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1. Abstract 
Our joint research focuses on combining both numerical and experimental methods to ana-
lyze, control and improve the optical characteristics of extremely thin absorber (ETA) solar 
cells. As a first step we produce and measure various reference devices with simplified ge-
ometries that are used as benchmark examples. On the computational side we extend our 
novel and cutting-edge three-dimensional full-wave optical simulation software OPUS 3-D in 
such way, that it allows for the numerical simulation of ETA solar cells and returns data that 
can directly be compared to experimental results. By showing that experimental and numeri-
cal data do not only agree for simple structures but also for very complex device designs we 
aim at establishing a combined framework helping to simplify the development of next-
generation ETA solar cells. It is a unique approach that allows systematic analysis and de-
sign of the optical characteristics of ETA solar cells by combining elaborate experimental and 
numerical methods. 

2. Introduction 
The overall project goal is the development of a novel framework that – by combining 
experimental and numerical methods – facilitates the analysis and design of highly efficient 
ETA solar cells. To this end we aim at proving that our in-house three-dimensional full-wave 
optical simulation software can reproduce and predict experimentally determined optical 
characteristics – especially transmission and reflection spectra – of ETA solar cells for a very 
broad range of designs.  
The first part of the project is dedicated to the production and experimental characterization 
of different reference devices on the one hand, and the extension of our in-house optical 
solver software OPUS 3-D on the other hand. This software tool utilizes a novel, finite-
element based formalism, the Ultra-Weak Varia-tional Formulation, that has specifically been 
developed as a numerically efficient approach for analyzing light propagation in complex 
structures [1]. The second part of the project, aims at showing that – for a large variety of 
device designs and materials – there is good agreement between measured and simulated 
optical data, in particular, for both reflection and transmission spectra.  
To illustrate the applicability of OPUS 3-D for the analysis of a broad range of scattering 
problems, we benchmark the simulation software with a large variety of standard problems 
such as planar multi-layer material interfaces or scattering from metallic or dielectric spheres. 
By showing the excellent agreement between the numerical solutions and the (semi-) 
analytical reference solutions we illustrate the simulator’s validity.  
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In the next step of the benchmarking procedure, spectrally measured reflection and 
transmission coefficients, provided by EMPA, are compared to numerical data. This 
comparison is carried out for planar multi-layer devices with increasing complexity. In all 
cases excellent agreement between measured and simulated data could be achieved. 
A last benchmarking step compares measured and simulated data for a very ad-vanced 
structure. Here, various ZnO nanowire arrays with different geometries, electro-deposited on 
a glass substrate, are investigated. Measured and simulated reflection and transmission 
spectra show, that both the length and the diameter of the nanowires have a very strong but 
distinct impact on the optical device characteristics. The good agreement between 
experiment and simulation underlines the simulator’s ability to also investigate the 
characteristics of elaborate nano-structures.   
 

3. Performed Work and Achievements 
STATUS REPORT ON WORK PACKAGE 1: FABRICATION AND CHARACTERIZATION 
OF SAMPLE DEVICES. 
Following the procedure outlined in the proposal, various simple reference structures were 
produced, and their optical characteristics were obtained experimentally. As the focus of this 
work package lies on benchmarking, we chose planar and nanostructured designs for which 
we measured both the transmission and reflection coefficients for a large range of optical 
frequencies. 
Production of structures  
Two classes of devices have been produced and measured within Work Package 1. The first 
reference design consists of a transparent glass substrate with a transparent conducting ox-
ide (TCO) contact on top. For our purposes we have chosen a SnO2:F layer with a thickness 
of 1mm as TCO. The second class of devices additionally features an array of ZnO nan-
owires (NWs) on top of the TCO that serves as large band-gap n-type material for the elec-
tron transport. The TCO substrates (SnO2:F/glass) were purchased from Solaronix, Switzer-
land. The electrodeposition of ZnO NW was performed in a three-electrode electrochemical 
cell with the substrate (conducting glass) as the cathode, a Pt spiral wire as the counter elec-
trode and a saturated calomel electrode (SCE) as the reference electrode. The electrolyte 
was an aqueous solution of ZnCl2 (5x10-4 M) and KCl (0.1 M), saturated with bubbling oxy-
gen. The ultrapure water (18 MΩ.cm) was provided by a Millipore setup. The ZnCl2 salt 
(Flucka, purity >98.0%) acts as a Zn2+ precursor. The substrates were conducting (10 
Ω/square) glass/SnO2:F from Solaronix, Switzerland. For each working electrode, a geomet-
ric surface of 2 cm2 was masked off prior to the electrodeposition experiments. As a first 
step, they were covered by a nanocrystalline ZnO buffer layer galvanostatically electrodepos-
ited at room temperature (J = -0.15 mA/cm2, Q = 0.4 C/cm2) using ZnCl2 and KCl concentra-
tions of 5x10-3 and 0.1 M, respectively. On top of the nanocrystalline ZnO buffer layer, the 
ZnO nanowire arrays were electrodeposited at 80 °C under –1 V constant potential. The 
charge density was 20 C/cm2. In order to set the measured reflection and transmission spec-
tra on a broader footing, the thickness of the ZnO layer has been varied between 670nm and 
3360nm for the second class of devices. Thus, experimental data has been obtained for five 
different layer thicknesses.  
Measurement of reflection and absorption spectra  
After processing, the optical transmission (T) and reflectivity (R) spectra of the samples were 
measured at room temperature using an Ocean Optics HR2000+ES spectrophotometer con-
nected to an integrating sphere. An Ocean Optics DH-2000-BAL served as light source. Two 
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different integrating spheres have been used – in one for the transmission and the other for 
the reflectivity measurements. When incident light passes through the sample (depending on 
its position) it can be diffracted in all directions inside the integrating spheres. A detector then 
collects the sum of all diffractions through an optical fiber, and this is how transmission or 
reflectivity spectra were obtained. After the measurements of T and R the absorption A can 
be obtained according to the Beer–Lambert law: A= 1–T–R. Further details can be found in 
our previous report. 

STATUS REPORT ON WORK PACKAGE 2: EXTENSION OF SOFTWARE FEATURES IN 
THE EXISTING SIMULATOR OPUS 3-D. 
During this project the 3-D full-wave finite-element solver OPUS 3-D has been extended 
substantially. As already indicated in the last report, the most important changes in the kernel 
are the inclusion of plane wave sources and the implementation of Perfectly Matched Layers 
(PML) to truncate the simulation domain. Whereas the first modification allows to model 
complex scattering and refraction problems, the latter change guarantees both computational 
efficiency and numerical accuracy. Thorough investigations reveal that reliable and accurate 
results can only be obtained if PML are employed at the boundaries of the simulation do-
main. These findings agree very well with what is reported in literature [1].  
In addition, the post-processing unit of OPUS 3-D has also been extended and now allows 
easy computation of reflection, transmission, and absorption coefficients. With these addi-
tional features we are able to directly compare measured and simulated data. This is a major 
achievement because one of the project’s main objectives is the development of a computa-
tionally efficient software tool whose results can easily be compared to measured data. De-
tailed comparisons and benchmarks will be discussed in the following sections. 
It is among the main assets of the simulator that it is not only highly efficient for solving wave 
propagation problems in large domains, but that it also lends itself very well for the analysis 
of complicated multi-scale structures that cannot be examined with standard numerical tools 
(such as Finite-Difference Time-Domain FDTD or Finite Elements FEM). Thus, OPUS 3-D 
can be employed for the analysis of elaborate structures such as multi-layer devices featur-
ing nanowire arrays working as light diffusors or light scattering centers. Yet, despite of the 
already highly efficient numerical algorithm that – to further reduce the computation times – 
has also been parallelized and runs simultaneously on more than 10 processors, it turned out 
that computation time is still a very critical issue when numerically analyzing advanced multi-
scale structures. When computing the light propagation inside such devices the size of the 
numerical problem can easily exceed 4 million degrees of freedom, resulting in more than 25 
GByte of required memory. If the computational task is then parallelized and simultaneously 
runs on many processors, an efficient speedup can only be achieved if the computational 
task is equally distributed among all these processors. Especially for the computation of re-
flection, transmission, and absorption spectra, where a large number of simulations needs to 
be run in order to cover the entire spectral range, computational efficiency is of utmost im-
portance. To this end, a novel dynamic load-balancing scheme has been implemented that 
boosts the computational efficiency by another 30% and must therefore be considered as a 
major achievement of this project.  
For a reference scattering problem, Figure 1 illustrates how load balancing boosts the com-
putational efficiency when the numerical problem is distributed to many processors. The top 
plot shows the computation time as function of the number of processors. The red curve 
shows the behavior without load balancing, the blue curve shows the computation time when 
the novel load balancing scheme is employed. The dashed green curve represents the ideal 
case where the computation time would scale as 1/n. Up to 6 processors the combination of 
parallelization and load balancing yields a nearly ideal speedup – for larger problems this 
speedup is slightly less, which can be attributed to the increasing communication effort be-
tween the involved CPUs. The bottom plot compares parallelization with and without load 
balancing and displays the relative speedup that can be achieved by employing the novel 
load balancing scheme. For our benchmark this speedup lies between 25 and 30% if the 
numerical problem is distributed to more than three processors. Further investigations reveal 
that load balancing has an even stronger impact on the overall performance when the com-
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plexity of the device increases. Thus, load balancing is an important step towards high nu-
merical efficiency and especially pays off in cases where many optical simulations need to be 
run. 

 
Figure 1: Parallel computing with and without load balancing. The top figure shows the computation time 
as a function of the number of processors for parallelization with load balancing (blue), without load bal-
ancing (red), and as a reference, the ideal 1/n behavior (green). The bottom curve shows the relative 
speedup (in %) that could be achieved when switching from unbalanced to balanced parallelization. 

 

STATUS REPORT ON WORK PACKAGE 3: BENCHMARKING WITH (SIMPLE) REFER-
ENCE STRUCTURES. 
It is the aim of this section to show that OPUS 3-D is not only capable of computing the opti-
cal characteristics for a large variety of devices featuring complex geometries, but also, that 
these results feature high accuracy. Thus, we have chosen a clear and transparent bench-
marking procedure that shows the capabilities of the simulator. In a first step, OPUS 3-D was 
benchmarked with a series of standard problems for which known solutions (either analytical 
or semi-analytical) exist. This step guarantees high transparency as everybody skilled with 
Matlab can reproduce and verify the results. In a second step, the simulation results were 
compared to measured data for various devices with increasing complexity.  
Benchmark 1: Reflection and transmission spectra for layered structures 
This benchmark is intended to illustrate that OPUS 3-D correctly computes reflection and 
transmission spectra for simple layered structures. We have chosen such simple structures 
as they allow for the easy computation of analytical reference solutions that can be obtained 
using a simple transfer-matrix method (TMM) approach. The benchmark is carried out for two 
different device designs. The first case is illustrated in Figure 2. Here, a plane wave impinges 
on a glass layer featuring a width of 525 nm. The glass layer is shown in transparent green 
whereas the Poynting vectors of the incident plane wave are shown as red arrows. Behind 
the glass layer there is an infinite layer of air.  
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Figure 2: A plane wave impinging on a glass layer. The red arrows indicate the Poynting vector 

Figure 3 shows a comparison of analytical and numerical results for both the transmission 
coefficient T and the reflection coefficient R. Here, the analytical reference solutions are indi-
cated by solid lines whereas the numerical solutions, obtained from full-wave simulations 
with OPUS 3-D, are indicated as dashed lines. For the entire wavelength range from 400nm 
to 650nm there is excellent agreement between the numerical solution and the analytical 
reference solution.  

 
Figure 3: Comparison of transmission (blue) and absorption (red) spectra. The solid lines indicate the 
analytical reference solution, the dashed lines are the results from OPUS 3-D simulations. 

In a next step, a more complicated device, that is designed as an anti-reflection filter operat-
ing at a wavelength of 570nm, is investigated. It is a planar multi-layer structure, consisting of 
two dielectric layers deposited on a glass substrate. Again, a plane wave impinges from free 
space on the structure, and both reflection and transmission coefficients are computed. Fig-
ure 4 shows the comparison between the analytical results obtained with TMM (solid lines) 
and the results from the 3-D full-wave simulations that were computed with OPUS 3-D 
(dashed lines). As before, for both R and T there is excellent agreement between the numer-
ical and the analytical solution over a large wavelength range, from 400nm to 800nm. This 
illustrates the simulator’s capability to correctly compute transmission, reflection, and absorp-
tion spectra for simple planar structures. 
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Figure 4: Comparison of analytical (solid) and numerical (dashed) solutions for a multi-layer anti-
reflection filter. The red curves indicate the reflection coefficients, the blue curves are the transmission 
coefficients. 

Benchmark 2: Scattering from a dielectric sphere 
The following benchmark was set up in order to illustrate that OPUS 3-D is very well suited 
for the analysis of more challenging scattering problems with curved or bent geometries. As 
depicted in Figure 5 we analyze a plane wave that impinges on a dielectric sphere (with an 
index of refraction n=1.5) whose radius has a similar order of magnitude as the wavelength 
(r=2.5λ).  

 
Figure 5: Mie scattering benchmark – a plane wave impinges on a dielectric sphere. 

This benchmark is particularly challenging due to the sphere’s curved surface. This example 
has not only been chosen to prove OPUS’ ability to efficiently treat complex structures and 
material interfaces, but also because there exist well-known semi-analytical reference solu-
tions – the Mie series. These reference solutions were computed in Matlab utilizing a freely 
available and thoroughly tested code. For the benchmarking procedure both the finite-
element solution (OPUS 3-D) and the reference solution (Matlab) were evaluated and com-
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pared on a three-dimensional computation domain. Whereas the CPU time for OPUS 3-D 
ranged around one hour the Matlab solution required a computation time of more than ten 
hours on the same computer. The comparison between both approaches is illustrated in Fig-
ure 6. To prove that there is not only a qualitative, but also a quantitative agreement, the 
same scales were utilized when plotting the electric fields both inside and outside the sphere. 
The error ranges around 3%. 
 

 
Figure 6: Comparison between numerical and semi-analytical solution 

In order to show the general validity of the results a second benchmark was carried out. This 
time, however, the radius of the sphere was modified (r=1.5λ), and a metallic sphere re-
placed the dielectric sphere. The results of the second Mie scattering benchmark are depict-
ed in Figure 7. Again, there is excellent agreement between the numerical solution, obtained 
with OPUS 3-D, and the semi-analytical reference solution computed in Matlab. This bench-
mark also illustrates that the simulator can account for complex metallic structures inside the 
simulation domain.  

 
Figure 7: Scattering from a metal sphere. Comparison of numerical solution (left) and semi-analytical Mie 
series (right). 

Extraction of refractive indices for multi-layer materials 
As already outlined in the introduction, it is one of the project’s main goals to illustrate the 
good agreement between measured and numerically computed optical characteristics for a 
large class of devices. Yet, prior to comparing measured and computed reflection and trans-
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mission coefficients, it is of utmost importance to correctly describe the refractive indices of 
all involved materials as a function of the wavelength. Determining these values – either ex-
perimentally or numerically – is quite challenging a task for various reasons. First, there exist 
several uncertainties regarding the exact structure of the device, such as – owing to process 
variations – the thickness of the FTO layer on top of the glass substrate. Second, the meas-
ured devices can feature not only rough surfaces but also complex structures such as nan-
owires or urchin-shaped structures (as in [2]) that will yield in refractive indices that are dif-
ferent from those of bulk materials. Third, it is not always possible to experimentally analyze 
each material separately. For instance, the FTO can hardly be isolated and comes almost 
always deposited on a glass substrate. Thus, prior to comparing measured and numerically 
simulated reflection and transmission spectra it is mandatory to determine the refractive indi-
ces and layer thicknesses of all involved materials. In the following, we employ a two-step 
procedure to extract all relevant refractive index data from measured reflection and transmis-
sion coefficients (for a planar structure). First, we model the device as a material stack with 
infinite lateral dimensions and utilize a plane wave transfer-matrix-method to compute the 
reflection and transmission coefficients for each wavelength. The complex refractive indices 
of all involved materials, for example the FTO, the ZnO, and the glass, are modeled as 
standard Drude-Lorentz-oscillators that account not only for the refractive index but also for 
the material’s absorption coefficient. For each of the materials the Drude-Lorentz model fea-
tures several degrees of freedom, i.e., a parameter set to describe its optical characteristics. 
In a second step we employ a non-linear Leuvenberg-Marquardt optimization algorithm to 
determine the optimal model parameters by fitting the measured and numerically computed 
reflection and transmission coefficients. The entire procedure is implemented and evaluated 
using Matlab. Figure 8 shows the dispersion relation of the real part of the refractive index for 
three materials that typically occur in ETA solar cells. These data were obtained after a suc-
cessful optimization procedure. They are further employed when simulating devices featuring 
more complex designs, e.g., arrays of nanowires. 

 
Figure 8: Refractive indices of FTO, glass, and ZnO as functions of the wavelength. 

 
Benchmark 3 – Comparison with measured data, glass-FTO-structure 
After determining the refractive indices, the first comparison between measured and simulat-
ed data is carried out for a simple planar reference device. It features a glass substrate cov-
ered by a layer of transparent conducting oxide FTO. The FTO layer thickness ranges 
around 700nm. For a broad wavelength range, from 300nm up 1200nm, the optical charac-
teristics of this structure are analyzed both experimentally and numerically.  During the ex-
periment a monochromatic plane wave impinges on the structure and both reflected and ab-
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sorbed power are measured simultaneously. The measured data are indicated in Figure 9 
(solid lines), where the red curve corresponds to the reflection coefficient whereas the blue 
curve shows the transmission coefficient.  For a direct comparison to simulated data, the 
same structure is modeled in OPUS 3-D, and both R and T are computed in a post-
processing step after the 3-D full-wave simulation finishes. The most important input parame-
ters for the numerical simulation are the device geometry and the materials’ refractive indi-
ces. The latter were obtained from the data displayed in Figure 8.  
The comparison between simulated and measured data is shown in Figure 9. The solid lines 
indicate measured data, the dashed curves show both the computed reflection and transmis-
sion spectra, and the triangles indicate for which wavelengths these values have been com-
puted. The plot clearly shows the excellent agreement between simulated and measured 
data for the entire wavelength range. 

 
Figure 9: Comparison between measured (solid) and simulated (dashed) reflection and transmission 
spectra for a planar glass-FTO structure. The measured data are provided by EMPA Thun. 

Benchmark 4 – Comparison with measured data, glass-ZnO-FTO-structure 
Here, a more elaborated device is being analyzed. It is similar to the previous reference de-
vice, but this time the structure features an additional compact layer of ZnO with a thickness 
of 840nm. The benchmarking procedure is identical to Benchmark 3 – for a broad wave-
length range we measure and simulate the reflection and absorption spectra. A direct com-
parison of these data is shown in Figure 10. The solid lines indicate measured reflection and 
transmission coefficients whereas the dashed lines indicate simulation results. As in the pre-
vious case there is excellent agreement between simulated and measured data over the en-
tire wavelength range. 

 
Figure 10: Comparison between measured (solid) and simulated (dashed) reflection and transmission 
spectra for a planar glass-ZnO-FTO structure. The red curves indicate measured and simulated reflection 
coefficients, the blue curves show the transmission coefficients. EMPA Thun provided the measured 
data. 
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STATUS REPORT ON WORK PACKAGE 4: SIMULATION OF MORE REALISTIC 
STRUCTURES AND COMPARISON TO MEASURED DATA 
The previous benchmarks illustrated that OPUS 3-D is capable of computing both reflection 
and transmission spectra in such way that they can easily be compared to measured data. 
After having shown the simulator’s accuracy by comparing the numerical results to either 
analytical reference solutions or measured data, the following section illustrates how the 
simulator can help to investigate and under-stand experimental findings that cannot be ex-
plained or reproduced with simple one-dimensional or analytical models.  
The structure we investigate in the following is a ZnO nanowire array whose detailed descrip-
tion can be found in [3]. An SEM image of the structure is shown in Figure 11. Here, various 
arrays of ZnO nanowires were electro-deposited on glass substrates featuring a conducting 
SnO2:F layer. 

 
Figure 11: ZnO nanowires electro-deposited on a glass conductive substrate (FTO). 

In order to control each nanowire dimension separately (diameter and length) we have used 
our reported methods for electrodeposition of ZnO nanowire arrays with tailored dimensions 
(see also [4]). In the following, the electrodeposition conditions as well as the dimensions’ 
variation are briefly presented in table 1 and 2 (for length and diameter variation, respective-
ly). For the series where we fix the diameter and vary the length the fixed conditions are: 
[KCl] = 1 M, saturated O2, T = 80 °C, V= -1 V vs ECS. For the series where we fix the length 
and vary the diameter the fixed conditions are: saturated O2, T = 80 °C, V= -1 V vs ECS. 
 
Table 1: Varied nanowires’ length at different electrodeposition conditions. 

Length (µm) Diameter (nm) [ZnCl2] (M) Q (C/cm2)* 

0.5 95 5x10-4 5 

0.9 103 5x10-4 10 

1.5 90 1x10-4 20 

2.0 95 1x10-4 38 

 
 

In order to investigate the influence of the NW dimen-
sions on the light scattering, the spectral dependence of the
total reflectance of the ZnO NW arrays was analyzed. Figure
2 displays the results for both series of samples. For a con-
stant diameter !Fig. 2"a#$, the maximum of the total reflec-
tance increases with the NW length "from 8.6% to 20.4% for
lengths of 0.5 and 2.0 !m, respectively# and no significant
spectral shift is observed. Although an increase in the total
reflectance is observed in the whole visible wavelength
range, the most pronounced enhancement occurs at "
%400 nm. On the contrary, for a constant length !Fig. 2"b#$,
the increase in the diameter induces a considerable redshift
in the reflectance maximum because the total reflectance at
relatively long wavelengths increases with the NW diameter.
As an example, the total reflectance at "=700 nm for the
array constituted of the thickest NWs "#%330 nm# is
around 17%, which is a factor %2.5 times greater than that
for the thinnest ones "#%105 nm, 7%#.

Although the radiation scattering in a given single
spherical object can be analyzed by the Mie theory16 for the
whole electromagnetic wavelength range, the quantitative
analysis of the multiple scattering in systems with a rela-
tively high disorder "as the present ZnO NW arrays# remains
rather difficult. However, the present experimental data "Fig.
2# can be qualitatively interpreted by considering ZnO NWs

as scattering centers. The increase in the NW length en-
hances the multiple scattering for a certain wavelength.
While the increase in the NW diameter results in the scatter-
ing of the long wavelength visible radiation due to the aug-
mentation of the size of the scattering center. Other geo-
metrical parameters such as the NW verticality and the
distance between neighboring NWs may also affect the light
scattering. However, no strong differences in verticality were
observed for the analyzed NW arrays and the NW interspace
become a complementary parameter of the diameter for the
arrays with approximately constant density "series 2#.

To study the influence of the light scattering on the sen-
sitization of the ZnO NW arrays, the samples exhibiting the
extreme values of the dimensions were coated with CdSe. A
conformal coating was obtained, resulting in arrays of ZnO/
CdSe core-shell NWs !insets in Figs. 1"c# and 1"d#$. The
estimated values3 of the CdSe shell thickness are included in
Table I. It is interesting to note that the charge density passed
during the CdSe electrodeposition was held at 0.25 C /cm2

for all samples to keep the CdSe amount constant. As a con-
sequence, the thickness of CdSe shell decreases with the RF
"$50 and %20 nm for RFs of 7 and 18, respectively#.

Figure 3 displays the absorbance spectra, which
were determined from the total transmittance and
reflectance measurements according to IA / I0=1− "IT / I0#
− "IR / I0#, for the samples constituted of the shortest and long-
est NWs !Fig. 3"a#$ and those of the thinnest and thickest
ones !Fig. 3"b#$.

Surprisingly, considerable absorption for "$800 nm,
where CdSe "Eg%1.7 eV# should not absorb, was obtained
for samples constituted of the thickest NWs !Fig. 3"b#$. This
could be a result of an artifact measurement with some losses
in the measurement of the total reflectance, as previously
reported in silicon wafers.17 In order to check this, measure-
ments of 1− "IA / I0# were performed by placing the samples
at the center of the big sphere. The inset in Fig. 3"b# shows
that no significant differences can be observed between the
absorbance determined by the two different ways, confirming
the absorption for "$800 nm. The latter could be induced
by the presence of some defects "on CdSe surface and/or at
the several interfaces of samples#, which absorption may be
enhanced by the scattering in samples constituted of the
thickest NWs. By comparing Figs. 2 and 3, we can conclude
that the light scattering in ZnO NW arrays enhances the light
absorption in ZnO/CdSe samples.

Focusing on the spectral region where CdSe absorbs
generally, the differences in the absorption were quantita-
tively analyzed by calculating the effective absorption "AE#3

in the 400–725 nm range of the AM1.5 solar spectrum. The
obtained values are shown in Table I. The data of a reference

TABLE I. Mean values of the ZnO NW dimensions and CdSe thickness.
The values of the RF and effective absorption, in the 400–725 nm of the
AM1.5 solar spectrum range, are also shown.

Diameter
"nm#

Length
"!m#

Density
"%109 NW cm−2# RF

CdSe thickness
"nm#

AE,400–725

"%#

Compact 0.50 Compact 1 350 56
95 0.45 5 7 $50 71
100 0.90 4 12 ¯ ¯
90 1.50 5 22 ¯ ¯
95 2.00 3 18a %20 78
105 1.50 2 10 %35 78
135 1.40 3 18 ¯ ¯
180 1.45 2 17 ¯ ¯
330 1.50 1 16 %20 88

aThis value is undervalued due to the decrease in the density of the longest
NWs.

FIG. 1. SEM micrographs of electrodeposited ZnO NW arrays: !"a# and "b#$
cross section and !"c# and "d#$ top view. The insets in "c# and "d# show the
top view of these arrays after the CdSe electrodeposition.

FIG. 2. "Color online# Total reflectance spectra of glass /SnO2:F /
ZnObuffer /ZnONW samples with "a# constant diameter and different lengths
and "b# constant length and different diameters.
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Table 2: Varied nanowires’ diameter at different electrodeposition conditions. 

Diameter (nm) Length (µm) [ZnCl2] (M) [KCl] (M) Q (C/cm2)* 

105 1.52 1x10-4 1 38 

133 1.40 5x10-4 3,4 2.5 

180 1.44 5x10-4 1 10 

330 1.50 5x10-4 3,4 4 

 
These nanowires differed with respect to thickness (diameter from 105 to 330 nm) and length 
(from 0.5 to 2 µm). Technical details about the elaborate measurement procedure can be 
found in our last report. 
The experiments revealed that both the length of the nanowires and their diameter have a 
very strong but distinct impact on the reflection and transmission spectra. The measurements 
show that – leaving the nanowire diameter constant – an increase in nanowire length gener-
ally results in significantly higher reflection while leaving the peak reflection wavelength un-
changed. In contrast, increasing the width of the nanowires while keeping their length con-
stant not only broadens the reflection spectrum but also leads to a significant red shift of the 
absorption peak wavelength. Both experimental findings are outlined in Figure 12.  

 
Figure 12: Impact of nanowire length and diameter on the reflection coefficient; measured by EMPA Thun. 
Subplot a) shows the reflection spectra for a constant wire diameter of 100nm – the length is gradually 
increased from 500nm to 2000nm. Subplot b) shows the reflection coefficients when the nanowire length 
is kept constant at 1500nm and the diameter is increased from 105nm to 330nm 

It is the goal of this benchmark to show that a numerical analysis of such nano-wire struc-
tures confirms the essential experimental findings. Clearly, this is a problem that cannot be 
analyzed with simple one-dimensional approaches or ray-optical approximations but man-
dates the use of 3-D full-wave simulations as the devices feature complex three-dimensional 
sub-wavelength nanowires. A particular challenge arises during the numerical analysis, as 
this is a multi-scale problem. On the one hand we have to treat a rather large simulation do-
main with a size of several wavelengths in any of the three spatial dimensions. On the other 
hand, the nanowires featuring a diameter ranging around 100nm are sub-wavelength struc-
tures that need to be accounted for. It is the combination of large simulation domains and 
small sub-wavelength structures that makes the numerical investigation of these structures a 
most challenging task. Such multi-scale problems cannot be efficiently treated with standard 
numerical tools such as Finite Elements or Finite-Difference Time-Domain. In both cases the 
computational cost would be much too high for an efficient numerical treatment.  
The computational model used for the numerical analysis with OPUS 3-D is depicted in Fig-
ure 13. Similar to what was done on the experimental side we modified both length and di-
ameter of the nanowires and computed the reflection and transmission coefficient for a large 
wavelength interval ranging from 400nm to 1000nm. The efficient numerical model guaran-
teed moderate computational requirements even for very detailed and accurate models. All 
numerical problems featured between 2’500’000 and 4’500’000 degrees of freedom, which 
translated to a memory consumption of some 25 GByte. Employing the newly developed 

In order to investigate the influence of the NW dimen-
sions on the light scattering, the spectral dependence of the
total reflectance of the ZnO NW arrays was analyzed. Figure
2 displays the results for both series of samples. For a con-
stant diameter !Fig. 2"a#$, the maximum of the total reflec-
tance increases with the NW length "from 8.6% to 20.4% for
lengths of 0.5 and 2.0 !m, respectively# and no significant
spectral shift is observed. Although an increase in the total
reflectance is observed in the whole visible wavelength
range, the most pronounced enhancement occurs at "
%400 nm. On the contrary, for a constant length !Fig. 2"b#$,
the increase in the diameter induces a considerable redshift
in the reflectance maximum because the total reflectance at
relatively long wavelengths increases with the NW diameter.
As an example, the total reflectance at "=700 nm for the
array constituted of the thickest NWs "#%330 nm# is
around 17%, which is a factor %2.5 times greater than that
for the thinnest ones "#%105 nm, 7%#.

Although the radiation scattering in a given single
spherical object can be analyzed by the Mie theory16 for the
whole electromagnetic wavelength range, the quantitative
analysis of the multiple scattering in systems with a rela-
tively high disorder "as the present ZnO NW arrays# remains
rather difficult. However, the present experimental data "Fig.
2# can be qualitatively interpreted by considering ZnO NWs

as scattering centers. The increase in the NW length en-
hances the multiple scattering for a certain wavelength.
While the increase in the NW diameter results in the scatter-
ing of the long wavelength visible radiation due to the aug-
mentation of the size of the scattering center. Other geo-
metrical parameters such as the NW verticality and the
distance between neighboring NWs may also affect the light
scattering. However, no strong differences in verticality were
observed for the analyzed NW arrays and the NW interspace
become a complementary parameter of the diameter for the
arrays with approximately constant density "series 2#.

To study the influence of the light scattering on the sen-
sitization of the ZnO NW arrays, the samples exhibiting the
extreme values of the dimensions were coated with CdSe. A
conformal coating was obtained, resulting in arrays of ZnO/
CdSe core-shell NWs !insets in Figs. 1"c# and 1"d#$. The
estimated values3 of the CdSe shell thickness are included in
Table I. It is interesting to note that the charge density passed
during the CdSe electrodeposition was held at 0.25 C /cm2

for all samples to keep the CdSe amount constant. As a con-
sequence, the thickness of CdSe shell decreases with the RF
"$50 and %20 nm for RFs of 7 and 18, respectively#.

Figure 3 displays the absorbance spectra, which
were determined from the total transmittance and
reflectance measurements according to IA / I0=1− "IT / I0#
− "IR / I0#, for the samples constituted of the shortest and long-
est NWs !Fig. 3"a#$ and those of the thinnest and thickest
ones !Fig. 3"b#$.

Surprisingly, considerable absorption for "$800 nm,
where CdSe "Eg%1.7 eV# should not absorb, was obtained
for samples constituted of the thickest NWs !Fig. 3"b#$. This
could be a result of an artifact measurement with some losses
in the measurement of the total reflectance, as previously
reported in silicon wafers.17 In order to check this, measure-
ments of 1− "IA / I0# were performed by placing the samples
at the center of the big sphere. The inset in Fig. 3"b# shows
that no significant differences can be observed between the
absorbance determined by the two different ways, confirming
the absorption for "$800 nm. The latter could be induced
by the presence of some defects "on CdSe surface and/or at
the several interfaces of samples#, which absorption may be
enhanced by the scattering in samples constituted of the
thickest NWs. By comparing Figs. 2 and 3, we can conclude
that the light scattering in ZnO NW arrays enhances the light
absorption in ZnO/CdSe samples.

Focusing on the spectral region where CdSe absorbs
generally, the differences in the absorption were quantita-
tively analyzed by calculating the effective absorption "AE#3

in the 400–725 nm range of the AM1.5 solar spectrum. The
obtained values are shown in Table I. The data of a reference

TABLE I. Mean values of the ZnO NW dimensions and CdSe thickness.
The values of the RF and effective absorption, in the 400–725 nm of the
AM1.5 solar spectrum range, are also shown.

Diameter
"nm#

Length
"!m#

Density
"%109 NW cm−2# RF

CdSe thickness
"nm#

AE,400–725

"%#

Compact 0.50 Compact 1 350 56
95 0.45 5 7 $50 71
100 0.90 4 12 ¯ ¯
90 1.50 5 22 ¯ ¯
95 2.00 3 18a %20 78
105 1.50 2 10 %35 78
135 1.40 3 18 ¯ ¯
180 1.45 2 17 ¯ ¯
330 1.50 1 16 %20 88

aThis value is undervalued due to the decrease in the density of the longest
NWs.

FIG. 1. SEM micrographs of electrodeposited ZnO NW arrays: !"a# and "b#$
cross section and !"c# and "d#$ top view. The insets in "c# and "d# show the
top view of these arrays after the CdSe electrodeposition.

FIG. 2. "Color online# Total reflectance spectra of glass /SnO2:F /
ZnObuffer /ZnONW samples with "a# constant diameter and different lengths
and "b# constant length and different diameters.
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load balancing scheme the computation time ranged around 80 minutes when distributed to 
12 CPUs.  

 
Figure 13: Computational model for analyzing the impact of the nanowire structure on the optical device 
characteristics. 

The key findings of the simulations are illustrated in Figures 14 and 15. Figure 14 shows how 
the reflection spectrum evolves when the diameter of the nanowires is kept constant at 200 
nm whereas the length increases from 500 nm to 1500 nm. Similar to what is observed dur-
ing the measurements we see that the reflection coefficient strongly increases for wave-
lengths between 400 nm and 600 nm whilst the spectral position of the reflection peak re-
mains approximately constant at about 500 nm. This is in excellent agreement with meas-
ured data.  

 
Figure 14: Simulation result - impact of nanowire length on the reflection coefficient. The diameter of the 
nanowires is kept constant at 200nm. An increase in nanowire length leads to a strong increase of the 
reflection coefficient. The peak wavelength remains constant at 500nm. 

If – on the other hand – the length of the nanowires is kept constant at 1500 nm whereas 
their diameter is increased from 200 nm to 290 nm the simulation reveals two significant 
changes in the reflection spectrum. These changes are depicted in Figure 15. First, the in-
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creasing width leads to a broader reflection spectrum. Second, the new absorption spectrum 
shows a clear red shift – its peak wavelength shifts from 500 nm to 600 nm. Again, this is in 
very good agreement with measured data. 

 
Figure 15: Simulation result - impact of nanowire diameter on the reflection coefficient. The nanowire 
length is kept constant at 1500 nm. The diameter is increased from 200 nm to 290 nm. 

Summing up, a comparison to the measured results clearly shows that both key findings – 
the increase of reflection with increasing length and both the red shift and the broadening of 
the spectrum with increasing width – can be reproduced and analyzed using numerical simu-
lations. Here, we have good agreement not only qualitatively, but also quantitatively.  

NATIONAL AND INTERNATIONAL COOPERATION 
As already outlined in the last report, the success of the entire project is strongly related to 
the efficient and fruitful national collaboration between EMPA Thun and the Zurich University 
of Applied Sciences. The communication and cooperation strategy has not changed since 
the last report. Thus, all work packages that could be carried out independently were split 
between the partners. Other tasks that required far-reaching strategic discussions were de-
cided upon by all partners in order to achieve the best possible results. 
In addition, this research project has also arisen strong international interest. The project 
team was approached by an international innovation magazine and invited to publish an arti-
cle about their work that is to appear in a special edition focusing on cutting edge Swiss re-
search. This article will be available for more than 30’000 readers in Europe and the INCO 
countries and is to appear during the next couple of months. 

4. Summary and Outlook 
We have successfully demonstrated that our novel simulation software OPUS 3-D is well 
suited for the numerical analysis of elaborate ETA solar cell structures. By showing the good 
agreement between measured and simulated optical data for a broad variety of designs we 
could illustrate that our approach – combining measured and simulated data – is well suited 
for the analysis and design of next-generation ETA solar cells. Among the next possible 
steps are the analysis and design of even more complex structures such as solar cells fea-
turing urchin-like nanostructures or the transition to combined electro-optical simulations. 
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