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We present a mathematical model that relates the surface morphology of randomly surface-textured
thin films with the intensity distribution of scattered light. The model is based on the first order Born
approximation �see e.g., M. Born and E. Wolf, Principles of Optics, 7th ed. �Cambridge University
Press, Cambridge, England, 1999�� and on Fraunhofer scattering. Scattering data of four transparent
conductive oxide films with different surface textures were used to validate the model and good
agreement between the experimental and calculated intensity distribution was obtained. © 2009
American Institute of Physics. �doi:10.1063/1.3254239�

To enhance the energy conversion efficiency of thin-film
silicon solar cells, light trapping is commonly used in order
to increase the absorption of light in the absorber layers.
Light trapping is based on refractive-index matching layers,
highly reflective back contacts, and scattering of light at
rough interfaces inside the solar cell.1 Scattering at rough
interfaces leads to a longer average photon path length inside
the absorber layer and partially to total internal reflection
between the back and front contacts confining the light inside
the absorber. These two effects lead to an increased absorp-
tion, resulting in a higher photocurrent.

The rough interfaces are usually introduced into the solar
cells by using substrate carriers that are coated with a ran-
domly surface-textured transparent conductive oxide �TCO�
layer. In this letter we introduce a model that relates the
surface morphology of a thin film to its scattering properties.
Such a model can help understanding the scattering proper-
ties of rough surfaces and contribute to optimizing the
surface morphologies of the TCO layers for enhanced
scattering.

The root mean square �rms� roughness �r and the height
function ��x ,y� are used to describe the surface morphology
of a rough surface. The far field of the scattered light is
described by two parameters. The haze parameter H��� is
given by the ratio of the scattered light to the total light and
can be defined for both transmitted and reflected lights. The
angular intensity distribution I�� ,��, where � is the scatter-
ing angle �see Fig. 1�a��, is given by the magnitude of the
Poynting vector.

To find mathematical relations between the surface mor-
phology parameters �r and ��x ,y� and the far field param-
eters H��� and I�� ,��, the scalar scattering theory can be
used. Based on this theory, several models have been intro-
duced to calculate the haze parameters of reflected and trans-
mitted light as a function of �r.

2–6 In this letter, we present a
model that predicts the angular intensity distribution I�� ,��
of the scattered light, using the height function ��x ,y� of the
rough surface as input parameter. In this way also the lateral
features of the rough surface are taken into account.

In the scalar scattering theory the complex vectors of the
electromagnetic field, H�r ,�� and E�r ,��, at a position r are
replaced by a complex scalar field U�r ,��. The angular

frequency � is connected to the wavelength via
�= �2�c� / �n�����, where n is the refractive index. The nor-
malized intensity I= I / I0, where I0 is the intensity of the
incident light, is given by I= �U�2.

Let now Uinc=exp�iks0r� be a monochromatic incident
plane wave, propagating along the direction s0 and with the
wave vector k=2� /� as illustrated in Fig. 1�a�. If Uinc is
scattered by a rough surface of a thin film that covers the
volume V, the scattered field Usca far away from the film, i.e.,
if kr→�, can be written as

Usca�rs,�� = f�s,s0;��
1

r
eikr, �1�

where the position is given by rs=r and the unit vector s
denotes the direction. The function f is called scattering am-
plitude. It is given by

f�s,s0;�� =���
V

F�r�,��U�r�,��e−iksr�d3r�, �2�

where U is the field inside the volume. F is the scattering
potential that is defined as

F�r,�� =
1

4�
k2�n2�r,�� − 1� . �3�

If we assume that light is only scattered once at the rough
surface, we may write U�r ,���Uinc�r ,��=exp�iks0r� if r
�V. This assumption applied to Eq. �2� leads to the first
order Born approximation,
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FIG. 1. �Color online� Illustrating scattering at a thin film with one roughly
textured surface �a�, and indicating a pyramidal �b� and a craterlike �c� TCO
surface structure.
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f1�s,s0� =���
V

F�r��e−iKr�d3r�, �4�

where K=k�s−s0�. The scattering amplitude f1 therefore is
given by the three-dimensional Fourier transform of the scat-
tering potential F.

We assume n, and thus F, to be constant over the volume
of the thin film, i.e., F�r ,���F���. After integrating Eq. �4�
over z, we find

f1 = F��
A

Z exp�− i�Kxx + Kyy��dxdy , �5�

where A is along the rough surface of the thin film and

Z =
1

iKz
	1 − exp�− iKz��x,y��
 . �6�

We note that Z contains the height function ��x ,y� that is the
input parameter for our model.

To calculate Kz we recall that the light hits the obstacle
along the z-axis and s0 thus only has a z-component of s0,z
=1. Due to the unity of s we therefore obtain

Kz = k��1 − sx
2 − sy

2 − 1� . �7�

If we assumed Z�1 / ik in Eq. �5�, we would obtain, up to a
constant, the Fraunhofer equation for scattering at an open-
ing A �see, e.g., Ref. 7, Sec. 8.3.3�.

The scattering angles �, as in Fig. 1�a�, are given by

sin � =
1

k
�Kx

2 + Ky
2. �8�

�=0° corresponds to the direction of the incoming light. The
Fourier components with Kx

2+Ky
2�k2 correspond to the eva-

nescent field of the scattered light that is not observed in the
far field region.

Since we are interested in the normalized intensity of the
scattered light, the phase exp�ikr� in Eq. �1� may be ne-
glected. To match the calculated with the measured normal-
ized values, we introduce the factor Aopt /A, where the area
Aopt is dependent on the optical measurement system. By
taking Lambert’s cosine law into account we thus obtain for
the normalized intensity of the scattered light,

I��,�� =
Aopt

A
cos ��F

r
��

A

Ze−i�Kxx+Kyy�dxdy�2

. �9�

To validate the model, we used four different glass-TCO
samples each having a different surface morphology. We de-
termined the TCO surface parameters that served as the input
for the model, ��x ,y� and �r, with an NT-MDT NTEGRA
atomic force microscope �AFM� in noncontact mode. The
AFM measurements were carried out with gold coated sili-
con cantilevers on areas between A=10	10 
m2 and A
=50	50 
m2 taking 256	256 points. To determine
I�� ,��, we used variable angle spectrometry �VAS�, which
was carried out in the analytical reflectance/transmittance
analyzer �ARTA� setup.8 The ARTA setup measures the
I�� ,�� both as a function of the scattering angle and the
wavelength. The wavelength was varied between �=300 and
800 nm. Since the light is incident normal to the glass sub-
strate �see Fig. 1�a��, the influence of the glass on the scat-
tering behavior of the rough TCO surface can be neglected.

The distance between the sample and the detector was
r=9 cm.

Figures 1�b� and 1�c� illustrate the surface morphologies
of the samples. Fluorine-doped tin oxide �FTO� of Asahi
U-type prepared using atmospheric pressure chemical vapor
deposition shows a pyramidal structure9 and is characterized
by �r�40 nm. Sputtered aluminum-doped zinc oxide
�AZO� that is etched in a 0.5% HCl solution shows a crater-
like structure.10 One can change �r by varying the etching
time. In this study we deal with AZO of 20� and 40� etching
time and �r�50 and �r�100 nm, respectively. Low-
pressure chemical vapor deposited boron-doped zinc oxide
�BZO� of type B from the PV-LAB of the École polytech-
nique fédérale de Lausanne �EPFL�, Switzerland shows a
pyramidal structure11 and has �r�220 nm.

We evaluated the scattered light only and did not take
the specular peak around �=0° into account. We applied an
averaging and smoothing method in order to reduce noise.
We used the approximation n����2 and calibrated the
model with Aopt=6	10−5 m2, where Aopt is as in Eq. �9�.
The calculations led to the same results for AFM scan areas
between A=10	10 
m2 and A=50	50 
m2. The results
discussed in the following paragraphs were obtained with
A=20	20 
m2 scans.

Figure 2�a� shows measured and simulated normalized
angular intensity distributions of the four samples at �
=600 nm. Good agreement is achieved for FTO ��r

�40 nm� and for AZO 20� ��r�50 nm�. However, for
AZO 40� ��r�100 nm� and BZO ��r�220 nm� large de-
viations between the measured and calculated intensities are
observed. This is because the first order Born approximation
only works for samples with a moderate rms roughness.12 If
�r is small compared to the wavelength, i.e., if the condition
k�r�1 is fulfilled, we can approximate Z �Eq. �6�� with
Z�I�=��x ,y�, which allows us to evaluate Eq. �9� with fast
Fourier transform algorithms. The application of Z�I� led to
results similar to those already shown in Fig. 2�a�.
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FIG. 2. �Color online� Measurements and the application of Eq. �9� with the
first order Born approximation, Z �Eq. �6��, �a� and a modified Fraunhofer
scattering extension, Z�II� �Eq. �10��, �b� are shown for four samples at
�=600 nm.
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In order to obtain better matching between measured and
calculated intensities for large values of �r, we modified Eq.
�9� by replacing Z �Eq. �6�� with

Z�II� =
1

ik
	1 − exp�− ik��x,y��
 , �10�

which can be interpreted as modified Fraunhofer
scattering �see, e.g., Ref. 7, Sec. 8.3.3�. A phase shift
1−exp�−ik��x ,y�� in Eq. �10� contains the surface data.
Since in Eq. �10� Kz is replaced by k, fast Fourier transform
algorithms can be used to evaluate Eq. �9�. Results are
shown in Fig. 2�b�. While for FTO and AZO 20� we hardly
observe any difference between Figs. 2�a� and 2�b�, the mea-
sured and calculated intensities for AZO 40� and BZO match
much better using the modified Fraunhofer scattering ap-
proach. However, for AZO 40� the model overestimates the
measured values.

Until now we only discussed the application of the
model at one wavelength ��=600 nm�. Figure 3 shows the
application of the first order Born approximation extended
with the modified Fraunhofer scattering approach, which we

already discussed in Fig. 2�b�, for three different wave-
lengths to AZO 20� ��r�50 nm� and BZO ��r�220 nm�.
For AZO 20�, the trend that scattering at shorter wavelengths
leads to higher intensities is reproduced in the correct way.
Also for BZO, the model predicts the trends correctly.

We applied the first order Born approximation to relate
the angular intensity distribution of light that is scattered by
roughly textured thin films to their surface morphology. We
obtained good agreement between the calculated and mea-
sured angular intensity distribution for textures with a rms
roughness between �r=40 nm and 50 nm. The extension of
the model with a modified Fraunhofer scattering approach
is needed to obtain good agreement for samples with �r
�100 nm.
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FIG. 3. �Color online� Measurements and model, extended with modified
Fraunhofer scattering, for AZO 20� �a� and BZO �b� at three different
wavelengths.
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