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ABSTRACT

A common misconception is that alkaline textured silicon solar cell surfaces are characterised by features that are pyramidal
and bounded by {111} planes. In preference to the typical approach of observing scanning electron microscope images, we
analyse reflection distributions from various pyramidal textures and find that {111} faceted pyramids are a poor approxi-
mation to the features on such surfaces. We conclude that features are hillocks, with an octagonal base. Furthermore, the
characteristic base angle of the texture depends on the etchant and is closer to 50–52� than the commonly accepted value
of 54.74�. Analyses of antireflection, light trapping, photogeneration and surface recombination properties of textured
surfaces should take this feature morphology into account. The base angle has a strong influence on the hemispherical
reflectance of the textured surface, with higher angles resulting in reduced reflectance. The influence of this reflection
enhancement upon device performance is smallest when an optimised antireflection coating is applied; compared with
an array of {111} faceted pyramids, a hillock morphology with 50� base angle results in a 0.2% reduction in photogenerated
current in a typical cell. Additionally, as base angle is reduced, an encapsulant of increasingly higher refractive index is required
to drive internal reflection at the air–glass interface of light initially reflected from the cell surface. The development of texturing
processes resulting in higher base angles is encouraged. Copyright © 2012 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The sunward surface of a silicon solar cell is almost always
textured. When the surface is rough, rather than planar,
light is more effectively coupled into, and retained inside,
the active region of such a device. Monocrystalline silicon
wafers are most commonly processed in an alkaline textur-
ing solution that is intended to produce a random array of
upright pyramids on the etched surface. It is the anisotropic
nature of such an etchant (where the etch rate in the
<100> direction is several times greater than that in the
<111> direction) that drives the formation of a repeated
pyramidal or hillock feature. Many and varied etchants
have been investigated, including aqueous solutions of
NaOH [1,2], Na2CO3 [3–5], KOH [6] and TMAH [7,8];
the success or otherwise of the process tends to depend
on temperature and composition of the solution (the addi-
tion of isopropyl alcohol (IPA) is often critical) as well as
the pre-etch properties of the silicon surface. The final mor-
phology of the features has various implications for the
Copyright © 2012 John Wiley & Sons, Ltd.
performance of silicon solar cells; front-surface reflec-
tance, light trapping capacity, module performance and
surface recombination may all be affected.

Typically, scanning electron microscope images of the
variety depicted in Figure 1 are used to assess textured
silicon (see, e.g. [2,9]). Such images are usually provided
as evidence that the texture consists of ideal {111} faceted
upright pyramids. More careful examination of the features
usually suggests otherwise [10,11]. Indeed, in fields of
micromachining, texture features have been studied exten-
sively [10–14]. However, relatively few conclusions have
been transferred into the analysis of surface texture in silicon
solar cell applications. What is generally, and often errantly,
assumed to be a texture consisting of upright tetrahedral fea-
tures bounded by {111} planes (i.e. square-based pyramids,
as shown at the left in Figure 2(a)) is probably an assortment
of so-called ‘hillocks’ [10,13,14]. Depending on the etching
conditions, the hillocks range from near-perfect upright
pyramids with some slight bowing of the facets or bevelling
of edges [12] to features with distinctly octagonal (rather



Figure 1. Scanning electron microscope images of silicon textured in alkaline solution, taken at 45� tilt. The sample at the left is
textured in a TMAH solution, and the sample at the right is textured in a KOH solution. The images depict the samples used in the

experimental work outlined in Section 3.

Figure 2. (a) A representation of a near {111} faceted pyramid (left) and a hillock, with octagonal base (right). (b) Dominant paths of
reflection at pyramidal texture, after [20]. (c) The characteristic base angle a of a pyramid or hillock is defined as the inclination of

the facets with respect to the <100> oriented base.
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than quadrilateral) bases [10] of the kind illustrated at the
right in Figure 2(a). The precise mechanism for the develop-
ment of such hillocks remains contentious; two likely contri-
butors are as follows: (i) the exposure of a convex corner of
the growing feature results in the etching of higher index
‘bevelling’ planes that eventually intersect to form a stable
bowed facet; and (ii) the formation of kinks or ledges
(terrace-like structures—see the bottom right corner of the
leftmost image in Figure 1 for an example) on the pyramid
facet as etching proceeds [10–14].

Additionally, the angle between the macroscopic sur-
face and each plane of the hillock or pyramid (defined in
Figure 2(c) and referred to hereafter as the base angle a)
is usually less than the angle that would be observed for

ideal {111} bounded pyramids (i.e. arctan
ffiffiffi
2

p
= 54.74�).

Typical industrial cells may have a between 49� and 53�

[15,16], but certain etchants may result in ‘flatter’ features,
with a as low as 45� [13]. As we discuss in detail in the
following text, a is particularly critical to the modelling
and performance of the textured solar cell surface.

Texture morphology has a decisive impact on the anti-
reflective capacity of the sunward surface of the cell, as
well as implications in antireflection coating (ARC) opti-
misation and light trapping. Furthermore, a determines
the extent to which reflected light is given a second chance
to be absorbed by the cell when encapsulated (following
internal reflection at the glass–air boundary). As well, it
is likely that minor variations in morphology influence sur-
face recombination and passivation. Given that the texture
morphology evolves as the composition of an etch bath
changes, a method for characterisation of the evolving
morphology is a critical precursor to precise process con-
trol. One such method is developed in this paper. Further-
more, a more accurate geometric model of the surface,
derived from the application of this method, offers a guide
for the improvement of current optical models of the
textured silicon surface.

The analysis of the reflection distribution of textured sili-
con has been suggested as a means of assessing the ability of
the surface morphology to contribute positively to the effi-
ciency of a completed solar cell device [15,17–19]. Usually,
themeasurement apparatus includes a laser aligned to the sam-
ple normal and a photosensitive screen [15] or an array of
photodiodes [16] for capturing the reflected radiation. The
approach of Fornies et al. [15] is to determine a figure of merit
that represents the proportion of flat areas on the sample,
where texturing has not occurred. This figure of merit is
simply equal to the ratio of the light reflected along ‘A’ paths
(Figure 2(b)) to the light reflected normal to the sample. The
approach is well suited to inline assessment of texture quality,
but further analysis of the reflection distribution offers an
improved understanding of the texture morphology.
Prog. Photovolt: Res. Appl. (2012) © 2012 John Wiley & Sons, Ltd.
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In this work, we present a methodology for the quantita-
tive measurement of the reflection distribution of textured
silicon. In particular, we employ a spectrophotometer with
an angular reflectance accessory to determine such distribu-
tions for silicon samples featuring either a regular array of
inverted pyramids having {111} facets or a random array
of pyramidal or near pyramidal features. The measurement
is sufficiently sensitive to detect the reflectance from both
‘A’ and ‘C’ paths (Figure 2(b) or [20] for more detail) from
inverted pyramid texture. Critically, we find this technique
to provide direct access to the morphology of the texture
features; unlike the scanning electron microscope image
analysis approach, the assessment of optical reflection
distributions is sensitive to the presence of hillocks and to
lower-than-ideal values of a.

Reflection distributions emerging from random texture
suggest that a commonly used geometric approximation
(namely that texture features are tetrahedral, with {111}
facets) is flawed in two ways: (i) the angle between the fea-
ture base and facets is significantly less than expected; and
(ii) the base of each feature is not square, but octagonal, so
that there are eight (rather than four) facets of each feature,
and these features have a combination of orientations (and
that these orientations are higher index planes, not {111}).

The implications of these findings for the optical analy-
sis of silicon solar cells are manifold: (i) the antireflection
and light trapping action of the texture is determined by
its precise morphology; (ii) the capture of reflected light
in the module in which the cell is encapsulated depends
on the angular distribution of reflection; and (iii) flatter
features may potentially be better passivated than sharper
ones. The accurate characterisation of textured silicon
tends to depend on a reasonable approximation of the front
surface texture geometry.
2. VARIABLE ANGLE
SPECTROPHOTOMETRY FOR
ASSESSMENT OF SILICON SOLAR
CELL TEXTURE

2.1. Theory and experimental apparatus

Variable angle spectrophotometry is a technique that typi-
cally complements or replaces spectroscopic ellipsometry
as a means for determining the thickness and refractive
index of thin films [21]. The experimental apparatus,
specifically a spectrophotometer equipped with motorised
stages (goniometers), allows sample and detector angles
to be varied with a high degree of accuracy [22]. Variable
sample and detector angles render the apparatus capable of
a broad range of measurements including those of angular
resolved scattering and bidirectional reflectance/transmit-
tance distribution functions.

In this work, we employed a Perkin Elmer Lambda 1050
spectrophotometer along with an Absolute Reflectance/
Transmittance Analyser accessory from OMT Solutions
(Eindhoven, The Netherlands) [21]. The experimental layout
Prog. Photovolt: Res. Appl. (2012) © 2012 John Wiley & Sons, Ltd.
DOI: 10.1002/pip
is illustrated in Figure 3(a). An integrating sphere of 65-mm
diameter served as detector of the normally incident,
polarised light that is reflected from the sample with angle
θr�od to the macroscopic normal of the sample surface.
For the measurements undertaken in this work, the detector
opening width od = 0.25�, meaning that measurements of
reflectance R as a function of θr represent the integrated
reflectance in a 0.5� wide slice of the reflection distribution
function. As illustrated in the isometric representation of
the apparatus in Figure 3(b), the zenith anglefr was adjusted
by rotation of the sample about the incoming beam path; we
define fr = 0 when the <110> flat, the incoming beam and
the detector are coplanar. The detector opening corresponds
to �7.5� resolution in fr. In total, the detector opening
subtends a solid angle of ~0.002 steradians of the reflectance
sphere.

Note that the incident beam is not collimated; rather, as
shown in Figure 3(c), it is focused so as to obtain an image
of the monochromators slit on the sample surface. A wider
beam (in which the energy is distributed over approximately
10�) is hence found at the entrance to the integrating sphere.
As is shown in Figure 3(c) and (d), the non-collimation of the
beam at the sample results in a broader beam divergence at
the detector. We used an inverted pyramid textured silicon
wafer as a means or correcting for this divergence; a
technique for doing so is described in the following text.

Rays normally incident to a textured surface are
typically reflected along a number of discrete paths [20].
The proportion of the incident radiation reflected at a par-
ticular θr and fr depends on the proportion of rays reflected
along a certain path, as well as the reflectance of that path.
With a collimated beam, we would therefore expect to
measure distinct delta function peaks in the reflection
distribution functions at pairs (θj, fj), where j represents
one particular path (A thru G in [20]).

The sensitivity of our measurements (~0.01% of the
incident radiation) limits us to the observation of paths
having at least moderate reflectance and, most importantly,
a high ‘path fraction’ (usually paths A and C). We measured
the reflection distribution function with incident radiation
having a 270-nm wavelength. Advantageously, this wave-
length is well below the texture feature size, thus rendering
diffractive effects negligible (perhaps with the exception of
diffraction at sharp peaks or troughs). As evidenced in the
following text, the reflectance signal at this wavelength was
sufficiently high that noise did not adversely impact upon
our measurements.

2.2. Reflection distribution from regular
inverted pyramids

We probed a sample having known surface morphology,
namely a regular array of inverted pyramids, to validate
the experimental setup. In the following, we find close
agreement between experiment and a reflection distribution
determined by ray tracing. Additionally, the measurement
of a known structure allows us to quantify the impacts of
the non-collimation of the incident beam.



Figure 3. (a) The Absolute Reflectance/Transmittance Analyser apparatus consists of light source, sample and integrating sphere
detector; the detector is located at some angle θr with respect to the beam of the light source. (b) As shown in this isometric repre-
sentation, the zenith angle fr is controlled by rotating the sample (shown in grey) about the axis of the incoming beam. (c) The incom-
ing beam is focused, rather than collimated, resulting in a broad reflected beam at the detector. (d) The source of the beam broadening

is illustrated when reflection occurs along path A; a non-collimated incoming beam results in a non-collimated reflected beam.
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A bare silicon sample was textured with a regular array
of inverted pyramids via photolithographic masking and
etching in 25% TMAH at 85 �C. The process of masking
and anisotropic etching resulted in pyramids having very
nearly perfect {111} facets and a characteristic angle
a= 54.74�. The sample was first placed at the central axis
of the experimental apparatus with the pyramids aligned
such that the ‘path A’ reflection was in the plane of the
detector rotation (fr = 0). Rather than a single reflection

peak at θr ¼ 4 arctan
ffiffiffi
2

p � p ¼ 38:94∘ , a broad peak of
reflectance was measured, as shown in Figure 4(a). The
distribution of the reflected light over a range of angles is
attributable to the divergence of the reflected beam
mentioned previously and illustrated in Figure 3(d).

In Figure 4(b), a similar but smaller peak is found in the
scan for fr = 45�; this peak corresponds in both location
and magnitude to path ‘C’. At intermediate values of fr,
smaller peaks were measured. In an ideal case, no such peaks
would exist; we suspect that the limited resolution of the
experimental apparatus in the fr axis was the source of these
peaks. Despite these minor aberrations, it is apparent that the
experimental apparatus is well suited to measuring the reflec-
tion distribution function from a textured silicon sample.
The experimental data shown here closely match values
determined via ray tracing analysis. Note in particular that
the integral of the broad reflectance peak in Figure 4(a)
matches that of the ideal delta function within 0.5%.

One may delineate the impact of the beam spreading in
a function representing the reflection distribution function.
Note that the integral of the reflectance peak for fr = 0 is
given by

Zp=2

0

R θ′; 0
� �

dθ′ ¼ fARA=4; (1)

where fA and RA are the path proportion and reflectance
along the path, as described in [20]. We further define the
distribution function g such that

R θ; 0ð Þ ¼ g θ� θ0ð ÞfARA=4; (2)

where θ0 is the angle at which all light would be reflected
without beam spreading (θ0 depends on the characteristic
angle of the texture with a= (θ+p)/4). Intuitively,

R
g dθ=1.

We apply g in Section 3.2 to derive reflection distributions
accounting for beam divergence (illustrated in Figures 5(a)
and 6(a)) and to calculate possible distributions of
Prog. Photovolt: Res. Appl. (2012) © 2012 John Wiley & Sons, Ltd.
DOI: 10.1002/pip
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Figure 4. Measured reflection distribution from a silicon surface textured with a regular array of inverted pyramids. In (a), the integral
of the reflectance beneath the broad measured peak matches closely the integral of the delta function determined by ray tracing. In (b),
the reflectance for a range of values of fr is shown; the majority of reflection is, as expected, in the fr = 0� and 45� directions. Note that

the data would more accurately be represented as a histogram, with bin width 0.5� on the θr axis.

1E-4

1E-3

0.01

10 20 30 40 50 6010 20 30 40 50 60
1E-4

1E-3

0.01

0.1

R
ef

le
ct

an
ce

 R
 (

/1
)

r
( )

ideal case 

integral of
measured data 

measured

(a) (b)

R
ef

le
ct

an
ce

 R
 (

/1
)

r
( )

ideal case
with beam

divergence 

Figure 5. Measured reflection distribution from a silicon surface textured in a TMAH solution. In (a), the measured fr = 0� reflection
distribution is compared with the delta function reflectance expected from a random array of {111} faceted pyramids. Also plotted is
the representation of that delta function when beam divergence is taken into account. In (b), the experimental reflection distribution
is shown for a range of fr. For θr beyond 60º, reflectance values below the sensitivity limit of the instrument (~1� 10�4)

are observed.
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characteristic base angles on surfaces featuring random
upright pyramid or hillock textures (Section 3.5).
3. ASSESSMENT OF RANDOM
TEXTURE WITH VARIABLE ANGLE
SPECTROPHOTOMETRY

3.1. Approach

Having validated the experimental apparatus, we set
about comparing reflection distributions determined
Prog. Photovolt: Res. Appl. (2012) © 2012 John Wiley & Sons, Ltd.
DOI: 10.1002/pip
experimentally on random texture with the distribution
predicted by ray tracing of the ideal tetrahedral pyramid
morphology. Below, we compare the experimental data
with more complex ray traced reflection distributions;
these distributions are calculated by assuming either
(i) surface features are near {111} faceted upright pyra-
mids, with a= 50� or (ii) features are hillocks, having
near {567} facets [10]. That the measured data for a
pair of textured samples is not consistent with the re-
flection distribution expected from an array of {111}
faceted upright pyramids suggests that a reassessment
of surface morphology is in order.
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Figure 6. Measured reflection distribution from a silicon surface textured in a KOH solution. Details are the same as for Figure 5.
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3.2. Measured reflection distribution
functions

Bare silicon was textured in an alkaline solution of tetra-
methylammonium hydroxide (TMAH, 25wt%), H2O and
IPA (volume ratio 6:1:1), with additional dissolved silicon,
for 60min at a temperature of 85 �C. A second sample was
acquired from a large manufacturer of silicon solar cells;
presumably this sample was textured in an aqueous KOH
solution with additional surfactant (IPA or similar). We
applied the technique described previously to determine
the reflection distribution function of each sample and plot
the results in Figures 5 and 6.

In Figures 5(a) and 6(a), we plot the reflection distribu-
tions measured about fr = 0 and compare themwith the ideal
delta function (at θr = 38.9�) that was determined via ray trac-
ing simulations of a random array of {111} faceted upright
pyramids. We also re-plot the delta function as the broad
peak that we expect to result from the reflection of the diver-
gent beam. Neither textured sample exhibits the reflection
distribution function that one would expect from a sample
textured with {111} faceted upright pyramids. We note three
key discrepancies. The location, breadth and integral of the
measured peaks do not match modelled equivalents.

Firstly, we observe that the peak of the fr = 0 reflec-
tance peak is located at either θr = 28� or θr = 22�, rather
than at θr = 38.9�. The peak location is a sensitive indicator
of the dominant characteristic base angles a of the texture
features, and the measured distributions indicate that the
typical features are ‘flatter’ (a� 52� or a� 50�) than what
would be expected from {111} facets on an originally
<100> surface (a� 54.74�).

Secondly, we note that the peak in experimental reflec-
tion distribution is broader than that expected from simula-
tion; this phenomenon is particularly noticeable in Figure 6
(a), where the sample is etched in a KOH solution. This
implies that the texture features a distribution of a values.
Likely, values are determined in Section 3.5.
Thirdly, we note that the integral of the measured distri-
butions (representing the total reflectance in the fr = 0
region) is 36–42% of the value determined by ray tracing.
This observation, when combined with the results of mea-
surements at different values of fr, is a strong indicator
that the surface texture on the experimental samples
exhibits hillock rather than pyramidal features.

Experimentally determined reflection distributions for a
range of fr are plotted in Figures 5(b) and 6(b). We
observe significant reflectance at fr = 15�, 30�, 45� (and
at fr = 60�, 75� for the KOH etched sample). In the case
of the TMAH etched sample, we observe a peak of
decreasing magnitude shifting to lower values of θr as fr

increases from 0� to 45�. On the other hand, the reflection
distribution from the KOH textured sample exhibits yet
broader peaks, and little dependence on fr is observed.
In an attempt to better understand the phenomena behind
the measured reflection distributions, we undertook to
assess various texture morphologies via ray tracing. In
particular, as described in the following text, we derived
the reflectance patterns that would be observed experimen-
tally were the texture to consist of well-defined features of
various morphologies.

3.3. Reflection distribution functions
determined by ray tracing

We applied geometrical ray tracing of the sort that is com-
monly used in photovoltaics and is described in detail else-
where [20] in order to determine the reflection distribution
functions for a range of surface morphologies computa-
tionally. As shown in Figure 7, we calculated reflection
distributions for the following: (a) {111} faceted upright
pyramids (a= 54.74�) and (b) near {111} faceted pyramids
with a= 50�. Additionally, we calculated the more com-
plex distributions from the following: (c) near {567} fac-
eted hillocks with a= 54.74� and (d) near {567} faceted
hillocks with a= 50�.
Prog. Photovolt: Res. Appl. (2012) © 2012 John Wiley & Sons, Ltd.
DOI: 10.1002/pip
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Figure 7. Reflection distributions as calculated by ray tracing for: (a) {111} faceted upright pyramids; (b) near {111} faceted pyramids
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effect described in the text is accounted for by spreading of the ray traced delta functions of reflectance to nearby θr (via convolution
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To mimic the reflection distribution that would be mea-
sured by our experimental apparatus, the results illustrated
in Figure 7 were determined by the convolution of the
spreading function g with the distinct peaks (corresponding
to discrete reflection paths) that were found by ray tracing.
We integrated over the relevant range of fr for each curve
shown in the following text to simulate the impact of the
15� resolution in this dimension.

The reflection distribution from a random array of
upright pyramids bounded by {111} facets exhibits a large
reflectance peak at fr = 0, as shown in Figure 7(a). The
peak is several times larger than the one observed for the
inverted pyramid textured sample (which has flat areas)
and has a location in θr space determined by the character-
istic angles of the random pyramids—with a= 54.74�, the
peak is centred at θr = 38.9�. As shown in Figure 7(b), for
a similar morphology differing only by the reduced a
(50� rather than 54.74�), the dominant peak is shifted to
θr = 20�. In Figure 7(a) and (b), smaller peaks are present
Prog. Photovolt: Res. Appl. (2012) © 2012 John Wiley & Sons, Ltd.
DOI: 10.1002/pip
at fr = 15�, 30� and 45�. Note that we re-plot the experi-
mental data at fr = 0 for reference.

A more complex reflection distribution was derived
from ray tracing simulations of randomly arranged
hillocks. To arrive at the results illustrated in Figure 7(c)
and (d), we assumed that the hillocks have an octagonal
base, with the intersection between each facet and the
initially <100> surface described by a line with a [560]
orientation [10]. The position of each neighbouring hillock
was simulated in an identical fashion as to the random upright
pyramids of [20].Note the presence of strong peaks in the reflec-
tion distribution function for both fr = 0� and fr = 30�. The
reduction of a from 54.74� (Figure 7(c)) to 50� (Figure 7(d))
shifts the two peaks to the left on the θr scale.

We further extended the simulations to a case in which
hillock features exhibit a range of values of a. Assuming a
uniform distribution of features with a= 50�, 51�, 52� or
53�, we calculated the reflection distribution illustrated in
Figure 8. Note the comparatively broad peaks representing
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the reflectance at fr = 0� and fr = 30�. As discussed previ-
ously, the impact of a range of a is to broaden such peaks.
Although in general, a range of a does not cause other
significant changes in the reflection distribution function;
in particular, reflection does not move significantly in the
fr axis (at least on the coarse scale used here).

3.4. Comparison of measured and modelled
reflection distributions

The comparison of modelled and measured reflection
distributions makes it clear that {111} faceted upright
pyramids are a poor approximation to the features found
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Figure 9. (a) Experimental data and fits to the peaks in reflectance a
applying the distribution of base angles shown in (b). Note that both (a
width 0.5� on the θr axis, and (b) has bin width 1� on the a axis. Gaussi

deviation 2.1º and 4.0º for KOH
on textured silicon of the kind typically used in solar cell
manufacture. Certainly, the characteristic angles a of samples
are significantly less than 54.74�. Furthermore, that signifi-
cant reflection is observed in the fr = 15� and 45� ranges
(and to a lesser extent at fr = 30�) indicates that pyramid
facets are imperfect (or, equivalently, that the features are
hillocks). We are not able, however, to conclude that the fea-
tures have near {567} facets (as suggested by Tan et al. [10];
note that we do not experimentally observe the small peak at
θr ~ 80º in the fr = 15º curve). Instead, we suspect that our
measured samples are characterised by octagonal hillocks
with a range of facet orientations (some near {111} and some
with higher indices).

3.5. Approximating a by assessing the fr =0�

reflection distribution

Assuming that the reflection distribution curves at fr = 0
are dominated by path A reflection, it is possible to deduce
the likely distribution of values of a on our experimental
samples. We assumed a Gaussian distribution of a and note
that path A reflectance has θr = 2a1 + 2a2� p, where a1 and
a2 are the characteristic angles of two neighbouring
pyramids. Adjusting for the magnitude of the integral of
the experimental reflection distribution peaks, we calcu-
lated the best fits and a distributions shown in Figure 9
(a) and (b). The best fit to the KOH sample required a
distribution of a that is broader and shifted to lower angles.
We highlight that this problem is overprescribed—various
distributions of pyramids provide equally good fits and the
Gaussian approximation is no more valid than another
population distribution.

The formation of hillock features during alkaline etching
of silicon is a complex process discussed in detail elsewhere
[10–13]. However, the simple explanation suggested by
Green [23] offers some insight into the mechanism behind
0.00

0.02

0.04

0.06

0.08

0.10

40 45 50 55 60

TMAH

KOH

F
ea

tu
re

 p
ro

po
rt

io
n 

(/
1)

( )

(b)

t fr = 0�. Fits are calculated by assuming path A reflectance and
) and (b) should strictly be represented as a histogram; (a) has bin
an distributions of (b) are centred at 50.5º and 52.1º with standard
and TMAH, respectively.

Prog. Photovolt: Res. Appl. (2012) © 2012 John Wiley & Sons, Ltd.
DOI: 10.1002/pip



Reflection distributions of textured monocrystalline siliconS. C. Baker-Finch and K. R. McIntosh
the reduction of a for pyramidal features from the ideal value
of 54.74� to the value observed experimentally. In particular,
noting that the etch rate of {111} planes is non-zero, Green
[23] suggests that a depends on the ratio r of etch rates

of {111} and {100} orientations. Rather than Green’s a ¼
arctan

ffiffiffi
2

p� �� arctan rð Þ , which is inconsistent with his

Figure 2(b), we calculate a ¼ arctan
ffiffiffi
2

p� �� arctan
ffiffiffiffiffiffiffiffi
2=3

p
r

� �
.

Typical etch rate ratios r vary between 0.005 and 0.2,
depending on the etchant, composition (inclusion of IPA or
other surfactants), concentration and temperature [2,24–27].
As such, it would be reasonable to expect a to take on values
near 54.74� or as low as 45.5�.

Various investigations of surface texture, from ray
tracing (e.g. [20,28]) to topographical analysis (e.g. [29]),
assume that a takes a value of 54.74�. We suggest that cau-
tion be taken with results derived from such analyses. Usu-
ally, errors are small, but given the vast range of possible
etching processes and resulting surface morphologies, it
appears that texture features should be further assessed
experimentally (with a focus on determining a).
Table I. Optimal SiNx thickness and resulting photogenerated
current in cells of 200-mm thickness beneath a range of

surface textures.

Morphology
Optimal SiNx

thickness (nm)
Jg

(mA cm�2)

Pyramid; {111} faceted;
a=54.74�

73.6 41.60

Pyramid; near {111}; a=50� 76.2 41.55
Hillock; near {567}; a=54.74� 74.5 41.56
Hillock; near {567}; a=50� 77.7 41.50
4. IMPLICATIONS OF IMPERFECT
TEXTUREFORSILICONSOLARCELLS

Texture morphology has a significant impact on various
aspects of silicon solar cell performance and analysis. In
general, the industry standard ‘random upright pyramid’
texture is thought to consist of {111} faceted upright
tetrahedral features. This assumption is critical to a range
of studies, not limited to those concerning front surface
reflectance [20,30], light trapping [28], photogeneration
profiles [31–34] and surface passivation [35–39]. We
discuss the most important implications of our findings in
the following text.

Shown in Figure 10(a) are modelled reflectance curves
for a range of texture morphologies. A surface featuring
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hillocks (perhaps with facets of near {567} orientation
but probably having a range of higher index facets) is more
reflective than a surface having {111} faceted pyramidal
features. More notably, lower values of a result in higher
hemispherical reflectance. The hemispherical reflectance
dispersion of both KOH and TMAH textured samples is
illustrated in Figure 10(b). The experimental reflectance
curves are most similar to those expected from samples
having near {567} facets and a= 50�. However, all simu-
lated curves exhibit lower reflectance than our measure-
ments. We highlight in the following text that the
addition of an optimised thin ARC can reduce the relative
disadvantage of the hillocks in comparison with {111}
faceted pyramids.

Importantly, the front surface morphology determines the
optimal thickness and refractive index of the solar cell ARC.
Following the optimisation procedure introduced in our
previous work [20], for a 200-mm thick cell, we arrive at
the results outlined in Table I. The optimal thickness of a
SiNx ARC beneath an encapsulant of ethylene vinyl acetate
varies between 74 and 78nm depending on the facets and
a that define the features. Note that with an optimised
ARC, the generation current Jg is nearly independent of
texture morphology—a 0.2% reduction of Jg is calculated
when the texture consists of near {567} faceted hillocks with
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a=50� rather than ideal {111} faceted pyramids. Indeed,
with a SiNx ARC of any thickness between 70 and
80 nm, a maximum of 0.3% deviation in Jg due to mor-
phology is computed. Although low a, hillocks exhibit
significantly higher reflectance on bare Si, any negative
impact on solar cell performance can be reduced with
an appropriate ARC.

In a previous work [20], we identified that increasing
the refractive index of the silicon solar cell encapsulant to
above 1.59 would drive significant improvement in module
efficiency by internal reflection of light reflected from the
encapsulated cell surface. The basis of this design guide-
line was the assumption that the cell texture consisted of
{111} faceted upright pyramids. Indeed, when the encap-
sulant index is above 1.59, normally incident light reflected
from the textured surface of the cell at θr = 38.94� is inter-
nally reflected at the glass–air boundary. It is clear from the
aforementioned measurements of the reflection distribution
function that most reflected light is in the range θr< 35�,
with maxima occurring at yet lower angles. The imperfect
nature of the surface texture drives the reflectance to the
left on the θr scale and, hence, drives the encapsulant
refractive index required for total internal reflection well
beyond 1.6. Given that encapsulant materials must ide-
ally be transparent across the broadband of wavelengths
that make up the solar spectrum, it appears that a suit-
able high index encapsulant material will be difficult to
find. Instead, it should be the goal of silicon solar cell
developers to conceive of a surface texturing process
yielding higher values of a; in this way, the reflection
distribution function would be shifted to higher θr,
thereby increasing the proportion of reflected light captured
by internal reflection at the air–glass interface without
placing excessively stringent demands on encapsulant
refractive index.

Light trapping and the absorption of infrared light in
a silicon solar cell depends on the angle at which light
traverses the absorbing silicon substrate. Normally, inci-
dent rays pass across a planar substrate following a path
perpendicular to its surface. Surface texture extends the
ray path by tilting it with respect to the macroscopic
surface normal; this is one key way in which the photon
absorption capacity of a silicon solar cell can be increased.
The length of this path is shortened as a is reduced. For
a=54.74�, the path length is 1.33w, where w is the wafer
thickness. Decreasing a to 50� results in a path length of
1.26w, resulting in a single pass absorptance reduction of
1000-nm radiation ranging between 2% (for w=200mm)
and 5% (for w = 20 mm). Employing the Basore model
for generation [32] with the light trapping parameters
used in [34] and assuming equivalent front surface
transmittance, the reduction in a from 54.74� to 50�

accounts for a 0.1% (w = 200 mm) or 0.2% (w = 20 mm)
reduction in photogenerated current. By ignoring any
impacts on internal reflectance, it is apparent that
‘imperfections’ in texture morphologies of the magnitude
observed in this work have negligible impact on light
trapping performance.
5. CONCLUSIONS

We presented an experimental apparatus and methodology
suited to the measurement of reflection distributions from
textured silicon solar cell surfaces. The technique was
validated with a sample having a known surface texture,
namely a regular array of inverted {111} faceted pyramids.
Reflection distributions measured for ‘random pyramid’
textured silicon suggest that (i) feature base angles are
nearer 50–52� (rather than the commonly assumed value
of 54.74�); (ii) a range of base angles is typical; and (iii)
typical features are hillocks, rather than {111} faceted
upright pyramids.

The standard description of textured surfaces suggests
that features are square-based pyramids, with {111} facets.
Significant deviation from this standard model was
suggested by the experimental results; this deviation has
numerous implications for silicon solar cell design, charac-
terisation and modelling. Indeed, typical analyses of front
surface reflection, light trapping, photogeneration and
surface recombination may be compromised by an inaccu-
rate description of the front surface morphology.

Hillock (rather than pyramid) features and features with
lower base angles are associated with higher reflectance of
normally incident light. The relative disadvantage of tex-
tures having such features is reduced via the application
of an optimised ARC so that ~0.2% loss in cell photocur-
rent is incurred when compared with a texture consisting
of {111} faceted upright pyramids. The reduction in base
angle from 54.74� to 50� results in a 0.1% to 0.2% reduc-
tion in photocurrent because of poorer light trapping.

Finally, we note that the reflection of normally incident
light from surfaces with random texture occurs predomi-
nantly in the θr = 20� to 30� range—as a result, one can
expect virtually no trapping of reflected light via total inter-
nal reflection at the air–glass interface of the solar cell
module. Surface texturing approaches yielding higher base
angles would positively impact upon cell and module
performance.
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