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Abstract

The application of an Isopropanol(IPA)-free potassium hydroxide (KOH) solution was evaluated in order to prepare
random pyramids on as-cut crystalline n-type Si wafers to reduce reflection losses of substrates for high-efficiency
hetero-junction solar cells. The influence of saw damage removal and texturization processes on the resulting
pyramid morphology and the corresponding interplay between optical and electronic properties are revealed. It is
shown that both the depth of the saw damage etching (SDE) and the duration of the texturization etching have crucial
influence on the resulting pyramid size distribution. Reflection losses can be reduced with decreasing fraction of
small pyramids. By intermediate saw damage removal and texture etching times in (IPA)-free KOH solution the
densities of electronic interface states were found to be strongly decreased (D i, <5 - 10" em™eV™), in comparison
to pyramids prepared in IPA containing solutions. For the purpose of fabricating amorphous/crystalline (a-Si:H/c-Si)
heterojunction solar cells the Si substrate surfaces were passivated with an intrinsic layer of amorphous silicon (a-
Si:H(i)) leading to minority charge carrier lifetimes 7, of 2 to 4 ms, depending on the preceding texturization process.
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1. Introduction

The successful fabrication of high-efficiency amorphous/crystalline heterojunction solar cells requires
proper texturization of the Si substrates in order to minimize reflection losses and to increase the
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absorption probability by light trapping. Since this improvement of the optical properties is associated
with the creation of a larger surface area, the density of electronic defect states is expected to increase,
compared to flat substrate surfaces [1]. Conventionally, random pyramid textures are achieved by wet-
chemical etching of the as-cut wafer in alkaline solution containing IPA as additive. Due to its high
volatility and environmental impact IPA was replaced by GP Alkatex Zero [2]. While in industrial
processes saw damage removal and texture etch are done in a single process step in this study the two
steps are separated to reveal the particular influence of both processes on the pyramid morphology. The
correlation of saw damage removal and texturization was investigated with the goal to optimize
systematically the resulting pyramid morphology with respect to minimal reflection and recombination
losses.

2. Experimental

Single crystalline as-cut Si(100) wafers (float zone grown, n-type, 1 -5 Qcm, diameter 4” n-type,
thickness 260 - 300 pm) were used to prepare two sets of textured samples with (i) systematically varied
depth of saw damage etch (set A) and (ii) systematically varied duration of texture etching in IPA-free
KOH solution (set B). For the stepwise removal of saw damages the as-cut samples were etched in 10 %
aqueous solution of KOH heated to 75 °C with increasing treatment duration (table 1, set A). For the
preparation of random pyramids (texturization) after saw damage removal the samples were processed in
alkaline solutions for different treatment times (table 1, set B). For [PA-free surface texturing GP Alkatex
Zero was added to KOH solution (3 %, 80 °C). Reference samples were prepared in standard KOH + IPA
solution (table 2). The wafers were subsequently cleaned by the standard RCA process [3]. The resulting
oxides were removed by HF-dip (1%, 2 min) immediately before a-Si:H(i) deposition. In order to check
the effect of surface micro-roughness on pyramid facets, similar samples were additionally treated by a
smoothing procedure consisting of wet-chemical oxidation in H,SO, : H,O, solution and oxide removal
by a second HF-dip (1%, 2 min) [4]. In Tables | and 2 the parameters of SDE, texture preparation and
wet-chemical surface pre-treatment for all samples are listed.

Nominally intrinsic a-Si:H(i) films (d,.s;:n@ = 6 nm) were deposited in a 13.56 MHz parallel plate
PECVD system described elsewhere [5]. After deposition the a-Si:H(i)/c-Si stacks were treated in
hydrogen plasma [6,7].

Morphologically analysis was done using a Phillips XL20 Scanning Electron Microscope (SEM). To
reveal the pyramid size distribution a special evaluation algorithm was applied.

Reflection losses were analyzed with a Perkin Elmer Lambda 1050 UV-Vis-NIR spectrometer with
integrated sphere. Spectra were taken in the range of 250 nm to 1500 nm. For significant comparison of
the samples the normalized reflection R, was considered. R, is derived from the ratio of the integrated
UV-Vis reflection spectra in the range of 250 nm to 1200 nm and the complete reflection (100 %) in this
interval.

Field-dependent Surface photovoltage (SPV) measurements were carried out immediately after wet-
chemical preparations utilizing the same experimental set up as described elsewhere [4,8,9]. The sample
under test became part of an artificial metal-insulator-semiconductor structure (MIS). Therefore it was
placed between a sheet of mica with a transparent conductive oxide front contact (TCO) and a metallic
back contact. Illuminating the MIS structure with an intense laser pulse (1.36 eV, 162 ns, intensity
10" photons/(cm™s)) result in generation of excess charge carriers leading to band flattening and quasi
Fermi level split up. The difference in the surface potential leads to a capacitively measureable
photovoltage transient. By applying an external electric field perpendicular to the sample it is possible to
determine the energetic distribution of the density of states D, (E) at the interface under the assumption
that the charge state does not change during the light exposure [4].
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By transient photoconductance decay (TrPCD) measurements using a Sinton Consulting WTC-100
[10] we estimate the minority charge carrier lifetime 74 of the a-Si:H(i)/c-Si stacks (excess charge carrier
density = 10" cm™) after post-deposition hydrogenation.

Table 1. Wet-chemical preparation of textured samples to evaluate the effect of SDE (set A) and texturization (set B).

SDE Texturization Cleaning H-termination SEM SPV TrPCD
IPA-free solution RCA HF-dip
set A 5 um/side 20 min X X Fig.3a(l) Fig. 4(1) Inset Fig. 3
10 pm/side 20 min X X Fig.3b(2) Fig.4(2) Inset Fig. 3
20 um/side 20 min X X Fig. 3¢ (3) Fig. 4 (3) Inset Fig. 3
set B 10 pm/side 5 min X X Fig.5a Fig. 6 (1) Inset Fig. 5
10 pm/side 20 min X X Fig.5b Fig. 6 (2) Inset Fig. 5
10 pm/side 40 min X X Fig. 5¢ Fig. 6 (3) Inset Fig. 5

Table 2. Wet-chemical pre-treatment of samples textured (i) in IPA-free and (ii) in IPA containing solutions to evaluate preparation
induced micro-roughness.

Texturization Cleaning Wet-chemical H-termination SEM SPV
oxidation
IPA-free solution RCA - HF-dip (2 min, 1 %) Fig. la) Fig. 2 (1)
IPA-free solution RCA H,SO, : H,O, HF-dip (2 min, 1 %) - Fig. 2 (2)
KOH + IPA RCA - HF-dip (2 min, 1 %) Fig. 1b) Fig. 2 (3)
KOH + IPA RCA H,SO4 : H,0, HF-dip (2 min, 1 %) - Fig. 2 (4)

3. Results and discussion
3.1. Comparison between conventional texturization in KOH + IPA and IPA-free texturization

In order to evaluate the differences between the conventional texturization in IPA-containing KOH
solution (i.e. KOH +IPA) and the IPA-free approach, the pyramid morphologies and densities of
interface states on the resulting substrate surfaces were investigated by SEM and SPV measurements.

In Fig. 1 the SEM images of samples textured by these different wet-chemical solutions are shown.
The conventional wet-chemical etching in KOH +IPA (Fig. 1b) results in morphologies with bigger
pyramids compared to the IPA-free texturization (Fig. 1a). The average size of these pyramids is about 10
times higher than the average size obtained by etching in the IPA-free solution. By the SEM investigation
of sample surface, textured by the conventional KOH + IPA solution, roughened pyramid planes are
found. To evaluate the influence of surface micro-roughness on the density of surface states subsequent to
the standard RCA process an additional wet-chemical oxidation process in H,SO, : H,O, [4] was applied
on both types of samples - prepared in KOH + IPA and the IPA-free solutions, respectively (Table 2.).
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Fig. 1. SEM images (size: 60 pm x 40 pum, tilt = 0°) of textured Si wafers a) after IPA-free texturization b) after texturization in
KOH + IPA.

Fig. 2 shows the energetic distribution of interface states D;(E) as determined on both types of samples
by field dependent SPV measurements. Comparison of the D;(E) distributions allows to derive
differences in the surface electronic properties. Whereas the curves (1) and (2) (IPA-free texturization)
with and without additional smoothening show only slight differences in the lower half of the bandgap, a
huge difference in width and minimum of the D;(E) distributions can be seen for the KOH + IPA
texturized samples after standard RCA clean (curve 3) and subsequent smoothing procedure (curve 4).
This big difference indicates a higher density of surface states on conventionally prepared substrate
surfaces (curve 3) after standard RCA-clean and HF-dip. On these samples an additional oxidation with
H,SO, : H,0O, and subsequent HF-dip reduces the density of surface states resulting from crystallographic
defects at the surface and incomplete H-termination due to roughened pyramid planes [4].

Fig. 2 illustrates also that IPA-free texturization with Alkatex Zero generally is advantageous for low
surface state densities (curves 1 and 2). Even with a standard cleaning process (RCA + HF-dip) a surface
with low density of states is achieved (curve 1). The additional smoothing in H,SO, : H,O, only leads to a

slight reduction of surface states (curve 2), indicating a low micro-roughness on the initial surface after
texturization.

—+— (1) IPA-fiee Tex RCA + HF
—+— (2) IPAfree Tex RCA + H,S0, : H,O, + HF
13 | v (3) IPA Tex RCA + HF

N% 10 1 (4)IPA Tex RCA + HS0,: H,0, + HF
=
o
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&
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Fig. 2. Distribution of energetic surface states D;,(E) for samples with different wet-chemical texture preparation.
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3.2. Influence of saw damage removal on electronic interface properties

a) SDE:5 um/side b) SDE: 10 um/side ¢) SDE: 20 pm/side

Fig. 3. SEM images of Si wafers with different SDE (a), b) and ¢)); image size: 40 um x 30 um, tilt = 30°) and subsequent
texturization of 20 min ((1), (2) and (3)); image size: 25 pm x 19 pm, tilt = 30°).

To evaluate the effect of SDE on the morphology and electronic properties of substrates with random
pyramids on a set of samples (A) the depth of saw damage removal was systematically varied from 5 to
20 pm/side. Subsequently, these samples were treated with KOH + Alkatex Zero for constant duration
(20 min) (Table 1).

In the upper row of Fig. 3 SEM images of samples only treated with SDE are shown. The SEM image
of the sample with only 5 pm/side SDE (Fig. 3a) clearly shows an increased inhomogeneity compared to
a sample with intermediate (10 pm/side) saw damage removal (Fig. 3b). For a higher saw damage
removal of 20 pm/side (Fig. 3¢) only a marginal improvement of homogeneity is found.

The lower row of Fig. 3 shows SEM images of similarly saw damage etched samples after subsequent
texturization etching of 20 min. As shown in the SEM images of Fig. 3 due to the low depth of saw
damage removal (5 pum/side) the texturization process does not completely eliminate the inhomogeneities
at the surface (1), compared to the samples with higher depth of damage removal (2) and (3). Moreover
intermediate saw damage removal results in a surface with bigger pyramids (2). Even at the surface of the
sample with deeper SDE a higher fraction of small pyramids was obtained (3).

Fig. 4 presents the corresponding energetic distributions of the density of electronic surface states
D;(E) determined by SPV measurements on these textured samples (set A) with increasing saw damage
removal immediately after RCA clean and HF-dip. The D;(E) distributions of all samples reveal
minimum values of 5.2 to 6.4 - 10" cm™?eV™".

While the distribution for intermediate (curve 2) and deep (curve 3) saw damage removals barely
differ, the D;(E) distribution obtained on textured surfaces after insufficient saw damage removal
(curve 1) is narrowed in the lower half of the bandgap. Due to the low saw damage removal (5 pm/side)
the remaining surface is very uneven after SDE as well as after texturization process. A rough and uneven
surface, however, causes an enlarged number of electronic defect states located in the lower half of the
bandgap [11], which leads to the difference between the D;(E) distributions of the sample with low
(curve 1) and intermediate/deep saw damage removal (curves 2 and 3). In comparison to SDE of
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10 pum/side (curve 2) no further decrease in the density of surface states was observed after deeper SDE of
20 pm/side (curve 3).

The inset of Fig. 4 presents the resulting the minority charge carrier lifetimes 7, determined by TrPCD
measurements on identically prepared samples (set A) after deposition of intrinsic amorphous silicon
(a-Si:H(i)) layers and post-deposition hydrogenation. It is shown, that for all samples an appropriate
passivation of defects is achieved. Highest carrier lifetime 7.4 is obtained by intermediate saw damage
removal (e.g. (2), approx. 4 ms). A lower (1) as well as a further saw damage removal (3) result in lower
values of 7, of approx. 2.8 and 2.4 ms, respectively. As a reason for the decrease of charge carrier
lifetimes after longer SDE we assume the longer overall etching duration and the corresponding
appearance of a higher number of smaller pyramids and therefore an increased number of pyramid
valleys. Pyramid valleys are known to cause defects at the a-Si:H(i)/c-Si interface [12]. Furthermore
many smaller pyramids cause additional defects due to an enlarged roughness at the surface.

From these findings it is concluded that an intermediate saw damage removal (10 um/side) is sufficient
to eliminate defects in the material caused by the saw damage itself and does not lead to further defects
resulting from a rough and uneven textured surface with smaller pyramids.

14

10

—=— (1) 5 um/side SDE

—<+—(2) 10 um/side SDE
—— (3) 20 pm/side SDE
o1 2]

it

D (E)/ cm’eV’

18]

—_
S
1

equal duration of texturization: 20 min

03 -02 01 00 01 02 03 04
E —El_/eV

Fig. 4. Energetic distribution of electronic surface states D;(E) on samples prepared by different SDE (5, 10 and 20 pm/side) and
constant texture etching time of 20 min (set A). Inset: Corresponding carrier lifetimes z.; of similar samples after a-Si:H(i)
deposition and post-deposition hydrogenation.

3.3. Influence of texturization durations on electronic interface properties

To elucidate the influence of the texturization time on the surface morphology and electronic interface
properties, a second set of samples (set B) was prepared by constant SDE (10 pm/side) but varying
texturization times ranging from 5 to 40 min (equals a texture etch of 2.2 to 8.5 pm/side) utilizing the
IPA-free KOH solution (Table 1).

In Fig. 5 the resulting morphologies of three samples after increasing texture etching times are shown
by SEM images. Short etching duration of 5 min leads to an uneven surface with smaller pyramids
(Fig. 5a). The SEM images reveal that morphologies with a higher fraction of bigger pyramids can be
achieved by intermediate texturization durations (e.g. 20 min, Fig. 5b). However, a very inhomogeneous
texture with many small pyramids is found after extended texturization duration of 40 min (Fig. 5c).
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Tex.: 40 min

Tex.: 20 min

Fig 5. SEM images of samples (set B) prepared with different duration of texturization a) 5 min b) 20 min ¢) 40 min,
subsequent to SDE: 10 pm/side (picture size: 25 um x 19 pm, tilt: 30°).

Apparently, long texture etching times result in variable morphologies and roughened pyramid planes with
some pyramid-free surface areas.

The results of SPV measurements carried out on these samples (curves 1, 2, 3) immediately after RCA clean
and HF-dip are given in Fig. 6. Compared to samples (1) and (2) prepared by shorter texturization times (5 min
and 20 min respectively), the D, (E) distribution obtained on the sample (3) after the longest duration of
texturization (40 min) exhibits a higher density of surface states in the lower half of the bandgap. As already
demonstrated in the SEM image of sample (3) this textured surface is very inhomogeneous (see Fig. 5c). The
extended etching duration also leads to micro-roughened pyramid planes which are known to be particularly
responsible for crystallographic imperfections [4]. The results of SPV measurements indicate that pyramid
facets are affected when the duration of texturization extends 20 min.

The inset in Fig. 6 shows the effective charge carrier lifetime z.; determined from TrPCD measurements on
similar samples (set B) textured in IPA-free KOH solution (5, 20 and 40 min) after a-Si:H(i) deposition and
post-deposition hydrogenation. Longest charge carrier lifetimes of z,; =4 ms were obtained on a -Si:H(i)/c-Si
interfaces prepared on sample (2) applying intermediate duration of texturization (20 min).

14

10
duration of texturization
—#— (1) 5 min
—<—(2) 20 min
T —o— (3) 40 min
N% 13
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<
Q 1012 |
SDE: 10 pm/side
-03 -02 -0.1 00 01 02 03 04

Fig. 6. Energetic distribution of electronic surface states D;(E) on samples prepared by SDE (10 um/side) and different texturization
times (set B). Inset: Charge carrier lifetime 7., of similar samples after a-Si:H(i) deposition and post-deposition hydrogenation.
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For extended duration of texture etching (40 min) lower effective lifetime 7.5 of 2.5 ms were preserved
as shown exemplary for sample (3).However, also short texturization times (5 min) applied on sample (1)
yield charge carrier lifetimes of 2.2 ms. On the one hand this even lower value of 7,5 can occur due to the
low overall etch removal (SDE + texture). On the other hand the too short etching leads to an incomplete
texturization with a higher fraction of small pyramids and surface irregularities on the planes of bigger
pyramids resulting in a defect-rich a-Si:H(i)/c-Si interface.

Summerizing these results it is concluded that intermediate saw damage removals of ~10 pm/side and
subsequent texture etch of 10 to 20 min (equals 3.8 to 5.7 pm/side) lead to a homogeneous texture with
excellent electronic properties.

3.4. Influence of pyramid size-distribution on reflection losses

Statistical analysis of the SEM images was performed with the help of a specific software algorithm. It
yields the sizes and the size distribution of textured silicon wafers. As an example, in Fig. 7 the resulting
pyramid size distributions are shown as determined on the samples (1,2,3 of set B) prepared by increasing
texturization times in IPA-free KOH solution (see also Fig. 5). It can be clearly seen that an intermediate
duration of texturization (20 min) leads to a size distribution with bigger pyramids (sample 2) compared
with the size distributions on the samples (1) and (3) textured for 5 min and 40 min, respectively.
Whereas on samples (1) and (3) pyramids with a base size bigger 10 um? have a fraction of = 6 % (5 min)
respectively 2 % (40 min) the sample (2) with intermediate texture etch shows about 38 % in those
classes. To characterize the size distribution the mean size of the pyramid base (£ avg. size) and the
fraction of the first three size-classes relative to the total area (£ fraction of small pyramids) were
deduced.

The statistical analysis of SEM images was applied to reveal the particular influence of the pyramid
morphology on the reflection. Therefore we investigated the normalized reflection R, as a function of the
avg. size and the fraction of small pyramids. The results are shown in Fig. 8. Aside from IPA-free
textured samples (red in Fig. 8) we also probed samples with different wet-chemical texture preparations
resulting in bigger pyramids (green in Fig. 8). In Fig. 8a it is obvious that samples with mainly smaller
pyramids (2 to 5 um?) have a higher reflection than samples with larger pyramids (> 5 um?), i.e., there is
a clear decrease of the reflectivity with increasing pyramid size, as was reported already in [13, 14].

35 {ave. size: 1.9 pm? I 5 min texturization
° 304 [ 20 min texturization
> avg. size: [ 40 min texturization
~
fa] 2 5 i 33 p.mz
L Classification:
< 20 - fraction of small pyramids:
E | avg. size:  fraction of first 3 classes
i< 15 5.4 um? relative to the total area
[ - avg. size: mean size of
&) .
ramide base
= 101 Py
o
=)
Q -
Q 5
H
0-

2 4 6 8 10 12 14 16 18 20 22 24 26
class of pyramid base size / pm?

Fig. 7. Distribution of pyramid-sizes of samples (1,2,3 of set B) prepared with different durations of texturization.
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Since it was observed that small pyramids exhibit a larger amount of horizontal facets (pyramid
valleys), more light can be reflected directly. However, for samples which were not textured by IPA-free
solutions this trend is reversed when the pyramids exceed a certain size. For these samples (avg. size: 25
um? to 70 pm?) a slightly higher reflection compared to samples with 8 um? is found.

The samples with different wet-chemical texture preparations fit well in the trend of R, relative to the
fraction of small pyramids (Fig. 8b). Low reflection losses can only be achieved with a low fraction of
small pyramids. Lowest reflection corresponds to a fraction of small pyramids less than 20 %. For
samples with a low amount of small pyramids there is a higher probability of light absorption due to the
appearance of multiple reflections at the surface [15]. It is important to note that for the appearance of
multiple reflections smaller pyramids surrounding bigger ones are necessary [15]. The clear correlation
between R, and the fraction of small pyramids as well as the integration of samples with bigger pyramid
sizes in this trend leads to the finding that the reflection is mainly influenced by the size distribution
rather than the absolute pyramid size.

22 22
® [PA-free texturization v IPA-free texturization
> e different texturization v different texturization v
'\ exponential fit linear fit
o 204 . 120 3°
X X
~ ~
= ~ =
<
18- . . -18
- . °
.o
a)
16 T T T T T 16

0123456789 204060 10 20 30 40 50 60 70 80 90
avg. size/ pm? fraction of small pyramids / %

Fig. 8. Correlation between the normalized reflection R, and a) average pyramid base size (avg. size) b), fraction of small pyramids.
4. Conclusion

In comparison to conventional texturization using IPA as an additive, our approach, the application of
IPA-free texturization, benefits from a low density of surface states due to less occurrence of micro-
roughness at the surface.

In our study it was found that an adequate saw damage removal is important to achieve homogenous
and even surfaces. With an intermediate saw damage removal (i.e., 10 pm/side) the lowest densities of
surface states are achieved. Longer SDE does not improve the electronic properties.

Optimal surface morphologies with respect to low reflection and recombination losses were achieved
by a saw damage removal of =10 pm/side and subsequent texture etching in IPA-free KOH solution for
intermediate duration of 10 to 20 min (i.e., 3.8 to 5.7 um/side) resulting in average pyramid area sizes of
5to 10 pm®. On a-Si:H(i)/c-Si interfaces prepared on such textured substrate surfaces longest charge
carrier lifetimes of 7,; =4 ms were achieved. Too long duration of texturization leads to pyramid
elimination as well as to appearance of an increased fraction of small pyramids and to a corresponding
increase of electronic surface state density and charge carrier recombination losses.

From the statistical analysis of SEM images the sizes and size distribution of the pyramids on textured
silicon wafers were determined. Thereby it was shown that the reflection losses decrease with the
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appearance of mainly bigger pyramids. Thus, the reflection is less influenced by the absolute pyramid size
but more by the size-distribution. It is concluded that the fraction of small pyramids is the relevant
parameter to describe the pyramid size-dependence of reflection losses.
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