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ABSTRACT

The current work aimed to demonstrate the application of a technique where white light interferometry (WLI) and Laue X-ray crystallography scanner character-
isation were combined to study the chemical etching response of diamond cut multi-crystalline Si (mc-Si) wafers. Using this technique, the effect of different texturing
additives (isopropyl alcohol, natrium hypochlorite) was evaluated by examining the topography of the mc-Si surfaces before and after etching. The etching responses
of monocrystalline Si wafers of (100), (110) and (111) orientations were used as reference for comparison with the multi-crystalline wafers investigated. The
texturing results illustrated the influence of different crystal-orientations on the etching rate. It was revealed that for the mc-Si wafers, the etching speed of the
different crystal grain-planes is increasing with their crystallographic similarity with the main (hkI) planes (100, 110,111). The comparison of isopropyl alcohol (IPA)
and sodium hypochlorite (NaOCl) additives to KOH solutions showed that NaOCl additive is favourable for the polishing of mc-Si wafers, while IPA can be used as

polishing only for crystal grains close to the (111) orientation.

1. Introduction

Crystalline Si wafer-based photovoltaics (PV) dominate the global
solar cell (SC) market with 89.3 % of the installed capacity in 2021 [1].
All published record research-cell efficiencies belong to monocrystalline
HIT cells (Kaneka — 26.7 %) [2], while multi-crystalline (mc-Si) record
cells have achieved efficiencies of up to 23.3 % (JinkoSolar) [2]. Cell
types such as passivated emitter and rear cell (PERC) [3], dopant free
with asymmetric hetero-contacts (DASH) [4], or heterojunction inter-
digitated back contact (HJ-IBC) [5], entering the market create new
opportunities for me-Si photovoltaic modules as these new cell types
simplify the fabrication process and hence provide the basis for gaining
new market positions. Additionally, the standard fabrication process for
mc-Si photovoltaics has potential for improvement in operations such as
wafer polishing, texturing and passivation [6].

The standard mec-solar cell fabrication process is generally lower in
cost in comparison to the monocrystalline cells. Thus, the combination
of mc-Si multi-wire diamond sawing (MWSS) [7] and novel cell types
has a large potential for achieving general cost and efficiency im-
provements for the PV industry. Despite wide MWSS application, the
downside to this sawing method is the deeper saw mark damage
inflicted on the Si wafer surface. This damage results in Si material losses
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due to the need for subsequent wafer polishing to remove this damaged
layer. Therefore, it is important to implement new cost-effective wafer
surface processing for the diamond cut me-Si.

As polishing of Si wafers following ingot slicing is a key step in the
solar cell fabrication process. different polishing techniques have been
introduced. Industrially, the well-established chemical-mechanical
polishing (CMP) process [8] is efficient and widely implemented for
both mono- and mec-Si wafers. This process has both cost- and environ-
mental hazard drawbacks as it involves the usage of mechanically
abrasive particles such as alumina (Al;03), silica (SiO2) and ceria (CeO3)
[9], which contribute to particulate waste in water reservoirs if not
properly separated.

A possible alternative to CMP was discussed in a previous study by
Zhang et al [9] on mc-Si wafer surface polishing and texturing. These
authors established that a solution of mixed sodium hydroxide (NaOH)
and sodium hypochlorite (NaOCl) has a polishing effect on mc-wafers.
Following these results, it was illustrated that it is possible to obtain
cost-effective polishing solutions for diamond cut mc-Si wafers. As for
mono-crystalline-Si wafers, surface polishing or texturing is based
mainly on the use of different alkaline (potassium hydroxide (KOH) [10]
or NaOH [11]) solutions or the more expensive and hazardous tetra-
methyl ammonium hydroxide (TMAH) [12]. Subsequently, it appears
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Table 1
Recipes for polishing, cleaning and texturing treatments.
Process Recipe & name Volume Etching Process
Concentration time temperature
(ml) (9]
Damage “HNA” - HF: 80:300:250 5 min room
removal  CH3COOH:HNO;3; temperature

Polishing “KOHpol” - 800:20:10 10 min 85°C
KOH solution:
IPA:NaOCl
solution

Etching “KOHIPA” - 800:80 5and15 85°C
KOH solution: min
IPA

Etching “KOHNa” - KOH  800:40 5and15 85°C
solution:NaOCl min
solution

Etching “KOHmix” - 800:80:40 5 min 85°C
KOH solution:
IPA:NaOCl
solution

as-cut MC
wafers

Chemical

polishing(rec. 2)

HNA etching
(rec. 1)
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that not only alkaline based solutions are effective for the polishing of c-
Si wafers. As an alternative, the first industrially implemented method of
a mixed acid Si polish etching solution, called “CP4” [13], consisting of
hydrofluoric (HF), nitric (HNO3) and acetic acid (CH3COOH) was used
at room temperature.

Chemical texturing of Si wafers is an essential step in crystalline solar
cell fabrication, aimed at improving light absorption of the Si wafer
surface. Industry has access to texturing techniques such as laser
texturing [14], reactive ion etching (RIE) [15] and metal assisted
chemical etching (MACE) [16], with wet chemical texturing [17] being
the widest implemented process. This approach is mainly based on the
use of NaOH, KOH and TMAH solutions. Despite the low cost of alkaline
based texturing, high surface texture symmetry and coverage is still
challenging. A solution for this issue is chemical texturing with addi-
tives. Additives are surfactant agents which improve chemical texturing
processes such as polishing, texturing and damage removal [11,18] and
are typically of commercial, proprietary nature. Researchers, due to a
lack of available information, tend to use alternative surfactants such as
isopropyl alcohol (IPA) [19], and ethylene glycol [17]. IPA is well

> g Cleaning (RCA1)

Laue tool
scanning

Chemical

texturing(rec. 3)

WLI 2-nd
scanning

Fig. 1. Experimental flowchart.

Fig. 2. A) optical scan of the sample a b) laue tool created hkl map (colour represents hkl orientations) of the same sample.
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Fig. 3. A) optical scan of the sample a; b) wli scanned area (a) of the sample a (colour bar represents change in the topological height).
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Fig. 4. Etching rates of different mono-crystal wafer orientations for different
KOH-based solutions.

known as an additional surfactant in combination with TMAH or KOH
chemical etchants. NaOCl is also reported as a surfactant for alkaline
etching [19,20].

The aim of the current study is to demonstrate a new analysis
approach, combining the Laue X-ray crystallography tool [21] and a
white light interferometry (WLI) 3d-profilometer [22] to evaluate the
chemical polishing and texturing responses of diamond-sawed mc-Si
wafers. An important part of this work is the comparison of IPA and

NaOCl additives as supportive etching agents for KOH-based wet
chemical etching in industrial applications [23].

2. Experimental
2.1. Materials

The current study was carried out on industrially diamond-cut p-type
mc-Si wafers with a thickness of 180 +/- 25 pm. Polished p-type SiMat
mono-crystalline wafers of three main orientations, namely (111),
(100), and (110), with a thickness of 275 +/-25 pm, were used as
etching response references.

2.2. Experimental flowsheet

Si wafers were cut into 4x4 cm pieces with a laser. As a first step, the
wafers were cleaned in an RCA 1 solution with subsequent ethanol (99.8
%) immersion and drying. Further, the wafers were etched in the surface
damage removal solution HNA (hydrofluoric, nitric, acetic acid ac-
cording to recipe 1, Table 1). Following the HNA damage removal
process, wafers were polished in a KOH based solution. After the damage
removal process, the multi-crystalline wafers were scanned with the WLI
and Laue tool, as described in section 2.3. Subsequently, wafers were
chemically textured by one of three different KOH solutions with addi-
tives (Table 1). Lastly, the textured wafers were scanned again using
WLL A flowchart for the experiments is presented in Fig. 1 and further
detailed in the sections below.

2.3. Chemical etching

The polishing treatment was based on a previous study [18] of MACE
for HPMC (high-performance multicrystalline) wafers. A polishing effect

100um

10.0kV 5.6mm x3

Fig. 5. SEM images of the mono-crystalline wafers etched in the solution with NaOCl additive (rec. “KOHNa™); a) (1 00) orientation, b) (110) orientation, ¢) (111)

orientation.
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kV 5.7mm x350 SE 100um

Fig. 6. SEM images of the mono-crystalline wafers etched in the solution with IPA additive (rec. “KOHIPA™); a) (100) orientation, b) (110) orientation, ¢) (111)

orientation.

15.0kV 6.9mm x50 SE

Color Coded Map Type: Inverse Pole Figure [001)

Silicon

Fig. 7. SEM images combined with the LAUE mapping indicate a morphological effect of the NaOCl and IPA solution (rec. “KOHmix”) for the multi-

crystalline wafers.

was obtained by the application of NaOH/NaOCI solution prior to the
MACE procedure. The first polishing procedure consisted of a treatment
in HNA [24] solution (Table 1), which refers to the mixing of nitric
(HNOg), acetic (CH3COOH) and hydrofluoric (HF) acids. The purpose of
the HNA polishing is smoothness and removal of the waviness of the
surface profile created by the wire movement. Next, a secondary pol-
ishing operation was carried out in a solution of low-concentration KOH
mixed with NaOCI (concentrations are presented in the Table 1).

Following the chemical polishing (HNA polishing and KOH polish-
ing), the mc-wafers were cleaned in the RCA 1 solution and character-
ized for individual crystal orientation by the Laue tool and for initial,
relative crystal height difference by WLI (white light interferometry) as
described in prior work [25]. Characterized wafers were subsequently
chemically textured. Three parallel wafers for each experimental con-
dition were treated and analysed.

KOHIPA solution was used to observe the IPA additive effect on the
etching response of differently oriented grains on the multi-crystalline
samples. Additionally, etching was conducted during 5 and 15 min for

“KOHIPA” and “KOHNa” recipes. Solution — “KOHmix”, a mix of NaOCl
and IPA additives was used in the etching experiments to investigate
possible compensation or interaction between these additives.

The etching solution temperature was 85° C, in accordance with
previous work of Zong et al [26], where NaOH/NaOCl solution polishing
and alkaline texturing were applied for formation of nano-porous
structures on the sample surface. In this work, a temperature drop
(with a duration of 1-3 min) when samples were inserted into the so-
lution was observed. Such temperature drop was noted for all etching
solutions (KOHIPA, KOHNa, KOHmix, KOHpol) and can be explained as
a result of short-term cooling of the solution by the immersion of the
room temperature sample (holder).

2.4. Measurements and analysis

The Laue X-ray crystallography scanner tool [21] is an alternative to
the widely implemented electron backscatter diffraction (EBSD) tech-
nique. This technique is preferable in situations when large area samples
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Fig. 8. a) Colour key; b) Etching rate (circle size) diagram per grain distribution for different orientations calculated from the samples; ¢) Etching rate per grain for
each sample individually; for the recipe “KOHIPA” with 5 min etching time.
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Fig. 9. a) Colour key; b) Etching rate (circle size) diagram per grain distribution for different orientations calculated from the samples; ¢) Etching rate per grain for
each sample individually; for the recipe “KOHIPA” with 15 min etching time.
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Fig. 10. a) Colour key; b) Etching rate (circle size) diagram per grain distribution for different orientations calculated from the samples; c) Etching rate per grain for

each sample individually; for the recipe “KOHNa” with 5 min etching time.

are investigated. A detailed description of the Laue tool principle and
Laue scanning process is described in our previous work [25]. An
example of an optical image obtained by the Laue tool is presented in
Fig. 2. The scanned data was transformed into a colour map shown in
Fig. 3, using the “Orientation imaging microscopy 7” (TSL OIM analysis)
software [27]. Each colour represents different crystal orientations (hkl),
allowing differentiation between grains and grain boundaries.

After crystal orientation characterization, the polished and textured
samples were subjected to surface structure measurements by WLI. WLI
may be used as a tool to measure height differences between the grains
on the mc-wafers. SEM (scanning electron microscope) was also used to
reveal the texture on the polished mc-samples. However, it cannot
provide information regarding the topological height changes between
grains as the plane-mode of the SEM only allows analysis of a small area
(<1mm), as shown in Fig. 5. Since WLI is still a time-consuming tech-
nique for areas over 1 cm (e.g. a 36x6 mm area analysis takes approx-
imately 30-45 min), it was decided to scan three (36x6 mm) areas
(Fig. 3) per sample to increase the number of grains analysed for each
sample. The etching rate for the different grains on the mc-wafers was
calculated based on the acquired data by Equation (1):

Ah = hunetrhed - heu‘hed (1)

Where hypetched i the morphological height of a certain area
measured with WLI before etching in the corresponding texturing so-
lution and hetched is the morphological height of the same area measured
with WLI after texturing. The height difference data determined by WLI
before and after the etching was combined with the Laue tool maps to
obtain maps of etching depth for selected grains. Following this, all data
was processed in the Matlab toolbox (MTEX) to represent the etching
speed and grain orientation combination [28].

V=— (2)
In Equation (2), t is the etching time in a texturing solution, and V is
the measured etching rate for a given texturing recipe for the multi-
crystalline silicon wafers.
In the case of the mono-crystalline wafers, the etching rate was
calculated by the weight difference between samples before and after
the chemical etching, converted to thickness (Eq. (3)).

by =2 3)

Ssvs

hg is the thickness of the single-crystalline wafer, wy is a wafer
weight, S; — area of the sample and v, is mono-crystalline silicon density
constant. Next, the difference (Ah) between thickness of the etched
wafer (hs) and before etching (as-cut) hg.

Ah = hyg — hy ()]

Naturally, for multi-crystalline samples weight loss cannot be used to
evaluate the individual crystal grain etching response as with the single
crystal wafers although weightloss clearly took place as a result of
etching of both mono and multi-crystalline wafers.

3. Results and discussion
3.1. Texturing response of single-crystalline wafers

After performing experiments described in section 2.2 on the mono-
crystalline wafers, the etching rate of these different orientations for the
solutions “KOHNa”, “KOHIPA” and HNA were calculated and presented
in Fig. 5.

As seen from Fig. 4, the solution with NaOCl additive shows a
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Fig. 11. a) Colour key; b) Etching rate (circle size) diagram per grain distribution for different orientations calculated from the samples; c) Etching rate per grain for

each sample individually; for the recipe “KOHNa” with 15 min etching time.

minimal etching speed for the (111) orientation, while somewhat
higher for both the (101) and (100) orientations. The IPA based solu-
tion shows the same trend as the NaOCl solution, i.e a low etching rate
on the (111) orientation and increasing rates for the (101) and (100),
respectively. The HNA-based solution gave the fastest and similar
etching rates for all crystal orientations.

SEM micrographs of the sample surfaces of different crystalline ori-
entations etched in solution with NaOCl and IPA are given in Figs. 5 and
6, respectively. These images support the weight measurements and
clearly illustrate the different responses to the solutions. Etching with
HNA solution did not give any visible effect on the surface structure, as it
is acidic based etching and is hence not illustrated.

The results align with the standard KOH wet etching results of silicon
in literature [29,30]. Correspondingly, the difference in the formation of
microstructure for (100) and (110) orientations in the KOHIPA solu-
tion. A pyramid shaped texture was formed on the (100) orientation
sample surface, while etching of the (110) orientation by KOHIPA so-
lution resulted in a slight change of morphology. Additionally, in our
case, the low pyramid density coverage of the (100) sample might be a
result of hydrogen bubbles precipitation on the sample surface during
etching. The cause of the formation of these hydrogen bubbles may be
shortage of IPA concentration in the solution since its function is
increasing the surface wetting of the immersed samples. This described
role of the IPA additive appears in several studies as supportive reactive
agent for improvement of Si chemical texturing [19,20,31].

3.2. Texturing response of multi-crystalline wafers

As will be illustrated in the following, the texturing responses for
multi-crystalline wafers and the crystal orientations within these wafers,
were quite different to those observed on the mono-crystalline wafers.

Structure uniformity of the entire sample surface is one of the main

challenges of wet chemical polishing or texturing processes for mc-Si
wafers. As described above, “KOHIPA”,”’KOHNa” and “KOHmix” rec-
ipes (Table 1) were applied on the mc-wafers to evaluate the effect of the
NaOCl and IPA additives on the etching uniformity of mc-Si. However,
the IPA and NaOCI additives were revealed to display not only a pol-
ishing effect (as in the mono-crystalline wafers etching), but also a
surface texturing effect for the mc-wafers. SEM analysis of the etched
samples combined with the Laue mapping revealed a clear texturing
influence (Fig. 7), mainly on the 111 orientation grains. As described in
the experimental section, the original sample thickness was different for
the mono and multi-crystalline wafers, which affected the time duration
that the multi-crystalline wafers could be held in the high etching-rate
solution. Thus, due to the high etching rate of “KOHmix” (the mixture
of IPA and NaOCl reagents), after 15 min, the samples became brittle
and broke as a result of the etching. Subsequently, texturing results were
not obtained for the 15 min duration in this solution.

Fig. 8 illustrates the texturing response of the “KOHIPA” recipe with
5 min etching time. We note that the planes close to the (111) orien-
tation have the highest etching rate over other measured planes. This is
in contrast to the etching rate of the single-crystalline (111) wafers
under the same conditions, which displayed the lowest etching rate
compared to the other three main orientations (001, 011 and 101). Such
an etching effect on the mc-wafers might be related to the simultaneous
etching of different grains located on a mc-wafer. Thus, it results in
“equalising” of the etching rates of the different grains, despite the
anisotropic etching effect of the KOH solution [12,29,32]. We can as-
sume that a high etching rate of (1 00) related planes increase the etched
surface area, while other planes (close to (11 1)) display a slower etching
rate, because of the IPA additive presence, which results in the overall
equalization of the etching rate for the entire mc-wafer. Fig. 9 presents
additional data on the solution KOHIPA with a longer etching time of 15
min. In this case, we observe that the etching rate distribution is more
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gradual for most of the crystal planes. Thus, we conclude that for this
solution (rec. “KOHIPA”), the etching of the (111) and close to (111)
orientated planes have an initially higher etching rate displayed at the
short etching time, while the etching rate levels off after 15 min for the
different orientational planes.

Fig. 10 illustrates the etching of the mc-Si samples in the solution
with NaOCl additive (recipe. “KOHNa”). We can see the same trend of
the high etching rate for the planes with close to (111) orientation with
a lower etching rate for other orientations for both etching times 5 and
15 min (Figs. 10 & 11). There seems to be no significant time effect for
the KOHNa solution, as opposed to the KOHIPA solution showing a
decreasing etching rate with time for the majority of crystal orientations.

For the solution “KOHmix” shown in Fig. 12, we see a less distinct
difference of the etching speed between (101),(111),(001)and (011)
planes. This can be the result of combining NaOCl and IPA additive in
one solution resulting in a levelling of the etching rate for different
orientations. Additionally, according to Fig. 4, the etching speed for the
mono-crystalline (110 and 100) orientation wafers in the solution with
NaOCl (rec. “KOHNa) was higher than in the solution with IPA additive
(rec. “KOHIPA™). This indicates that combining the additives might
contribute to the homogenisation of etching rates between the main
three main orientations.

In the work of Vazsonyi et al [33], a high etching rate of the (111)
plane in the NaOH solution with NaOCl additive was reported. More-
over, these researchers proposed that overheating the solution above
80 °C might eliminate the etching effect of NaOCI additive. Another
work of Gangopadhyay et al [34], reported high etching rate uniformity
for multi-crystalline silicon at 80 °C with NaOCl additive in a NaOH
etching solution. Therefore, the relatively low etching rate for the (111)
orientation on the mono-crystalline wafers in our work may potentially
be explained by the higher temperature, eliminating the effect of the
NaOCl additive.

As illustrated by Fig. 13, the etching rate of the solution “KOHNa” is
equal for different orientations, and not time dependent (5 or 15 min).
Subsequently, this work concludes that the KOH solution with NaOCl
additive leads to stable etching rates for mc-Si wafers. This is in accor-
dance with the work of Gangopadhyay et al [34] that showed that the
etching rate of the (111) plane is relatively similar to others planes on
the sample. This finding is in contrast to the later study by Gang-
opadhyay et al [34] where a process temperature over 80 °C was sug-
gested to result in NaOCl decomposition into O and NaCl, essentially
yielding a solution without NaOCl additive. Therefore, the cause of the
differences between the studies may be the higher solution temperature
range presented in this work.

Etching rates for all the investigated recipes have been summarised
in Fig. 13. The results indicate two main trends. First, for the (111) close
orientations and others, chemical etching has a slight orientational ef-
fect for separate planes on the multi-crystalline wafers. Second, in our
work, etching rate distribution follows the crystallographic similarity of
the hkl indexes of a certain orientation grain to the main crystallo-
graphic (100, 110, 111) planes. As a result, the etching rate is increasing
towards the “edges” or the three main orientations for the KOH base wet
chemical etching of the mc-Si wafers.

4. Conclusions

The wet chemical etching response of multi (mc)- and mono (sc)-
crystalline Si wafers to different KOH-based etching solutions was
studied using a combination of LAUE X-ray crystallography scanning
tool and White Light Interferometry WLI characterisation methods.

The KOH solution with IPA additive had a texturing effect on the
(100) orientation of the sc-wafers, while it showed only a light
morphological effect on the (110) and no effect on (111) orientations.
However, all KOH based solutions had a texturing effect on the mc-Si
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samples for orientations close to (111), (110), (100). While the etching
speeds for the KOH/IPA solution and KOH/NaOCI solutions were the
highest for (100) orientation on the single-crystalline samples, it was
the opposite for the mc- Si wafers. It was revealed that the NaOCl ad-
ditive can be very effective for fast etching/polishing of the mc-Si wa-
fers. The IPA additive has larger influence on the etching of the planes
close to orientation (111), however the etching rate decreases with
etching time. A uniform etching rate for all crystal orientations on mc- Si
was obtained from the KOH etchant by adding both IPA and NaOCl
additives. As such, this solution is considered suitable for polishing.

While the etching of the mono-crystalline Si samples is generally
uniform over the whole sample surface, etching of the multi-crystalline
Si samples appears to be determined by the main orientations present,
especially if most crystals are close to (100), (110), (111) orientations.
One of the possible reasons might be a “group affect”, as KOH solutions
have anisotropic etching behaviour. Thus, the etching rate of the solu-
tion is influenced by the fastest etching orientation, creating additional
directions for etching of the neighbouring grains. Moreover, a strict
temperature control must be applied for wet chemical etching of mec-Si
using KOH or NaOH with NaOCI additives to avoid additive decompo-
sition and subsequent loss of etching effect.

5. Data availability
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