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We present a comprehensive scalar light-scattering model for the optical simulation of silicon thin
film solar cells. The model integrates coherent light propagation in thin layers with a direct, non-
iterative treatment of light scattered at rough layer interfaces. The direct solution approach ensures
computational efficiency, which is a key advantage for extensive calculations in the context of
evaluation of different cell designs and parameter extraction. We validate the model with
experimental external quantum efficiency spectra of state-of-the-art microcrystalline silicon solar
cells. The simulations agree very well with measurements for cells deposited on both rough and flat
substrates. The model is then applied to study the influence of the absorber layer thickness on the
maximum achievable photocurrent for the two cell types. This efficient numerical framework will
enable a quantitative model-based assessment of the optimization potential for light trapping in
textured thin film silicon solar cells. © 2011 American Institute of Physics. [doi:10.1063/1.3622328]

. INTRODUCTION

To reach high conversion efficiencies in thin film silicon
solar cells, advanced light trapping mechanisms need to be
employed.’ To increase the optical absorption in the cells
and thus enhance the short circuit current density, light scat-
tering is induced by introducing rough substrate textures.”™
The combination of multiple layers having thicknesses on
different length scales with scattering layer interfaces makes
thin film silicon solar cells complex optical devices. Numeri-
cal simulations lend themselves to device optimization and
can provide quantities that are not accessible in the experi-
ment. Full-wave approaches that rigorously solve Maxwell’s
equations™ are very demanding in terms of computing time
and memory and are therefore often restricted to small simu-
lation domains or periodic structures.’” Alternative
approaches take into account the averaged light scattering
properties of the rough interfaces as predicted, e.g., by the
scalar scattering theory.®'°

In this contribution, we present a new approach for the
optical modeling of thin film solar cells that is based on the
net-radiation method developed by Santbergen.''™"* We
have extended the net-radiation method to include coherent
treatment of thin layers or arbitrary stacks of thin layers. Our
paper is organized as follows: in section II, we present the
details of the optical model. First, we describe the treatment
of incoherent layers and rough interfaces. Then, we discuss
the extension to include coherent layers and how to evaluate
the layer absorbances. In section III, we apply the model to
microcrystalline silicon solar cells by first presenting four
simulation cases that illustrate the capabilities of the model.
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Then, we validate the model with experimental data from
state-of-the-art microcrystalline silicon solar cells. Section
IV concludes.

Il. METHODS: OPTICAL MODEL

In this section, we introduce the foundations of the opti-
cal model. The physical problem that we aim to solve is to
determine, for a given solar cell structure and incident illu-
mination, the spectral absorption profile throughout the cell.
The input parameters are the thicknesses of all layers, the re-
fractive index dispersions of all materials, and the scattering
properties of all interfaces (as explained below), as well as
the illumination spectrum. The quantities that we obtain
from the calculation are the reflection and transmission and
the layer absorbances of all layers as a function of the wave-
length. The thin film solar cell is represented by a stack of
homogeneous layers. We distinguish between incoherent and
coherent layers. In incoherent layers, only the intensity of
the light is considered. This is appropriate for layers that are
thicker than the coherence length of the incident illumination
and thus do not allow for coherent propagation of light. In
thin, coherent layers, a transfer-matrix formalism is applied
to take account of the wave nature of the light. The disper-
sion of the refractive indices of the materials is considered,
and the calculations are performed separately for each wave-
length. In contrast to ray-tracing approaches,"* our model
solves directly for the complete steady-state intensity distri-
bution instead of iteratively building it up. Thus, our
approach is computationally efficient. Our approach is also
in contrast to the work of Kr¢ et al.,9 where only the scat-
tered light is treated iteratively, whereas in our model, both
direct and scattered light distributions are computed non-
iteratively. Furthermore, in thin layers, we consider coherent
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propagation of both direct and scattered light. The boundary
conditions between coherent and incoherent layers are for-
mulated using conservation of energy. The model is imple-
mented in Wolfram Mathematica and runs on a standard
personal computer. In the following, we present the details
of the optical model.

A. Incoherent layers and rough interfaces

In incoherent layers, only the intensity of the light is
taken into account. To this end, at every interface, we define
four flux vectors denoted by subscripts a, b, ¢, and d, as
depicted in Fig. 1. The intensity distribution between 0° (nor-
mal to the interface) and 90° is described by a vector such as
Qia = (q}ﬂ,ql%a, qza, e q?a), where D is the number of dis-
crete angles. Propagation through the layers and reflection
and transmission at the interfaces connect the flux vectors.
The following equations specify the relations between the
flux vectors:''

Qiqg =Ti-1 X {qi_14
Qip =Ti+ X Gigt1i—-Xq,

9ic =Ti X Git1p

Qiqg =Ti— X qi.+1liy Xq,

ey

T;, I;, and t; are square matrices with dimension D x D. The
matrix t; is diagonal and describes the intensity propagation
inside layer i from interface i to interface i + 1 or in the op-
posite direction. Its entries are given by

T(m’"l) = eXP(_ocdj/COSOm)v @

1

where o = 4nk /1.
Here, o denotes the absorption coefficient that can be
determined from the extinction coefficient k, the imaginary
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FIG. 1. (Color online) The flux vectors that describe the angular distribution
of the total light intensity at every interface. The inset on the right illustrates
the wave propagation in thin layers in upward (S_) and downward (S;)
direction. Figure adapted from Santbergen [Ref. 15].
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part of the refractive index N = n + ik. The thickness of
layer i is denoted by d;, and thus d;/cos0,, is the distance that
light with a propagation angle of 0,, (measured from the nor-
mal to the interfaces) traverses between the two interfaces.
The matrices r; and ¢; describe the reflection at and the trans-
mission through the interface, where the plus (e.g., r; )
denotes incidence from above the interface and the minus
sign from below. For flat interfaces, only specular reflection
occurs, i.e., angle of reflection equals angle of incidence and
r; is a diagonal matrix. For rough interfaces that scatter light,
r; and ¢; describe the angular distribution of the scattered
light. For light, e.g., that is incident with an angle 0,,, the dis-
tribution of the light that is scattered in reflection is
described by the mth column of the matrix r;.

To determine the amount of scattered light, we employ
the scalar scattering theory.'® It provides an analytical for-
mula for the spectral dependence of the haze in transmission,
which is defined as the ratio between the diffusely scattered
and the total light intensity, given by

270ms|n1 — maler (A 2
Hr(2) = Tyitr /Tior = 1 — exp —( | 1/1 zfer )>

3

In Eq. (3), we consider normal incidence and have included
a correction function ¢r(4), which has been proposed for the
projection of light scattering at internal interfaces.’ n; and n,
denote the refractive indices of the incident and the adjacent
medium, ,y, denotes the root-mean-square (rms) roughness
of the interface. Dominé et al.'” propose to calculate the
angular distribution and the fraction of the scattered light
based on measured surface profiles of the interfaces. Their
procedure is compatible with our approach, and we envisage
to employ their formalism as an input to our model; this,
however, is beyond the scope of this study. In the present
study, we employ the analytical model proposed by Phong'®
for the angular distribution function. It is well-suited to char-
acterize our model without introducing unnecessary com-
plexity. The distribution I(0) of the scattered light is given
by

1(0) = ¢ x cos'(0 — Ogpec ), 4)
where [ is the Phong exponent, c is a normalization constant,
and 0Oy, is the direction of specular reflection or transmis-
sion. The case /=1 corresponds to Lambertian scattering,
whereas the distribution becomes more and more specular
for higher values of /. The normalization constant is used to
normalize the total scattered intensity, where we make the
assumption that the same fraction of light is reflected from a
rough interface as from a flat interface. Total transmission
and total reflection add up to 1.

Physically, light scattering is not confined to the plane
of incidence, but results in scattering cones. To take this into
account, in one-dimensional modeling it has been sug-
gested'? to transform the angular distribution functions as
Lo (0) = ¢ x I(0) x sin0. The factor sinf results from the
projection of the three-dimensional scattering cone onto the
plane of incidence, where we have assumed rotational
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symmetry. The distribution functions in our model accom-
modate both the haze according to Eq. (3) and the distribu-
tion of scattered light by distinguishing between a specular
part and a diffusely scattered part. For normal incidence, we
denote the angular range from 0° to 3° as the specular part.

B. Coherent layers

In thin layers, the wave nature of light becomes apparent
and interference effects may arise. To take this into account,
we employ a transfer-matrix method.”® Individual thin layers
or stacks of thin layers are represented by a flat multilayer
structure. The transfer-matrix method allows calculating the
reflection from and the transmission through this multilayer
structure for all angles of incidence. One can thus define
reflection and transmission matrices for this sub-stack as for
an interface between two incoherent layers, cf. Eq. (1). By
describing a stack of coherent layers as an interface, the
complete structure is thus reduced to a sequence of incoher-
ent layers. Figure 1 illustrates this concept. S_ and S denote
the Poynting vectors of the upward and downward propagat-
ing waves in the coherent sub-stack.

C. Evaluation of layer absorbance spectra

Once the equations for all the interfaces have been estab-
lished, as described in Subsections II A and II B, they are
adjusted to the boundary conditions. This concerns the fluxes
q1,.4 and gy ., i.e., the fluxes incident on the front and the back
of the structure. If the solar cell is illuminated only from the
front side under an incidence angle 0;,., then the correspond-
ing element in g , is set to one and all other entries to zero
and all entries in gy . are set to zero. The set of equations is
assembled to one matrix equation, which can be solved for
the unknown fluxes. The total (specular plus diffuse) reflec-
tion is then given by R = Y7 q\', and the transmission,
correspondingly, by T = Zﬁ:l qy 4 One may also distin-
guish between specular and diffuse reflection, which may turn
useful for the validation with experiments. The absorption in
the incoherent layer between interfaces i and i + 1 is given by

D
Ai,incoh(i) = qunjd - q,’il_a + qﬁlyb - (]TL @)

m=1

To calculate the absorption in coherent layers, we can use
the Poynting vector (energy flux) that is calculated in the
transfer-matrix method. While the reflectivity and transmis-
sivity of the coherent stack is independent of the incident in-
tensity, the Poynting vector needs to be normalized
according to the intensity that is incident on the stack. Once
the solution for the intensity fluxes is known, the magnitude
of the Poynting vector can be determined using conservation
of energy. For the case of a single coherent layer and perpen-
dicular propagation, these relations can be expressed as

Gia—qip — 7 % S+(top) + & x S_(top) =0 ©
‘1},‘- - qil,d + 7 x S, (bottom) — & x S_(bottom) = 0.

Here, S, (x) denotes the unscaled energy flux in forward
direction at location x inside the coherent layer and S_(x)

J. Appl. Phys. 110, 033111 (2011)

Case C Case B
Glass 0.5mm | Glass
ZnO 48 um | ZnO

p ra— 20 nm

i | uc-Si §§ 1.1 um uc-Si

n = 40 nm
ZnO 48 um | ZnO
BR 1 mm BR

FIG. 2. (Color online) Illustration of two considered simulation cases C
(left) and B (right). See Table I for further details.

correspondingly denotes the energy flux in backward direc-
tion. y and J are the unknown constants used to scale the
energy fluxes. Equation (6) can be solved for the two constants
y and § to obtain S, (x) =7 x S, (x) and S_(x) = & x S_(x).
Both the Poynting vectors in forward and backward direction
are continuous throughout the stack of coherent layers. The
absorption in one coherent layer then amounts to

Acon(4) =S (top) — S, (bottom) +S_ (bottom ) —S_ (top). (7)

The maximum achievable photocurrent is obtained from the
layer absorbance of the intrinsic layer

e , .
Iphoto = P [Aim(m) X ®(1) x AdA, (8)

where e denotes the elementary charge, & Planck’s constant,
¢ the speed of light, and @ (1) the illumination spectrum.

lll. RESULTS AND DISCUSSION
A. Experimental

We use two types of microcrystalline silicon solar cells
in the p-i-n configuration for the analysis with our optical
model. The preparation and experimental characterization of
the cells have been described in detail in Refs. 21-23. As
front and back electrode, both cells use lightly doped ZnO
deposited by low-pressure chemical vapor deposition with a
thickness of 4.8 pm. During growth, ZnO develops a sharp
pyramidal surface structure; to make it suitable for the depo-
sition of uc-Si, it is necessary to subject it to a plasma treat-
ment.>* For the first cell, subsequently denoted as the rough
cell, a 20 min plasma treatment is applied to the ZnO, result-
ing in a mean surface roughness of 150 nm."” For the second
cell, subsequently denoted as the flat cell, the front electrode
is completely flattened by chemical-mechanical polishing.
The p-i-n microcrystalline stack is prepared by plasma-
enhanced chemical vapor deposition (PECVD) with thick-
nesses of 20 nm (p), 1100 nm (i), and 40 nm (n). The p layer

TABLE I. Simulation cases considered in the calculations.

Case A Case B Case C Case D
uc-Si layer Coherent Incoherent ~ Coherent  Incoherent
ZnO/uc-Si interface  Scattering  Scattering Flat Flat
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FIG. 3. (Color online) Calculated absorbance in the intrinsic microcrystal-
line silicon layer of the four simulation cases.

consists of amorphous silicon oxide containing nanocrystal-
line silicon grains (nc-SiOy). A white dielectric reflector is
applied on the back contact on both cells. Refractive indices
have been determined by spectroscopic ellipsometry meas-
urements. The AMI1.5 short circuit currents are
Jse fiar = 16.22 mA /cm? and Jscrough = 23.15 mA /cm?.

B. Simulation results

For the optical simulation of the uc-Si solar cells
described above, we define four simulation cases with dis-
tinct sets of input parameters for the optical model. The layer
thicknesses are the same for all cases and are given in Fig. 2.
We differentiate between a coherent and incoherent absorber
layer and between a scattering or flat ZnO/uc-Si front inter-
face and the other interfaces are considered to be flat in all
cases; Table I specifies the four cases and Fig. 2 illustrates
two of them. For the scattering interface, Eq. (3) is used to
determine the Haze in transmission, and a Lambertian distri-
bution of the scattered light is assumed (/ =1 in Eq. (4)). For
the correction factor c7(A), which is the only free parameter
in the model, we find a constant value of 4.7 to result in a
good agreement with the measurements (for the validation
with measurement data, see Subsection III C). This correc-
tion is most likely necessary, due to the simplifying assump-
tion that only one interface in the structure is scattering. The
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FIG. 4. (Color online) Area plot of the fractional absorbance for each layer
of the uc-Si solar cell, simulation case C. fc: ZnO front contact; p: p-nc-
SiO,; be: ZnO back contact.
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FIG. 5. (Color online) Area plot of the fractional absorbance for each layer
of the pc-Si solar cell, simulation case B. fc: ZnO front contact, p: p-nc-
SiO,; be: ZnO back contact.

white dielectric reflector has been reported to produce simi-
lar results as a silver layer.”> To simplify the analysis, we
therefore approximate the refractive index of the dielectric
by that of silver.

Figure 3 compares the calculated absorbance in the
intrinsic microcrystalline silicon layer for the four simulation
cases. For short wavelengths below 500 nm, scattering leads
to increased (parasitic) absorption in the p-doped layer,
reducing the absorption in the intrinsic layer (cases A and
B), as is shown below in Figs. 4 and 5. For wavelengths
above 500 nm, scattering increases the absorption, due to
enhanced light trapping. Cases A and B yield almost the
same absorption as the distribution of propagation directions
produced by scattering averages out of the effect of coher-
ence. This is a confirmation that we have a consistent imple-
mentation of the boundary conditions between coherent and
incoherent layers. For the flat case C, the coherent treatment
of the absorber layer results in strong interference effects in
the absorption spectrum. These four simulation cases illus-
trate the effect of coherence and the quantitative enhance-
ment of the absorption due to a single scattering interface.

Figures 4 and 5 present a detailed analysis of the layer ab-
sorbances for the simulation cases C and B. As the cells are
opaque, there is no transmission through the cells, and the layer
absorbances together with the reflection add up to one. For both
cases, we find only negligible absorbance in the thin n-doped

1.0 . ; |
—_ sim. rough (B)
----- a exp. rough
08+ Xy 8 —_ sim. flat (C)
) e | exp. flat
e
0.6F /i R 1
w ot X
g v >,
i s
0.4+ . ‘\‘ 4
02+ % ]
400 500 600 700 800 900 1000 1100

Wavelength [nm]

FIG. 6. (Color online) Comparison of simulated (sim.) and experimental
(exp.) external quantum efficiency (EQE) spectra.
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FIG. 7. (Color online) Influence of the absorber thickness on the maximum
achievable photocurrent. The dashed curve illustrates the relative gain that
can be achieved by scattering.

layer. Figure 5 illustrates the increased parasitic absorbance
induced by scattering in the front and back contact and the
p-doped layer and the overall strong reduction in reflection.

C. Validation of the model

After demonstrating the feasibility of the extended optical
model for simulating thin film silicon solar cells, we now turn
to the model validation with experimental data. Figure 6 com-
pares the calculated absorbance in the intrinsic layer for the
cases B and C with the measured quantum efficiency of the two
solar cells. We thus assume ideal photon-to-charge conversion
and extraction of charge carriers. Overall, there is a very good
agreement between simulation and measurement. Simulation
case C follows closely the measured, oscillating EQE spectrum
of the flat cell. Simulation case B follows the measured EQE
spectrum of the cell with the rough interface. Between 400 and
500 nm, the simulated EQE is smaller than the experimental
one, likely due to an overestimation of the absorbance in the p-
doped layer in our model (cf. Fig. 5). As we consider a single
rough interface in this simulation case, the calculated increased
absorption may be attributed to the scattering at the ZnO/uc-Si
interface. A single scattering interface with enhanced scattering
properties, as detailed above, may thus produce the same
absorption enhancement as multiple rough interfaces. The
maximum photocurrents determined from the simulated absor-
bance spectra are Jpop0 lar(c) = 16.63 mA /cm?  (measured:
Jsepr = 16.22mA /cm?) and Jphoto,rough(p) = 22.68 mA /cm?
(measured: Jc rougn = 23.15mA/ cm?).

Figure 7 presents an analysis of the influence of the
thickness of the intrinsic microcrystalline silicon absorber
layer on the maximum achievable photocurrent for the simu-
lation cases B (with scattering) and C (flat, no scattering).
For all thicknesses, scattering leads to an increased photocur-
rent. However, the gain in current due to scattering is higher
for smaller absorber thicknesses, which is illustrated by the
ratio Jyougn /Jﬂ,,, of the two currents, plotted in the same fig-
ure. At an absorber layer thickness of 2000 nm, the current
gain due to scattering is down to 25%. It has been reported®>
that, for cell thicknesses above 4000 nm, the photocurrent
saturates for this type of cells deposited on the rough sub-
strate due to electrical charge collection problems. It there-
fore seems reasonable to assume that, in the range studied
here, these effects can be neglected.

J. Appl. Phys. 110, 033111 (2011)

IV. CONCLUSIONS

We presented a numerical model for the optical full-
device simulation of thin film solar cells. The model incor-
porates coherent and incoherent light propagation as well
as scattering at rough layer interfaces. On a standard per-
sonal computer, the simulation of an entire spectrum takes
about 10 seconds. The solution procedure of the model, as
well as the underlying equations, were presented in detail.
The interplay of scattering and coherence was demon-
strated using four simulation cases. By calculating the ab-
sorbance in every layer of the solar cell structure, the
model allows for an assessment of the parasitic absorbance
in non-active layers. We validated the model using meas-
urements of external quantum efficiency spectra of micro-
crystalline silicon solar cells. For cells on both rough and
flat substrates, measurements and simulations agree very
well. This agreement and the fact that interference fringes
are present in the flat case illustrates the necessity of a
model that unites coherence, incoherence, and scattering
for simulating various cell types. The model was then
applied to study the influence of the absorber thickness on
the maximum achievable photocurrent. We confirmed a
strong enhancement, due to scattering for thin absorber
layers. The computational efficiency of our model will
allow for a systematic simulation-based device optimiza-
tion, such as the choice of substrate topology, which influ-
ences both current enhancement and device stability.
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