured
MWSS samples (see Figure[3.2](c)). In addition, residual saw marks were still present on
the DWS mc-Si wafer surface. H,SO,-rich acid textured cells recorded 0.12% gain in 7,
mainly due to 0.43 mA/cm? improvement in Jsc compared to conventionally HF - HNO;
acid textured DWS mc-Si solar cells. However, the 17, Voc, and Jsc values of H,SO,-rich
acid textured DWS mc-Si cells were 0.4%, 9 mV and 0.11 mA/cm? lower than H,SO4-
rich acid textured MWSS mc-Si cells. This suggests that the surface quality of DWS

wafers were significantly lower than MWSS wafers after H,SO,-rich acid texturing and
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presence of residual saw marks (Figure (d)) adversely affected the performance of
DWS mc-Si solar cells.

Figure 3.3: SEM images of DWS mc-Si wafers after etching in H,SO,4 based acid solution
for a saw damage etching of (a) 0 um (as-cut), (b) 0.930 um, (c) 2.970 ym, and (d) 5.53
pm [71].

3.2.2 Vapor etching

Liu et al. proposed vapor etching of HF - HNO; solution for producing saw mark-free
corrosion pit-like textures on DWS mc-Si wafers [13]. The texturing process was carried
out in a simple teflon container, which consists of an electric stove (placed at the bottom
of teflon container) and a teflon based wafer holder (placed at the top of the container
right above the stove). The HF - HNOj; solution was heated up to 90°C for generating
acid vapors. The evolution of corrosion pits with respect to etch time is shown in Figure
As seen in Figure 3.4 (b), at the initial stages, the elevated portions of saw marks
were etched first to form bigger corrosion pits (for 2 min) and gradually the wafer
surface becomes flatter after 5 min of vapor etching. The obvious saw marks gradually
disappeared in this stage. As the etching time increased further (for 10 min) smaller
corrosion pits started to form over the already formed larger pits and the saw marks
completely vanished at this stage. After 15 min of etching, the larger corrosion pits

were completely etched and replaced by smaller corrosion pits. Further, an increase in
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etch time up to 20 min, forced the smaller pits to merge together to form larger corrosion
pits. Excellent WAR value of ~10% was reported for 15 min of vapor etching. However,
good anti-reflection properties alone does not guarantee high 1 in solar cells, especially
for porous textures. Authors have not discussed about the passivation quality of the
vapor etched surfaces. Also, there were no further relevant literature found describing
the surface recombination properties or solar cell performance of acid vapor etched
mc-Si cells. Authors report 15 min of etching as optimum for solar applications, which
corresponds to 30 um of material loss. This questions the applicability of vapor etching

process on thinner mc-Si wafers.

Figure 3.4: SEM images of DWS mc-Si wafers after vapor etching for (a) 0 min (as-cut),
(b) 2 min, (c) 5 min, (d) 10 min, (e) 15 min, and (f) 20 min [13].

3.2.3 Sandblasting

Nishikota et al. [130] and Takato et al. proposed a combination of traditional
sandblasting and acid etching process for texturing mc-Si wafers in 2012 and 2013,
respectively. However, difficulty in generating a uniform stream and higher breakage
rate of wafers during sand blasting were two of the major bottlenecks of this approach.
Later in 2018, Wang et al. introduced the X-Y micro-pressure sandblasting process
particularly for addressing the texturing difficulty associated with DWS mc-Si wafers
[12]. Unlike the traditional sandblaster system, the spray nozzle of the gun of X-Y

micro-pressure sandblaster system moves in X-Y directions, and resolves the issue of
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stream overlapping. In addition, one complete Si wafer can be sandblasted by using
a single gun. The stabilized output stream significantly reduce the wafer breakage
rate and marginally improve the uniformity of the blasting process in the X-Y micro-
pressure sandblaster system. The wire saw mark impressions present on the DWS
wafers were completely removed in the micro-pressure sandblasting process as seen in
Figure (c) in comparison with Figure (b). The sandblasted DWS mc-Si surface
topology was similar to that of as-cut MWSS wafers shown in Figure (a). Hence,
acid texturing of both sandblasted DWS and as-cut MWSS wafers resulted in uniformly
distributed inverted pit-like structures (Figure 3.5|(d) and (f)) with similar WAR values
in the range of 22% and 7 in the range of 17.95%. The 1 of acid textured DWS mc-
Si cells (without sandblasting) was ~0.6% lower than the other two groups of mc-Si
cells. The study demonstrated that the use of an additional process (X-Y sandblasting
process in this case) for uniform defect generation across the wafer surface can assure
similar n and Isc values in DWS mc-Si cells as that of acid textured MWSS mc-Si cells.
However, setting up an additional equipment to an existing line is always challenging
in industry. Also, the wafer breakage rate with mechanical processes like sandblasting
are always much higher than that of the existing solution based processes [61]. In
addition, sandblasting contributes to an additional wastage of material, which lowers
the strength of mc-Si wafers further. This additional material loss, higher breakage
rate, and additional equipment setting cost associated with the sandblasting process
limit the advantages of the proposed texturing process, especially for the fabrication of

low-cost thin wafer based solar cells.

3.2.4 Laser texturing

Recently, Ding et al. demonstrated 19.26% efficiency for full area Al-BSF solar cell ar-
chitecture on 6 inch laser textured DWS mc-Si wafers [132]. Similar to previous studies,
laser texturing process consisted of two steps; laser ablation process for creating tex-
tures on mc-Si wafer surface and post acid etching processes for ablation slag removal
and surface smoothening. DR-Al-Y100 industrial grade 532 nm wavelength laser with
a repetition frequency of 500 KHz was used to fabricate two kinds of crater-like peri-
odical textures by choosing two different laser power ratio of 50% and 100%. The SEM

images of craters formed by laser texturing for laser power ratios of 50% and 100% are
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Figure 3.5: SEM images of (a) as-cut MWSS, (b) as-cut DWS, (c) sandblasted DWS, (d)
acid textured MWSS, (e) acid textured DWS, and (f) sandblasted + acid textured DWS
mc-Si wafers [12].

shown in Figure (a) (before etching), (b) (post etching) and (c) (before etching), (d)
( post etching), respectively. The average diameter and height of craters formed were
27.2 ym and 11.6 ym and 20.8 ym and 10.1 um, respectively for 100% and 50% laser
power ratio textured samples. Post etching process, the ablation slags were completely
removed and surface became more smoother and less defective, more suitable for solar
cell fabrication. However, post etching, the average diameter and depth of craters
were changed to 35.5 um and 10.4 ym and 23.6 ym and 8.6 um, respectively for 100%
and 50% laser power ratio textured samples. As a consequence, WAR value of laser
textured samples changed from 15.39% to 25.12% and 16.65% to 25.61%, respectively
for 100% and 50% laser power ratio textured samples after post etching, which only
~ 2% lower than in case of acid textured DWS mc-Si wafers. In comparison to ear-
lier reports [95], the WAR values of laser textured samples were significantly higher
in this case before and after etching, relatively lower aspect ratio (height to diameter
ratio) of the craters can be the reason for the same. Laser textured samples with 100%
laser power ratio has produced 127 mA and 0.16% higher Isc and n values compared
to conventional acid textured solar cells. However, this enhancement in performance
becomes insignificant considering the equipment setting cost of laser texturing tool.
In addition, authors demonstrated that laser texturing process becomes less effective
for higher defect concentration mc-Si wafers, as laser texturing produce recombination

current density values compared to acid textured samples [132]. Even-though laser tex-
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turing was demonstrated on full 6 inch wafers, relatively lower enhancement in WAR
and performance parameters, additional equipment setting cost and ineffectiveness in
producing good quality textures at defect-rich area questions its applicability for mc-Si

wafers especially in industrial production lines.

Figure 3.6: SEM images of craters formed by laser texturing for a laser power ratio of
(a) 50% and (b )100%. SEM images in (c) and (d), respectively represent the crater like
textures after post etching of laser textured samples with laser power ratio of 50% and

100% [132].

3.2.5 Reactive ion etching

Irrespective of high equipment setting cost, RIE has been always under investigation
as a possible texturing method for mc-Si wafers 133] [134]. This is because, RIE
processes produce extremely good quality textures on Si wafers independent of wafer
type and as-cut wafer morphology. This confirms its applicability on DWS mc-Si wafers
too. Wang et al. recently used RIE for texturing DWS mc-Si wafers and demonstrated
n of 19.05% for Al-BSF architecture on RIE textured wafers [135]. The SEM images
of RIE textures are shown in Figure 3.7 (a). However, there were few drawbacks for
the above RIE texturing process. Firstly, authors used corrosive Cl, plasma along with
SF¢ and O, plasmas for Si etching. The WAR value of the RIE textured samples was

in the range of 15%, significantly higher for RIE textured samples compared to earlier
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discussed RIE textured mc-Si wafers [7,182,185]. Also, no significantimprovementin 7.
values were noticed for RIE textured samples over acid textured and MACE textured
mc-Si samples. Beneck et al. recently reported a combination of SF¢-O, plasma based
RIE texturing (without DRE process) and atomic layer deposition (ALD) aluminum
oxide (Al,O3) + PECVD SiNy stack for the fabrication of high efficiency solar cells
using high performance (HP) n-type mc-Si wafers [14]. Inductively coupled plasma
RIE (ICP-RIE) etching at lower voltage bias was used to produce high aspect ratio
needle-like structures (Figure[3.7(b)) with an excellent WAR of ~ 1% (after SiNx ARC)
and impressive Jo. of only 50 fA/cm?. Interestingly, these values were better than
alkaline textured float zone (Fz) n-type c-Si wafers. Record 1 of 21.9% was achieved
for RIE textured TOPCon mc-Si solar cells with Jsc, Voc, and FF values of 40.8 mA/cm?,
673 mV and 79.7%, respectively. Hence, RIE texturing in combination with ALD
Al,O5; + PECVD SiNy dielectric stack is capable of producing higher power conversion
efficiency than the alkaline textured ARC coated c-Si cells and the further enhancement
in performance was limited only by bulk material quality in comparison with Fz c-Si
wafers. This approach is expected to gain immense industrial attention considering
the near zero surface reflection on mc-Si wafers with excellent Jo, as low as 50 fA/cm?

as that of alkaline textured c-Si wafers.

Figure 3.7: SEM image of RIE b-Si textured samples reported by; (a) Wang et al.
and (b) Beneck et al. [14] on p-type and n-type mc-Si wafers.
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3.3 Metal Assisted Chemical Etching (MACE)

3.3.1 History and basic reaction mechanism

Asthename indicates, the MACE process corresponds to enhanced etching of substrates
such as Siand germanium (Ge) in the presence of metal particles or thin metal films. The
MACE of Si consists of two steps; metal nano-particles (or film) deposition and etching
in HF-oxidizing agent solution. Metal nano-particles can be deposited by various
techniques [136} 137, 138,139, [140]. MACE of Si was first demonstrated by Dimet et al.
using an evaporated thin film of Al [141]. HF - HNO; solution was used for etching
the Si beneath the Al layer for the fabrication of porous Si layer [141]. Later, Li and
Bohn established the catalytic etching of Si in HF-hydrogen peroxide (H,O,) solution
for noble metals such as Au, Ag, Pt, and Pd [136]. In the MACE process, the Si beneath
the metal nano-particles etch at a much faster rate compared to uncovered Si surface.
As a consequence, the metal nano-particles sink into the bulk of substrate, generating
tine porous nano-structures. The morphology and dimensions of these nano-structures
strictly depend on the pattern of metal deposition and the technique used for metal
deposition [136] 139, 142, [143| 144, [145]. There were several models proposed for
describing the mechanism of MACE of Si [136), 146, 147, 148]. A simple explanation is
similar to that of electrochemical etching of Si in HF - HNOj acid solution as discussed
in section Instead of HF - HNOj; acid solution, the MACE process widely uses
HF - H,O, acid solution for catalytic etching of Si samples. Hence, the electrochemical
etching of Si beneath the metal nano-particles are explained with respect to HF - H,O,

solution. The red-ox reaction close to the metal particles can be summarized as,

H,0, + 2H* — 2H,0 + 2Ir* (3.1)
2H* — H, + 2" (3.2)

Si+ 4h* + AHF — SiF, + 4H* (3.3)
SiF, + 2HF — H,SiF (3.4)

The electrochemical potential of H,O, solution is higher than the valence band of Si and
more positive than other regularly used oxidizing agents like HNO; [36, 149, 150]. This

implies that H,O, can readily supply holes in to the valence band of Si irrespective of
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wafer characteristics [136} (150, (151}, [152], resulting in etching of Si in HF - H,O, solution;
however, at a much lower rate of only < 10 nm per hour [150]. The noble metals such as
Ag [153], Au [154], Pt [155,156] and Pd [157] are used widely to catalyze the oxidizing
agents like H,O, and O, bubbles [150]. These nano-particles act as cathode and the
reductive reactions in equation [3.1|and 3.2 proceed on it at a faster rate. The generated
holes are injected into the Si substrate in proximity of metal particle. This results in
selective oxidation and dissolution of Si beneath the metalized areas. The presence of
above mentioned metals results in faster Si etching with etch rate of > 1 ym per min.
In contrast, the electrochemical etching process in HF - HNO; solution discussed in
section is auto-catalytic because of the presence of important intermediates like
nitrous acid (HNO,) [36]. This results in poor etch selectivity of MACE process in HF
- HNO; solution. Hence, HF - H,0; is the best suited oxidizing mixture for selective

etching of Si.

3.3.2 Application in solar cell processing

The MACE Si wafers are often called as b-Si wafers, as it appears black because of its
superior light harvesting properties. So, MACE b-Si wafers can be potentially used
for solar cell applications. However, there are many challenges in incorporating any
new technology to an existing solar cell production line such as (i) ensuring higher
production throughput, (ii) managing the additional requirement of equipment set-
ting, and (iii) balancing the cost of the technology, etc. Catalytic etching of Si in HF
- H,O, solution being a chemical process and using only PV grade chemicals fulfill
the above conditions for its industrial adoption. Several techniques such as sputtering
[136, 145, 158], focused ion beam [138], e-beam evaporation [144], spin coating [137],
thermal evaporation [159,160], and electroless deposition (EMD) [161] are reported for
noble metal deposition step in the MACE b-Si process. Sputtering, e-beam and thermal
evaporation methods are commonly used in MACE process for the fabrication of more
specific and well controlled nano-structures and surface features. However, these meth-
ods are relatively expensive and low throughput processes for solar applications and
hence, not suitable for industrial adoption. EMD is a simple, efficient, and inexpensive
approach for metal nano-particle deposition if there aren’t strict constraints on surface

morphologies of the nano-structures after catalytic etching. Also, the cheapest metal,
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Ag among the four frequently used metals (Au, Ag, Pt and Pd) for MACE processes
can be easily deposited by the EMD method using silver nitrate (AgNO3) solution at
room temperature. Since it is a chemical solution based deposition, the process can be
readily integrated to the existing industrial acid texturing tools without any additional
equipment setting cost. As discussed earlier, after metal particle deposition, the wafers
are etched in HF - H,O, solution at room temperature. Both the metal deposition (Ag
nano-particle deposition by EMD) and etching processes are done at room temperature
and require only a few seconds (sec) for process completion. Hence, the MACE b-Si
process fulfills all three criteria discussed above for its application in industrial pro-
duction line. According to the latest industrial reports, MACE b-Si solar wafers have
already started to replace the additive-based acid textured mc-Si wafers for low-cost
high efficient solar cell fabrication in industry [2].

The MACE b-Si process used in the solar industry commonly consists of four steps.
In the first step, the saw damages introduced during the sawing process are etched to
form defect-free surfaces prior to metal deposition. Conventional acid etching in HF -
HNO; solution [162] or concentrated alkaline etching [163,164] can be applied for the
same. Subsequently, the damage removed mc-Si wafers are soaked in AgNOj3 solution
[164] or AgNO; - HF solution [165, [166] for a few sec at room temperature for Ag
nano-particle deposition. Since the reduction potential of Ag/Ag* galvanic cell is more
positive than valence band of Si, Ag™ readily injects holes to the valence band of Si
and the reduced Ag metal particles get deposited on the Si surface. During the EMD
process, Ag*/Ag acts as cathode, and Si in contact with metal particles acts as anode.

The cathode reaction is summarized as follows,
AgT —> Ag+ht (3.5)

The injected holes in the valence band of Si facilitates the oxidation of Si to form SiO,
at localized areas beneath the metal particles. The generalized anodic reaction can be

summarized as follows,
Si+2H,0 — SiO, + 4h™ + 4e” (3.6)
SiO, + 6HF — H,SiFs + 2H,0 (3.7)

If the metal nano-particles were deposited using AgNOj3 solution, then only the re-

action given in equation 3.6 progresses, resulting in local oxidation of Si beneath the
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metalized area. If AgNO; - HF solution was used for Ag nano-particle deposition, both
the reactions listed in equation [3.6 and [3.7 progress simultaneously resulting in local
oxidation of Si and etching of oxide layer beneath the metal particle. This leads to
the sinkage of metal particles to the bulk of Si. However, the oxidation rate in such a
case is too slow for deeper pores or nano-structure formation. Hence, strong oxidizing
agents like H,O, and H3;PO, are essential for the fabrication of deeper b-Si surface
features. This corresponds to the third step of b-Si fabrication. As discussed earlier,
a combination of HF - H,0O, solution is used for enhanced catalytic etching of Si. The
red-ox reactions listed in equation of section confirms that addition of H,O,
in catalytic solution strongly oxidizes the Si beneath the metal particles and HF simul-
taneously etches the oxide layers, resulting in deeper sinkage of metal nano-particles
and b-Si structure formation. Some of the literatures even describe about single step
b-Si process where the reactions listed in equation and [3.7] progress si-
multaneously to form b-Si features. For example, recently Kumagai et al. [167] and
Kexun et al. reported a single step b-5i fabrication process using the combination
of AgNO;, HF and H,0O, mixture. In the final step, the residual metal ion particles were
removed from the wafer surface by etching the wafers in HNOj; solution [15] [167] or
NHj; [168] or H,O, - NHj solution [165]. The representative SEM images of DWS mc-Si
wafers after Ag nano-particle deposition by EMD and Si etching in HF-H,0O, solution
are shown in Figure The shape, size and distribution of the Ag nano-particles
are controlled by adjusting the HF and AgNOj3 solution composition and deposition
time. The height/depth and size of b-Si nano-structure features can be controlled with

respect to HF - H,O, etching parameters.

Figure 3.8: The SEM images of (a) Ag nano-particle deposited by EMD and (b)

nano-structures obtained after Si etching in HF - H,O, solution on DWS mc-Si wafers

[167].
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3.3.3 Surface modification of b-Si samples
Requirement of surface modification

There were several attempts to fabricate high efficiency solar cells on both Ag catalyzed
[169, 170] and Cu catalyzed [171] MACE b-Si textured samples, initially using c-Si
wafers. MACE b-Si textured solar cells succeed to perform better than the planar
reference cells in most of the cases as well [169, 170]. However, the blue wavelength
spectral response of b-Si solar cell was extremely poor compared to planar cells due
to poor passivation properties of b-Si surfaces [169, 170]. Hence, the advantages of
superior light absorption in b-5i textured wafers were not completely translated to cell
performance because of heavy surface recombinations at the emitter surface. Oh et al.
modified the MACE b-Si surface for controlled surface recombination, using TMAH
solution and demonstrated 18.2% efficient c-Si solar cells in 2012 [172]. The excess
recombination losses associated with b-Si structures were suppressed by etching the
b-Si samples (nano-pore textures) in TMAH solution to form wider surface features.
The modified b-5i structures were well passivated using thermal SiOx layer and 4 mV
higher V¢ was reported for b-Si modified cells over conventional alkaline textured
cells [172]. The study proved that b-Si samples after a suitable surface modification can
perform better than other existing wet texturing methods used for low cost and high

efficiency solar cells.

In 2014, Kumagai predicted the emergence of the DWS wafering technique and
proposed the combination of MACE b-Si and conventional acid etching processes (HF-
HNO; etching and followed by dilute KOH rinse) for texturing DWS mc-Si wafers
[167]. 17.2% efficient Al-BSF solar cells were fabricated on acid textured b-Si DWS mc-
Si wafers with 0.4% (absolute) gain in 11 compared to acid textured MWSS mc-Si cells.
The optimized MACE b-Si processes were not only useful in addressing the texturing
difficulty associated with DWS mc-Si wafers but also ensured better performance than
acid textured MWSS mc-5i cells. Modification of the MACE b-5i surface for balanced
optical and electronic properties is the key for achieving higher performance in b-S5i mc-
Si solar cells. The following subsections describe the advantages and disadvantages of
various etching processes reported specifically for b-Si surface modification of MACE

b-Si DWS mc-Si solar cells.
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Alkaline etching

Fang Cao et al. proposed alkaline (NaOH) based etching for surface modification of
MACE b-Si textured DWS mc-Si wafers [173]. Prior to alkaline etching, DWS wafers
sequentially underwent an acid etching process in HF - HNOj solution and nano-
texturing process in AgNO; - HF - H,O,, respectively for micron-sized inverted pit
and nano-pore array (b-5i) fabrication. As seen in Figure[3.9|(a) and (b), 100 nm to 200
nm sized sub-micron pyramidal textures were formed after alkaline based b-Si surface
modification. Alkaline etching of b-Si samples produced nano-pyramid like textures.
Combination of micron-sized pits and sub-micron pyramids reduced the WAR value of
DWS mc-Si wafers to below 16%. Reduced surface reflectance produced ~ 0.5% higher
Jsc and 1 values compared to acid textured MWSS cells. However, relatively higher
non-uniformity in both ARC thickness and emitter sheet resistance were noticed for
the alkaline etched MACE b-5Si samples in comparison with acid textured MWSS mc-Si
samples. The anisotropic etch dependencies of NaOH solution towards different crystal
orientations and non-uniform acid etching of DWS mc-Si wafers together contributed
to non-uniform texture generation, and thereby resulting in non-uniform distribution
of sheet resistance and ARC thickness across the wafer surface, making the proposed
etching method not suitable for b-Si surface modification and large area high efficiency

solar cell applications.

Figure 3.9: (a) Low and (b) high resolution SEM images of nano-pyramidal textures
on acid textured DWS mc-Si wafers. Larger oval pits were formed by HF - HNO; acid
etching and nano-pyramids were generated by MACE and NaOH surface modification

.
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Nanostructure rebuilding (NSR) process

Another useful approach reported was to treat the MACE b-S5i DWS mc-Si wafers with
sodium fluoride (NaF) and H,O, solution for inverted pyramid fabrication [162, [165].
The process was named as nano-structure rebuilding (NSR) process. Zheng et al.
and Jiang et al. [165], respectively used the NSR process for modifying the Ag - Cu
co-catalyzed and Ag catalyzed MACE b-Si textures. In the former case, NSR process
was carried out for (90-360) sec at 55°C. NSR process turned the nano-pores (Figure[3.10]
(a) and (c)) to smoother enlarged squares and the edge length of the squares increased
with increase in NSR etching time. 360 sec of NSR process resulted in saw mark-free
smoother and uniform inverted pyramid textures with a side length of ~ 600 nm as seen
in Figure (b) and (d). The WAR value of the b-Si samples changed from 6.23% to
16.5% after 360 sec of NSR process, however, ~ 13% lower than the acid textured DWS
mc-Si wafers. NSR process modified b-Si cells outperformed the conventionally acid
textured mc-Si cells and b-Si cells (without NSR) with a gain in 7 of 0.58% and 2.33%,
respectively. Remarkably improved Jsc and Voc value of NSR b-Si cells confirmed the

excellent anti-reflection and passivation properties of the inverted pyramidal textures.

Figure 3.10: SEM images of DWS b-Si mc-Si wafers: (a) top view; (c) angular view
before and (b) top view; (d) angular view after 360s of NSR etching [162].

A similar study was reported by Jiang et al. on inverted pyramidal texture forma-
tion from MACE b-Si by NSR process [165]. The evolution and change in WAR value

trends of the inverted pyramid nano-textures with NSR etching time was similar to the
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previous work reported by Zheng et al. [162]. An 1 gain of nearly 0.5% were reported
for inverted pyramidal textured cells over acid textured DWS mc-Si cells. However,
Jiang et al. studied the impact of NSR etching beyond 360 sec and observed saturation
in inverted pyramid size enlargement in the range of 700 nm. In such a case, more flat-
ter areas have formed between the larger inverted pyramids on the entire wafer surface
area and the overall surface reflectance values of samples exceeded 20%. NSR process
looked exceedingly promising for the fabrication of inverted pyramidal textures from
MACE b-Si features on DWS mc-Si wafers as the obtained inverted pyramidal textures
posses excellent light trapping as well as surface passivation properties. In addition,
NSR process was applicable to both Ag and Cu catalyzed b-Si samples. However, the
cost, stability and safety analysis of the chemicals, especially NaF (since the process is

carried out at 55°C) need to be studied before its industrial use.

Reactive ion etching

Recently, Jin et al. proposed Cl,, O, and SF¢ plasma mixture based RIE process for the
fabrication of inverted pyramids on MACE b-Si textured wafers [133]. As seenin Figure
(c) and (d), the RIE process selectively etched the trenches formed by the MACE
process (see Figure[3.11](a)) to form inverted nano-pyramid like textures over the entire
mc-Si wafer surface area irrespective of crystal orientations. MACE + RIE textured
mc-Si wafers exhibited lower surface reflectance (in the short wavelength range) and
lower recombination current densities (Jo—giffuses at front side and Jo_naif fusea at rear side)
compared to both RIE textured (Figure (b)) and MACE textured (Figure (a))
mc-Si samples. 20.51% batch average n was achieved for MACE + RIE textured batch
of PERC cells, absolutely 0.54% and 0.22% higher than that of MACE and RIE batch
of PERC cells. Also, the earlier reported disadvantages of RIE texturing such as low
Si etch rate and use of an additional DRE process for lattice damage etching were not

critical in this case.

Acid etching

Acid etching being the most effective and commonly used method for texturing mc-Si
wafers in industry, its usefulness on surface modification of MACE b-Si samples were

investigated by many researchers and as of now, it has emerged as the best suited
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Figure 3.11: The SEM images of the (a) MACE textured, (b) RIE textured, and (c)
MACE+RIE textured mc-Si wafers, respectively. (d) represents MACE+RIE textures in

three crystal grains and the grain boundaries are separated by red lines [133].

method for the essential surface modification step in MACE b-Si solar cells. Guoy Su et
al. used acid texturing process (HF - HNO;3 - H,O, etching followed by 0.5% KOH dip)
for the fabrication of inverted pyramidal textures on MACE b-S5i DWS mc-Si wafers
[166]. The MACE b-Si nano-structures were enlarged to form nano-sized inverted
pyramids as shown in Figure (a), (b) and (c) for acid etching time of 1 min, 3
min, and 6 min, respectively. The WAR values of b-Si samples were increased from
3.82% to 25.5% after 6 min of acid etching, still, ~11% lower than that of conventionally
acid textured DWS mc-Si wafers. The 7.¢ values of b-Si samples improved from 14.64
us to 43.60 us, 55.89 us and 58.09 us, respectively after 1 min, 3 min and 6 min of
acid texturing, confirming the improvement in surface texture quality after b-Si surface
modification. 3 min acid textured b-Si solar cells exhibited the highest n of 19.07%
with a maximum Jsc of 37.55 mA/cm?, which corresponds to 0.6% (absolute) gain in 7
compared to the acid textured DWS mc-Si cells. However, the WAR values of 3 min
acid textured b-Si samples were 19.46% and 6.70%, respectively before and after ARC
deposition and the WAR values are relatively higher compared to the WAR value of
MACE inverted textures formed by NSR and RIE processes [133}162}165]. In addition,
the 7,7f and Voc values of 3 min acid textured (optimized process conditions in this

case) MACE b-Si cells were ~ 6 us and 2 mV lower than the acid textured DWS mc-Si
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samples, suggesting the need for further optimization of acid texturing process window

in achieving similar texture quality as that of the acid textured DWS wafers.

Figure 3.12: SEM images of MACE b-Si inverted pyramid textures after acid texturing
for (a) 1 min (b) 3 min and (c) 6 min [166]].

Apparently, Wang et al. also proposed HF - HNOj acid texturing process for MACE
b-Si surface modification [135]. Unlike the previous work [166], final dilute KOH rinse
was not done for MACE samples after acid etching in this case. Acid etching produced
uniformly distributed 500-800 nm sized inverted pits on MACE b-Si DWS mc-Si wafers
as shown in Figure (d). The results of acid etched MACE b-Si wafers were com-
pared with the acid textured MWSS (Figure[3.13|(a)), additive-based acid textured DWS
(Figure (b)) and RIE textured DWS (Figure (c)) mc-Si wafers. The WAR and
T.¢f values were 31.0% and 58.1 us, 25.3% and 42.6 us, 15.1% and 66.2 us, and 23.2%
and 101.3 us, respectively for acid textured DWS, acid textured MWSS, RIE textured
DWS and acid etched MACE b-Si DWS mc-5i samples. MACE acid etched solar cells
exhibited better performance than the acid textured DWS and acid textured MWSS cells
with an overall enhancement in Voc and Jsc of 0.7 mV and 0.64 mA/cm? and 1.8 mV and
0.29 mA/cm?, respectively. Significantly improved light absorption of RIE wafers and
excellent surface passivation quality of MACE acid DWS mc-5Si samples, respectively
contributed to 0.59 mA/cm? enhancement in Jsc for RIE cells and 1.3 mV improvement
in Voc for MACE acid textured cells in comparison to each other, recording an excellent
overall batch average 1 of 18.86% and 19.05%, respectively for the MACE acid etched
and RIE textured solar cells. This difference in 1 become insignificant considering the
cost-effectiveness of MACE technology over RIE. However, the reported WAR of 23.2%
was higher for modified MACE b-Si samples compared to the approaches discussed
earlier in this section. From our previous discussions it can be inferred that appro-
priate process optimization of acid etching process used for b-Si surface modification

potentially can suppress the surface reflection loss further without compromising the
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T.fs values. In addition, examining the impact of KOH rinse after etching for MACE

b-Si surface modification is essential for standardizing the process fully to its potential.

Figure 3.13: Top view SEM images of mc-Si wafers: (a) acid textured MWSS; (b) acid
textured MWSS; (c) RIE textured DWS; and (d) MACE acid textured DWS [135].

3.4 Conclusions

In this chapter, we reviewed DWS technique and its implications on existing wet
texturing techniques. The wet texturing issues were more severe for mc-Si wafers as
the relatively thinner and fewer saw damage layer of DWS wafers renders the acid
texturing process ineffective. Alternative texturing methods reported for overcoming
the acid texturing issues of DWS c-Si wafers including MACE are reviewed further. The
comprehensive literature review indicates that MACE b-Si approach has the potential
to become the next generation texturing scheme for mc-Si wafers because of its cost-
effectiveness, high throughput, and improved performance in comparison with acid

texturing process.
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Chapter 4

Experimental and Characterization

Techniques

This chapter discuss the process flow used for the fabrication of lifetime test structures,
and the theory behind some of the measurement techniques for characterizing the

lifetime structures and solar cells used in this thesis.

4.1 Carrier lifetime measurements

In this thesis, the passivation properties of textured wafers are tested in two ways. The
surface texture quality of the as-textured mc-Si wafers were evaluated by immersing
the respective textured wafers in a passivating solution containing quinehydrone and
methanol (QHM). Also, symmetrically diffused and passivated lifetime test structures
are fabricated for extracting the emitter recombination current density (Jo.) values fol-
lowing the process flow given in Figure The textured wafers are first subjected
to phosphorous diffusion (on both the sides of the wafer) in a tube furnace (Protemp
USA, Sirius PRO200) and 2% HF bath to etch out the PSG layer formed during emitter
formation. Further an ultra thin silicon oxide (SiO,) passivation layer is grown on
diffused wafers by low temperature oxidation (LTO) process at 600 °C for 1 hour in
the same tube furnace. Silicon nitride (SiNx:H) ARC passivation layer is deposited on
top of the ultra thin oxide layer on both sides by PECVD technique using Plasmalab
100 tool from Oxford Instruments. Finally, samples underwent firing at 770 °C (cell

tiring temperature used for baseline cell fabrication at NCPRE) in a RTP firing chamber
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i

Thermal Oxidation

(Bothsides, 600°C for one hour)
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!

Co-firing
(RTP, 770°C)

Figure 4.1: Process flow diagram of fabricating lifetime test structures.

(Allwin21 Corp., AW 610) to complete the process flow. The passivation study in QHM
solution and the fabricated symmetrically diffused and passivated lifetime test struc-
tures are referred to as chemical passivation and physical passivation, respectively in
this thesis.

The minority carrier lifetime values were measured using quasi-steady state photo-
conductance (QSSPC) lifetime tester from Sinton Instruments (WCT 120). Sinton life-

time tester measures the effective minority carrier lifetime using the following formula,

1 — 1 +SFront+SBack (41)
Teff TBuk W W

Where, trfr and tp, are effective minority carrier lifetime and bulk lifetime,
respectively in sec. Sgy, and Spae are the surface recombination rates at the front and

rear surfaces, respectively in cm-sec™

. W represents the wafer thickness in cm. The
Tpuik factor consists of three components; radiative recombination, Auger recombination

and Shockly-Read-Hall recombination, represented the corresponding lifetime of Tgu4,
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Taug, and Tsgy in sec,

1 1 1 1
= + + (4.2)
TBulk TRad TAug TSRH

Since double side textured samples are used for chemical passivation studies and
lifetime measurements are carried out by soaking the wafers in QHM solution, Sg,o,: =

Spack = Skff and equation reduces to,

1 1 28k
= +
TEff  TBulk W

(4.3)

Wafers with similar bulk lifetime are used for lifetime experiments, so that the g/
value measured by chemical passivation is a direct indication of the surface passivation
quality.

Jo. value is extracted from the inverse Auger corrected lifetime curves plotted
against excess carrier concentration (An) following the method proposed by Kane and
Swanson [174]. For the J,. value extraction, lifetime measurements are carried out
for symmetrically diffused and passivated test structures. The 7gfs of lifetime test

structures can be modeled and expressed as,

1 1 1 N (Joe(front) + Joe(vack)) (NDop + Ar)
TEff  Taug  TSRH qu:W

(4.4)

where, Joe(fronty and Joeack) are the front and back emitter saturation current den-
sity values respectively, in A-cm™2, Np,, is the backround doping concentration of the
substrate in cm ™, q is the elementary charge value, n; is the intrinsic carrier concentra-
tion in cm™. Since the lifetime test structure used are both side textured and diffused
(n*-p-n*) with similar SiO,-SiNy:H passivation on both sides, then Joe(fron and Joegack)
values are identical, i.e. Joe(front) = Joe(pack) = Jo.. Under this condition, the Jo, component is

1

deducted by taking the differential of %ff " T curve with respect to An in high injection

regimes (An >> Np,,). The deduced expression used for the extraction of J. follow as,

1 1 )

o, = W A~
LA dAn

(4.5)

Joe is a direct measure of surface recombination at the emitter surface in solar cells.
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4.2 Current - voltage measurements of solar cells

The performance of fabricated solar cell are tested by extracting the performance pa-
rameters from the lighted current-voltage (I-V) curves. The I-V measurements are
carried out at unified testing conditions, commonly known as standard testing con-
ditions (STC) defined by IEC standard 60904 [175]. The primary STC include; (i)
illumination spectra of lamp should match with AM 1.5G spectra, (ii) measurement
temperature should be 25 °C and the illumination intensity should be 1000 W-m™2. The
current density - voltage (J-V) and power - voltage (P-V) curves of a large area silicon
solar cell fabricated at NCPRE is depicted in Figure The Ve and Jsc points marked
in Figure respectively represent the open circuit voltage and short circuit current
density values. The maximum power point in the P-V curve is named as Pypp and
the corresponding voltage (Vypp) and current density (Japp) values in the I-V curve are

used for estimating efficiency (n) and fill factor (FF) values.

sC
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Figure4.2: TheI-V (black) and P-V (red) curves of a large area silicon solar cell measured

using Abet Technologies AAA solar simulator.

Pypp
= 4.6
P, (4.6)

Where, P}, is the irradiance incident on the solar cell, which is equal to 1000 W-m™2

under STC. Further FF is calculated from,
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FF = Pypp _ Vmpp X Jmpp
Voc X Jsc Voc X Jsc

In this thesis, all the I-V measurements are conducted using a class AAA solar simulator

(4.7)

from ABET technologies. Apart from the performance parameters (Voc, Jsc, FF, and 1),
series resistance (Rs) and shunt resistance (Rsy) values of solar cells are also extracted,
respectively from the I-V curves measured at two different illumination (1 sun and 0.1
sun) intensities following Bowden method [176] and from the slope of dark I-V curve

in the range of -50 mV to 50 mV.

4.3 Quantum efficiency measurements

Quantum efficiency (QE) is defined as the ratio of number of electrons collected in the
contact to number of photons incident on the sample. QE of a solar cell includes both
optical and recombination losses. Ideally QE measurements are carried out close to
the metal contact using a low intensity photon source so that resistive paths (series
resistance) in solar cells do not influence the accuracy of measurement. In order to
segregate the effect of optical and recombination losses, QE is classified as external QE
(EQE) and internal QE (IQE). EQE refers to the ratio of electrons collected to the total
number of photons incident on the sample area, which include both reflection from
the sample surface and transmission through the sample as well. In contrast, IQE is
defined as the ratio of total number of photons collected to the total number of electrons
absorbed (excluding reflection and transmission losses) in the sample. It imply that
IQE solely refers to recombination loss contribution in short circuit current. Further,

IQE and EQE can be related as,

EQE

RE=1—"®+D

(4.8)

Where R and T, represents the reflection and transmission losses in solar cells. For
silicon solar cells with full area metal at the rear side, used in this study, the transmission
loss through the samples is zero. Hence, equation 4.8/ becomes,

EQE
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Following the equation the wavelength dependent IQE values of solar cells
are estimated from the measured EQE and reflectance values.

In this thesis, PVE-300 tool from Bentham instruments was used for QE measure-
ments. The area of illumination was 1 mm X 5 mm and light with varied wavelength
ranging from 300 nm to 1200 nm was used for generating QE curves. Representative
QE (IQE and reflectance) curves of an industrial mc-Si solar cell is shown in Figure
Sharp falls in IQE values at blue wavelength (300 nm to 500 nm) and longer wave-
length region (900 nm to 1200 nm), respectively are due to the surface recombination
occurring at the front and rear sides of the solar cell. IQE values in the mid wave-
length range is representative of the substrate bulk quality. Hence, IQE in combination
with reflectance can be effectively used for comparing both optical and recombination

properties of differently textured solar cells.

100

80 |

Reflectance
—IQE

20

400 600 800 1000
Wavelength (nm)

Figure 4.3: The line scan QE (black for reflectance, red for IQE) curves of industrial

mc-Si silicon solar cell measured using PVE-300 tool from Bentham instruments.

However, the spot scan QE measurements may not be representative of the whole
solar cell if there are non-uniformities, especially for mc-Si solar cells as different grains
present in mc-Si wafer surface exhibit different surface reflection. Hence, light beam
induced current (LBIC) IQE and reflectance maps are used comparing the optical and
recombination properties of solar cells. We have used the four available wavelengths
in our LBIC tool (Semilab WT-2000PVN); 407 nm, 658 nm, 877 nm, and 986 nm for

the analysis in this work. In addition, the front surface recombination velocity (FSRV)
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and back surface recombination velocity (BSRV) maps of solar cells are generated from
the LBIC IQE and reflectance maps following the methods shown in [177] and [178]],

respectively.

4.4 Photoluminescence measurements

Optical absorption in semiconductor results in electron-hole pair generation inside
the semiconductor. Further, these light generated carriers are recombined via radiative
and non-radiative paths. Radiative recombination results in light emission with energy
equivalent to the band gap and this phenomenon is known as photoluminescence (PL).

The efficiency of luminescence (n) is given by,

RRud
n=———— (4.10)
RRud + RnRad
where Rgqs and R,rq4, respectively represent radiative and non-radiative recombi-
nation rates. Further, the recombination rates are related to A n by,
An An

RRad = ’ RnRad =
TRad TnRad

(4.11)

where, Tr, and T,ru, respectively represents the radiative carrier lifetime and
non-radiative carrier lifetime values. Further, they are related to effective minority
carrier lifetime (7g¢f) by
1 1 1

= + (4.12)
TEff  TRad  TnRad

Since silicon is an indirect band gap material, most of the recombination occurs via
non-radiative paths. However, the minimal amount of radiative recombination (PL)
occurring in silicon can be effectively utilized for studying its electronic properties.

In thesis, PL images are captured using Lumisolar EL/PL system from Greateyes,
which primarily use two arrays of 660 nm wavelength LEDs as an illumination source.
For measurements, a silicon CCD camera is mounted above the sample placing chuck
and the luminescence signal are filtered by 960 nm high pass filter to cut off the input
LED signal and to recieve only the emission signal near the band gap. The maximum

resolution of CCD camera and static thermal noise were 1024 X 1024 and 500-600 nm
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pixel intensity, respectively. Further, the noise in the images are eliminated in the
software itself by subtracting background images from the captured images.

The single diode circuit model used for PL image analysis is shown in Figure
Each pixel constitutes of current source (Jj;gn,;) and an ideal diode current (J;) as marked
in the Figure. The other parameters used for the analysis are also marked in the Figure
Now, the pixel intensity of PL (®;) is directly proportional to the diode voltage (V;)

following the exponential relation given below,

J/ight,j JRsyi Rs,i
—>

Dyw

Figure 4.4: Equivalent circuit of a single node (pixel) of solar cell. Single diode model

is used for explaining the working mode of PL images.

Vi
D, = Ciexp(%) 4.13)

Where, C; is the calibration constant. K, T and q, respectively represents the
Boltzman constant, temperature and elementary charge. Now in accordance with the
equation under open circuit conditions, ®@; is exponentially proportional to the
quasi fermi-level separation or open circuit voltage of solar cells. This imply that, PL
images at open circuit conditions can be used for comparing the passivation properties
of solar cells under similar illumination conditions. In all measurements, identical
illumination conditions are imposed on solar cells by normalizing the PL intensity with
measured reflectance at 660 nm. PL images at open circuit conditions are extensively
used in thesis for comparing the passivation properties of lifetime test structures and

solar cells fabricated on different surface textures.
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PL imaging technique can be applied to generate series resistance maps as well.
PL images at different bias (BPL) are utilized for generating the series resistance maps.
From the equivalent circuit shown in Figure pixel series resistance Rs; can be

extracted using the formula,

R o AVRS,,' _ AVI - AVt
> AJrg;  Afiignt,i — A
Now incorporating the relation between V; and ®; (shown in equation [4.13) to

(4.14)

equation can be utilized for obtaining the series resistance maps. There are several
methods available to simplify the equation further and for eliminating the cali-
bration constant in equation We followed the Kampwerth method for generating

series resistance maps in this work [179].

4.5 Summary of other characterization tools

Summary of the other characterization tools used in this thesis is given in Table
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Table 4.1: Summary of different characterization tools used in thesis.

Serial | Tool Name Manufacturer Remarks
No. and Make
1 3D optical micro- | Zeta Instru- | Size and height estimation of pyra-

scope ments, ZETA-20 | mid textures
2 Spectrophotometer | Perkin  Elmer, | Reflectance and transmission study
with integrating | Lambda 950
sphere
3 Four probe Jandel, MHP-12 | Diffusion uniformity analysis
& Multi-PT8.
4 SEM imaging Zeiss Ultra 55 Morphology analysis
5 Electrochemical ca- | WEP CVP21 Diffusion profile measurement
pacitance voltage
6 Ellipsometer Semilab SE 2000 | Thickness, refractive index and ex-
tinction coefficient measurements
7 Dark lock in ther- | PV-LIT Infratec | Two diode model performance pa-

mography

GmbH

rameter mapping
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Chapter 5

Novel Low-cost Alkaline Texturing

Process for DWS ¢-S1 Wafers

5.1 Motivation

As discussed earlier, the immediate adoption of DWS wafers has resulted in wet textur-
ing challenges. An SDR process that completely etch out the unwanted saw damages,
wire impressions and a-Si layer present on the DWS wafer surface was the need of
the hour in c-Si solar cell industry. Pretreatment processes using HCI-H,0O, solution,
KOH or NaOH based SDR solution, and HF-HNO; acid based SDR solution were tried
for SDE of DWS wafers [9, [10]. However, all of the above processes were incapable
of completely removing the saw marks impressions. In contrast, Chen et al. success-
tully reported a TMAH based SDR process for DWS c-Si wafers [8]. However, TMAH
solution is a relatively expensive chemical (US $250/litre) and corrosive. Moreover,
an additional pre-SDR wafer clean makes this method inappropriate for industrial

applications.

In this chapter, we propose a novel low-cost and industrially viable approach for
pyramidal texturing of DWS c-Si wafers. The proposed process combines a novel single
step low-cost SDR solution with a new combination of KOH and NaOCl, followed by
silicate pyramidal texturing process [6] for generating uniform and smaller pyramids
of ~2-4 um size. Unlike TMAH based SDR process, additional cleaning processes are

not required, which makes our process industry-friendly and productive.
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5.2 Experimental methods

5.2.1 Texturization

The texturing processes were performed on both MWSS and DWS as-cut industrial
grade CZ c-5i wafers (6 inch pseudo-square, boron doped, p-type, <100> orientation,
2 O-cm resistivity, 160 - 180 ym thickness). For MWSS (Group 1) and one group of
DWS (Group 2) wafers, our novel SDR process was applied. In this process, all these
wafers underwent single step pre-cleaning and SDR process using a novel KOH (8%
by weight) and NaOCl solution (laboratory grade, 6%) in a ratio of 1:1 (by volume).
The SDR process time varied from 1 - 6 min to generate an optimized process time of 3
min at a temperature of 80°C for the DWS wafers (Group 2). However, for the MWSS
wafers of Group 1, 10 min of SDR time was applied to etch 3-4 um of Si from each side,
which is similar to the earlier reported one [180]. For the pyramidal texturing of both
the MWSS and DWS wafers, the silicate based low-IPA texturing process [6] was used.
The other group of DWS wafers (Group 3), underwent pre-cleaning in HCl - H,O,-
de-ionised (DI) water solution followed by SDR in 25% TMAH solution at 90°C for 90
sec as per an existing process report [8]. After SDR, the texturing was performed with
2% KOH solution mixed with commercial additive, GP Alkatex at 80°C [8]. Alkatex
texture additive contains 2-5% sodium 2-ethylhexanoate. The Group 1, Group 2 and
Group 3 wafers, respectively are termed as existing MWSS, novel DWS and existing
DWS texturing processes. All three Groups of wafers underwent neutralization process
in 50% (by volume) HCI acid solution mixed with 250 ml of H,O, at 70°C for 10 min
followed by a dip in 2% (by volume) HF solution. The complete texturing process flow
of MWSS (Group 1) and Group 2 DWS wafers using new recipe of KOH - NaOCl SDR
solution is shown in Figure After texturing all the MWSS and DWS wafers were

processed together as a single batch to fabricate cells.

5.2.2 Cell fabrication

After texturing of all the MWSS and DWS c-Si wafers, 25 wafers each from all the
three Groups were taken for further studies. The diffusion was performed in a tube

diffusion furnace (Protemp USA, Sirius PRO 200) using phosphorus oxychloride as the
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--------------------------------------------------------------------------------------

Saw damage removal
Group 1: MWSS: KOH-NaOCl solution: 10 min
Group 2: DWS: KOH-NaOClI solution: 3 min

--------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------

Texture

KOH-IPA-K,SiO; solution, 80°C, 20 min

--------------------------------------------------------------------------------------

DI water rinse

Y

Neutralization

HCI-H,0O,-DI water solution, 70°C

Y

Native oxide removal

2% HF solution, RT

Y

DI water rinse and drying

Figure 5.1: Process flow diagrams of the novel texturing processes. The modified

process steps are shown as dashed boxes in the figure.

dopant source at 820°C peak diffusion temperature with a target Rgy.: of 80 (2/sq. After
the phosphosilicate glass (PSG) removal step in dilute HF solution, low temperature
thermal oxidation (LTO, 1 hour 600°C) was carried out on the diffused wafers. SiNy:H
passivation and ARC layer was deposited by PECVD using Oxford Instruments, Plas-
malab System 100 at 380°C. The deposited SiNx:H film has refractive index of 2.00 (at
633 nm) and thickness of 90 nm as measured on our test sample of polished c-Si wafer.
After dielectric deposition, 20 wafers from each Groups of the MWSS and DWS wafers
(excluding representative lifetime samples) underwent plasma edge isolation using
BSET EQ, NT-2. Lastly, front and rear contacts were formed by screen printing (Haiku
Tech, P200S) and subsequently co-fired in a rapid thermal processing (RTP) unit (All-
win21 Corp., AW 610). The metallization pastes used were Monocrystal, PASE-1207
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!

POCI; diffusion
(RSheet ~ 80 Q/Sq., 8200(:)

!

PSG removal in 2% HF solution)

i

Thermal Oxidation

(600°C for one hour)
7
SiN,:H deposition

(PECVD, 380°C)
!
Plasma edge isolation
i
Rear printing and drying
(Al paste, Monocrystal PASE-1207)

Y

Front printing and drying
(Ag paste, DuPond PV19B

Y

Co-firing
(RTP, 770°C)

Figure 5.2: Schematic illustration of the solar cell processing flow used in this chapter.

and DuPont PV19B for the rear aluminium (Al) and front silver (Ag), respectively. A

summary of the solar cell fabrication sequence is shown in Figure

5.3 Noval SDR process

The chemical reaction of the NaOH - NaOCl process around 80°C is well understood
[17,120]. It was already used as an SDR solution for the MWSS c-5Si pyramidal texturing
[20] and for multicrystalline Si wafer polishing [17] processes. The final chemical

reaction is given below [17]:

3NaOCI + 4NaOH + 2Si + H,O — 7Na* + 2CI~ + OH~ + HOCI + SiO, + Si(OH), (5.1)
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Thus the overall reaction (as shown in eqn.(5.1)) results in Si etching (by forming
silicon hydroxide complex, Si(OH),), an oxidised Si surface (S5iO,) and hypochlorous
acid (HOC) formation. This way NaOCl oxidizes other surface contaminants present
on the Si wafer. Simultaneously highly reactive chlorine ions (C1~) react with hazardous
metallic impurities and dissolve them in the solution as soluble chlorides. In our
process, NaOH is replaced by KOH. We initially tried to use the existing KOH - NaOCl
process [20]. However, the process is fast because within two min at 80°C, it removed
~3 um of Si per side for the DWS c-Si wafers. After alkaline texturing using these
SDR wafers, uniform pyramid formation could not be achieved. The reason behind
the non-uniform texturing of the DWS wafers with the existing process is that the
DWS wafers have lesser damaged surface as compared to earlier used MWSS wafers
[8]. So the existing recipe was thus needed to be modified to have slower Si etch rate.
However, reduction of Si-etching time for this SDR solution generated non-uniformity
on the SDR surface; thus became unsuitable for uniform pyramid formation over the

entire DWS wafer.

In our novel SDR process, we have used a new composition (mentioned in section
of KOH and NaOCl solution. This solution has lower Si etch rate as compared to
the existing SDR solution to generate smooth but damage free DWS Si surface. For the
SDR duration optimization, the as-cut DWS wafers were etched for 1 - 6 mins. Figure
B.3Ishows the variation of Si removal for each side for 1-6 min of SDR time. The Si-etch
rate was found to be varying from 0.3-2.2 um/side of the Si wafer. Besides, this graph
(see Figure also show a nearly linear etch depth with time over the entire duration
and thus allows us to fix the required duration easily. The variation of WAR of the SDR
surface after variable SDR durations is also shown in Figure The values of WAR
varies little (34.2 - 35.2%) within SDR time of 3-6 min.

The SEM micrographs of the as-cut DWS c¢-Si surfaces without and with SDR
durations upto 6 min are shown in Figure The wire-saw marks are clearly visible
in the images from Figure [5.4(A) to Figure 5.4(C) for SDR time upto 2 min. However,
these marks are not visible when the etching time extend from 3 min to 6 min (see
Figure 5.4C) - 5(G)). Hence a minimum SDR time of 3 min looks essential to etch the

wire-saw marks.

For alkaline texturing, we thus need to select the appropriate and optimum SDR

71



3.0 T T T T T T 40

—@— SDR Si-etch -m- WAR
O 25+F 38
ke
2 A
1S S
3 2.0 ./ 436
%_ n / B g
[0 L ) | 4
S 15 ° 34 Eﬁt
S / =
q) /
T 1.0 F / - 32
0 u " A
pos ) -
o
8 058 // 430
./
e
0 0'/ 1 1 1 1 1 1 28
0 1 2 3 4 5 6 7
SDR time (min)

Figure 5.3: The variations of Si etch depth per side and the weighted average reflectance
(WAR) with the SDR time upto 6 min in the novel SDR process are shown. WAR value
is weighted using the AM 1.5G solar spectrum over the 300-1000 nm wavelength range.

time to secure the formation of uniform pyramids. We selected 3 min SDR time for three
major reasons. Firstly, this time is enough to remove saw-marks on the DWS wafers;
secondly, lower time generates higher SDR bath lifetime to minimize the process cost,
and finally, low processing time ensures high throughput desirable from industrial
point of view. However, for comparison, we have prepared the MWSS c-Si wafers with
a SDR time of 10 min. This 10 min of SDR time etched nearly 3 um/side for these wafers
in the present SDR solution and was necessary to generate the required damage free

SDR surface before final alkaline texturing step.

5.4 Silicate-based texturing process

The use of K;,S5iO; additive in the KOH-IPA texture solution is already explained in
section of chapter 2| Formation of pyramids of this DWS wafer surfaces were
studied after texturing times of 5, 10, 15 and 20 min. Figure shows the variations of
the amount of Si etched from each side and the variation of WAR during the complete
texturing process of 20 min. Unlike Si-etch during SDR, Si-etch with time in texture is
not linear (see Figure [5.5). The reason behind this is the surface area increase by the

formation of more pyramids with increased texture duration. For the understanding
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Figure 5.4: SEM micrographs (planar view, magnification = 10000X) of the c-Si wafer
surfaces fabricated using the novel SDR process for durations: (A) No SDR (as-cut

surface), (B) 1 min, (C) 2 min, (D) 3 min, (E) 4 min, (F) 5 min, and, (G) 6 min.

of the pyramid nucleation on our novel SDR wafer surface, we studied SEM images
of the textured surfaces with the increase in texture time. Figure [5.6|shows the SEM
images (both planar view and angular view of 45°) of the pyramidal structure formed
on our SDR DWS Si wafer surface after different texturing times of 5, 10, 15 and 20
min. The lower magnified (1000X) images in the planar view of the surface (Figure
(N-1) - Figure 5.6(N-4)) depict the formation of uniform pyramidal surface over a
large area of the textured surface. After final texturing time of 20 min, Figure [5.6{N-4)
shows no existence of saw-marks or any non-pyramidal space on the textured wafer
surface. High magnified (10000X) images of the same surface (Figure[5.6(A-1) - Figure
5.6(A-4)) demonstrate the optical surface quality of the pyramids from the beginning
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to the completion of the texture process in 20 min duration. The uniform pyramid
formation over the entire Si wafer surface also establishes successful removal of the

a-Si layer from the as-cut DWS c-Si wafer surface in our SDR process in 3 min.
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Figure 5.5: The variations of Si etch depth per side and WAR with the texturing time

up to 20 min.

5.5 Quantitative analysis of pyramid formation

The uniformity of pyramid formation for the three Groups of textured wafers was
analyzed by using Zeta 3D microscope and the pyramid statistics is shown in Table
It provides the quantitative idea about the pyramid sizes and heights of the
representative textured wafers as shown in Figure The average pyramid sizes are
2.6 um (Face-1) and 2.5 um (Face-2), 2.8 um (Face-1) and 2.8 ym (Face-2), and 2.5 um
(Face-1) and 2.6 um (Face-2) for Groups 1, 2, and 3, respectively. Average pyramid
heights are 2.3 um (Face-1) and 2.5 ym (Face-2), 2.5 ym (Face-1) and 2.5 um (Face-2),
and 2.2 ym (Face-1) and 2.3 um (Face-2) for Groups 1, 2 and 3, respectively. These
values are measured on both the faces over the field of view (FOV) of 95 ym x 71 ym for
each measurement. The pyramid sizes over this area varies with a standard deviation
of 0.6 um, 0.7 ym and 0.6 um for Groups 1, 2 and 3, respectively. Nearly similar values
of average pyramid sizes, heights and their variations ensures the applicability of our

proposed novel texturing process for the DWS c-Si wafers.
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Mag: 1000X

Figure 5.6: SEM micrographs of the final textured c-Si wafer surfaces fabricated using
the novel SDR process after different times of texturing. N-1 to N-4 shows the planar
view of wafers after 5, 10, 15 and 20 min, respectively with a magnification of 1000X.
Similarly, A-1 to A-4 shows the angular view at 45° tilt of wafers after 5, 10, 15 and 20

min, respectively with a magnification of 10000X.

5.6 Surface reflectance analysis

The variation of WAR on both the faces of representative textured c-Si wafers from
all the groups are shown in Figure In-spite of different surface conditions of the
starting c-Si wafers, the novel texturing process yields nearly similar WAR values on
both the faces of the textured wafers before and after ARC. These spectral reflectance
values certainly confirm excellent optical properties of textured wafers from different

Groups.
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Histogram of Pyramid Size Histogram of Pyramid Height

Figure 5.7: Zeta 3D optical microscope measurement data of pyramid size and height

distribution for the novel textured DWS c-Si wafers.

Table 5.1: Zeta 3D measurement data for Group 1 (MWSS using existing texturing
process), Group 2 (DWS using our novel texturing process), and, Group 3 (DWS using

existing texturing process) c-Si wafers.

Wafer | Texturing | Wafer | Pyramid size | Pyramid height
type process side (um) (um)
Group 1: | Existing | Face-1 26 £0.6 23+0.8
MWSS Face-2 25+0.6 25+08
Group 2: | Novel | Face-1 28+0.7 25+1.0
DWS Face-2 2.8+0.7 25+1.0
Group 3: | Existing | Face-1 25+0.6 22+038
DWS Face-2 26+0.6 23+08

5.7 Lifetime study

The passivation quality is dependent on texturing, diffusion and passivation layer uni-
formity. Since, similar diffusion and ARC deposition process conditions were used for
all three Groups of textured wafers, PL images must reflect the texture uniformity. PL
images were taken for the representative wafers (lifetime samples fabricated following
the process flow in Figure and the PL images were converted then into the carrier
lifetime map using calibration of PL pixel intensity with measured QSSPC carrier life-

time values [181]. Nearly similar PL intensity images are observed for all the wafers
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Figure 5.8: Variation of WAR on both the faces of c-Si wafers for the Group 1 (MWSS
using existing texturing process), Group 2 (DWS using our novel texturing process)

and Group 3 (DWS using existing texturing process) after texturing and after final ARC

deposition.

with almost similar distribution of the lifetime values. Histograms are shown in the

inset of Figure[5.9(A),[5.9(B) and 5.9(C) represent a narrow distribution of PL counts all

over the sample area. This reflects that the uniformity of our novel texturing process

on the DWS wafers is similar to the textured wafers from the other groups.
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Figure 5.9: Spatially resolved PL images of lifetime samples of (A) Group 1 (MWSS

using existing texturing process), (B) Group 2 (DWS using our novel texturing process),

and, (C) Group 3 (DWS using existing texturing process).
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5.8 Solar cell results

Figure presents the distribution of the one sun I-V parameters of 60 cells (20 cell
each) from Groups 1, 2 and 3 textured c-Si wafers. The average Jsc value is 36.5 mA-
cm 2 for all the Groups of cells. The average Voc values varies as 634.1 mV, 634.0 mV
and 634.0 for the Group 1, 2 and 3 cells, respectively. However, there is a marginal
difference in average FF values as 79.37%, 79.64% and 79.71% for the Group 1, 2 and
3 cells respectively. The Group 1, 2 and 3 cells have average 1 of 18.35%, 18.41% and
18.42%, respectively. Thus a minor improvement in average n are observed for the

DWS cells (Groups 2 and 3), but this is within measurement error.
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Figure 5.10: Distribution of electrical parameters and efficiency for solar cells using
Group 1 (MWSS using existing texturing process), Group 2 (DWS using our novel

texturing process), and, Group 3 (DWS using existing texturing process) c-Si wafers.

The IQE, EQE and surface reflectance (R) values are plotted in Figure Figure
clearly indicates almost no variation of these parameters similar to that of one
sun electrical parameters, confirming no adverse impact of proposed texturing on

performance of solar cells.
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Figure 5.11: Measured IQE, EQE and R graphs of the representative solar cells using
Group 1 (MWSS using existing texturing process), Group 2 (DWS using our novel

texturing process), and, Group 3 (DWS using existing texturing process) c-Si wafers.

5.9 Conclusions

A cost effective alkaline texturing process for industrial DWS ¢-Si is demonstrated.
The proposed texturing scheme is a two step process; SDR in NaOCl - NaOH solution
followed by standard silicate pyramidal texturing. The cost of NaOCl is significantly
lower compared to the existing TMAH based SDR process and the process can be
immediately transferred to any of the alkaline texturing tool without any additional
equipment setting cost. Through a detailed analysis, we demonstrated that our novel
textured wafers and cells have similar optical, electronic and electrical properties as that

of DWS and MWSS wafers and solar cells fabricated using existing texturing methods.
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Chapter 6

An Additive-free Industrial Texturing
Process for DWS mc-Si Wafers

6.1 Motivation

Conventional ( HNOjs-rich HF - HNO; - DI water acid solution based) texturing of
DWS mc-5Si wafers results in non-uniform texture formation. The alternative processes
developed for addressing the texturing challenges of DWS mc-Si wafers were either
expensive, or use new chemicals or require additional processing tools and processing
steps, which throws up challenges in industrial adoption. Hence, development of
a texturing process that can be transferred to existing acid texturing tools was the

immediate requirement in industry at the time of adoption of DWS mc-Si wafers.

In this context, we proposed a novel acid texturing process, in which an HF-rich
acidic solution was used to fabricate porous silicon (Por-Si) surface first, followed by
short KOH dip to dissolve the Por-Si to create a scalloped texture surface. The pro-
posed texturing process does not require any additive, metal process or any additional
tool and hence, can be readily integrated in any existing acid texturization tool. The
morphological, optical and electronic properties of novel acid textured wafers and the
performance parameters of solar cells were characterized and compared with conven-
tional acid textured MWSS mc-Si wafers and solar cells to demonstrate the potential of
the process. The developed process was named as “NCPRE additive-free acid textur-

ing” process.
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6.2 Texturization of DWS mc-Si wafers

The 6 inch full square, p-type, ~ 180 um thick MWSS and DWS mc-Si wafers with
resistivity of ~ 2 Q-cm were used for the experiments. The bulk lifetime of the mc-Si
wafers is in the range of 100-120 us. In our novel acid texturing process, HF and HNO;
solutions were used. The ratio of HF in our etching solution was varied from 40% to 60%
(by volume) of the total volume of HF - HNOj; texturing solution for Por-Si formation.
All the processes were performed until minimum of 2 ym of Si was removed from each
side of the wafer. Post-acid treatment, wafers were dipped in dilute KOH solution at
room temperature. As a reference, MWSS mc-Si wafers were subjected to standard acid
texturing process with HF - HNO; - DI water solution (1:3:2 ratio by volume) for 60
sec for Por-Si formation following the recipe presented in [173]. The residual metal-ion
neutralization process (for both DWS and MWSS wafers) were similar as discussed in
previous chapter and the process details are shown in Figure Further, the textured
(optimized NCPRE acid textured DWS and standard acid textured MWSS) mc-Si wafers
underwent phosphorous tube diffusion, PSG and rear junction isolation, PECVD SiN
ARC deposition, front silver (Ag) and back aluminium (Al)/Ag-Al metallization, and,
co-firing for completing the full area Al-BSF cell fabrication. The process flow used for

Al-BSF full area cell fabrication is shown in Figure

6.3 Reaction chemistry

Robbins and Schwartz [38],182] described chemical transformations during HF-HNO;
etching as a two-step process, i.e., oxidation of Si to SiO, by HNOj3 and then dissolution

of this SiO, by HF as summarized in equations|6.1jand The overall reaction is given
in equation

3Si + 4HNO; — 3SiO, + 4NO + 2H,0 (6.1)
SiO, + 6HF — H,SiFs + 2H,0 (6.2)
3Si + ANHO; + 18HF — 3H,SiFs + 4NO + 8H,0 (6.3)

The process of dissolution of S5iO, has been thoroughly studied and well understood.
Though HNO; is a well-established oxidizing agent, the mechanism of Si oxidation

by the same is not well understood. Turner [36] has proposed the electrochemical
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Figure 6.1: Complete process flow diagram for the NCPRE acid texturing scheme.

Revised process steps are marked inside dotted boxes.

nature of the Si oxidation with HNO; and was also supported by Kooij et al. [37].
According to this model, reduction of HNOj at the local cathodic sites inject holes into
the valence band of Si. The nature of nitrogen intermediates formed as a result of HNOj3
reduction and their role in etching are ambiguous. Abel et al. [183] have indicated a
possible involvement of nitrogen oxides which may exist in equilibrium with nitrous
acid. Robbins and Schwartz [38, [182] proposed HNO, as the active oxidizing agent
involved in the reaction. Kelly and co-workers [39] proposed NO*, which is a stronger
oxidizing agent, as the key intermediate. Steinert et al. [40, [184] carried out a detailed
analysis of Si chemical etching in HF - HNO; mixture to identify the key nitrogen
intermediates involved and to characterize the wafer surface after etching. In HF-
rich HF - HNO; mixture, UV-visible and Raman spectra revealed the presence of
dinitrogen trioxide (N,O3) which render the etch solution blue in color. Another
important N(III) species identified was (3NO* NO; ) denoted as [N,OZ*]. The etch rate

was observed to be linearly dependent on the Raman peak area of [N,O2*]. This direct
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Figure 6.2: Process flow diagram of fabricating full area Al-BSF mc-Si cells.

correlation between [N4O§+] concentration and etch rate lead to conclude NO™ as the
key reactive intermediate involved in the rate-limiting step. If the etching mechanism
was proceeding through the two-step process as proposed by Robbins and Schwartz [38,
182], HFE-rich etch solution was expected to result in a hydrogen (H)-terminated surface.
The HNO;-rich etch solution with high N(III) intermediate concentration would have
yielded an oxygen terminated surface. However, an H-termination was observed
on the etched surface even with varying concentration of reactive intermediates or
with different composition of etch solution using X-ray photoelectron spectroscopy
[41]. With these backgrounds, we adopt a hole initiated fluoride etching mechanism
suggested by Allongue et al. [185] which was further refined by Kolasinski [42,[186] to

explain the mode of etching in our system.

Si exposed to air readily oxidizes to form a SiO, layer on the surface [187]. The
oxide layer can be removed by a fluoride solution to form a H-terminated Si surface

on which etching is being initiated. The solvated F~, HF, or HF dimer, in the fluorine
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solution may be the active species in etching mechanism. Schematic representation of
hole initiated Si etching process in HF - HNOj solution is shown in Figure Accord-
ing to Gerischer and Mindt [188], a hole in the valence band makes the surrounding
bonds weaker and prone to nucleophilic attack. A hole is injected to the bulk by the
oxidant HNO; which then diffuses to the Si surface as shown in step-1 of Figure
According to Koker and Kolasinski [42, 189], rate of Si etching (R,) is decided by the
hole formation rate in the bulk and its transport to the surface, given by equation

Ri % [s(HF)Z(HF) + s(HF;)Z.(HF;)10,, (6.4)

Here, the terms with s are sticking coefficients, terms with Z,, corresponds to impinge-
ment rates and those with 0, indicates the coverage of holes on the surface [42, 189].
The nucleophilic attack of fluoride on the surface leads to the formation of Si-F bond
which results in an electron in the conduction band (refer step-2 of Figure [p.3). The
Si-F bond polarizes the Si-Si backbonds and render these labile for further nucleophilic
attack as shown in last two steps of Figure (6.3} which eventually leads to the formation
of SiHF;. SiHF; in solution converts to silicon hexafluoride (SiPé‘) (see in equation
[42], [190].

SiHF; + HF + 2F~ — SiFz” + H, (6.5)

This process goes on until the features reach nanoscale. Energy of holes increases if
they are confined in small volume of nanoscale. Hence additional energy is required
to transfer the holes from bulk to the confined volume which makes the hole-initiated
etching a self-limiting process. In this manner, quantum confinement passivates small

structures and leads to the formation of nanocrystalline Por-Si films [43)} 144 45].
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Figure 6.3: Schematic representation of hole initiated etching of Si wafers in HF-HNO;

solution. Stepwise progress of the chemical reaction is shown from step-1 to step-4.
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Typically, Si etching in HF - HNO; mixtures proceeds with the removal of saw
damaged lattice creating certain surface morphology. Recently, Acker et al. attributed
the high etch rate of saw damages to the weak lattice at this region [10]. Distortion
of the lattice makes the atoms more reactive, resulting in the preferential etching of
the saw damages. In our Si etching acid solution, HF-rich etch mixture was employed
for the DWS wafers having lower saw damaged surface as compared to the MWSS
wafers. Lattice defects generally account for the formation of relatively bigger textures
along the saw damages. The fluoride concentration is increased in the etch mixture
by making it HF-rich. A possible outcome of this scenario is the chemisorption of
fluoride on overall wafer surface, irrespective of whether it is damaged or not. As
fluoride on the wafer surface is autocatalytic towards the reaction, etching proceeds on
overall Si surface in HF-rich etch solution resulting in better texture coverage. So, a
textured surface can be attained by employing an etch solution with a suitable HF and
HNGO; ratio, even when the initial wafer does not have any defects. Thus HF-rich acid
chemistry was applied to highly polished DWS mc-Si wafers to attain desired texture

morphology by fine tuning the composition of this etch solution.

6.4 Optimization of NCPRE acid texturing recipe

All the DWS mc-Si wafers were textured using HF-rich acid solution as detailed in
section Formation of Por-Si layer throughout the wafer surface is the key target in
our texturing scheme. As the concentration of HF in acid solution plays a vital role,
a parameter 'p’ is defined as the ratio of volume of HF to total volume of the acid
etching solution (containing HF, HNO; and DI water). For values of p less than 40%,
the process was found to be highly active and vigorous resulting in high undesired
Si-etch rate at our specified process temperature range. On the other hand, although
Por-Si formation was found to be more uniform for p greater than 60%, the Si etch
rate was very low and inadequate for saw damage removal. Hence, in our process
optimization, value of p was varied in 40% to 60% range. We experimented with three
texturing recipes in details with p values of 59% (process A), 52% (process B) and 45%
(process C). All the wafers were acid textured individually (not as batch process) in

a specially made Teflon bath and nearly 1°C increment in temperature was noticed
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before and after Por-Si formation step. The process durations were varied between
1-2 min depending on the solution temperature to maintain uniform Si etching. After
Por-Si formation using processes A, B and C, texturing process was completed using
remaining process steps as listed in Figure The amount of Si-etch per side per
min was found as 0.5 ym, 1.9 um, and 9.1 um for processes A, B and C, respectively.
This increased Si-etch amount or etch-depth with reduced HF concentration in the
acid solution is also expected theoretically from etching chemistry of HF-rich acid etch

process.

Figure |6.4] shows reflectance of textured samples of the as-cut and after NCPRE
acid-textured (using processes A, B, C) for the DWS mc-Si wafers in 300-1000 nm wave-
length range. The WAR values of the as-cut, NCPRE textured (using processes A, B, C)
DWS mc-Si wafers are calculated as 37.5%, 16.9%, 29.0% and 32.9%, respectively. Fig-
ure (6.4 clearly indicates the increased surface reflectance with decreased concentration
of HF in the acid etching solution. Spectrophotometer only measures reflectance over
a particular circular area of the Si wafer. However, mc-Si wafers have different grains
spread all over the wafer surface with varied reflectance for different texturing geome-
tries. For examining the impact of the NCPRE acid texturing processes on complete
wafer, reflectance mapping tool of LBIC was employed on these textured wafer sur-
faces with raster size of 0.5 mm. The AM1.5G solar spectrum holds maximum photon
flux around 600 nm wavelength range, and, so the illumination facing surface of solar
cells must have minimum reflection around that wavelength. Following this reason,
the reflection maps for the representative textured wafers from processes A, B and C,
were generated at 658 nm wavelength (nearest to the wavelength of 600 nm available in
our LBIC tool) over complete textured wafer surface and the LBIC reflection maps are
shown in Figure Figure [6.5|indicates that the average reflectance value measured
over the entire area of the wafer textured using processes A, B and C are 16.4%, 27.1%
and 31.8%, respectively and uniformity of colors there indicates near uniform texturing

in each texturing process.

The variation of surface morphology of the NCPRE acid textured wafers were
studied by SEM to understand its relationship with reflectance (R) values. The SEM
micrographs of the representative wafers are shown in Figure For process A,

heavily porous textures can be observed (see Figure[6.6(a-1)) all over the wafer. Also,
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Figure 6.4: Variation of surface reflectance values of the as-cut and NCPRE acid textured
(processes A, B, C) DWS mc-Si wafers in 300-1000 nm wavelength range. The wafers
were textured using different p values in the NCPRE acid texturing process resulting

in different WAR values.
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Figure 6.5: Variation of surface reflectance of the NCPRE acid textured DWS mc-Si
wafers obtained by reflectance measurement using LBIC using 658 nm wavelength: (a)

Process A, (b) Process B, and, (c) Process C.

saw marks and micro-cracks are still visible in the SEM image (see Figure [6.6(a-2))
to confirm inadequate damage removal process. The heavily porous textures, micro-
cracks and partially removed saw damages contribute to better light trapping for

process A and generate low value of R. As shown in Figure [6.6(b-1) and (b-2), for
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process B, more rounded, less porous, scalloped structures were formed. However,
large porous textures are formed along the horizontal direction where saw damages
were initially present (see Figure b-2)) along with the formation of uniform small
porous textures on non-damaged areas as well. In Figure 6.6(b-1) and (b-2), we could
not observe any hard pits, residual parallel saw marks or micro-cracks. These scalloped
texture structure with better surface coverage results in moderate light absorption. For
process C (see Figure [6.4), R values are on the higher side. This high Si-etch process
recipe removed all the unwanted surface damages, resulted in more flatter and large
porous features of a polished Si surface (see Figure [6.6(c-1) and (c-2)), which further

increased front surface reflectance as compared to processes A and B.

Figure 6.6: SEM images (top view) of the NCPRE acid textured DWS mc-Si wafer sur-
faces textured using: (a-1) process A (magnification: 5000X), (a-2) process A (magnifi-
cation: 2000X); (b-1) process B (magnification: 5000X); (b-2) process B (magnification:
2000X); (c-1) process C (magnification: 5000X); (c-2) process C (magnification: 1000X).

The overall impact of the surface texturing process on bulk and emitter properties
of the device can be studied by measuring the variations of 7¢ and Jo. in the lifetime

test structures fabricated as explained in Figure Average Tgss of test n* —p —n”*
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textured structure for processes A, B and C, are measured as 20.9 us, 86.5 us and 85.2 us,
respectively. Average Jo. of test structure were calculated 4.1 X 107% A-cm™2,1.1 x 10713
A-cm™2, and 1.3 x 107 A-cm™2 for processes A, B and C, respectively.

Uniformity of growth of the ultra thin passivation oxide layer on entire area of
the textured wafers needs to be studied for its application. PL images were captured
for the representative test structure (carrier lifetime test structure) for each texturing
groups from processes A, B and C, and are shown in Figure Highly damaged and
Por-Si surface in process A has the least PL count and PL intensity, as an average of
4 arbitrary units (a.u.) (see in Figure (a)). The PL count reaches maximum as an
average of 34 a.u. in process B (see Figure[6.7}(b)). Also, except some grain boundaries,
the count is nearly uniform all over the complete wafer. In process C, PL count also

has a high average count of 32 a.u. (see Figure[6.7)(c)).
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Figure 6.7: PL map lifetime test structures of NCPRE acid textured samples using (a)
Process A, (b) Process B, and, (c) Process C. PL count histograms are shown below the

PL maps. PL counts shown here are in multiples of thousands.

The summary of material (amount of Si-etch), optical (WAR) and electronic (¢
and Jo.) properties of the wafers textured using three processes A, B and C, are listed
in Table For process A, although WAR is quite low, incomplete removal of surface
damages (by low Si-etch rate) and increased recombination (evident in its low Tgyf
and high Jo. values) due to heavily porous textured surface limit its choice for a useful
texturing recipe. For the process C, surface is too reflective (WAR~32.9%) resulted

by a vigorous exothermic chemical reaction with very high Si-etch rate, also make it
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Table 6.1: Values of thickness of Si-etched, WAR, ¢ and Jo. of the NCPRE acid

textured DWS mc-Si wafers using processes A, B and C.

Texture Solution Material removed WAR TEff Joe

recipe composition, p (%) per side (um) (%) (us) (Acm™2)
Process A 59 0.5 16.9 20.9 4.1x10713
Process B 52 1.9 28.9 86.5 1.1x10713
Process C 45 9.1 32.0 85.2 12x1071

unsuitable as a texturing solution. In process B, we found an optimum acceptable
textured geometry with WAR of ~29.0%. Also, LBIC reflectance map, highest 7¢/,
lowest Jo., and higher PL counts, confirm best optoelectronic properties of process B
textured wafer as compared to those from the other two processes A and C. Also, the
amount of Si etched is ~ 1.9 um per side which is also in accordance with industrial
requirements. Therefore, process B is selected as the optimized recipe and in rest of
the manuscript this process is referred as the NCPRE acid-texturing scheme for DWS

mc-Si wafers.

6.5 Comparisonwith standard acid textured MWSS wafers

6.5.1 Surface reflectance study

Different grains of mc-Si wafer exhibit different reflectance values after texturing.
Therefore, on the representative NCPRE textured DWS and standard acid textured
MWSS mc-Si wafers, reflectance was measured at 10 different positions by spectropho-
tometer in the 300 nm to 1000 nm wavelength range and WAR values were calculated
for each position. Similar measurements were also performed for the representative
wafers after SiNx:H ARC deposition. The distribution of these WAR values, before
and after ARC, is shown in Figure It shows that for the NCPRE textured DWS
wafers, WAR values were lagging only by 1% (absolute) from the standard acid tex-
tured MWSS one. However, after ARC, both wafers measured almost similar WAR
values with mean variation less than 0.2% (absolute). As discussed before, as-cut DWS

wafers already exhibit ~ 5% (absolute) higher WAR as compared to as-cut MWSS mc-Si
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wafers. So, an additional improvement of 4% (absolute) in light absorption in NCPRE
acid textured DWS wafer confirms excellent light trapping properties of the textured
surface. While the results of the textured wafers were promising, effectiveness of the

texturing can further be established by nearly similar values of WAR with ARC.
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Figure 6.8: Comparison of distributed WAR values of textured wafers (measured at
10 different locations) without and with SiN, ARC layer for the NCPRE textured DWS
and standard acid textured MWSS mc-Si wafers.

Texture uniformity was also confirmed by LBIC reflectance map at single wave-
length (658 nm) as shown in Figure The reflectance variation also showed similar
trends, where the NCPRE textured DWS samples showed mean difference of 1.5%
absolute (see Figure 6.9(a) and Figure [6.9(b)) and 0.2% (see Figure [6.9(c) and Figure
6.9(d)) without and with ARC, respectively. As a whole, similar trends are observed in
reflectance values of both the textured surfaces with over 90% areas having the desired
reflectance range of 24% to 30%. For the ARC deposited textured wafers, the DWS and
MWSS textured wafers have low reflecting surface areas with R less than 1.1% of 89%
and 96%, respectively. This little difference in R values doesn’t create appreciable sur-
face reflection from the NCPRE acid textured DWS wafers as observed in the respective
WAR values as shown in Figure The spectral reflectance of the textured wafers
with and without ARC deposition establishes the light trapping capability of NCPRE

acid texturing for DWS wafers.
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Figure 6.9: Full area single wavelength (658 nm) surface reflectance map of mc-Si
wafers measured using the LBIC tool: (a) NCPRE acid textured DWS; (b) standard acid
textured MWSS; (c) NCPRE acid textured DWS with ARC; (d) standard acid textured
MWSS with ARC.

6.5.2 SEM observations

Surface morphology of the NCPRE acid textured DWS and standard acid textured
MWSS mc-Si wafers is examined by SEM at different magnifications on the textured
wafers and Figure shows the SEM images. The NCPRE acid textured DWS wafers
show (see Figure (a-1) and Figure [6.10(a-2)) nearly uniform texture coverage,
although bigger textures are formed along the parallel saw marks (see Figure
(a-1)). Uniform texture can also be seen on the standard acid textured MWSS wafers
(see in Figure b—1) and Figure b-2)) in all directions since initial saw damages
and crystal defect distributions were random in nature there. A close comparison of
high magnified SEM images of textured wafers in Figure (a-2) and Figure [6.10|(b-
2) indicates nearly similar texture pattern with scalloped rounded surface with only
difference being DWS wafers having nearly directional arrangement (aligned parallel

to sawing directions) of the inverted near-round structures (see in Figure [6.10(a-2)).
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Figure 6.10: SEM images (top view) of acid textured mc-Si wafer surfaces using: (a-1)
NCPRE acid textured DWS (magnification: 2000X); (a-2) NCPRE acid textured DWS
(magnification: 5000X); (b-1) standard acid textured MWSS (magnification: 2000X);
(b-2) standard acid textured MWSS (magnification: 5000X).

6.5.3 Diffusion uniformity study

The uniformity of the P-diffused emitter on the textured wafers is analyzed by Ry
measurement (after PSG removal) on a 7x7 matrix with 1.5 cm edge exclusion across
the complete wafer surfaces. For the NCPRE acid textured DWS and standard acid
textured MWSS wafers, Rgj,r maps are shown in Figure The average Rgj.: values
look nearly identical (67.7 }/sq and 69.8 Q)/sq) with same standard deviation of 1.8
Q/sq for the NCPRE acid textured DWS and standard acid textured MWSS wafers,
respectively. The active P-dopant profiles of the diffused surfaces are shown in Figure
and nearly identical diffusion profiles are observed for both the textured surfaces.
Similar Rgper distributions (Figure and ECV dopant profiles (Figure confirm

the diffusion uniformity in both types of textured wafers.

6.5.4 Lifetime and cell parameters study

Figure a) and Figure b) respectively represents the lifetime maps of DWS and
MWSS acid textured wafers. Comparable PL images are noticed for both types of test
structures with relatively identical distribution of the carrier lifetime values (average

value of 84 us for both). Histograms provided in Figure a) and [6.13(b) show an
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Figure 6.11: Rgpt maps for the tube diffused emitters: (a) NCPRE acid textured DWS
wafer (average ~ 67.7CQ)/sq, standard deviation ~ 1.8Q)/sq), (b) standard acid textured
MWSS wafer (average ~ 69.8(2/sq, standard deviation ~ 1.8()/sg).
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Figure 6.12: Active P-dopant profiles of the tube diffused emitters using both the
NCPRE acid textured DWS and standard acid textured MWSS mc-Si wafers.

analogous distribution of PL counts all through the wafer surface area, indicating that
the uniformity of NCPRE acid texturing scheme on the DWS wafers is identical to the
standard acid textured MWSS wafers.

The batch average (15 cells each) of one sun illuminated I-V parameters of the cells
fabricated using the NCPRE acid textured DWS and standard acid textured MWSS
mc-Si cells is shown in Table The measured Jsc of the NCPRE textured DWS
and standard acid textured MWSS mc-Si cells are 36.52 mA-cm~2 and 36.66 mA-cm ™2
respectively. The reason for slightly lower value of Js¢ for the DWS cells can be explained

from the slightly higher value of surface reflectance (see Figure[6.8). The values of V¢
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Figure 6.13: Spatially resolved minority carrier lifetime maps of n* — p — n* lifetime
structure fabricated on (a) NCPRE acid textured DWS, and, (b) standard acid textured
MWSS mc-Si wafers. Lifetime count histograms are also shown beside the respective

lifetime maps.

of the NCPRE textured DWS and standard acid textured MWSS mc-Si cells are 631.65
mV and 632.76 mV for the DWS and MWSS cells respectively and have a marginal
difference. However, an improvement of FF value by ~ 0.5% (absolute) is observed
for the NCPRE acid textured DWS cells (see Table [6.2), which may arise from the
horizontally aligned acid-textured surface (see Figure for the DWS wafers. Care
was taken in screen printing for these DWS cells so that the screen printed front silver
fingers must lie parallel to the diamond wire sawing marks. The NCPRE acid textured
DWS and standard acid textured MWSS cells have efficiencies of 18.46% and 18.45%
respectively. These results thus indicate that the newly proposed NCPRE acid texturing
process can effectively be employed for DWS mc-5Si wafers without any adverse impact

on cell performance.

6.6 Conclusions

An additive-free, non-metallic, energy efficient, industrially viable acid based texturing
process, namely, NCPRE acid texturing, for DWS mc-Si wafers is demonstrated. The

chemical process for the selection of HF-rich acid solution and process optimization
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Table 6.2: The average values of the illuminated I-V parameters for both types of

acid-textured mc-Si cells

Jsc Voc FF n

(mA — cm=2) (mV) (%) (%)
NCPRE acid textured DWS 36.52 631.6 80.04 18.46
Standard acid textured MWSS 36.66 632.7 79.55 18.45

of the proposed process is explained in detail. The optical and electrical properties of
NCPRE acid textured wafers and cells were comparable to conventional acid textured
MWSS mc-Sisolar cells. The proposed texturing process does not require any additional
changes in Por-Si removal and neutralization process steps, and hence, it can be readily
transferred to industry without any additional setting cost. Also, for any industry,
switching over to standard acid texturing recipe for texturing MWSS mc-5Si wafers can
easily be done in the same texturing tool only by changing the ratio of HF, HNO;, DI

water and process bath temperature.
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Chapter 7

Industrial Demonstration of NCPRE

Additive-free Acid Texturing Process

7.1 Introduction

We were privileged to implement the “NCPRE additive-free acid texturing process” in
three of the leading PV manufacturing units in the country. The additive-free process
developed using laboratory setup were successfully transferred to industrial acid tex-
turing tool of Rena Technologies GmbH, Schmid GmbH and SC Tools without major
process alterations. The summary of I-V performance parameters for the three indus-
trial demonstrations are depicted in Tables and During the time of these
industrial demonstrations, PV manufacturing units had already started using DWS
wafers in their production lines and additive-based acid texturing process was imple-
mented for texturing DWS mc-Si wafers. The 1 and performance parameter values of
additive-based and additive-free batch of acid textured solar cells were nearly similar.
However, more closely distributed performance parameter values were achieved for
the third demonstration, which corresponds to the results shown in Table Hence,
solar cells from the third demonstration trial were used for further analysis and char-
acterization.

Integration of a new process by replacing an established process to a production
line is always challenging. Based on the characteristics and properties of the new
process, optimization of the subsequent processes may also be essential to translate the

complete potential of new process to power conversion efficiency. A detailed analysis
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Table 7.1: Summary of AM 1.5 one sun batch average solar cell I-V parameters of the
additive-based and additive-free batch of acid textured Al-BSF DWS mc-Si cells from

the first demonstration.

N Isc Voc FF

(%) (A) (mV) (%)
Additive-based 18.22 8.82 634 79.91
Additive-free 18.16 8.83 632 79.87

Table 7.2: Summary of AM 1.5 one sun batch average solar cell I-V parameters of the
additive-based and additive-free batch of acid textured Al-BSF DWS mc-Si cells from

the second demonstration.

n Isc Voc FF

(%) (A) (mV) (%)
Additive-based 18.23 8.96 629 79.44
Additive-free 18.17 8.95 629 79.30

Table 7.3: Summary of AM 1.5 one sun batch average solar cell I-V parameters of the
additive-based and additive-free batch of acid textured AlI-BSF DWS mc-Si cells from

the third demonstration.

n Isc Voc FF

(%) (A) (mV) (%)
Additive-based 18.24 8.87 634 79.70
Additive-free 18.20 8.83 634 79.89

after each stage of processing is required for the same. Hence, detailed performance
analysis of the solar cells fabricated using the NCPRE additive-free acid texturing
process and additive-based acid texturing process was carried out to assess the scope
for further improvement. Based on the analysis, the approximate improvements in
performance parameters that can be obtained by further optimization in the processes
are estimated in this chapter. In the end, cost analysis of chemicals used for texturing
bath preparation is presented for demonstrating the cost advantages of NCPRE acid

texturing process.
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7.2 Experimental

7.2.1 Texturing

Full square 6 inch, p-type, ~180um thick, 1-3 Q-cm resistivity industrial DWS mc-Si
wafers were processed using additive-free NCPRE acid texturing and additive-based
conventional acid texturing schemes in an industrial texturing tool of Rena technologies
GmbH. Additive-free texturing process uses HF-rich acid solution consisting of HF
(49% by wt.), HNO; (68% by wt.) and DI water (5:3:9 ratio by volume) at 14-15°C for 75
sec for Por-Si formation. For the additive-based conventional acid texturing process, a
different volume combination of HF, HNO; and DI water (2:5:9 ratio by volume) was
used at 10°C for 75 sec. Commercially available texture additive from GP solar was
dosed continuously to the HNOjs-rich acid texturing bath. Similar Por-Si dilution and
neutralization cum native oxide removal process conditions assured regular production

throughput.

7.2.2 Solar cell fabrication

For our industrial chemical texturing trial, the industry has processed NCPRE acid
textured wafers in one of their older diffusion furnace, which uses a targeted Rgj,.: of
90 Q)/sq diffusion profiles for p-n junction formation. However, all their high efficiency
aluminum back surface field (Al-BSF) mc-Si cells including additive-based acid textured
wafers used in this work underwent much shallower diffusion of Rg.; ~ 120 Q)/sq in
the regular production line. Both the sets of diffused wafers were processed further
to complete the fabrication of full area Al-BSF cells using industrial production tools
under similar process conditions. The schematic illustration of the complete processes

involved in cell fabrication are summarized in Figure

7.3 Optimum SDE and process bath preparation

The amount of saw damage removed during the Por-Si formation step was varied
in the NCPRE additive-free HF rich acid texturing process by altering the solution

composition. A lower etch rate was observed in a diluted acid solution (by adding
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Figure 7.1: Schematic representation of the processes involved in fabricating full area

Al-BSF solar cells. The difference in the process parameters are highlighted.

DI water to the existing acid solution) and an increased etch rate was observed with
higher concentration of HNOj in the HF-rich acid bath. In chapter [ the optimum
combination of surface reflectance and surface passivation were obtained when ~ 2
um of saw damages were etched from both the sides of the DWS mc-Si wafers in the
additive-free acid texturing solution. Though the wafers with less than 1.5 ym saw
damage etching per side exhibit low surface reflectance (WAR < 18%), large number
of defects and residual saw damages severely influence the uniformity of phospho-
rous diffusion and effectiveness of SiNx:H passivation. Furthermore, inadequate saw
damage etching leads to residual saw mark impressions, defects and prominent cracks
which drastically affect the overall performance and reliability of the fabricated cells
and modules [191, 192]. Increased saw damage removal per side was achieved in the
later case by increasing the HNOj concentration in the existing acid bath. mc-Si wafers
with > 3 ym saw damage etching per side in Por-Si process resulted in lesser surface
defects, wire impressions and cracks with flatter and larger surface textures. However,
these textures exhibited poor light absorption with WAR > 34%. Hence, keeping the
NCPRE acid textured solution HF-rich is mandatory for obtaining excellent texture
coverage on the entire wafer surface area. The selection of the optimum acid texturing
process conditions such as temperature of the texture bath, solution composition etc.,

for achieving targeted ~ 2 um saw damage etch per side are the key steps in designing

102



and preparing the process bath for Por-Si fabrication.

The SEM images of the surface texture obtained for additive-based and additive-
free acid textured mc-Si wafers after final Por-Si dilution and residual metal-ion neu-
tralization are shown in Figure Bigger textures are seen mainly along the wire saw
marks for both the additive-based (see Figure|7.2|(a-1) and (a-2)) and additive-free (see
Figure [7.2(b-1) and (b-2)) acid textured DWS mc-Si wafers. The initial surface defects
and damages present along the saw marks can be attributed to the formation of bigger
textures, where the acid texturing reaction progresses at much faster rate compared to
defect-less areas. These SEM images for both the types of acid textured wafers show
irregular and smaller textures formed on the other areas also. This is explained in
terms of chemisorption of F~ in HF-rich solution and its auto-catalytic reaction nature
leading to the formation of smaller textures all over the wafer surface irrespective of the
presence of surface damages for additive-free acid texturing scheme. The angular (45°
tilted) view SEM images (see Figure[7.2(a-2) and (b-2)) indicate that the size distribution
of textures are different for both the sets of acid textured wafers. The textures formed
after additive-free acid process looks more uniformly size distributed, whereas the
additive-based textures have better substrate coverage with uneven size distributions.
The SEM images clearly show that the HF-rich additive-free acid texturing process
under optimized process conditions is capable of producing similar surface textures as

that of additive-based acid textured mc-Si samples.

7.4 Surface reflectance study

The optical properties of the acid textured wafers are examined by comparing its WAR
values with as-cut DWS mc-Si wafers. The variation in average surface reflectance
values of an as-cut DWS mc-Si wafer, representative wafers from the additive-based
and additive-free acid textured batches are plotted in Figure As-cut DWS wafers
were highly reflective with WAR > 38% because of the presence of relatively thinner saw
damage layer and polished nature of the diamond wire cut Si surface. The reflectance
values of the additive-based acid textured wafers (as-textured without ARC) shown in
Figure|7.3|(see blue curve) indicate that the additive-based texturing process reduce the
surface reflectance (WAR) by nearly 10% absolute (from ~ 38% to ~ 28%) without ARC
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Figure 7.2: FESEM images of acid textured wafers: (a-1) additive-based (magnifica-
tion: 5000X, top view); (a-2) additive-based (magnification: 5000X, angular view);
(b-1) additive-free (magnification: 5000X, top view); (b-2) additive-free (magnification:
5000X, angular view).

layer. Importantly, NCPRE acid textured wafers also exhibit surface reflectance values
(see red curve in Figure and WAR distributions similar to that of additive-based
acid textured DWS mc-Si wafers. These surface reflectance values with similar WAR
value distributions indicate that the front surface reflection loss of proposed NCPRE
additive-free acid texturing scheme is comparable to that of additive-based industrial

acid texturing process.

7.5 Minority carrier lifetime study

The trf; values of the symmetrical lifetime samples depend on several factors such
as surface texture uniformity, diffusion homogeneity and passivation quality of the
dielectric layer etc. Hence a non-diffused, but chemically passivated representative
sample from both the batches of acid textured wafers were also included for Sinton
carrier lifetime measurements. In such case, the difference in measured 7¢s; values of
the chemically passivated samples would be a direct indicator of their surface texture
quality. The variation in 7gs¢ values as a function of carrier injection level for the

lifetime test structures and chemically passivated acid textured wafers are depicted in
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Figure 7.3: Variation in front surface reflectance values of the representative as-cut
DWS mc-Si wafer, additive-based acid textured DWS mc-Si wafer (as-textured without

ARC) and additive-free acid textured DWS mc-Si wafer (as-textured without ARC).

Figure The 7rs¢ values of the diffused lifetime test samples are noticed to be 54
us and 72 us at 2x10% ¢m™ for additive-based and additive-free groups, respectively.
The measured lifetimes values of additive-free diffused lifetime samples were always
~10-20 us greater than additive-based lifetime samples for the entire minority carrier
injection level of interest ranging from 1x10' ¢m ™3 to 1x10'® cm . This results establish
that the SiO,-SiN,:H stack passivates the additive-free acid textured emitter better than
the additive-based acid textured emitter. However, the 1¢¢¢ values of the non-diffused,
chemically passivated samples were 88 us and 109 us at 2x10" c¢m™ for the additive-
based and additive-free acid textured mc-Si wafers, respectively. Here also ~ 20 us
improvement in 7¢¢¢ values is observed for additive-free chemically passivated sample
over the additive-based acid textured chemically passivated wafers. Similar variation
in Tgfs values for the acid textured samples after chemical passivation and after diffusion
(passivated by SiNx:H) suggest the better surface texture quality of the additive-free
textured wafers over the reference additive-based samples.

Figure [7.5| represents the inverse Auger corrected lifetime curves plotted against
excess carrier concentration extracted from Sinton quasi steady state photo-conductance
(QSSPC) measurements. The Jo, values are extracted for the diffused lifetime samples

from the slope of the curve shown in Figure at high level injection conditions. The
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Figure 7.4: Variation in minority carrier lifetime (7gs¢) as a function of injection level for
the symmetrical lifetime test structures fabricated on additive-based and additive-free
acid textured DWS mc-Si wafers using chemical passivation (not-diffused samples) and

physical passivation (diffused samples).

Jo. value for the lifetime samples from the additive-based and additive-free group were
107 fA —cm™ and 90 fA — cm™2, respectively. These extracted Jo. values establish that
additive-free acid textured wafers can quantitatively suppress the emitter recombina-
tion further by a maximum of 17 fA —cm™2 in comparison to the existing additive-based
acid textured wafers. The one sun iV measured for additive-based and additive-free
lifetime samples were 646 mV and 651 mV, respectively. Higher iVoc values again con-
tirms the better passivating nature of the additive-free acid textured surface compared
to the additive-based acid textured samples.

Further, the PL images of the samples (test structures used for lifetime measure-
ments) were captured using Lumisolar cell tool of Greateyes for evaluating texture
quality and uniformity for its application on complete 6 inch mc-Si wafers. The PL
images of the representative samples with PL count distribution histograms are shown
in Figure A fairly uniform distribution of textures and the quality of textures
formed after additive-based process can be inferred from Figure [7.6(a). Similar defect
distributions (see in Figure [7.6(b)) with a slightly higher average PL intensity counts
(see Figure[7.6(c)) are noticed for additive-free acid textured lifetime samples. Uniform

PL intensity counts depicted in Figure[7.6(b) certifies the texture uniformity across the
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Figure 7.5: Variation in Auger corrected inverse lifetime as a function of injection level
for the symmetrical lifetime test structures fabricated on additive-based and additive-

free acid textured emitter diffused DWS mc-Si wafers passivated by SiNx:H.

wafer for additive-free acid process. The change in PL intensity counts for lifetime
test structures directly correlate to its surface texture quality or the effectiveness of the
Si0,-SiN,:H stack for passivating the acid textured emitters. Hence, the PL images in
Figure[7.6]also supports the improved minority carrier lifetime of ~ 10 - 20 us measured

for additive-free samples in Sinton QSSPC measurements.

7.6 Cell results

Comparison of the measured solar cell parameters for the groups were already shown
in Table [7.3|at the start of this chapter. Similar batch average 1 of 18.24% and 18.20%
were noted for the additive-based and additive-free cells, respectively. Negligibly
small improved batch average efficiency (0.04% absolute) was noticed for additive-
based group which originates from the difference in Jsc values. However, this gain in 1
remains insignificant considering the cost of texture additives (see section and the
use of optimized fabrication process recipes of the additive-based acid textured wafers
as compared to our additive-free acid textured wafers. Similar average Voc was mea-
sured for both the groups of cells. An absolute 0.19% improved batch average FF value
(79.70% for additive-based and 79.89% for additive-free) indicates the competency of
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Figure 7.6: Spatially resolved PL intensity maps of the lifetime test structures fabricated
on DWS acid textured samples using the (a) additive-based, and, (b) additive-free
processes; (c) the PL intensity count histograms of the symmetrical test samples from

both the types of textured wafers.

contact formation mechanism achieved on newly textured cells. The contact formation
in cells was evaluated with respect to their Rs values. Detailed loss analysis based on
the Jsc, Voc and Rs values for the representative cells was carried out to investigate
the potential of proposed texturing scheme in industrial production environment, as
explained in the following sections. The J-V curves of the representative cells chosen
from both the batches of cells are depicted in Figure

The wavelength dependent EQE, IQE and reflectance values for the cells are
plotted in Figure for the wavelength ranging from 350 nm to 1050 nm. Higher
EQE values were noticed for additive-based acid textured solar cells especially in the
blue wavelength ranges. Almost similar IQE values of additive-based and additive-free
cells for the entire wavelength range confirms similar bulk material quality as well as
surface passivation. This implies that the variation in EQE or Jsc is due to the difference
in front surface reflectance of the cells. The reflectance and WAR values of the acid

textured wafers measured earlier (see Figure confirmed that both additive-based
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Figure 7.7: Comparison of the measured J-V curves for the additive-based and additive-

free acid textured DWS mc-Si Al-BSF representative solar cells.

and additive-free acid textured mc-Si wafers have similar light absorption properties.
However, the light trapping capabilities of the textured surface at cell level must also
be evaluated after ARC layer deposition. Interestingly, after ARC layer deposition, the
overall reflectance of the cells were different (as seen in Figure and a significant
1.2% ditference in WAR values is noticed (see legend of reflectance curves in Figure
7.8).

Further, the SR of the representative cells from both the types of textured mc-Si
wafers was measured using Semilab PV-200 LBIC tool over the entire 156.75 X 156.75
mm? cell area for evaluating recombination mechanisms at different regions of the
cells. SR values corresponding to short wavelength (A < 500nm) and long wavelength
(A > 800 nm) indicate the quality of front and rear surface passivation of the cell,
respectively. Better surface passivation is specified by high magnitude of SR near the
surface. Similarly, middle wavelength (600 < A < 900 nm) SR accounts for the quality
of bulk material. Diffusion length (L) and surface recombination velocities (FSRV for
front surface and BSRV for back surface) are the set of parameters used as a measure
for evaluating the substrate quality and surface passivation. FSRV, BSRV and L values
are extracted from the IQE, reflectance and emitter phosphorous diffusion profiles. The
IQE and reflectance maps for the representative cells from both the batches at four

available wavelengths (407 nm, 658 nm, 877 nm and 984 nm) in the LBIC system are
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Figure 7.8: Comparison of the measured EQE, IQE and front surface reflectance values
for the additive-based and additive-free acid textured DWS mc-Si Al-BSF representative

solar cells.

shown in Figure The LBIC generated IQE maps follow the similar trends as seen
in localized QE measurements (see Figure[7.8). Nearly similar IQE values for middle
wavelength range (600 nm to 900 nm) in Benthem IQE tool (see Figure[7.8) indicates that
both types of cells were fabricated using mc-Si wafers of similar grade. The average
IQE values for the additive-based acid textured cells are 91.14%, 92.39% and 80.63%
for 407 nm, 877 nm and 984 nm wavelength, respectively. For the additive-free acid
textured cells, these values are 93.81%, 95.20% and 83.74% at 407 nm, 877 nm and
984 nm wavelength, respectively. This consistent and significant enhancement in IQE
values observed for shorter and longer wavelengths for the entire cell area implies the
reduced recombination kinetics induced at the front and rear surface for the additive-
free textured mc-Si cells.

The LBIC generated reflectance maps of representative cells are shown in Figure
The reflectance maps also follow the similar trends as seen in Benthem QE system
(see reflectance in Figure [7.8). The additive-based and additive-free cells exhibited
almost similar reflectance for all three available wavelengths except 407 nm. The
average R values calculated from LBIC reflectance maps shown in Figure for
additive-based and additive-free representative cells are 4.05% and 4.1% at 658 nm,

7.85% and 7.64% at 877 nm and 9.6%, and, 9.8% at 984 nm wavelength respectively. The
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Figure 7.9: LBIC full area single wavelength IQE maps of the representative solar cells
fabricated using: (a) additive-based, and (b) additive-free acid textured mc-Si wafer at

(1) 407 nm, (2) 658 nm, (3) 877 nm and (4) 984 nm incident wavelengths.

additive-free acid textured cells exhibited higher average reflectance (30.9% average
value in LBIC maps and 30% in Bentham QE measurements) compared to the additive-
based acid textured cells (24.2% average value in LBIC maps and 23% in Bentham QE
measurements) at 407 nm. These LBIC captured reflectance maps thus conclude that
the effect of poor short wavelength reflectance (contributing to an increase in WAR
value) for the additive-free acid textured mc-Si cells.
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Figure 7.10: LBIC full area single wavelength reflectance maps of the representative
solar cells fabricated using: (a) additive-based and (b) additive-free acid textured mc-Si

wafer at (1) 407 nm, (2) 658 nm, (3) 877 nm and (4) 984 nm incident wavelengths
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The FSRV and BSRV maps of the representative cells are generated following the
methods proposed by Sharma et al. [177,178]. FSRV values can be precisely estimated
from the spectral response in the short wavelength range (400 nm < A < 460 nm) of
the solar cells having Gaussian emitter diffusion profiles. Hence, the LBIC generated
SR maps at 407 nm and the measured ECV profiles shown in Figure are used for
estimating FSRV maps in the present case. BSRV values of the rear side p*-p interface
is estimated by considering the SR at two different wavelengths (14, A,) such that their
absorptionlength (L,) falls in the bulk region (25um < L,; <50 um) and close to rear side
(L2 > 100 um)) [178]. So, we have used two of the nearly available wavelengths 877 nm
(Ly = 20 um) and 984 nm (L, = 125 um) in the LBIC system for generating BSRV maps.
Figure and Figure[7.12]represents FSRV and BSRV maps for the additive-based and
additive-free acid textured cells, respectively. The mean and standard deviation values
of the FSRV calculated from the maps indicated in Figure are 542 + 2.52x 10*
cm-s~! and 2.53 + 1.25x 10* cm-s~!, respectively for the additive-based and additive-free
batch representative mc-Si cells. This reduction in average FSRV values quantitatively
substantiate the enhancement in better blue response achieved for additive-free batch
of cells. This again confirms the better passivating nature of additive-free textured
emitters. An excellent average BSRV values less than 300 cm-s~! are noticed for both
the additive-based and additive-free batch representative full area Al-BSF solar cells.
However, a minor reduction in BSRV values were observed for the additive-free acid
textured cells over the other. The mean and standard deviation values of the BSRV
calculated from Figure are 299 + 49 cm-s~! and 275 + 47 cm-s~! for additive-based
and additive-free textured cells, respectively. The Ag-Al and Al back metalization
process parameters remained same for both the batch of cells. Hence this minor
improvement in BSRV values for full area Al-BSF cells can be related to the better

rear surface texture quality of the additive-free acid textured mc-Si wafers.

The front Ag contact formation to the diffused n™ layer through ARC layer depends
on various components such as surface texture morphology [193], diffusion profiles
and Ryt values [194,195], ARC layers [196], paste composition [197,198] and co-firing
profile [195] 199]. The ARC layer deposition conditions, paste composition and the

tiring profiles used were similar for both the types of acid textured cells.

Different diffusion profiles (120 ()/sq for the additive-based group and 90 )/sq for
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Figure 7.11: Full area FSRV maps of the representative Al-BSF solar cells fabricated
using: (a) additive-based, and, (b) additive-free acid textured DWS mc-5Si wafers.
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Figure 7.12: Full area BSRV maps of the representative Al-BSF solar cells fabricated
using: (a) additive-based, and, (b) additive-free acid textured DWS mc-5Si wafers.

the additive-free group) used for emitter formation would impact the contact resistance.
However, similar peak surface concentration of 3x10%cm™3 used in both the diffusion
profiles (see ECV profiles in Figure[7.14) should result in similar range of emitter contact
resistance values. We have used Rs map of the representative cells for comparing the
contact formation mechanisms on the newly proposed acid textured surface. The Rg
maps of the representative cells were generated following the interpolation method

proposed by Kampwerth et al. [179]. The generated Rs maps of the representative
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cells are shown in Figure along with their histogram distributions. The histogram
in Figure (c) clearly indicates that the additive-free batch of cells have slightly
improved and wide range of distributed Rs values compared to the additive-based
acid textured cells. The mean and standard deviation values of the R calculated from
the maps indicated in Figure were 380 + 60 mQcm? and 340 + 90 mQcm? for the
additive-based and additive-free batch of cells, respectively. The brighter regions in
the maps represents high Rs and is due to the presence of the broken fingers. However,
this breakage of metal fingers have not affected the overall lumped Rs values of the
cells because of the higher density of finger mesh with 106 fingers. The darker regions
in Figure (b) represents low Rs regimes and the comparatively uniformly size
distributed textures formed for the additive-free acid texturing (see SEM images in
Figure and the relatively heavier diffusion (90 ()/sq) can be the reason for the same.

The batch average shunt resistance (Rg;) values are 80 kQ-cm? and 120 kQ-cm?
for the additive-based and additive-free acid textured mc-Si cells, respectively. This
lower Rs and improved Rg;, values resulted due to comparatively uniformly distributed
textures and relatively heavier diffusion of the additive-free acid textured cells and thus
can be considered for the improved batch average FF values (see Table[7.3). These Rg
maps and batch FF values hence confirms that the textures formed after the additive-
free acid texturing scheme does not adversely impact the contact formation and is

tavorable for large area industrial cell production.

7.7 Opportunities for further improvement

We have analyzed the impact of different phosphorous diffusions for the additive-
based and additive-free acid textured wafers here. The phosphorous dopant profiles
of the textured wafers (used for cell fabrication) are measured after diffusion and PSG
etching and the R+ corrected diffusion profiles are depicted in Figure The Ryt
maps of the diffused wafers are also shown in Figure Measured Rg,..; values and
ECV profiles clearly indicate that the additive-free acid textured wafers underwent
deeper diffusion (90 €)/sq) compared to regular production line diffusion process (120
()/sq) with the additive-based texturing. The obvious consequence of these deeper

junctions are poor SR in the blue wavelength regions, hence resulting in lower Jsc for
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Figure 7.13: Spatially resolved series resistance (Rs) maps of the DWS mc-Si solar
cells fabricated using (a) additive-based, and, (b) additive-free acid textured processed

wafers. Rg distribution histograms all along the cell area are depicted in (c).

the additive-free cells. PC1D simulations were performed to fit and model the additive-
free acid textured cells performance for quantifying the variation in SR or Jsc in blue
wavelength region due to the difference in emitter diffusion profiles. Simulated EQE
and IQE responses obtained for the cells with 90 ()/sq and 120 €)/sq diffusion profiles
are compared in Figure Measured R values (by spectrophotometer) of additive-
free acid textured wafers after ARC deposition (see red reflectance curve in Figure
and the 90 Q)/sq diffusion profile shown in Figure (red curve) are considered
as an input to the PC1D simulator models. Also, the matched spectral response are
further evaluated by replacing the 90 ()/sq profile with the 120 Q)/sq diffusion profile.
The Jsc values extracted from the simulated EQE, IQE curves shown in Figure are
35.9 mA/cm?, 38.6 mA/cm?, respectively, for the 900Q)/sq emitter and 36 mA/cm?, 38.7
mA/cm?, respectively, for the 120 Q)/sq emitter. Clear enhancement in both EQE and
IQE values is noticed for the simulated 120 )/sq diffused cells over the experimental
data based 90 ()/sq simulated diffused cells in the blue regions and it has raised the Jsc

by ~0.1 mA/cm?. This improvement in blue response obtained for the 120 (/sq emitter
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is because of sharp change in carrier concentration and critical p-n junction placement,
eventually resulting in better electric field for charge separation and improved carrier
collection. These simulations suggest that NCPRE additive-free acid textured mc-Si
solar cells would have yielded similar Jsc and 1 as that of additive-based acid textured

cells with 120 Q/sq diffused emitter.
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Figure 7.14: (a) Active phosphorous dopant impurity profiles of the emitters used for
the fabrication of additive-based and additive-free acid batches of full area Al-BSF

solar cells. (b) The measured Ry distribution maps of the emitters across the diffused

wafers
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Figure 7.15: Simulated EQE and IQE responses of the full area Al-BSF cells modeled
using PC1D simulator using the 90 (O/sq and 120 €)/sq emitter diffusion profiles.

To assure maximum photo-generation in solar cells, ARC layer thickness is ad-
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justed in such way that the minimum reflectance point falls near 620 nm (region where
maximum photon flux in available AM1.5 solar spectrum). In this particular industrial
line, their ARC deposition process is optimized for additive-based acid textured mc-Si
wafer surface. For convenience, same deposition process parameters were also used for
our additive-free acid textured mc-5Si wafers, which has slightly different topography
compared to additive-based acid wafers as mentioned in section[7.3} As a result, under
similar ARC deposition conditions, the minimum reflection point for additive-based
and additive-free textured wafers were found at 620 nm and 670 nm, respectively.
For the additive-free batch of cells, this shifted reflectance curves has resulted in 1.2%
increase in WAR and a consequent reduction in Jsc. Since the surface texture size distri-
butions were different (see the SEM images in Figure for both the types of textured
wafers, we propose re-optimization of ARC layer thickness on the additive-free acid
textured wafers targeting minimum reflection in the 600 -6 30 nm range. This would
essentially result in similar front surface reflectance values and yield improved EQE
and Jsc values.

The PL intensity (¢(i, j)) and difference in quasi-fermi levels (V(i, j)) in semicon-

ductors are related as,
olO%);
C(i, j)

where V1(i, j) and C(i, j) are local thermal voltage and calibration constant, respectively.

V(@i,j)=Vr(@,j)In

(7.1)

From this relation, relative PL intensity count from a solar cell is a direct indicator
of the generated potential (Voc) on the cell. Figure (a) and (b) represents the
PL images of the additive-based and additive-free representative cells, respectively
under open circuit conditions. The PL count histograms of the cells are depicted
below the PL images in Figure Similar and uniform PL count distributions over
the entire sample area as shown in Figure confirm that the SiN,:H ARC layer
uniformly passivates both the additive-based acid textured 120 €)/sq and additive-free
acid textured 90 Q)/sq emitters . In a recent study, Shanmugam et al. [194] reported 19
fA- cm~? reduction in Jo, and a corresponding 4 mV gain in iVc for 130 ()/sq emitters
over 90 ()/sq emitter for the lifetime test structures fabricated on acid textured mc-Si
samples. In the present study, the additive-free acid textured lifetime test structures
exhibits a similar reduction in Jo, of 17 fA — cm™? and enhancement in iVc of 5mV over

the additive-based lifetime samples (see section when both the kinds of samples
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were subjected to identical emitter diffusions and dielectric passivation. These results
justify that the better short wavelength response obtained for the additive-free acid
textured wafers (due to the improved surface texture quality) is nearly compensated
with increased Auger recombination in 90 ()/sq emitter, resulting in similar potential
generation i.e., PL counts) to that of the additive-based acid textured 120 )/sq emitter
solar cells. The important implication of the result is that the additive-free acid textured

batch of cells can generate better Vo by employing the 120 Q)/sq shallow diffusion.
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Figure 7.16: Spatially resolved PL intensity maps of the representative DWS mc-Si solar
cells fabricated using (a) additive-based, and, (b) additive-free acid textured processed

wafers. PL intensity count histograms are shown beneath the PL maps.

7.8 Cost and safety analysis

An approximate cost analysis of both the additive-based and additive-free acid textur-
ing processes is carried out in terms of used process chemicals. For our calculation, as
an industry standard, we have considered 600000 wafers to be processed in a single
acid texturing bath. The cost per wafer (in US Dollars ($)) is calculated in terms of the
cost per wafer for preparing the acid bath for each method. The texture additive was

dosed intermittently into the acid textured solution and a total of 70 liters of additive

118



Table 7.4: Approximate chemical cost involved for the preparation of acid solution bath

for additive-based and additive-free texturing processes.

Acid texturing process
Additive-based Additive-free
Chemical used Cost ($) | Chemical used Cost ($)
HE(711) 1115.71 | HE(1201) 1885.71
HNO;(1651) 1579.30 | HNO5(701) 670.00
DI water (163 1) 0.80 DI water (209 1) 1.02
Texture additive (701) | 3440.00 | Texture additive | -
(NA)
Total cost 6135.81 | Total cost 2556.73
Cost per wafer 0.0102 Cost per wafer 0.0042

was used for texturing of 600000 wafers in the additive-based texturing process. How-
ever, dosing of acids during the complete process was not taken into consideration
here. This is because the dosing pattern remains similar in both the processes. From
Table it is evident that the chemical cost per wafer for preparing the acid bath
for additive-based and additive-free method are approximately 0.0102$ and 0.0042%,
respectively. The chemical solution cost is dominated by the costly texture additives.
Hence the chemical cost involved in acid bath preparation for additive-free texturing
process is nearly 60% economical than the other. Another interesting fact is that since
the NCPRE acid texturing process doesn’t require any additional chemicals than those
used in the existing SWS mc-Si acid texturing and DWS additive-based acid texturing,
no additional precautions related to environmental and accidental hazards are required

during chemical waste disposal process.

7.9 Conclusions

NCPRE additive-free acid texturing process, was demonstrated for texturing and cell
fabrication of large area DWS mc-Si wafers in industrial environment without alter-

ing the production throughput. Additive-free acid-textured wafers and cells exhibited
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excellent optical, electronic and electrical properties compared to the existing additive-
based acid textured wafers and cells. Further, the pathways for improving the perfor-
mance of additive-free textured cells are proposed after a comprehensive loss analysis.
The chemical cost analysis suggested that the additive-free acid texturing process can
reduce the chemical cost involved in preparing the acid bath by 60% compared to the

existing additive-based acid texturing process.
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Chapter 8

Metal Assisted Chemical Etching
Process for Texturing DWS mc-Si

Wafers

8.1 Motivation

Fabrication of fine nanostructures, commonly known as b-Si features is one of the
potential solution for overcoming the texturing difficulty associated with DWS mc-Si
wafers. Several competing technologies such as MACE [166), 167, 200], RIE [14], laser
etching [132] etc. are reported for b-Si fabrication. Among these, MACE has emerged
as the most viable technology for PV applications because of its low processing cost and
high throughput. MACE process is capable of generating wide range of nano-structures
from fine porous textures to high aspect ratio needle-shaped structures simply by fine-
tuning the process parameters [164, 167, 168]. In spite of the recent studies proposing
MACE as a universal texturing process for both c-Si and mc-Si solar cell production
[15,2201}202,203], the potential of MACE process over acid texturing is not fully realized
yet.

As discussed in chapter 3} currently the b-Si textured mc-Si wafers are not directly
used for solar cell fabrication, as the PECVD SiNx:H ARC is incapable of effectively
passivating these tiny porous features with high density of surface defects. Hence,
controlled etching of MACE b-Si features to generate more wider nano-structures, that

can be passivated by PECVD SiNx:H ARC is adopted for assuring higher performance
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in MACE nano-textured mc-Si solar cells. Different processes such as alkaline etching
[173], acid etching [135, [166], NSR process [162, [165] and RIE [133] were previously
reported for b-Si surface modification. Among these, acid etching is expected to be
employed in the industry as the transfer chemistry is well known and widely used in
industry.

This chapter starts with the discussion of MACE b-Si generation process and
optimization of acid etching for achieving nano-textures with optimal surface recom-
bination and reflection. Acid etching process using HF - HNOj solution for the surface
modification of b-Si features is discussed. Later, a comprehensive performance param-
eter analysis of MACE nano-textured and acid textured industrial mc-Si solar cells is
performed to demonstrate the advantages and potential of nano-textures over micron-

sized iso-textures.

8.2 Optimization of MACE nano-texturing process

8.2.1 Process details

DWS mc-Si wafers of base resistivity of 1-3 (Q-cm and size of 5 cm X 5 cm were
used for MACE process optimization. Figure represents the process flow used
for sample fabrication and characterization. SDE of the samples were performed in
concentrated alkaline solution. Ag nanoparticles were deposited on SDE samples using
0.01M AgNO:s; solution. The wafers were then etched in HF and H,O, solution for b-Si
formation. b-Si structures were modified by etching the wafers in HF - HNOj3 solution
at room temperature for 20, 40 and 60 sec. Thereafter, residual metal ions present on
the wafer surface are eliminated by treating the wafers with HNO; solution at room
temperature for 10 min. Quine-hydrone in methanol (QHM) solution was used for

chemical passivation of samples.

Saw damage

etching (SDR)

Ag deposition
using AgNOj3

solution

Por-Si fabri- |

cation in HF -

H,0, solution

Residual
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Surface
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Figure 8.1: Process flow for b-Si fabrication and b-Si surface modification.

Figure (a) represents the randomly distributed Ag nano-particles with size
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ranging from 20 nm to 500 nm on SDE DWS mc-Si wafers. Size of the b-Si features
depends on the size of Ag nano-particles. The b-5Si surface features obtained after
treating the Ag nano-particle deposited mc-5i wafers with HF - H,O, solution for 2
min are shown in Figure[8.2](b). As seen in Figure[8.2)(b), b-Si surface is highly porous,
consists of fine features with lot of surface defects, which act as heavy recombination
cites during carrier transport. Hence, surface modification is needed for b-Si based
solar cells for ensuring reduced surface recombination at the emitter and rear sides of

the solar cells.

(a) (b)

Figure 8.2: SEM images of mc-Si wafers with (a) Ag nano-particles, and, (b) b-Si features
after HF - H,O, treatment.

Figure[8.3|depicts the SEM images of b-Si surface treated with HF - HNO; solution
for 20 sec, 40 sec and 60 sec. HF - HNOj3 helps to widen/open up the nano-pores to
form inverted scallop/pit structure and the size of these structures increases with HF
- HNO; processing time. It is also noted that, the size/ dimensions of surface textures
obtained by acid etching of MACE b-Si samples are in nano-meter range for all three

groups.

Figure 8.3: SEM images of b-Si surfaces after etching in HF - HNOj solution for (a-1)
20 sec, (a-2) 40 sec and (a-3) 60 sec.

The surface reflectance and WAR values of the b-5i surface and acid etched b-Si
surfaces are shown in Figure The reflectance values of the conventionally acid

textured DWS mc-Si wafer is shown as reference in Figure b-Si samples showed
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excellent light absorption for the entire wavelength range of 300-1000 nm with an
impressive WAR of 3.5%. Surface reflectance values have increased to certain level
after HF - HNO; surface modification for different etching times. However, all acid
etched b-5Si samples still have lower WAR values as compared to the reference sample.
These reflectance curves clearly indicate the light trapping abilities of MACE acid
etched b-Si samples over the conventional acid textured samples currently used in

industry.
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Figure 8.4: Comparison of surface reflectance values of b-Si and acid etched b-Si sur-

faces.

The acid textured DWS, b-Si and b-5i surface modified samples were chemically
passivated using QHM solution, after HCI cleaning and HF dip. The PL images of
the passivated samples are shown in Figure Figure (a) and (b) represents
the PL images of acid textured DWS and b-5Si samples, respectively. Poor PL counts in
Figure [8.5] (b) confirms the poor passivation quality of b-5Si surface compared to acid
textured DWS mc-Si samples. This indicates that the high density of defects present
on the b-5i seen in Figure 8.2 are extremely difficult to get passivated. However, the
PL images in Figure (o), (d) and (e) suggests that the HF - HNO; surface
modification step improves surface quality. The measured ¢ at 1x10™ cm™ MCD
of the chemically passivated samples are listed in Table [8.1| along with WAR values
and average PL counts over the entire sample area. 60 sec acid etched b-Si samples

exhibited excellent surface passivation properties similar to that of acid textured DWS
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(similar range of PL counts and 7s¢) and outstanding light trapping properties with
nearly 8% lower WAR than that of acid textured DWS samples. These results suggest
that b-Si modification process by acid etching process is effective in bringing down the
WAR values of DWS mc-Si wafers to nearly 20% without compromising on the g/
values.

68 S 28 uS

HF-HNO; acid etching

40 sec l

PL Intensity (a. u)

39 us 518 70 s

Figure 8.5: PL images of chemically passivated mc-Si wafers with (a) acid textured, (b)

b-Si, and acid etched surfaces for (c) 20 sec, (d) 40 sec and (f) 60 sec.

Table 8.1: Summary of WAR values, Tr¢s and average PL counts of b-Si and modified

b-Si surfaces.

Sample Name WAR | Effective carrier | Average PL
(-) (%) lifetime (us) count (-)
Acid textured DWS | 28.6 68 6223
b-Si 3.5 28 3139
b-Si_acid etch-20 sec | 12.3 39 3700
b-Si_acid etch-40 sec | 18.3 51 3983
b-Si_acid etch-60 sec | 20.9 70 6502

In the following sections, the performance and two diode parameters of solar
cells fabricated on acid etched MACE b-Si wafers and conventional acid textured DWS
mc-Si samples are compared for demonstrating the advantage of nano-textures over

iso-textures. The process details, morphological, optical and electronic properties of
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acid textured (micron-sized iso-texture) and MACE nano-textured samples used for
solar cell fabrication (after surface modification by acid etching) are presented. Fur-
ther a detailed loss analysis of performance parameter and comparison of two diode
parameters of acid textured and MACE nano-textured solar cells are performed us-
ing advanced characterization techniques such as PL images, LBIC maps and lock-in

thermography.

8.3 Texturing and solar cell fabrication

Industrial grade 156.75 x 156.75 mm? p-type DWS mc-Si wafers were used for solar
cell fabrication. Acid texturing process used is a combination of HE, HNO; and DI
water solution at temperature of 10-12°C for simultaneous saw damage etching (SDE),
and micron-sized inverted scallop-like texture was created. The MACE nano-texturing
process used in industry also consisted of four steps: (i) SDE in acid solution, (ii) silver
(Ag) nano-particle deposition by soaking the SDE mc-Si wafers in silver nitrate (AgNO;)
solution, (iii) Ag assisted silicon etching in HF-hydrogen peroxide (H,0O,) solution for
b-Si nano-structure generation, and (iv) b-Si modification by etching in HF - HNO; acid
solution. Both the sets of textured wafers after essential native oxide cum residual metal
ion etching in HF-HCI solution, underwent phosphorous diffusion, phospho-silicate
glass etching and junction isolation, silicon nitride ARC deposition and front silver and
back Ag-Al metalization to complete the Al-BSF solar cell fabrication in an industrial

line.

8.4 Comparison of morphological, optical and electronic

properties of textured mc-Si surfaces

The high resolution SEM images shown in Figure |8.6/indicate that the inverted pit-like
nano-textures (Figure [8.6| (b-1 to b-3) obtained by acid etching of MACE b-Si samples
(MACE nano-textures) are smaller (diameter in the range of 300-500 nm) and more
uniformly distributed compared to micron-sized iso-textures (Figure (a-1 to a-3))
obtained by acid texturing. Acid texturing process nucleates on surface defects and saw

damages and hence, requires uniform layer of sufficient surface damages for producing
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Figure 8.6: SEM images of textured DWS mc-Si wafers. (a-3) and (b-3) are tilted cross
section images, and the others are top view images. (a-1) to (a-3) acid textured, (b-1) to

(b-3) MACE nano-textured.

uniform 2-4 um sized inverted scalloped textures as obtained in MWSS mc-Si wafers.
However DWS method produce relatively polished wafers, and as a consequence,
acid texturing results in non-uniform texture generation with larger textures forming
mainly along the wire saw mark directions and the places where saw damages were
initially present. In contrast, the nano-textures formed by MACE process are uniformly
distributed across the wafer surface area and are independent of initial morphology
of the as-cut wafers due to the uniform etching behavior of Ag nano-particle assisted
chemical etching of silicon samples in H,O, - HF solution regardless of crystallographic
planes, as reported elsewhere [165}[168]. Hence, the subsequent etching of b-Si samples
inisotropic HF - HNOj solution also produces uniform inverted pits-like textures across
the DWS mc-Si wafer surface.

The surface reflectance of the samples are compared in Figure[8.7] WAR of 28.65%
and 19.53% were estimated for acid textured and MACE nano-textured wafer surfaces,
respectively. The effective minority carrier lifetime of chemically passivated acid tex-
tured and MACE nano-textured samples are shown in Figure Similar range of

effective carrier lifetime values are measured for both the groups of textured samples.

8.5 Solar cell I-V results

The AM 1.5G I-V characteristics of representative solar cells are shown in Figure[8.9and

the batch average performance parameters are listed in the inset of the Figure Nearly
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Figure 8.7: Wavelength dependent total surface reflectance values of representative

as-cut, acid textured and MACE nano-textured DWS mc-Si wafers.
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Figure 8.9: Comparison of one sun J-V characteristics of acid textured and MACE
nano-textured representative Al-BSF cells. The batch average value of performance

parameters for differently textured solar cells are listed in inset of the J-V plots.

0.5% (absolute) enhancement in power conversion efficiency (1) measured for MACE
nano-textured solar cells over iso-textured solar cells is in good agreement with the
recent literature [15, 166, [168]. The Jsc of MACE nano-textured cells is higher by 0.66
mA.cm™?, likely due to lower surface reflection even after ARC coating, and this trend
is consistent with the literature reports [15, 200]. Voc on the other hand is marginally
lower by 0.61 mV for the MACE nano-textured cells, and this trend is consistent with
literature reports [165} 166]. FF values for the MACE nano-textured cells are higher by
0.74% (absolute). MACE nano-textured cells have significantly lower Rg than the acid
textured cells, whereas the shunt resistance (Rgy) values are comparable. Generally, the
FF values of industrial acid textured mc-Si solar cells are marginally lower than alkaline
pyramidal textured c-Si solar cells [14}15]. Our results show that the adoption of MACE
nano-texturing process can narrow down this difference further. These results suggest
that evaluating the MACE nano-texturing processes only in terms of surface reflection
(WAR or Jsc) and passivation quality (Jo. or Voc) may not describe the complete potential
of MACE nano-texturing for both c-Si and mc-Si solar cell applications. In addition, FF
of silicon solar cells is influenced by both recombination and resistive losses. Hence,
a detailed analysis of various components of losses were conducted and presented in

the following sections.
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8.5.1 Open circuit voltage analysis

PL intensity count of a solar cell in open circuit represents the quasi fermi-level sepa-
ration, and hence the open circuit voltage of solar cells [204]. PL intensity distribution
across the cell area for acid textured and MACE nano-textured solar cells, and the
corresponding intensity histogram are shown in Figure . Excitation at 660 nm was
used for PL. The reflectance of the cells at 658 nm were found to be nearly identical
(see Figure and hence no corrections for surface reflection is applied to the PL
intensity maps. The PL intensity distribution of the acid textured cells are seen to have
slightly higher peak than that of MACE nano-textured cells. This correlates well with
the marginally higher Vo for the acid textured cells. It is instructive to compare the
lifetime data presented in Figure where a marginally higher effective lifetime was
obtained for the MACE nano-textured wafers compared to the acid textured wafers,
with QHM passivation, for excess minority carrier density below 2 X 10> cm™. The PL
intensity histograms show the opposite trend, suggesting that the PECVD SiNx:H pas-
sivation of the MACE nano-textured cell is not as effective as the QHM passivation. A
better passivation of MACE nano-texture may be achieved with atomic layer deposition
(ALD) process due to the conformal deposition capability of ALD, as illustrated using
aluminum oxide in [164]. The PL intensity histogram of the MACE nano-textured cells
is much tighter than that of the acid textured cell, indicating similar or better process

uniformity of MACE nano-texturing.

8.5.2 Short circuit current analysis

LBIC measurements at four wavelengths (407 nm, 658 nm, 877 nm, and 984 nm) were
used for analyzing the difference in Jsc by mapping the spectral response (IQE &
reflectance) of representative solar cells. The IQE and reflectance maps are shown in
Figure The largest difference in IQE is seen at 407 nm, higher by 0.89% (absolute)
for the acid textured cells. This further confirms that the marginally higher V¢ seen
in the case of acid textured cells is due to better surface passivation, as discussed in
subsection It is clear that the small differences seen in IQE are inadequate to
explain the 1.5% higher Jsc for the MACE nano-textured cells. The reflectance maps

show that the MACE nano-textured wafers result in consistently lower reflectance at all
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Figure 8.10: Spatially resolved PL intensity distributions of (a) acid textured and (b)
MACE nano-textured representative Al-BSF solar cells captured at open circuit condi-

tion.

wavelengths, except at 658 nm, where the difference in reflectance is negligible. Based
on this analysis, we can conclude that the higher Jsc in MACE nano-textured cells is

due to improved light trapping.

8.5.3 FF loss analysis

A two diode model based FF loss analysis of silicon solar cells proposed in [205] was
applied to the cells, and the results are summarized in Table 8.2l FF(Joi_imit) refers to
the apparent FF value without considering the effect of non-idealistic factors such as
recombination current density (Jo2), Rs, and Rgy, and the other parameters listed in the
Table co-relates to absolute value of loss in FF due to Jp, Rs, and Rsy. The Jo; and Jo,
values of the representative cells are measured using Suns-Vc technique. The Jy;
value was 7.21 X 107* A-cm™ and 7.42 X 10™"® A-cm™ (measured at 7 points across
the cell area), respectively. Similarly, the J,, value measured at 7 different locations
of the value was 1.97 X 10 A-cm™2 and 1.78 X 10™® A-cm™2 for acid textured and

MACE nano-textured solar cells, respectively. The FF loss analysis indicate that the
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Figure 8.11: (a) IQE and (b) reflectance maps of acid textured and MACE nano-textured
representative Al-BSF solar cells measured at four wavelengths. The wafer average in

each case is shown at the top right corner.
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improved FF values measured for MACE nano-textured solar cells was mainly due to

the lower Rg.

Table 8.2: Summary of FF loss analysis for acid textured and MACE nano-textured

solar cells.

FF losses (%)
Texture FF(Jo1-1imit) (%) | Measured FF (%)
FF(Jo2) | FE(Rs) | FF(Rsq)
Acid 1.80 1.82 0.01 83.44 79.81
MACE | 1.88 1.42 0.02 83.47 80.15

In DLIT measurements, four lock-in thermographic images captured under dark
conditions (three images at forward bias (0.5 V, 0.55 V, and 0.6 V) and one image at
reverse bias condition (-1 V)) are used for generating the local dark current density (Jo
and J,) and ohmic shunt (ohmic shunts are expressed in terms of parallel conductance
(G,)) maps. DLIT method provides pixel to pixel variation of FF, Jo1, Joo, and G, values of
a solar cells with the help of a Local I-V 2 software discussed elsewhere [206) 207, 208].
Lumped Jsc and Rsy values of 3590 mA-cm™2 and 360 mQ-cm? (for acid textured
representative cell), and 36.64 mA-cm™2 and 270 mQ-cm? (for MACE nano-textured
representative cell), (obtained from one sun lighted I-V characteristics, refer Figure
8.9), respectively are given as the input to local I-V software for generating the FF,
recombination, and conductance maps. For ], maps, the ideality factor (n,) of second
diode in the two diode model was fixed to 2 (n, = 2). The results are summarized in
Figure where sub-figures (a-1), (a-2), (a-3), and (a-4) and (b-1), (b-2), (b-3), and
(b-4), respectively represents the FFE, Jo;, Jo, and G, maps of acid textured and MACE
nano-textured representative mc-Si solar cells. The Local I-V 2 software generated FF
maps in Figure[8.12)(a) and (b) also agree that the pixel to pixel FF values of MACE nano-
textured representative solar cell are better compared to acid textured representative
solar cell. Nearly an improvement in FF value of 0.5% (average) is noticed for MACE
nano-textured solar cells over iso-textured solar cells, in good agreement with the I-V
results shown in Figure While examining the Jy; and Jo, maps, it can be clearly seen
that the lower FF regions in Figure (a) and (b) are clearly mapped to higher Jo; or Jo,
at the exact localized regions in Figure (c)-(f). The Jo; contributing defects are more

seen for MACE nano-textured representative cells while the effect of Jp, shunts were
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more severe for acid textured samples especially at edges of solar cells. The number
of localized ohmic shunts were higher for MACE nano-textured representative cell
than acid textured cell, in agreement with the lumped shunt values of the solar cells.
However, this is not valid for all acid textured and MACE nano-textured solar cells as
the batch average shunt values of MACE nano-textured solar cells are nearly identical
to that of acid textured cells (refer Figure[8.9). In addition, we have also seen that the
contribution of the shunt resistance to FF loss is negligibly smaller and nearly identical
for both the representative cells. Comparable range and distribution of Joi, Jo. and G,
values confirm that MACE nano-texturing process does not introduce any additional
localized recombination or ohmic shunt paths across the solar cell area, rather offers

lower Rg to carrier flow compared to acid textured solar cells.

Acid texture

MACE nano-texture

Figure 8.12: Local IV2 software generated (1) FF (scaled from 75 to 83%), (2) Jo1 (scaled
from 0 to 51072 A-cm™2), (3) Jo» (scaled from 0 to 51077 A-em™2 ), and (4) G, (scaled
from 0 to 1x107° S-cm™2) maps of (a) acid textured and (b) MACE nano-textured Al-BSF

mc-Si solar cells.

The series resistance maps generated from biased PL images [179] are shown
in Figure for representative cells. Histograms of distributed Rs are compared
in Figure (c). Histogram shows a nearly 100 mQ-cm? lower Rg for the MACE
nano-textured cell. The distribution of Rs is also tighter for the MACE nano-textured
device, indicating a more uniform underlying process. Notable difference in values

of distributed Rs and lumped Rs (shown in the inset of Figure [8.9| - extracted using
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the Bowden method [176]) is expected due to the difference in Rs estimation method
as reported elsewhere [209, 210| 211]. However the difference in the peak values of
the distributed Rs is approximately matching with the difference in the lumped Rg
values. Since all metallization process conditions are identical, we hypothesize that the
difference in Rg may be attributed to the contact resistance, as the surface texture could

play an important role in how the Ag contacts the emitter [193,209].
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Figure 8.13: Full area spatial variation of distributed Rs values of acid textured and

MACE nano-textured mc-Si solar cells.

To investigate the contact formation mechanism on differently textured surfaces,
SEM images of Ag particles contacted to the emitter region are analyzed after etching the
front silver grid contacts. As reported in previous studies [212] 214,215,216, 217],
typical screen printed Ag/n*-Si interface region consists of four distinct components:
bulk silver, thin interfacial glass layer, Ag crystallites, and silicon. Since, the phos-
phorous diffusion process conditions, front metal paste composition and the co-firing
profile used are identical for both acid textured and MACE nano-textured solar cells,

no considerable difference in bulk Ag layer and n* emitter characteristics are expected.
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In addition, according to Ag crystallite model [212}213}214], the primary current trans-
port mechanism is via either by direct contact of Ag crystallite with bulk Ag or by
tunneling through the thin interfacial glass layer present between the bulk Ag and Ag
crystallites. Firstly, the bulk Ag metal layer is etched by soaking the pieces of both
acid textured and MACE nano-textured solar cells in hydrochloric acid (HCI) - HNO;
solution at room temperature for 2 hours, thus exposing the interfacial glass layer. The
SEM images after this step are shown in Figure These SEM images confirm the
presence of interfacial glass layer in both types of textured samples. A more uniformly
distributed interface layer is observed on MACE nano-textured surface than on acid
textured surface. The same samples were subsequently sonicated in DI water for 10
min, and then dipped in 5% HF at room temperature for 5 min for completely remov-
ing the interfacial glass layer [218]. The SEM images taken subsequently are shown in
Figure Previous studies established that for pyramidal textured screen printed
c-Si solar cells, Ag crystallites form densely at the tips of pyramids and the density of
pyramidal textures inversely co-relates to contact resistance [193,209]. However, to the
best of our knowledge, such studies are not reported on mc-Si solar cells. Figure [8.14]
shows that the Ag crystallites are formed mainly along the boundaries of the textures
in both types of samples. The SEM images indicate that MACE nano-textured surface
has more Ag crystallites per unit area than acid textured surface, due to the smaller
textures resulting from the MACE process. This result in smaller contact resistance and

thus a lower Rg in MACE nano-textured mc-Si solar cells.

8.6 Conclusions

Cost effective method for the fabrication of nano-textures on mc-Si wafers are demon-
strated using a combination of MACE and acid etching process. MACE process was
used for b-Si generation and acid etching process was optimized for opto-electronic
properties for generating nano-textures suitable for solar cell fabrication. The potential
and advantages of nano-textures over micron-sized textures are demonstrated through
a detailed comparative analysis of performance parameters and two diode parameters
of conventional acid textured and MACE nano-textured industrial DWS mc-Si Al-BSF

solar cells. The analysis shows that acid etching of tiny MACE b-Si nano-features
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Figure 8.14: Top view SEM images of interfacial glass layer obtained by etching the
bulk Ag for (a-1) acid textured and (b-1) MACE nano-textured samples. (a-2) and (b-2),
are the top view SEM images of the samples after removal of the glass layer for acid

textured and MACE nano-textured samples respectively.

results in nano-textures with significantly lower surface reflection of ~9% (without
ARC) and ~1.5% (with ARC) and similar surface passivation properties as compared
to the acid textured mc-Si samples. Nearly 100 mQ-cm? lower batch average series
resistance values were measured for MACE nano-textured mc-5i solar cells. Similar
to alkaline textured c-Si solar cells, elevated portions of textures or the boundary of
inverted scallop-like textures were found to be the favorable sites for denser Ag crystal-
lite precipitation, which is responsible for the conduction in screen printed solar cells.
It is found that the presence of denser textures lead to more number of Ag crystallite
precipitation per unit area in MACE nano-textured surface than in iso-textured surface,

which directly correlates to series resistance.
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Chapter 9

Cell to Module Optical Loss Analysis of
MACE Inverted Pyramid Textured

Surfaces

9.1 Motivation

Recently, several groups demonstrated that inverted pyramid textures obtained by
different b-Si surface modification processes can offer excellent surface passivation
properties and importantly, very low WAR in the range of 16% without ARC [162}[165].
However, lower WAR values are reported for inverted nano-pyramids obtained from
MACE b-Si features by RIE or NSR processes. Acid texturing (HF-HNO; etching
followed by dilute KOH rinse) was also reported for the fabrication of inverted random
pyramids previously and the WAR of such inverted pyramid textured samples were
in the range of 19-20% [166,200]. It suggested a scope for improving the anti-reflective
properties of inverted nano-pyramids obtained by acid etching of MACE b-Si samples.

Integration of solar cells in to an encapsulated module results in additional electri-
cal, optical and FF losses, jointly known as cell to module (CTM) loss [219 220,221}, 222,
223]]. Optical losses mainly correspond to absorption losses within the material used
for encapsulation (e. g. glass, encapsulant and backsheet.) and reflection losses from
the interface of different materials occurring due to the mismatch in their refractive
indices values. Both morphology and light trapping capabilities of the surface textures

influence the CTM factor, especially the optical losses [224,225,226]. Hence, it is impor-
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tant to study and evaluate the performance of any new textures not only at cell level,
but also at module level after encapsulation. Irrespective of the recent advancements
reported in the literature, there were no significant efforts made towards modeling and
studying the optical losses in MACE inverted pyramid textured mc-Si solar cells and

modules.

In the first part of this chapter, we discuss a process flow for fabricating low
reflective (WAR in the range of 16%) inverted pyramid textures using the combination
of MACE and acid etching. Further, we demonstrate that inverted pyramid texture
model of module ray-tracer software of PV Lighthouse can be used for accurately
estimating the optical losses of MACE inverted pyramid textured mc-Si solar cells
and modules. We find that adoption of MACE inverted pyramid texturing over acid
texturing enhances the photo-generation in mc-Si modules by ~ 0.5% and that the total
photo-generation current density in mc-Si solar modules approach 99.6% of that in

random pyramid textured c-Si modules.

9.2 MACE inverted texturing process

9.2.1 Process details

The process details of MACE b-Si process and surface modification by acid etching are
the same as we discussed in previous chapter. In addition, the acid etched b-Si (referred
as nano-textures in the second part) mc-Si samples underwent an additional post-
etching in 1% dilute KOH solution for 30 sec at room temperature to form inverted nano-
pyramid textures. Three different groups of inverted pyramid textures are fabricated
by etching three different groups of pit-like nano-textures in KOH solution and the
morphological, optical and electronic properties of the two groups are compared. The
complete process used for the fabrication and characterization of inverted pyramid

textures are listed in Figure
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Figure 9.1: Process flow for fabrication and characterization of inverted pyramid tex-

tures on DWS mc-Si wafers.

9.3 Characterization of inverted pyramid textures

Figure 9.2 depicts SEM images of acid etched b-5Si samples for 20 sec, 40 sec and 60
sec without and with KOH polishing step. Combination of HF - HNO; and KOH
treatment results in more smoother, flatter and inverted pyramid like structures from
that of inverted pits formed by only HF - HNO; etching. High resolution SEM images
of acid etched samples in Figure[0.3|clearly illustrate the significance of KOH polishing
for reducing the porosity of nano-textures obtained by acid etching of b-Si samples.
However, quality of the textured surfaces should be evaluated with respect to reflection

and surface recombination.

1

L AT A O
e
- : ..“ (O Beni] (6-3

Figure 9.2: SEM images of acid etched b-Si surfaces for 20 sec, 40 sec and 60 sec; (al-3)
without and (b1-3) with KOH polishing.
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Figure 9.3: High resolution SEM images of acid etched b-Si surfaces; (a) without and
(b) with KOH polishing.

The surface reflectance and WAR values of acid textured DWS, MACE b-Si, three
group of inverted pit-like nano-textures (discussed in last chapter) and inverted nano-
pyramid textures are shown in Figure After KOH etching, the reflectance values
have increased further for all three group of acid etched samples. This implies that the
porous inverted scalloped pits obtained after HF - HNOj; treatment traps light more
efficiently compared to random inverted pyramids obtained by HF - HNOj; treatment
and KOH polishing. However, both inverted pit-like and inverted pyramid nano-
texture groups have lower WAR values compared to acid textured sample. These
reflectance curves illustrate the light trapping abilities of inverted nano-pyramids over

the conventional acid textured wafers.
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Figure 9.4: Comparison of surface reflectance values of acid textured, b-5i, three group

of inverted pit-like nano-textured and three group of inverted nao-pyramid textured

samples.
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The enhanced PL counts in Figure[9.5/(d), Figure[9.5/(f) and Figure[0.5|(h) over Fig-
ure[9.5)(c), Figure[9.5](e) and Figure [9.5](g) affirm that KOH polishing after HF - HNO;
step has major impact on suppressing the surface recombination. In other words, in-
verted nano-pyramid textured samples has significantly lower surface recombination

3 minor-

than in pit-like nano-textured samples. The measured 7.5 at 1 x 10" cm™
ity carrier density of the chemically passivated samples are listed in Table 9.1| along
with WAR values and average PL counts over the entire sample area. All the three
groups of inverted pyramid textured samples showed excellent surface passivation
properties similar to that of acid textured DWS (similar range of PL counts and 7gy¢)
and outstanding light trapping properties with WAR lesser than that of acid textured
DWS samples. In summary, the optimized inverted nano-pyramid textured samples
(referred as b-Si_acid etch-20sec . KOH in Table offers nearly 16-17% lower WAR
values with similar surface passivation properties as that in case of acid textured DWS
mc-Si samples. The light trapping abilities of these inverted pyramid textures are eval-
uated further at both cell level and module level (after encapsulation) using Sunsolve
ray tracer simulator from PV lighthouse. The optical losses in MACE inverted nano-

pyramid textured samples are benchmarked against both random pyramidal textured

c-Si and iso textured mc-Si solar cells in the following sections.
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Figure 9.5: PL images of chemically passivated mc-Si wafers with (a) acid textured, (b)
b-5i, and modified b-Si surfaces for 20 sec, 40 sec and 60 sec; (c, e, g) without and (d, f,
h) with KOH polishing.

The surface morphology of random pyramid textured c-Si, iso-textured mc-Si, and
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Table 9.1: Summary of WAR values, Tr¢s and average PL counts of b-Si and modified

b-Si surfaces.

Sample Name WAR | Effective carrier | Average PL
(-) (%) lifetime (us) count (-)

Acid textured DWS 28.6 68 6223
b-Si 3.5 28 3139
b-Si_acid etch-20sec 12.3 39 3700
b-Si_acid etch-40secec 18.3 51 3983
b-Si_acid etch-60sec 209 70 6502
b-Si_acid etch-20sec KOH | 16.8 72 6960
b-Si_acid etch-40sec_ KOH | 20.01 74 7233
b-Si_acid etch-60sec_ KOH | 21.16 78 8249

inverted nano-pyramid textured mc-Si samples analyzed by field emission scanning
electron microscopy (FESEM) are depicted in Figure9.6|(a-c). As seen in Figure[9.6/(c),
the side-length and height (depth) of inverted pyramid textures were in the range of
400 - 600 nm and 200 - 300 nm, respectively. These range of values were used to estimate
the approximate values of side-length to height (L/H) ratio and texture angle (w), which
were used as input parameters to the inverted pyramid texture model of module ray-
tracer simulator. The average size of random pyramid textures and iso-textures (see
Figure[9.6|(a) and (b)) were in the range of 2-6 um. However, in simulations, the size of

random pyramids and iso-textures were fixed to 4 ym.

Figure 9.6: High resolution top-down SEM images of (a) random pyramid textured

c-Si, (b) iso-textured mc-Si, and (c) inverted nano-pyramid textured mc-Si surfaces.

SiNx:H ARC layer of thickness 75-80 nm and n of 2.1 (at 630 nm) was deposited
using a plasma enhanced chemical vapor deposition (PECVD) system, Plasmalab-100,

from Oxford Instruments. The wavelength dependent surface reflectance of textured
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wafers without and with ARC were measured using an integrating sphere spectropho-
tometer from Perkin Elmer (Lambda-950). These reflectance curves were used for

validating simulation results.

9.4 Simulation setup

Both inverted pyramid and inverted cone texture models of SunSolve module ray-
tracer simulator generated closely matched surface reflectance values for the MACE
inverted textures shown in Figure 9.6 (c). However, inverted pyramid texture model
predicted reflectance of MACE inverted textures more accurately than inverted cone
texture model. The inverted pyramid model and its underlying space are shown in
Figure where w, L and H, respectively represent the texture angle, base width and
height of inverted pyramid textured unit cell. Combination of w and L/H ratio can be
used for modeling shallow to high aspect ratio inverted pyramids for a wide range of
dimensions. This implies that the impact of b-Si surface modification by acid etching
(HF - HNO; etching followed by dilute KOH rinse) can be captured in the simulation
by varying the L/H ratio and w for quantifying the optical losses of the modified b-Si
solar cells before and after conversion to module. From recent literature [162} 165], it
has been observed that the surface passivation properties of inverted nano-pyramid
textures with low L/H ratio (<2) were extremely poor. Hence, those structures were
not considered in this investigation. In addition, our previous study confirmed that
the inverted pyramid textures shown in Figure are optimal for mc-Si solar cell
fabrication as these textures posses excellent optical and passivation properties. The
results were in good agreement with Zheng et al. and Jiang et al. [162,[165]. The range
of w and L/H ratio values extracted from the SEM images shown in Figure [9.6| were
calibrated to measured reflectance values for closely examining the optical CTM losses.
Nearly identical reflectance values were achieved in simulations for w and L/H ratio of
44° and 2.07, respectively. For estimating the CTM losses in alkaline textured c-Si and
acid textured mc-Si cells and modules, well established random pyramid and spherical
cap models as described elsewhere were used [225| 227, 228]].

The thickness, n and extinction coefficient (k) of PECVD SiNx:H ARC measured by

ellipsometry were given as inputs to the simulator for modeling the ARC characteristics.
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Figure 9.7: Schematic representation of the inverted pyramid texture unit cell model of

module ray-tracer simulator.

Module encapsulating materials such as glass, EVA and backsheet collected from one
of the module manufacturer, characterized for their optical properties, were utilized
in the simulation for closely estimating the optical losses in industrial PV modules.
The measured reflectance and transmittance curves of free standing glass, EVA and
backsheet are given in Figure Further, the wavelength dependent n and k values
of glass and EVA samples were extracted from their reflectance and transmittance
curves (depicted in Figure following the method described in [229, 230]. The
transmittance and reflectance curves of backsheet shown in Figure[9.8 were directly fed
as input parameters to the simulator for modeling the backsheet layer. The measured
thickness of glass, EVA, and backsheet were 2 mm, 0.45 mm, and 0.3 mm, respectively
and the same values were given as inputs for ray-tracer simulations. The cell areas
considered were 244.3 cm? (pseudo-square) and 245.7 cm? (full square), respectively for
c-Si and mc-Si cells. Single cell module (with an additional spacing of 0.1 mm at each
side of the cell) lay out was used for examining the module characteristics. 5,00,000
rays per simulation were used for generating the results presented in the following

sections.

9.5 Reflectance study before encapsulation

The accuracy of SunSolve module ray-tracer texture models are tested by comparing

the simulated and experimentally measured reflectance values as shown in Figure
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Figure 9.8: The measured reflectance and transmittance curves of glass, EVA and

backsheet.

and Figure respectively without (as-textured) and with SiNx:H ARC. Nearly
identical match of simulated curves (represented by hollow circles) to experimental
measurements (represented by filled circles) were achieved for the different textures.
As expected, random pyramid textured c-Si samples produced significantly lower
surface reflectance than iso-textured mc-Si wafers. Nearly 1.5% difference in WAR was
noticed between the measured and simulated reflectance values for pyramid textured
samples. This can be attributed to the large variation in texture size and presence of
larger pyramids (see Figure 9.6|(a)). Both simulation and experimental results confirm
that inverted nano-pyramids shown in Figure 9.6|(c) invariably reduce the reflectance
of mc-Si wafers with a nearly 7% lower WAR value than iso-textures. However, the
reflectance values of inverted pyramid textured mc-Si wafers were still nearly 3-4%
higher than alkaline textured c-Si wafers.

Figure shows the plots of simulated and measured surface reflectance of
samples after SiNx:H ARC deposition. All three texture models provided excellent fit
to measured reflectance after ARC for the same set of geometric parameters (w, texture
size, L/H ratio etc.) used for simulating the reflectance curves depicted in Figure
The results assure the credence of random pyramid, inverted pyramid, and spherical
cap models. After ARC, the difference in WAR of pyramid textured c-Si and inverted

pyramid textured mc-Si was narrowed to nearly 1.3%.
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Figure 9.9: Comparison of measured and simulated wavelength dependent surface
reflectance values of as-textured random pyramid textured c-Si, iso-textured mc-5i and

inverted nano-pyramid textured mc-Si samples.
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Figure 9.10: Comparison of measured and simulated wavelength dependent surface
reflectance values of random pyramid textured c-Si, iso-textured mc-Si and inverted

nano-pyramid textured mc-Si wafers after ARC.
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9.6 Optical losses in cells

Optical losses (expressed in terms of generation current density) in not-encapsulated
cells estimated from ray-tracer simulations are summarized in Table The excellent
light trapping properties of random pyramid textures have suppressed front external
reflection loss to as low as 0.65 mA-cm~2, which is 2.45 mA-cm ™2 and 0.95 mA-cm ™2
lower than in iso-textured and inverted pyramid textured mc-Si solar cells, respectively.
The front surface escape loss in random pyramid textures were higher than iso-texture
samples. The inverted pyramid textured cells showed moderate front surface escape
loss, indicating that the surface reflection from inverted pyramid textures is more
diffusive than in random pyramid textures and less diffusive than in iso-textures. The
total absorption current losses (absorption in SiNx:H ARC and rear Aluminum) were
nearly similar for all three types of solar cells. Overall, random pyramid textures
outperformed with an effective generation current density of 40.90 mA-cm™2, which is
88.3% of the ideal maximum generation current density that can be obtained for silicon
solar cells under AM 1.5G spectrum illumination. Simulation results suggest that,
adoption of inverted nano-pyramid texture over iso-texture enhances the generation

current density in mc-Si solar cells by 1.21 mA-cm™ before encapsulation.

Table 9.2: Summary of optical losses (expressed in terms of generation current density,

mA-cm™?) in differently textured solar cells before encapsulation.

Random | Iso-texture | Inverted

pyramid | (spherical cap) | pyramid
Reflected front 0.65 3.13 1.62
Escaped front 0.75 0.42 0.64
ARC absorption 0.27 0.21 0.24
Rear absorption 3.73 3.75 3.79
Bulk Si absorption | 40.90 38.80 40.01
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9.7 Reflectance of encapsulated modules

The simulated total surface reflectance values of module test structures are shown in
Figure The impact of light coupling due to front metalization was not consid-
ered in the simulation. After encapsulation, the difference in surface reflectance values
among the differently textured samples narrowed down further. The WAR values of
random pyramid textured c-Si, iso-textured mc-Si and inverted pyramid textured mc-Si
modules were 4.5%, 4.8% and 4.6%, respectively. The n value of glass and EVA are in
the range of 1.5 at 630 nm. Hence, encapsulation of solar cell should result in graded n
suitable for further enhancement in light trapping. However, for random pyramid tex-
tures, the total surface reflection increased substantially after encapsulation. Reduction
in surface reflection due to the graded n values were mainly noticed in the blue wave-
length range. For the middle wavelength region (550 nm to 900 nm), the reflectance
values were nearly same for differently textured modules. As the glass used in this
study was non-textured at front, potentially designed for reducing soil accumulation,
reflection from the front side of the glass (shown in Figure was significant. Unlike
ARC deposited cells, the constant reflection from the glass acts as the limiting factor
in lowering the surface reflectance in modules irrespective of the difference in front
surface escape of light rays due to difference in texture morphology.

In summary, the relative advantage of pyramid textures over the others for light
trapping was significantly reduced after encapsulation. The WAR of inverted nano-
pyramids was only 0.1% higher than random pyramid textures after encapsulation.
The reflectance curves in Figure confirms the importance of evaluating the light
trapping properties not only at cell level (after ARC), but also after encapsulation.
However, comparison of the absorption losses in various components used for mod-
ule fabrication is essential for estimating the photo-generation in differently textured

modules.

9.8 Optical losses in encapsulated modules

The simulated wavelength dependent optical losses in encapsulated inverted nano-

pyramid textured cells are shown in Figure Similar to random pyramid textured
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Figure 9.11: Simulated wavelength dependent total surface reflectance values of ran-
dom pyramid textured c-Si, iso-textured mc-Si and inverted nano-pyramid textured

mc-Si modules.

and iso-textured modules, absorption in glass, EVA, and aluminum rear contact of
the cell, reflectance from front surface and front surface escape were the major com-
ponents that contributed heavily to the optical losses in inverted pyramid textured
solar modules. The optical loss (in terms of generation current density) of inverted
nano-pyramid textured modules were compared with random pyramid textured and
iso-textured modules in Table 0.3l CTM losses such as reflection from the front of
encapsulated cell, absorption losses in glass, EVA and backsheet were not significantly
different for the three differently textured cells. The pseudo-square shape can be reason
for the marginally higher rear escape loss of random pyramid textured modules than
the other two.

Similar to not-encapsulated solar cells, the difference in front surface escape is
significant, suggesting that the texture morphology and light trapping properties im-
pact the photo-generation in solar cells even after encapsulation. Similar front surface
reflection for the three groups of solar cells after encapsulation indicate that the differ-
ence in total surface reflectance seen in Figure was due to the variation in front
surface escape losses associated with different surface textures. The magnitude of front
reflection before encapsulation and front escape after encapsulation were changed sig-

nificantly for all groups of solar cells. This indicates that lower external reflectance
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Figure 9.12: Simulated wavelength dependent optical (absorption and reflection) losses
for the inverted nano-pyramid textured mc-Si Al-BSF solar cell after module encapsu-

lation.

is not the only factor which decides the reflection losses after encapsulation, the light
trapping properties and diffusive nature of light rays associated with texture geometry
also play a vital role. It was previously reported that, the reflections from iso-textures
are more diffusive compared to that from upright pyramid textures [227, 231]. As a
consequence, the total internal reflection of diffused rays occurring at the glass-air in-
terface contribute to reduction in the escape of reflected rays for iso-textures. However,
for random pyramid textures, the majority of the reflected light falls within the escape
angle of glass-air interface and hence are not reflected back internally. Interestingly, the
front escape current density value of inverted pyramid textured modules was 0.09 mA-
cm 2 lower than iso-textured modules, and only 0.04 mA-cm™ higher than random
pyramid textured modules. This suggests better light trapping than in iso-textures
and enhanced total internal reflection at the glass-air interface compared to pyramid
textures have resulted in moderate front escape loss in inverted nano-pyramid textured
modules.

Nearly 1% higher generation current (referred as solar cell bulk absorption in
Table was obtained for random pyramid textured cells over iso-textured cells,
which is in good agreement with a previous study [225]. Our results establish that the

photo-generation in mc-Si module can be enhanced from 38.47 mA-cm™ to 38.69 mA-
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Table 9.3: Summary of optical losses (expressed in terms of generation current density,

mA-cm~?) in differently textured solar cells after module encapsulation.

Random | Iso-texture | Inverted

pyramid | (spherical cap) | pyramid
Reflected front 1.17 1.15 1.14
Escaped front 0.93 1.06 0.97
Escaped rear 0.05 0.02 0.02
ARC absorption 0.18 0.16 0.17
Rear cell absorption 3.64 3.86 3.75
Glass absorption 0.40 0.44 0.39
EVA absorption 1.06 1.15 1.17
Backsheet absorption 0.00 0.00 0.00
Bulk Si absorption 38.84 38.47 38.69

cm ™2 (~0.5%), by choosing MACE inverted nano-pyramid texturing over conventional
acid texturing. More importantly, with MACE inverted nano-pyramid texturing the
photo-generation current in mc-Si solar modules will approach 99.6% of that in random
pyramid textured c-Si modules, which would narrow down the performance gap of

mc-Si and ¢-Si modules significantly.

The bar diagram of CTM generation current density loss for differently textured
Al-BSF solar cells is depicted in Figure Iso-textured solar cell exhibited the lowest
CTM generation loss of 0.32 mA-cm ™ and random pyramid textured solar cell showed
the largest CTM loss of 2.08 mA-cm™. CTM generation current density loss of MACE
inverted pyramid textured cell was 1.37 mA-cm™2, which is significant compared to
iso-textured cells. Hence, our results establish that the performance enhancement
achieved by adopting advanced texturing schemes at cell level are not completely
translated to module performance due to CTM losses, especially for low-reflective
textures. However, even after the higher CTM loss, the generation current density
is considerably higher for MACE inverted pyramid textured modules than of iso-
textured modules. Hence, MACE inverted nano-pyramid texturing scheme has the

potential for replacing the conventional acid texturing as it assures better performance
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at module level along with additional process advantages like cost-effectiveness and

higher production throughput.

9.9 Conclusion

Process flow for the fabrication of low reflective (WAR of 16%) inverted pyramid tex-
tures using the combination of MACE and acid texturing was discussed. The process
optimizations were conducted by comparing the opto-electronic properties of inverted
pyramid textures with iso-textures and inverted-pit like nano-textures. Inverted pyra-
mid texture model of SunSolve module ray-tracer software of PV Lighthouse was
utilized for estimating the optical losses associated with MACE inverted pyramid tex-
tures. In our simulations, inverted pyramid textures showed moderate CTM generation
loss, which was nearly 0.7 mA-cm ™ lower than the random pyramid textured and 1.05
mA-cm 2 higher than the iso-textured solar cells. Most importantly, the simulations
establish that adoption of inverted nano-pyramid texturing over acid texturing would
enhance the generation current in mc-Si modules by ~0.5% and in such a case, the total
photo-generation current in mc-Si modules approaches 99.6% of that in modules with

random pyramid textured cells.
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Chapter 10

Advanced Texturization Schemes by

Unconventional Processes

10.1 Motivation

So far, we have discussed industry viable processes developed for texturing large
wafers. These processes need not be the best methods in terms of light harvesting
efficiency. Alkaline and acid texturing methods continued to dominate c-Si and mc-Si
industry because of their high production throughput and cost-effectiveness. There
were several attempts to develop alternate texturing schemes that produce surface
textures which exhibit better light trapping properties than random pyramid textures
and iso-textures. Array of ordered nano-wires and regular inverted pyramid textures
(on c-Si wafers) are some of them. However, fabrication of these structures utilize
complex and expensive photo-lithography steps, which limits their application for
industrial production.

In this chapter, we present experimental results on some of the lithography-free
process steps that are developed for the fabrication of advanced textures like nano-
wires and regular inverted pyramids. They are unconventional unit processes for PV
applications and are not currently transferable to industrial environment. Use of CL
instead of photo-lithography, RIE for directional etching and MACE for anisotropic
etching are some of the methods explored for the fabrication of vertical nano-wires and
inverted pyramid textures on polished c-Si wafers. We shall discuss these processes

and their application for the fabrication of advanced textures in this chapter.
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10.2 Colloidal lithography (CL)

CL process consists of two major steps; transfer of colloidal beads on to silicon wafers
and size reduction of beads to expose silicon surface for directional etching. We have
tried using both silica and polystyrene (PS) beads as mask. Spin coating method was
used to transfer the beads. Colloidal solution preparation and size reduction process
for PS and silica beads are different. It is observed that PS beads form uniform and
closely packed mono-layers of colloidal masks than silica beads in all our experiments.
Hence, CL process steps are explained with respect to PS beads. For all the CL related
experiments, chemically mechanically polished (CMP) 2 inch diameter <100> c-Si

wafers were used.

10.2.1 Transfer of colloidal beads

Spin coating process was preferred over other methods such as dip-coating, evaporation
and Langmuir-Blodgett coating as it provides better uniformity, coverage and mono-
layer packing of colloidal particles for large area device applications 232]. Prior to
spin coating, the silicon wafers were soaked in APTES ((3-Aminopropyl)triethoxysilane)
solution for 60 min at room temperature for improving the adhesion property of Si sur-
faces to colloidal particles. Zeta 3D images of PS bead coated samples with and without
surface functionalization are shown in Figure The influence and need of surface
functionalization is clearly visible, with APTES functionalized samples showing > 95%

coverage of mono-layer compared to non-functionalized samples.

Figure 10.1: Zeta 3D images of PS beads spin coated samples (a) with and (b) without

prior surface functionalization.

PS colloidal solution was prepared by mixing the PS beads solution with a sur-

factant solution in the ratio of 4:1 (by volume). Surfactant solution was prepared by
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adding a drop of Triton X-100 to methanol (1:400 ratio by volume). PS beads were then
transferred on to Si surface by a three step spin coating process, which is summarized
in Table[I0.1} The spin coating process parameters are optimized for obtaining hexago-
nally close packed mono-layers of PS beads as shown in Zeta 3D images in Figure
(a) and SEM images in Figure (a) and (b).

Table 10.1: The parameters used for spin coating of mono-layers of PS beads.

Stepl Step2 Step3

Time | Speed | Acc. | Time | Speed | Acc. | Time | Speed | Acc.
10 400 | 208 | 120 | 800 | 416 | 10 1400 | 624

Figure 10.2: SEM images of hexagonally packed mono-layers of PS beads.

Further, the diameter of the beads are trimmed to expose silicon surface for etching.
O, plasma of RIE system was used for trimming the diameter of PS beads. 25 sccm
of O, plasma at a chamber pressure of 25 mTorr and RF power of 80 W were used for
tailoring the bead size. Figure represents a series of SEM images of PS beads after
O, plasma treatment for different process times varying from 1 min to 6 min. Etching
of PS beads in O, plasma follows anisotropic behavior with higher etch rates in the
vertical direction than of that in the lateral direction, eventually loosing the spherical
shape of PS beads especially for higher etching times. The etch profile of PS beads

followed a nearly linear profile with an approximate etch rate of 100 nm/min.

10.3 Fabrication of silicon nano-wires

Selective etching of Si substrate by both dry etching and wet etching methods were

applied for the fabrication of highly ordered vertical nano-wires using PS bead as a
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Figure 10.3: SEM images of trimmed PS beads after the O, plasma etching for 1-6 min.

mask. In dry etching, both single step RIE and Bosch time multiplexed deep RIE
(DRIE) methods were tried. Combination of CL and MACE also produced highly
ordered nano-wires. In this section, we will discuss about the etching routes used for

the fabrication of silicon nano-wires.

10.3.1 Inductive coupled plasma (ICP) reactive ion etching

The single step (PlasmaLab 100 ICP 180 from Oxford instruments) etch system use
fluorine plasma generated from SF,, CF, and C4Fg gases for etching silicon substrates.
Both SF, and CF, etching results in isotropic etch profiles. Hence, combination of C4Fg
and SF, was used for generating vertical nano-wires shown in Figure[10.4] The gas flow
ratio of C4Fg and SF¢ were fixed to 100 sccm and 60 sccm, respectively and the etching
process was carried out for a chamber pressure of 13 mTorr and ICP power of 1200 W.
Anisotropic etching has resulted in array of nano-wires with a maximum height of 1
um. High aspect ratio nano-wires were not produced for higher etching times as top
portion of the nano-wires started getting etched because of the poor etch selectivity to

PS beads resulting in porous nano-wires as shown in Figure (a) and (b).

10.3.2 Deep reactive ion etching (DRIE)

Since the single step RIE process showed poor selectivity for the fabrication of high

aspect ratio nanopillars, Bosch time-multiplexed DRIE process was applied in a com-
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Figure 10.4: SEM images of Si nano-wires obtained by ICP RIE for (a) 90 sec and (b)
120 sec.

mercial inductive coupled plasma etcher of SPTS LPX Pegasus system. Alternated
cycles of SFs (80 sccm) and of C4Fs (200 scem), respectively were applied for etching the
unprotected areas and for depositing the fluorinated polymer to protect the side walls
of the resultant etched structures. Figure[10.5represents the SEM images of high aspect
ratio silicon nano-wires obtained for different DRIE process durations. DRIE process
showed better selectivity, anisotropy and high etch rate compared to the single step
RIE process for silicon etching. The etch rate was approximately 3 ym/min. Uprooting
of the pillars were observed only for longer etching durations or when the nano-wire
height was more than 4 um. However, DRIE process introduced side undulations to

the side of silicon nano-wires.

Figure 10.5: SEM images of Si nano-wires obtained by deep RIE for (a) 30 sec, (b) 60
sec, (¢) 90 sec, and (d) 120 sec.
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10.3.3 Sidewall smoothing of DRIE nanowires

The nano-wires fabricated by DRIE process have a minimum sidewall undulation of
25-30 nm, which needs to be reduced further for ensuring conformal deposition for di-
electric for passivation. Thermal oxidation followed by a HF dip was tried for reducing
the surface undulations and roughness of DRIE nano-wires. Figure (a), (b) and (c),
respectively represents the SEM images of DRIE nano-wires before, after first round
and after second round of thermal oxidation and HF dip. The sidewall undulation
for the nano-wires shown in Figure are estimated using Image-J software and is
summarized in Table[10.2l It is observed that the waviness was reduced to 14 nm after
couple of cycles of oxidation and HF etching. However, reduction in nano-wire di-
ameter/ volume and application of high temperature processes like thermal oxidation,

which adds to higher thermal budget were the obvious disadvantage of this approach.

Figure 10.6: SEM images of DRIE nano-wires (a) before and after (b) first and (c) second
cycle of oxidation and HF strip.

Table 10.2: Characteristics table of nano-wires before and after oxidation and HF strip.

Process Undulations | Diameter of NW
(nm) (nm)
Before Oxidation and HF strip 26 450
After 1% cycle of Oxidation and HF strip 20.12 320
After 2™ cycle of Oxidation and HF strip 14.76 210
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10.3.4 Metal Assisted Chemical Etch

Figure[10.7]represents the schematics of the nano-wire fabrication using a combination
of CL and MACE. A thin layer (30 nm) of Au film deposition by sputtering followed
by lifting-off of PS beads in toluene solution by sonication were used to produce the
patterns. MACE is carried out in HF:H,0,:DI water (in the ratio of 1:3:9 by volume)
at room temperature for different time periods such as 30, and 90 sec to measure the
etch rate and to check the smoothness of sidewall profiles. Height of nano-wires was
measured from the SEM images shown in Figure([10.8(a) and (b) and linear fit was used
to find the etch rate, which was in the range of 400 nm/min. Although the etch rate is
less compared to RIE processes, the side wall profiles are smoother and adequate for

conformal film deposition compared to the nano-wires obtained by RIE processes.

PS spheres monolayer Reactive ion etching Au film deposition

A A A4
Removal of PS spheres and Au Catalytic etching
m m

Figure 10.7: Process flow used for fabrication of nano-wires using the combination of

CL and MACE.

Figure 10.8: Cross sectional SEM images of nano-wires fabricated using a combination

of CL and MACE for (a) 30 sec and (b) 90 sec.
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10.4 Inverted pyramid texturing

10.4.1 CL and TMAH etching

In the previous sections, we have discussed different combinations of CL and etching
processes for the fabrication of vertically aligned nano-wires. The same approach by
replacing the MACE process with anisotropic KOH or TMAH etching is used for the
fabrication of ordered inverted pyramid textures. The process schematic is shown in
Figure[10.9 Instead of Au layer, ICP-CVD silicon nitride was used as a mask for TMAH
etching. The SEM images of the inverted pyramids obtained after TMAH etching for 1
min and 3 min, respectively are shown in Figure[10.10|(a) and (b). This method allows
to fabricate hexagonally packed regular inverted pyramid textures uniformly across

the wafer surface without the use of photo-lithography.

PS Sphere monolayer Reactive lon Etching Dielectric film deposition

N - e - BN
|

Dielectric film etch TMAH etch at 80°C Bead Lift-off

Figure 10.9: Process flow for used for inverted pyramid fabrication using a combination

of CL and TMAH etching.

10.4.2 One-step Copper assisted chemical etch

As discussed previously in chapter[3] the lateral etching characteristics of Si in Cu based
MACE process and the difference in electron supply of Cu®* at higher temperatures can
produce random inverted pyramid textures [233]. Hence, we have also optimized the

one step Cu based MACE process for inverted pyramid generation and the optimized
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Figure 10.10: Top-down SEM images of regular inverted pyramids obtained after
TMAH etching for (a) 1 min and (2) min.

process conditions are as follows; 3 mM Cu(NO);, 4.6 M HF and 0.5 mM H,0O, at
80°C. SEM images of inverted pyramid textures formed after one step Cu based MACE
process for 3 min and 5 min are shown in Figure (a) and (b), respectively. The
size and distribution of these textures were highly non-uniform and random as shown
in Figure[I10.11]compared to uniformly distributed inverted pyramids shown in Figure
10.100. However, the WAR values of inverted textures were in the range of 6-7%,
respectively, which is significantly lower than upright random pyramid textures. In
addition, significantly lower amount of silicon is removed during the one step etching
process than in alkaline texturing process. These results indicate the potential of
advanced texturing schemes. However further investigations targeting towards the

passivation and contact formation are essential for confirming the same.

RIS cynsimy DR Y
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Figure 10.11: The SEM images of inverted pyramid textures obtained by one-step Cu
assisted MACE etching for (a-1) and (a-2) 3 min and (b-1) and (b-2) 5 min.
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10.5 Conclusions

In this chapter, preliminary experiments on various top-down approaches for fabricat-
ing nano-wires were presented. CL followed by an etching method was proposed to
avoid the complex and expensive photo-lithography steps for the fabrication of nano-
wires. Combination of CL and DRIE produced highly ordered hexagonally packed
different aspect ratio nano-wire arrays. However, 25-30 nm of sidewall scallops/ un-
dulations were observed for DRIE nano-wires. Use of MACE process instead of DRIE
produced hexagonally packed nano-wires without any sidewall undulations.

In the subsequent section, fabrication of inverted pyramid textures on (100) c-
Si wafers using a combination of CL and TMAH etching was discussed. Highly
ordered and hexagonally packed inverted nano-pyramid textures were achieved by
this method. In the final part of the chapter, we demonstrated the use of single step
Cu based MACE etching process for random inverted pyramidal texture generation.
The one step MACE process is a potential candidate for conventional alkaline texturing

process favoring the cost advantage, lower material loss and better light trapping.
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Chapter 11

Conclusions and Future Directions

This thesis describes various industrial chemical processes developed for addressing
the texturing difficulties of DWS wafers. In chapter 5, a novel cost-effective SDR pro-
cess, followed by silicate based alkaline etching process was demonstrated for the
fabrication of random pyramid textures of height and size in the range of 2-4 ym, uni-
formly across the DWS c-Si wafer surface. The novel SDR process completely removes
the unwanted saw damages, residues and other contaminants introduced during wire
sawing process. The morphological, optical and electronic properties of novel alkaline
textured wafers and performance parameters of solar cells were compared and bench-
marked against conventional alkaline textured MWSS and existing alkaline textured
(TMAH based SDR process followed by alkaline etching) DWS c¢-Si wafers and solar
cells. Comparable performance parameters for the three group of alkaline textured
solar cells substantiated the potential of our texturing process for industrial applica-
tions favoring cost advantages due to significantly reduced cost of NaOCl solution (US
$3/litre) compared to TMAH solution (US $250/litre).

The wet texturing difficulty was more severe for DWS mc-Si wafers as single step
acid texturing process was used for SDR and texturing of mc-Si wafers in industry. PV
manufacturing units were using expensive additive-based acid texturing process for
processing DWS mc-Si wafers in their production lines. In this regard, an additive-
free, energy-efficient acid texturing process was developed using laboratory set-up.
The developed process use a different combination of PV grade chemicals (HF-rich
HF - HNO:3), hence can be immediately transfered to any industrial acid texturing

tool. An insight to the underlying mechanism of HF-rich acid texturing process was
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discussed in chapter[f| Similar performance of the NCPRE additive-free acid textured
solar cells compared to conventional acid textured MWSS solar cells fabricated using
laboratory tools (discussed in chapter [7) and additive-based acid textured mc-Si solar
cells fabricated in industry environment in three leading PV manufacturing units in
the country (discussed in chapter [7) demonstrated the performance potential of the
proposed texturing process. Further, a detailed cost analysis of chemicals used for
bath preparation was conducted. The analysis suggested that adoption of additive-free
texturing process over additive-based texturing process can reduce the chemical cost
by 60%. Also, detailed analysis showed that the performance of additive-free textured
solar cells can be improved further by adjusting the unit step processes conditions

according to the new textures.

MACE nano-texturing process emerged as the next generation texturing process
for mc-Si wafers and is equally applicable for c-Si solar cells as well, which make it as
a universal texturing process silicon solar cells. In this context, fabrication of inverted
pit-like nano-texture using a combination of MACE and acid etching processes are
demonstrated in chapter |8, Optimized MACE nano-textures yield nearly 12% lower
WAR values with similar passivation properties as compared to acid textured samples.
Later, the potential of nano-textures over iso-textures was demonstrated by comparing
the performance parameters and two diode model parameters of the solar cells by
advanced characterization and mapping techniques. It is noticed that nano-textures
not only suppress the surface reflection, but also offers significantly lower contact
resistance, which contribute to remarkable improvement in FF values. Aninvestigation
on the cause of reduced contact resistance is detailed by analyzing the contact formation

of Ag contacts to P diffused emitter in chapter

Further, a low cost approach for the fabrication of inverted pyramid textures from
MACE inverted pit nano-textures (discussed in chapter 8)) is demonstrated and a de-
tailed investigation of morphological, optical and electrical properties were conducted
in chapter[9 Later, a comprehensive analysis of optical losses in inverted pyramid tex-
tured mc-Si solar cells and modules are estimated from SunSolve ray-tracer simulations.
Moderate CTM generation current loss was noticed for inverted pyramid textured solar
cells, which was nearly 0.7 mA-cm ™2 lower than the random pyramid textured and 1.05

mA-cm 2 higher than the iso-textured solar cells. Importantly, our study established
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that the adoption of MACE inverted pyramid textures over iso-textures enhance the
total generation current density in mc-Si modules by ~0.5% and approach to 99.6% of
that in random pyramid textured c-5i modules.

Even though several concrete concluding remarks are made at the end of each
chapters, we believe that further work in the following directions would make this

work better.

e Implementation of the low-cost SDR process (developed for DWS ¢-Si wafers) in
industrial production lines for analyzing process bath stability for batch process-
ing. This would helps us to estimate the cost advantages of proposed process

accurately.

¢ Industrial implementation details and chemical cost analysis of additive-free acid
texturing process are already presented. However, a detailed comparison of per-
formance after module encapsulation is crucial, especially the sensitivity analysis
of performance parameters before and after encapsulation. The reliability study
(including the wafer breakage rate) for a batch of minimum 6 lakh wafers is

essential for ensuring industrial viability.

e The potential of MACE b-Si process is not fully utilized yet because of the limited
passivation properties of SiN,:H ARC layer. Recent studies suggests that applica-
tion of ALD Al,O; film would passivate the b-Si surface better. Hence, a detailed
investigation towards passivating the b-Si surface by advanced techniques would

result in complete utilization of anti-reflective properties of b-Si features.

¢ One of the identified advantage of MACE nano-texture is the ability to offer lower
contact resistance than iso-textures. Even though, an investigation was directed
towards investigating the cause for lower series/ contact resistance, a direct mea-
sure of exact value of contact resistance in differently textured solar cells are not
conducted yet due to lack of resources at our side. Hence, contact resistance
measurement by TLM technique or some other established methods would pro-
vide an absolute value of contact resistance, which may be more insightful for
understanding the current conduction. In addition, the impact of lower contact

resistance/ R after encapsulation needs to be examined critically as wires and
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interconnects used for module encapsulation also contribute to additional Rg in

PV modules.

Lower contact resistance in nano-textured solar cells suggested that adoption of
MACE nano-texturing over alkaline pyramidal texturing could lower the contact
resistance in c-Si further. However, a detailed investigation is needed in this
direction as the geometry of textures also impacts the Ag crystallite precipitation.
Comparative study of contact formation mechanism in upright pyramid textures,
nano-pit-like textures, inverted nano-pyramid textures and iso-textures is essen-
tial for completely understanding the impact of size and morphology of textures

on contact formation.

CTM generation loss analysis is estimated from ray tracing simulations. An
attempt to validate the simulation results by fabricating mini modules would

provide a complete insight to the problem addressed in chapter 9]

In chapter |10, some of the advanced texturization schemes like nano-wire textur-
ing, inverted pyramid texturing are discussed. However, the results are presented
in the lines of SEM images and in some case in terms of reflectance measurements.
The other aspects such as surface passivation and contact formation mechanism

in such textures needs to be investigated further.
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