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Abstract: Light trapping is of very high importance for silicon
photovoltaics (PV) and especially for thin-film silicon solar cells. In this
paper we investigate and compare theoretically the light trapping properties
of periodic and stochastic structures having similar geometrical features.
The theoretical investigations are based on the actual surface geometry of a
scattering structure, characterized by an atomic force microscope. This
structure is used for light trapping in thin-film microcrystalline silicon solar
cells. Very good agreement is found in a first comparison between
simulation and experimental results. The geometrical parameters of the
stochastic structure are varied and it is found that the light trapping mainly
depends on the aspect ratio (length/height). Furthermore, the maximum
possible light trapping with this kind of stochastic structure geometry is
investigated. In a second step, the stochastic structure is analysed and
typical geometrical features are extracted, which are then arranged in a
periodic structure. Investigating the light trapping properties of the periodic
structure, we find that it performs very similar to the stochastic structure, in
agreement with reports in literature. From the obtained results we conclude
that a potential advantage of periodic structures for PV applications will
very likely not be found in the absorption enhancement in the solar cell
material. However, uniformity and higher definition in production of these
structures can lead to potential improvements concerning electrical
characteristics and parasitic absorption, e.g. in a back reflector.
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1. Introduction

Light trapping is of key importance for the further development of thin-film silicon
photovoltaics (PV). A widely used and efficient approach to realize light trapping in thin-film
silicon solar cells is to apply scattering textures at the interface between the transparent front
electrode and the silicon layers. These textures are typically stochastically modulated
transparent conductive oxide (TCO) surfaces onto which the photoactive silicon layers are
deposited. A typical process to realize such textured TCO surfaces is by etching of sputtered
ZnO layers [1]. The effectiveness of scattering textures has been shown by various authors
[2,3] and the current world record for thin-film silicon solar cells has been achieved with a
sophisticated hierarchical random texture [4].

Another promising approach is light trapping with diffractive, periodic structures like 1D
or 2D gratings or photonic crystals. This concept was first proposed by Sheng et al. [5] for
binary linear gratings for thin-film silicon solar cells. Later this concept was investigated for



other types of solar cells and other grating geometries [6-8]. Experimentally, considerable
absorption enhancements could be achieved; however, the performance of gratings has not yet
surpassed that of scattering textures.

A general question is whether periodic or random structures are more advantageous for
light trapping. It is generally agreed that diffraction has a higher potential for enhancing the
internal path length of light inside a solar cell [9]. Scattering structures, on the other hand are
well established, have achieved good results in the lab and in mass-scale manufacturing, and
are less expensive to fabricate. In this paper, we discuss a comparison between periodic and
random structures with a similar geometry. For a fair comparison between the periodic and
random structures we consider two very important points:

1. The investigated structures should have realistic geometries. Very good light trapping
properties were shown theoretically for periodic structures [10,11], but an open
question for these structures is still whether they can be produced at acceptable cost.

2. The periodic and random structures should be of geometrical similarity. What we mean
by this, the problems connected with this issue, and how we define a similar
geometry is discussed in detail in the next section.

Following that, we give a short introduction into the simulation methods used in this
paper. Based on the structures defined in the preceding section, we show a theoretical analysis
of their light trapping properties and how they change if the geometry of the structure is
varied. A comparison between the properties of periodic and random structures is given. First,
we compare the measured random structure to the constructed periodic structure with the
initial parameter set. The comparison is then extended towards optimized parameters. For the
random structures, an analysis of the light trapping potential for a certain solar cell geometry
is also given and a light trapping limit is defined. The paper concludes with a summary of the
most important results.

2. Structure definition

One problem every comparison between periodic and stochastic structures has to face is the
choice of exactly which structures to compare. A first step towards a comparison is to look at
the potential absorption enhancement factor in the limit of low absorption for both light
trapping mechanisms. For diffractive gratings, Kirchartz has calculated a thermodynamic
limit of 893n [12] with n the refractive index of the absorber material, resulting in a value of
about 3000 for crystalline silicon. This number is, however, based on highly idealised
assumptions and experimentally reported absorption enhancement factors are much lower. For
scattering, a factor of 4n’ (approximately 50 for crystalline silicon) as calculated by
Yablonovitch [13, 14] is often referred to as a limit. The value of 4n’ is obtained for a
Lambertian light distribution inside the absorber layer. However, scattering characteristics can
be constructed that result in higher absorption enhancements. In practice the Lambertian
“limit” has proven to be useful (though, strictly speaking, it is only a limit if the incident light
is completely diffuse). In actual solar cells, the absorption enhancement factor due to
scattering structures is well below that of a Lambertian scatterer. In a later section we will
have a further look into the absorption limit of scattering structures.

A second path to follow would be to compare ideal stochastic and periodic structures.
However, as a Lambertian scatterer seems to be a good choice for an ideal scattering
structure, it is unclear how an ideal periodic structure looks like. The light trapping properties
of periodic structures depend largely on their shape. Examples for very efficient periodic
structures with quite sophisticated shapes are given in literature [10,11] but no method is
known yet to construct an ideal structure . This problem aggravates for periodic and stochastic
structures if the electrical properties of solar cells are taken into account. Too high a surface
roughness will result in shunting [14] of the cell, severely reducing its efficiency. An optically
very good structure is then electrically detrimental, and vice versa.

Given this situation, we have chosen another path. Our analysis is based on an existing
texture that has been used to fabricate efficient thin-film silicon solar cells. An atomic force



microscope (AFM) scan of this texture is shown in Fig. 1(a) (exemplary cross section with
one typical crater shown in Fig. 1(c)). Since solar cells fabricated on this structure exhibit
good electrical performance, we know that the structure geometry is suitable for solar cells.
To create a comparable periodic texture, we analysed the stochastic structure with a method
described in Ref [15]. In this approach, typical structural features were identified from the
AFM scan. For this purpose, the AFM scan was analysed and the size and shapes of typical
features were identified. The features had the shape of craters that were subsequently arranged
in a periodic way. In a first investigation, ten of these craters were theoretically tested towards
their light trapping features and the best performing shape was chosen as a starting point for
further optimisation. The result of this procedure is shown in Fig. 1(b) (cross section shown in
Fig. 1(d)). The craters have a period of 4 = 763 nm and a depth of d = 252 nm. One important
result of this procedure is that the roughness of the constructed periodic structure is similar to
that of the stochastic structure. Another way to create geometrically similar periodic and
random structures has been shown in Ref [16]. In that paper, small, regular plates are ordered
in either a periodic or a random pattern.

Another advantage of our method is that it produces a, presumably, realistic geometry of
the periodic structure. The idea here is that as much as possible of the geometry of the
stochastic structure should be maintained. The periodic structure can be fabricated, for
example, by nanoimprint lithography [17] and subsequent etching. Provided a similar etching
process is used as for the stochastic structure, similar shapes should be obtained for the
periodic structure. More details about the investigated structures and a direct comparison of
their light trapping properties can be found in Ref [18].

a) AFM scan of the stochastic structure b) Simulated periodic structure
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Fig. 1. (a) AFM scan of the investigated stochastic light trapping structure and (c) one cross
section of the same structure including one deep crater. Analyzing these craters, a periodic
structure was constructed by repeating a crater with average dimensions (b). A cross section of
this periodic structure, indicating period and depth of the structure, is also shown (d).

3. Simulation methods
3.1 Stochastic structures: scalar scattering theory

We used a scalar scattering theory (SST) approach that was proposed, for example, in Refs [2]
and [19]. From a measured AFM scan, we can calculate pupil functions in transmittance and
reflectance
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In these equations R and T denote reflection and transmission, x, is the vacuum wave
vector of the incident light, n; and n, are the refractive indices of incident and outgoing
medium and {(x,y) is the measured height of the scattering surface. The angular distribution
of reflected and transmitted light is obtained from the Fourier transform of the respective
pupil function. Haze values are calculated by

,( 470,11y ]2 7( 470,51y =1y ]2
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with o, the rms roughness as determined from the AFM scan and A the wavelength of
incident light. Subsequently, haze and angular distribution function are used as input
parameters for the ASA opto-electrical device simulator [20] to calculate the absorbance in
the silicon layer.

3.2 Periodic structures: rigorous coupled wave analysis (RCWA)

The rigorous coupled wave analysis is a rigorous method to solve Maxwell’s equations. It is
based on a Fourier series of both the electromagnetic field and the structure. The structure is
described as a spatial function of the complex refractive index. The Fourier transform of
Maxwell’s equations expands the solutions for a given problem into a sum. The summands
can be interpreted as being the different orders of diffraction for light in interaction with the
investigated structure. Solutions inside the structure are found by first solving the problem for
the hemispheres of incidence and transmission and subsequently constructing the field in the
structure by superimposing these solutions (see Fig. 2). Further details on the method can be
found in Ref [21]. The implementation used in this work is that of Lalanne and Jurek [22].

In the present paper, the RCWA is used to calculate far-field properties like reflection or
transmission of the investigated structure as a function of wavelength 1. The optical
absorption within the active solar cell material in the structure is calculated by abs(4) = I -
R() - T(). For this simple assumption to be true, the simulations assume that, in the
investigated spectral region from 600 to 900 nm, silicon is the only absorbing component (i.e.,
in the simulation there are no parasitic absorption processes).

local absorption (a.u.)

back reflector

Fig. 2. Cross section of the structure investigated with RCWA (see also Fig. 1(b) and 1(d); note
that the cross section shown here is different to that of Fig. 1(d)). Also shown (rainbow colors)
is the spatially distributed absorption in the 1.1 pm thick crystalline silicon film as calculated
with the RCWA for a wavelength of 800 nm. The refractive indices for the materials used in
the simulations were measured at EPFL-IMT. The silicon film is conformally coated by a 1.8
pum thick TCO layer on each side (front and rear). A wavelength-independent refractive index
of n =2.0 was assumed for the TCOs (corresponding to ZnO as used in the measured sample).
An ideal back surface reflector was placed at the back of the solar cell. The light is incident
from the glass (n = 1.5) side (‘superstrate configuration’). A similar setup has been used for the
simulation of solar cells on stochastic structures. Please note that Fig. 2 is a sketch and has a
different scaling compared to Fig. 1.



3.2 Calculation of solar cell characteristics

A first useful quantity is the absorbed photocurrent density j,;. This quantity states how much
current a solar cell would produce if every absorbed photon would contribute one electron to
the current generation. We use a slightly different quantity here, the constricted photocurrent
density, which gives the absorbed photocurrent within a certain spectral range [4;,4;]

Jopnn =€ Lj” d A abs(2) §(1) (3)

In this equation e is the elementary charge and ¢4) is the spectral flux density of sunlight.
In this work we used the AM1.5G solar spectrum as defined in Ref [23]. For several reasons,
Jpn constitutes an upper limit for the current that a conventional solar cell can generate within
the considered wavelength range. First, not all absorption occurring in a solar cell contributes
to current generation. Parts of the light can, for example, be absorbed in the antireflection
coating or in the (metal) reflector. In a strict treatment, useful and parasitic absorption need to
be distinguished. Furthermore, electronic loss mechanisms (recombination) are not considered
here. Some of these losses are of a fundamental nature.

A quantity summarising all losses (electronic and optical due to parasitic absorption) in
the solar cell is the internal quantum efficiency IQE. IQE and short-circuit current density jsc
of a solar cell can then be related by

Jsc = e[ dA IQE(A) abs(2) §(A) 4)

Equation (4) can be used as one possible definition of the internal quantum efficiency. It
must be noted, though, that the distinction between useful and parasitic absorption processes
is non-trivial and to some extent arbitrary. For microcrystalline thin-film silicon solar cells,
the /QF includes mainly losses due to parasitic absorption in the solar cell system.

Since in practice it is often impossible to distinguish between different loss mechanisms,
and the /QF is not known exactly, it makes sense to combine the factors in Eq. (4) into
another quantity, the external quantum efficiency EQE. The EQE can be defined by

Js =€ dA EQE(2) §(2) )

For the estimation of the useful absorption, we will use the EQE in this sense as a product
of useful absorption and /QF. Similar to the case of a constricted photocurrent density, jsc can
be defined for a certain spectral range by restricting the integral boundaries in equation.

Figure 3 shows the absorption calculated for a crystalline Si solar cell with a thickness of
1.1 um deposited onto the texture shown in Fig. 1(a), using the SST method described in the
previous section and Ref [18] and also using the simulation tool ASA [22]. Also shown is the
measured EQF of the actual solar cell. Characteristics of this solar cell are given in Table
1.To compare the simulated useful absorption with the measured EQE, information about loss
mechanisms, summarised in the IQE, is required. Literature values for the IQE of
microcrystalline silicon solar cells vary [24-26]. According to the available data we started
with a simplified approach, assuming that the external quantum efficiency is 10% lower than
the absorption. This 10% reduction is due to parasitic processes such as, mainly, parasitic
absorptions and, to a small extent, an imperfect carrier collection. Furthermore we assumed
this reduction to be constant over the considered wavelength range. This assumption is
certainly simplified but there are some experimental indications that the wavelength
dependence is at least not very strong [27]. Still, especially for very long wavelengths (for
which parasitic absorption becomes more important) it can be expected that the obtained
results are inaccurate.

The result of this consideration is shown in Fig. 3. The black line is the EQFE calculated
from the simulated absorption. It is in good agreement with the measured FQE (blue dots).
Also, the simulated FQE exceeds the measured EQE at long wavelengths, as expected. In
fact, the agreement is better than could be expected for this simple approach, and might be



partially a coincidence. Further one-sun performance parameters of the measured solar cell
are summarized in the below table.

Please note that the comparison with experimental results was performed only for the
initial AFM structure in order to verify that our model gives realistic results. All further
investigations are based solely on simulations.

Table 1. Measured One-sun Performance Parameters of the Solar Cell Used in This

Study
Voc (mV) jsc (mA em™) FF(%) n(%)
540 20.4 74.0 8.2
100 T T 100
—e— measured EQ
I~ . _ 2
3 80 S e Jsc s0onm-s00nm 10.5 mA/em’] 80
=i
O] —
8 60 160 §
©
= 11|
2 a0 {40 O
8 — = calculated absorptance L
. _ 2
-(.% 20 | Jph 600nm-900nm 11.6 mA/cm 20
calculated EQE assuming 90% IQE
0 jSC 600nm-900nm =10.5 mAllcmz 0
600 700 800 900

wavelength [nm]

Fig. 3. Absorptance in the silicon layer, calculated using the SST approach and the ASA
software (grey dashed line). To calculate the EQFE (solid black line) from the absorption, we
assumed a constant (i.e., wavelength independent) /QE of 90%. Using this assumption, a good
agreement between the calculated and the measured EQE (blue dots) is obtained.

4. Results
4.1 Parameter variation: stochastic structure

We assume that by a variation of the etching process to fabricate the scattering structure, the
depth and the size of the craters change to some extent, while the general shape is maintained.
For the results described below, the width and size of the structure were changed by scaling
the side length of the texture shown in Fig. 1(a) with a scaling factor S; and the height with a
scaling factors Sh. This procedure is an extension of a method described in Refs [18] and
[28]. The simulated impact of this variation on the absorbed current j,, is shown in Fig. 4. In
Fig. 4(a) the scaling factors S, and S; both vary between 0.1 and 10, while in Fig. 4(b) they
vary between 0.6 and 1.2. The relatively moderate variation of length and height in Fig. 4(b)
was chosen for two main reasons:

1. It can be assumed that moderate variations of the texture can be achieved
experimentally via slight adjustments of the texturing process, which do not
significantly change the shape of the texture

2. A similar variation will be considered later for the periodic structure. Due to
limitations in the simulation process, only a moderate variation of the parameters
was possible here.

One clear trend that can be seen in Fig. 4 is that the light trapping improves for increasing
values of S, and decreasing values of . In fact, the straight lines visible especially in Fig.
4(b) indicate that the photocurrent only depends on the ratio S,/S; of these scaling factors. We



assume that the deviations from this straight-line behaviour that can be seen in Fig. 4(a) are
caused by numerical effects.
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Fig. 4. Simulated absorbed photocurrent j,;, for a variation of structure length and height using
scaling factors S; and ), respectively for the stochastic structure shown in Fig. 1(a). In Fig.
4(a), length and height were varied on a large scale between 0.1 and 10. For large values of S;
and small values of S, there are some numerical issues that result in a current enhancement
(visible in the upper left corner). This increase in current, as well as the oscillations in the light
blue and yellow region, are very likely an artefact and should be ignored. Figure 4(b) shows a
magnified view of the lower left corner of Fig. 4(a), whereby length and height were scaled
moderately between 0.6 and 1.2. This magnified view is added to provide an easier comparison
with the results obtained for diffractive structures shown in Fig. 6.

So far, we have only stated that the photocurrent is a function of the ratio S,/S; but not,
how this function looks like. For this reason, we have plotted jph against S,/S; for all
calculated points in Fig. 4(a) and 4(b). The results are shown in Fig. 5(a) and 5(b). Let’s first
discuss the results of Fig. 5(a). For a moderate variation of the aspect ratio we find a linear
dependence between j,;, and S,/S;:

(S . .S
Jph [?ﬁ}zjo"'é‘]?}; (6)

The factors j, and ¢j are fitting parameters and it’s not trivial to interpret their physical
meaning. It can be assumed, however, that the slope Jj depends on the geometrical properties
of the texture. It is an interesting question whether general statements can be made about this
parameter. For many cases it is a good approximation to assume that the ratio S;/S; and the
rms roughness are related by a constant factor. (This is again a simplification as the ratio
contains lateral information and the rms roughness doesn’t, therefore a more advanced
consideration should also include information about the angle distribution of the structure).
Using this simplification, Eq. (6) therefore states that for a small change in rms roughness, a
linear response of the absorption can be expected with a structure dependent factor.

The linear regime cannot, however, hold for very small or very large roughness. A lower
boundary j,, ., for the absorption is the value obtained for a planar sample. An upper limit
Jphmax 18 given by the Lambertian factor. It can therefore be assumed that, in general, the
dependence between j,; and S,/S; can be described by the logistic function

. S . j max j ,min
.]ph (_hj = ]ph,min + = - (7)
1

S 1+cex—cﬂ—c
1 €Xp ZSI 3

In Fig. 5(b), we have fitted this function to the results obtained from Fig. 4(a) with
dimensionless fitting parameters c;, ¢, and ¢;. The factors ¢; and ¢, determine the slope of the
function in the linear regime while c; defines the position of maximum slope. Again, it is very
difficult to give these parameters a physical interpretation. Note that in the chosen




parameterisation, the performance of the initially investigated structure is always found at a
value of 1 on the x-axis (5/5,=1).

a) Small changes in roughness b) Big changes in roughness
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Fig. 5. Simulated dependence of the photocurrent j,; on the ratio of the scaling factors S,/S;. In
plot (a) this is shown for small variations of this ratio. Within a certain range, there exists a
linear regime within which an increase in roughness results in an increase in current that can be
calculated by a simple factor, which is specific for each structure. In plot (b) the dependence is
shown for a large range of ratios (note that the x-axis of this plot is scaled logarithmically). A
logistic function was used to fit the data (symbols). The fitting parameters for the two curves
are listed in Table 2.

Table 2. Fitting Parameters for the Curves Shown in Fig. 5. Physically Meaningful
Parameters are Highlighted in Bold Font.

Jo oj Jphmin Jphmax c c 3
5.84 5.15 6.9 17.14 0.292 2.26 4.13
mA/cm mA/cm’ mA/cm’ mA/cm’

Some characteristics of the functions given in Eqgs. (6) and (7) need to be discussed in
more detail:

* In the limit of small aspect ratios, the structure becomes planar and thus j,; mi
corresponds to the result obtained for a planar sample (jp pianar = 6.9 mA/cmz). This
value is in reasonable agreement with measured values for planar samples (j,;, = 7.3
mA/cm?)

+ In the limit of large aspect ratios, the structure should scatter optimally and we would
expect the value for a Lambertian scatterer (in our case: jin rampers = 18.5 mA/cm? for
a calculation with a planar sample and the absorber layer thickness increased by a
factor of 4n2). The actual value obtained for j,;, .. is, however, considerably lower
(17.14 mA/cm?). There are several possible reasons:

o The Lambertian factor is strictly valid only in the limit of low absorption,
which is not the case for all considered wavelengths; for larger
absorption, the Lambertian factor is smaller than 4n”.

o The Lambertian limit only considers absorption enhancement in a simple
slab without any other effects; however, our calculation includes the
entire cell structure and effects like reflection losses at the front are

included.
o The SST is not very accurate at reproducing large angle scattering, which

is of great importance for Lambertian scattering, and therefore results,
trend-wise, in an underestimation of the current [29].

* It is an interesting question what factors Jj are obtained for different scattering
structures and if this factor can be used for characterisation purposes.



The value for j, mq: Obtained in this way can be interpreted as the maximum current that
can be achieved with a particular solar cell architecture. The presented analysis can help to
estimate how much of the light trapping potential has been realised. In the presented example,
very good light trapping should be achieved if the aspect ratio is increased by a factor of
three. (This is not the case for all calculated configurations, though. It is currently unclear,
what causes the spreading of the data-point). This can either be done by increasing the height
of the structures, or by decreasing the feature size while maintaining the height. An open
question is, of course, how this can be done experimentally in a way that avoids shunting of
the solar cell.

In the previously mentioned paper by Fahr et al. [28], comparable results were also shown
for other textures. Those results confirm that j,, .. depends on the structure geometry.
Additionally it was shown that it is, in principle, possible to approach Lambertian light
trapping for certain structure geometries.

4.2 Parameter variation: periodic structure

To investigate the potential of periodic structures, we also scaled period and height of the
periodic structure shown in Fig. 1(b). The results of these variations are shown in Fig. 6. The
period was varied with a scaling factor S, between 0.6 and 1.1; the height was varied with a
scaling factor S, between 0.7 and 1.2. The RCWA method was used to calculate the
corresponding absorption curves. This procedure has its practical limits, as every single
calculation is quite time consuming, and fundamental limits as the calculation time scales
with the sixth power of the period.
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Fig. 6. Simulated absorbed photocurrent j,;, for a variation of period and height with scaling
factors S, and S for the periodic structure shown in Fig. 1(b). Due to constraints in the
simulation method, the variation was limited to scaling factors between 0.6 and 1.2.The scale
and resulting structure sizes are similar to those shown in Fig. 4. The graph highlights the
difference in the characteristics of periodic and stochastic structures.

An optimum of ji,x600-900 = 13.30 mA/cm? for the periodic structure was found for period A
= 534 nm and depth d =277 nm. Compared to the original structure, this optimum is achieved
for an increase in aspect ratio (d/A1) by a factor of 1.6. Looking at the results for the stochastic
structures (Fig. 5), for the same aspect ratio almost the exact same result (jus00-000 = 13.35
mA/cm’®) is obtained. However, while for higher aspect ratio for the stochastic structure
higher currents are obtained, an increase in aspect ratio does not result in a further increase in
current for the periodic one - at least not in the investigated parameter range. Note that a
comparison between results obtained with the different simulation methods is not
straightforward and conclusions here are based on the observed trends.

The result that stochastic and periodic structures of similar geometry result in similar light
trapping has also been found by other groups, and for various types of geometries, for
example by Ferry et al. [16] and Battaglia et al. [30]. Thus, the rule that the geometry of the



light trapping structure is more important than the question whether a structure is periodic or

not, seems to be quite general. One can then further speculate that the scattering properties of

a structure are mainly determined by its local features and not so much by global features. For

a structure that is sufficiently homogenous, the question whether it is a good scatterer or not

can then be answered by looking at its local features, like size, shape, angles and aspect ratio.
A couple of points need to be discussed about this result:

* The initial parameters were obtained from an analysis of the stochastic structure. The
current that was obtained for this initial parameter set is j,, = 11.5 mA/em’. This
value is almost equal to those obtained for the experiment and the initial setup of the
simulated stochastic structure.

* For the periodic structure, there is no observable connection between the aspect ratio
S;/S, and the photocurrent. It seems rather that for certain (S;, S,) combinations,
minima and maxima occur for the photocurrent which can be explained by
pronounced diffraction and resonance effects. The position of the maximum seems to
be more sensitive to the period than to the depth.

5. Summary and discussion

In this paper, we compared and discussed light trapping properties for certain periodic and
stochastic textures. The basic idea of this investigation was to look at structures with (i) a
realistic geometry in the sense that they should resemble structures that can actually be
produced experimentally and (ii) similar structure geometries. To achieve this, we used an
AFM scan of a sputtered and etched TCO sample for the investigation of a stochastic
structure. For the periodic structure, we analyzed the stochastic structure, identified typical
structure feature and reconstructed craters that were then arranged in a periodic pattern. The
resulting structures were subsequently analyzed theoretically and, where possible, compared
to experimental results. We found:

i. The simulated external quantum efficiency, using internal quantum efficiency data
from literature, for the stochastic structure is in good agreement with quantum
efficiency measurements for the same sample. As a consequence, also the simulated
and measured short-circuit currents are in good agreement. This result serves as a
verification that the developed methods deliver realistic results.

ii. The simulated short-circuit current for the periodic and stochastic structure are almost
the same.
In a second step, we varied the geometry of the periodic and random structures by scaling
their length, period and height with scaling factors S;, S, and S, respectively. For the
stochastic structure we found that:

i. The simulated current mainly depends on the S;/S; ratio, which basically corresponds to
the aspect ratio or roughness of the structure.

ii. The generated photocurrent can be assumed to be a logistic function of the ratio Sh/SI,
with a linear response in a certain regime. The investigated structure was found to be
in this linear regime, so that with an increase in aspect ratio by 10% an increase in
current of approximately 0.5 mA/cm” can be expected.

iii. The logistic function converges towards a maximum current j,;, . Which is specific
for a certain light trapping geometry and solar cell structure. This limit can be
substantially lower than the Lambertian limit as was the case for the investigated
structure, though higher limits have been demonstrated by other groups.

For the periodic structure we found no dependence on the S;/S, ratio, but rather specific
conditions for minima and maxima in photocurrent that mainly depended on the period of the
texture (as could have been expected). We furthermore found that, if optimum parameters are
used for the periodic structure and if a comparable aspect ratio is used for the stochastic



structure, the result in photocurrent was still very similar. From this result we conclude that
for similar geometries, periodic and random structures result in similar light trapping. This
conclusion is in agreement with results reported by other groups and for other device
geometries, and therefore seems to be quite general.

The results also imply that the light trapping properties of a structure seem to be related to
local features. It could be interesting to investigate how local light trapping can be defined
and if this can be used to create more efficient light trapping structures.

Finally, a remark concerning the question whether a stochastic or a periodic structure is
more advantageous: It seems that this question will not be decided by the absorption
enhancement factor that the structure induces in the active solar cell material. Potential
advantages lie, however, in a greater uniformity and higher definition and precision in
structure generation that can be achieved with periodic structures. A better uniformity has
potential benefits for the electrical performance parameters of the solar cell, particularly the
shunt resistance. Preliminary investigations indicate that, additionally, benefits can be found
concerning parasitic absorption processes, for example in the back surface reflector.
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