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The concept of 3D photonic intermediate reflectors for mi-
cromorph silicon tandem solar cells has been investigated. In
thin-film silicon tandem solar cells consisting of amorphous
and microcrystalline silicon with two junctions of a-Si/pc-Si,
efficiency enhancements can be achieved by increasing the
current density in the a-Si top cell. It is one goal to provide an
optimized current matching at high current densities. For an
ideal photon-management between top and bottom cell, a
spectrally selective intermediate reflective layer (IRL) is nec-
essary, which is less dependent of the angle of incidence than
state-of-the-art thickness dependent massive interlayers. The
design, preparation and characterization of a 3D photonic
thin-film filter device for this purpose has been pursued
straight forward in simulation and experimental realization.

1 Introduction Efficiency enhancement in photo-
voltaic cells is not only a matter of electronic properties,
but also of various optical properties. Anti-reflection coat-
ings (ARC) and grating couplers have been investigated
[1-3], even water-repellant low-indexed ARC for module
glass [4]. Also engineered light-trapping for solar cells has
constantly been developed [5—7]. Several approaches have
been exploring grating structures [8, 9] and light trapping
structures [10], also for organic solar cells [11]. Also non-
periodic backside reflectors from dielectric materials [12]
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The inverted opal is capable of providing a suitable op-
tical band stop with high reflectance and the necessary long
wavelength transmittance as well and provides further options
for improved light trapping. We have determined numerically
the relative efficiency enhancement of an a-Si/pc-Si tandem
solar cell using a conductive 3D-photonic crystal. We have
further fabricated such structures by ZnO-replication of
polymeric opals using chemical vapour deposition and atomic
layer deposition techniques and present the results of their
characterization. Thin film photonic IRL have been prepared
at the rear side of a-Si solar cells. Completed with a back con-
tact, this is the first step to integrate this novel technology into
an a-Si/pc-Si tandem solar cell process. The spectral response
of the cell is presented and compared with reference cells.
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show promising results, while combined approaches of
front and backside improvement are being discussed as
well [13]. The growing research field of photonics and
photonic crystals [14] covers numerous approaches to im-
prove solar cells [15, 16]. The optical design of solar cells
and their components is therefore a major task in photo-
voltaic research already.

The parallel development of electronic and photonic
properties and their interactions and possibilities of com-
bined design is becoming an important issue. For an im-
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provement of state-of-the-art 1st and 2nd generation PV
cells and modules, even small improvements in efficiency
on a technical level will contribute to the energy yield on
short-term scale — but only if such advances can be intro-
duced to established industrial fabrication lines with ac-
ceptable effort.

In recent years, the growing demand for solar energy —
and thus efficiency and cost effectiveness — have lead to
much interest in thin-film photovoltaic devices. The prin-
ciple need for PV technologies with a short energy pay
back time is obvious. Among the available technologies,
the use of silicon as base material is of interest, because of
its natural resources and the environmentally friendly
chemistry of the material. Amorphous silicon thin-film
technology has been offering very low cost per Watt peak
in recent years, but unsatistfying efficiencies on standard
conditions. The potential of the micromorph tandem cell
will be discussed in the following.

1.1 Micromorph tandem solar cell The micro-
morph tandem cell consists of two different silicon junc-
tions. The bottom junction (or cell) is made of microcrys-
talline Si (pc-Si) and about 1—2 microns in thickness. The
top cell is of hydrogenated amorphous silicon type
(a-Si:H), with a thickness of typically 0.2—0.3 microns.
Both cells are thin-film devices, deposited from gas phase
in PECVD or hot wire processes. Also, both are p—i—n de-
vices, which in contrast to usual p—n devices use a built-in
electric field to separate generated charge carriers. The
cells are directly stacked on one another, with just a small
tunnelling layer in between to avoid direct contact of
n-type and p-type material from separate junctions. The
cell is of so-called superstrate type: the process is top to
bottom, starting with the a-Si cell on the front glass.

The combined thickness of such a tandem is about two
microns, reducing price per watt peak, in terms of supply
of resources and in terms of fabrication time. Both junc-
tions are based on industrially available thin-film tech-
nologies and can cover large areas quickly: The deposition
cycle of industrial modules can deliver one 1.4 m* module
about every ten minutes. However, degradation of the top
cell is an efficiency-limiting problem.

Figure 1 shows the schematic device. The front cell is
deposited directly on a textured ZnO front glass, which
serves as transparent front contact and superstrate. The
etched texture is essential for light trapping in these cells.
In between the junctions, doped tunneling layers terminate
the n and p regions of the junctions against each other. The
bottom cell follows conformally and is typically finalized
with a (TCO connected) metal backside reflector and con-
tact. The measured EQE of two junctions from the same
tandem are shown in Fig. 2. High energy photons are being
absorbed completely in the a-Si:H top cell, while red and
infrared light is transmitted to the bottom cell, being
absorbed by the pc-silicon. In the spectral range between
550 nm and 700 nm the top cell suffers from decreasing
absorption coefficient of a-Si:H towards longer wave-
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Figure 1 (online colour at: www.pss-a.com) Schematic of the
micromorph tandem cell.

lengths. The spectral overlap of the EQE offers an oppor-
tunity to tailor the photon distribution between the two
junctions by intermediate optical filters.

1.2 Potential Tandem cells are so-called 3rd genera-
tion PV technology. They fight fundamental losses in ab-
sorption and thermalization processes with the incorpora-
tion of more than a single electronic band gap within one
PV device. Up to now, all top-rated high efficiency cells
are III/V triple junction cells [17]. The combination of
a-Si:H and pc-Si:H cells to build a tandem is motivated
by the large difference in bandgap (~0.6 eV), as it contains
the multi-junction advantage. The micromorph tandem fea-
tures absorption edges of 1.1 eV (uc) and 1.7 ¢V (a). Ac-
cording to Green [18], the ideal edges of absorption for a
series-connected two cell tandem for use in diffuse
sunlight are 0.97 ¢V and 1.70 eV. The absorption edge of
a-Si:H, however, is rather low at wavelengths above
550 nm, as Fig. 2 shows. Since both cells within the tan-
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Figure 2 (online colour at: www.pss-a.com) Seperately meas-
ured external quantum efficiencies of the a-Si:H and pc-Si cells
of one tandem cell. Their overlap is the spectral target area of
photonmanagement.
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dem divide the incoming photon flux from the sun among
them, we have to consider the nature of this spectrum split-
ting.

Let us think of a theoretical tandem, consisting of two
identical, lossless coupled, series-connected cells of the
same electronic bandgap. Let us further say, that it shows
the same efficiency as a (probably thicker) single junction
of the same material, but as a tandem — delivering twice
the voltage but half the current. If we now replace the top
cell with a cell of higher bandgap, leaving everything else
untouched, the voltage will increase. This is the impact of
the multi-junction advantage on the absorption efficiency.
Also, this leads to reduced thermalization, decreasing the
losses to phonon excitation.

Due to its higher open circuit voltage V., the a-Si:H
top cell delivers higher electrical power for each absorbed
photon. So, in principle, the amorphous cell’s absorption
should be maximized. Optimization of the micromorph
tandem cell will lead to a unique combination of 3rd gen-
eration potential with 2nd generation effectiveness in one
low-cost & high efficiency thin-film solar cell.

1.3 Current matching Although maximization of
absorbance by the a-Si:H cell is a key factor towards effi-
ciency enhancement, further properties of the tandem have
to be taken into account.

In order to eliminate losses from imperfect electrical
conditions, the junctions of any series-connected tandem
cell have to be current-matched. Uncompensated mismatch
will prevent power from being delivered to the contacts as
the smallest current will always dominate the tandem out-
put. Micromorph tandems suffer from a current mismatch:
the a-Si top-cell is limiting the electrical current of the
whole tandem. Here the need for higher currents (and thus
higher absorbance) in the top cell becomes obvious for a
second cause. Table 1 shows the electrical properties of
both junctions of a tandem in detail. The open circuit volt-
ages (V,,) as well as typical values at the maximum power
point (MPP) in the tandem are shown. Typical short-ciruit
currents are about 11 mA/cmm?.

The currents differ about 10% which can partially be
compensated by driving the a-Si cell not on MPP along the
j(V) curve, but at reduced voltage and increased current.

However, this is a trade-off, reducing efficiency at the
electrical fill factor. A second solution: to increase the
thickness of the top cell is not feasible either, due to the
rather poor transport properties of amorphous silicon.
Thickness is limited to few hundred nanometers in a-Si.

Repmann discussed the current matching at MPP [19],
showing the initial and stabilized currents. The approach of

Table 1 Voltages of the a-Si/pc-Si junctions.

Voc [V] Vmpp,tan [V]
a-Si:H 0.91 0.85
pe-Si 0.50 0.35
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optical current matching provides an additional way of in
creasing the tandem efficiency there. In the ideal case, the
solar spectrum can be spectrally splitted between the junc-
tions after passing the top cell. A ratio of the high energy
photons are then back reflected and absorbed in the top cell.
If the optical current matching is optimized, both junctions
could be driven at their individual MPP, which would lead
to further enhancement of efficiency, since the top cell
voltage could be increased again by several percent. Opti-
cal interlayers with appropriate filter properties are there-
fore investigated, both theoretically and experimentally
with great effort.

2.1 IRL state of the art The basic function of any
intermediate reflective layer (IRL) in a tandem cell is the
back reflection of a certain ratio of incident photons that
have not been absorbed in the top cell. The exact measure
of this ratio is defined by the actual current mismatch that
has to be compensated.

The problem of current mismatch and the concept of
the intermediate reflective layer for silicon tandems have
been investigated in many ways in the last decade. The mi-
cromorph tandem was a topic at Forschungszentrum
Jilich, Germany [19-21], University of Neuchatel, Swit-
zerland [22—24] and Kaneka corporation, Japan [25]. Also
micromorph cells on flexible plastic substrates have been
reported, e.g. by Haug et al. [26], with incorporated IRL of
a silicon oxide compound. They achieved current matching
up to 0.2 mA/cm? of remaining mismatch at tandem cur-
rents of j,=11.2 mA/cm*. The common approach to all
reported work is the use of a massive TCO layer. It leads to
reflection at the interface between top cell and IRL, as well
as between IRL and bottom cell. This reflectance is mainly
described by Fresnel’s equations and strongly depends on
the thickness of the interlayer. The use of a finely tuned
spectrally narrow thin-film oscillation leads to significant
angular dependence of the interlayer spectrum splitting ef-
ficiency. Nevertheless, the massive IRL is a very attractive
concept, because of its high compatibility with available
deposition technologies. Also remarkable enhancements
have been achieved: Kaneka reported initial efficiencies of
13.4% in a small module and 15.0% for a lab cell of 1 cm?,
compared with 11.7% listed in the 2007 solar efficiency
tables [17].

Investigations of such layers by Krc et al. in 2006 re-
vealed: “Optical analysis of the interlayer revealed possi-
bilities for significant improvements of Jsc, (>25%) or
thickness reductions Ad,,,, (>50%) for interlayers with
small refractive index (7, < 2.0)” [27].

Their results included also the observation that using
massive interlayers, strong enhancements of the absorption
(red/NIR) in the top cell will significantly reduce bottom
cell illumination even at optimized thicknesses. This is
caused by the spectrally wide overall reflectance at the in-
terfaces, leading to unwanted back-reflection losses also in
the long-wavelength regime. Low refractive index of the
IRL is in any case favoured, as low as even n; = 1.2.
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An optically optimized tandem cell would be com-
posed from a highly efficient light trapping front, a very
thin a-Si layer that is possible because of an intermediate
reflective layer (IRL) and a thin but efficient pc-Si layer,
allowed by the good light trapping and a diffuse back side
reflector.

2.2 Requirements The requirements for any simple
and also for any sophisticated intermediate filter can easily
be deducted from already discussed properties. It should
provide the following three conditions:

— First, the IRL should deliver a spectrally limited
back-reflectance for the a-Si top cell where the EQE of
both junctions is defining our spectral region of interest.

— Second, the IRL should to be transparent for red and
infrared light.

— Third, the IRL must exhibit a sufficient electrical
conductivity, as the micromorph tandem is a series-
connected 2-terminal device.

The quantification of these requirements is somewhat
fuzzy since there is no standard micromorph tandem cell.
Also can the thickness of both junctions be used within
certain limits to tune absorbance to match the tandem to a
promising photon management provided by an IRL.

However, the reflectance has to modify the spectral
photon distribution in order to achieve current matching of
a certain tandem cell. The mismatch is typically in order of
magnitude of 10%. Red transmittance has to be as high as
possible and the resistance of the integrated IRL should be
clearly below ~2 Q to keep the voltage drop within the
critical limits of the cell’s diode characteristic.

3.1 IRL design Between different possible IRL
designs to improve a-Si absorbance, we can distinguish
between simple (massive) IRL and 1D, 2D and 3D
structured IRL, belonging to the material class of photonic
crystals (PhC). Homogeneous IRL introduce a Fresnel type
reflectivity. Befittingly tailored thickness of the interlayer
produces one thin-film oscillation in the spectral region of
low absorption. Despite their denomination as homo-
geneous in this article, these layers may also be porous on
the micro or nano scale but always act as one single optical
layer of effective refractive index 7. One dimensionally
periodic IRL, so-called Bragg stacks, feature a spectrally
limited band stop reflectivity. 2D periodic structures do not
posess this band stop property, besides possible thin-film
effects, but produce diffraction patterns according to their
lattice constant and type of lattice. They can be prepared
with lower refractive index, if the periodicity is fabricated
with ‘air’ holes. 3D PhC finally have the potential to
combine all mentioned effects in one photonic device.
They may also possess very low effective indices, even
less than typical 2D structures due to their volume filling
fractions. They develop a strong stop band reflectivity
between lattice planes (Bragg reflection) and add diffrac-
tive properties from their 2D surfaces and a variety of
lattice planes or, as denoted in terms of photonics, higher
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band features. The incorporation of an internal reflector is
preferably realized as a real intermediate layer, placed in
between the two junctions and therefore consisting of
transparent conductive oxides — 2D or 3D structuring of
one of the silicon interfaces will lead to strongly increased
recombination rates. Preferably, any IRL should be
feasible as add-on to already established fabrication
processes, leaving both cell depositions unchanged.

After massive IRL have already proven enhancement
potential experimentally, and with 2D gratings being dis-
cussed in a variety of functions, a novel approach to IRL
designs is the use of 3D photonic crystals (PhC): the de-
sign of an interlayer of periodically structured refractive
index in all three dimensions.

The potential of different IRL approaches towards cur-
rent enhancement in the top cell have been investigated for
massive layers, Bragg stacks (1D) and inverted opal PhC
(3D). High reflectivities with a spectral width smaller or as
wide as the overlap of the EQE should be targeted.

3.2 Concept: inverted opal IRL An internal reflec-
tor has to be compatible with the random roughness of
state of the art thin—film cells, or it should introduce strong
diffractive effects itself, justifying a planarization of the
a-Si backside.

Dependent of the lattice constant (sphere diameter), 3D
PhC will show strong diffractive properties. The onset of
diffraction at the interface between silicon and the PhC is
given by Eq. (1):

ﬂ>nf’iz03

2nc  ng

1
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The diffraction limit is also shown in Fig. 3. The photonic
properties of inverted opals can be deducted from the
photonic band structure (BS), shown in Fig. 3. Photonic
bands are summarized solutions to the photonic master
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Figure 3 (online colour at: www.pss-a.com) Photonic bandstruc-
ture (BS) of inverted opal of dielectric contrast 1.00/6.25
(air/indium-tin oxide). In /Z-direction, a stop gap opens up at
0.58a/A (arrow marks). The onset of diffraction is inserted at
about 0.3/ [28].
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equations and show the allowed frequencies for modes of
certain k-vectors. The BS yields for perfect and infinite
PhC. Eigenfrequency calculations have been performed
with MPB [24]. The stop gap in /L-direction leads to back
reflection of incident light in this direction, if the normal-
ized frequency lies within the gap. The optical modes can
not propagate in the gap: they will be reflected. The key
parameter to strong photonic effects is the refractive index
contrast or the ratio of permittivities. A slope of the bands
indicates a spectral shift, if the direction of incidence is
changed. The spectral position of their centre frequency

however, is affected by the lattice constant a = \/5 -d.

This is expressed by a spectrally limited reflectance of
the PhC, its width related to the gap in the photonic BS.

There are two effects combined in the 3D PhC, the se-
lective specular (photonic) reflectance and the diffraction
grating. According to Bragg’s law, the spectral position of
the reflection (Bragg peak) from interference of (111) lat-
tice planes of a colloidal photonic crystal follows Eq. (2):

2

where d is the diameter of the spheres, ng, is an effective
refractive index, and @ is the angle of incidence against the
(111) plane. This effective index however, is defined
within the photonic stop gap. It is not equal to, but mostly
in order of magnitude of the effective refractive index in
long wavelength limit, which is why we address this index
as a fit parameter. The reflectance wavelength of opaline
films as well as their replica depends on the refractive in-
dex contrast between spheres and the so-called host and the
lattice constant of their periodic nano-structure. Highly in-
dexed host materials surrounding hollow (air) spheres lead
to stronger photonic properties than low-index materials
with the same lattice parameters.

In this paper, we focus on the photonic stop gap, which
depends on the lattice constant of the PhC. Also we discuss
the influence of diffractive properties at the chosen crystal
parameters in efficiency enhancement.

Aany =2 d-(nE —cos’0) ",

3.3 Simulation of optical properties The optical
properties of finite and thin films of (inverted) opaline
photonic crystals and the influence of interfaces have to be
investigated with other numerical methods.

We used the scattering matrix method (SMM) as pro-
posed by Whittaker and Culshaw [29] for the calculation of
the coefficients of reflection and transmission. The PhC
structure is therefore implemented as a 3D unit cell infi-
nitely reproduced within the x,y-plane and divided in layers,
so-called chunks, like the one sketched in Fig. 4, along the
vertical z-axis.

This method is extremely fast compared with rigorous
methods, as is approximates the correct solution of the
fields. Only with an infinite number of Fourier orders
solved, the correct solution is obtained.

Therefore, all the calculations concerning efficiency
impact of the IRL have been performed with rigorous Fou-
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Figure 4 (online colour at: www.pss-a.com) 2D chunk of the fcc
unit cell for SMM.

rier methods, especially the layered Korringa—Kohn—
Rostocker method (KKR). It uses an expansion of the
fields to spherical waves in surrounding geometries of
spherical symmetry, which makes it very well suited for all
opaline PhC.

Reflectance spectra obtained via SMM are plotted in
Fig. 5. Here, the three stages of the fabrication process are
resolved: opal template, infiltrated composite and inverted
opal. These processes are discussed in detail in Section 5.
The SMM results show, that compared with the typical
opal reflectance, the inverted structure provides a larger
spectral width and a significantly higher reflectance, which
is caused by the higher index contrast. Spectra of (in-
verted) opals show only small deviations for different po-
larizations. The composite structure shows nearly no po-
larization dependence at all. Based on these calculations,

0.9 r r T T r T
08F inverted opal
0.7} \ - opal i
| composite
0.6 1
\ e
8 05} | |
b Vo
E 0.4+ T .
2 03+ J J
0.2 XUC Il
0.1 \\ S TN
s S
400 500 600 700 800 900 1000 1100

wavelength [nm]

Figure 5 (online colour at: www.pss-a.com) Calculated reflec-
tance spectra from scattering matrix simulations of 1.00/2.89 in-
verted opal, composite and opal template (6 layers, each) with
d=300 nm [30].
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Figure 6 (online colour at: www.pss-a.com) Calculated reflec-
tance spectrum from KKR simlulation of 1.00/6.25 inverted
opal (6 layers) with d =250 nm air spheres. Zero (dot, dash) and
first orders (short dash) are plotted separately, the inset shows
sufficiently high diffraction angles as a function of wavelength
[28].

we are able to follow the experimental progress of sample
preparation by means of optical spectroscopy.

The results from KKR simulations are shown in Fig. 6.
The reflectance of zero diffraction order (specular) reflec-
tivity and first orders are plotted. Also the diffraction angle
is shown in the inset for first orders. Analogous to the
SMM model, the structure for KKR method was imple-
mented as a 6 layer thin film of perfect fcc inverted opal
lattice. In contrast however, we used a higher contrast in
the permittivity 1.00/6.25 to estimate realistic limits of the
photonic properties. The results show a spectrally limited
but rather wide reflectance peak centered at about 620 nm.
The FWHM is about 170 nm, the base width between the
minima is 230 nm. Reflectance reaches 93%. From planar
interfaces and perfectly coherent excitation, strongly pro-
nounced Fabry—Perot oscillations (FPO) arise. They are
higher in amplitude than in the presented SMM spectra,
because of the difference in dielectric contrast Ae. The first
order back diffraction into the front half space is compara-
bly weak but experiences large deviations from snell’s law.
The diffractions angles are always larger than 30°. Absorp-
tion is neglected, termination of the PhC is defined by half
spaces assumed as silicon, approximating surroundings of
the silicon tandem cell.

4 Top cell enhancement calculation To estimate
the influence of an inverted opal IRL at the back of an
amorphous silicon top cell, we use the results from our
KKR simulations. Focus is on the absorption of light
within a-Si in the spectral region of its low absorbance be-
tween 550 nm and 750 nm. The thickness of the a-Si:H
junction is D. The absorbance A4y in the top cell is in-
creased by photonic back reflection in zero order 4, and
higher order diffraction A4,, because of the reflectances
R, and R,, respectively. The standard absorbance of the top
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TCO

glass

Figure 7 (online colour at: www.pss-a.com) Schematic optical
path inside the top cell for specular zero order reflectance (left)
and diffracted higher orders (right). The calculation for planar
silicon layers leads to trapping of diffracted light within th a-Si
layer and to strongly enhanced absorption of the small diffracted
ratio light [28].

cell is simply defined as in Eq. (3):

A=1-Ty=1-exp(-aD). 3)
Using the transmittance 7 through the top cell.

For zero order an optical path of D after back reflection
is assumed. Not absorbed reflected intensity is lost. For
back diffracted light, a path increase according to the dif-
fraction angle @ has been calculated according to Eq. (4).

4, =1-F (=R, (1)" exp [—mﬁ) ()

cos®
Total internal reflection (TIR) at the front of the a-Si top
cell was assumed for the received angles, m is the number
of these reflections. Thus, the dominant loss mechanism
becomes back diffraction by the PhC itself, coupling the

4 T T T T

solved for monochromatic light
i=696nm, R, =0.04

IIOS(‘II II + [o/o]

top cell back-diffraction losses

20 25

number of double internal reflections m
Figure 8 Calculated intensity loss in the a-Si top cell, caused by
back diffraction of light. About 84% of diffracted intensity (of

4%) can be trapped in the top cell, 16% of it are lost via reciproc-
ity of the PhC diffraction.
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Figure 9 (online colour at: www.pss-a.com) Absorbance en-
hancement by a 6 layer inverted opal of 1.00/6.25 permittivity
contrast. The sensitivity of the cell is extended towards the red
part of the spectrum by direct and diffractive back reflection of
light. The impact of higher orders is remarkably high although
their reflectance is of poor magnitude [28].

first orders back into zero order after TIR.

A=A+ A+ A, 5
=1-T+LR(-T)+ T+ TR A, . ®
This is sketched in Fig. 7. Although the reflectance into
higher orders is rather weak, the light trapping can lead to
significantly enhanced absorbance of the diffracted inten-
sity. A monochromatic solution of Eq. (5) is shown in
Fig. 8, where the remaining intensity within the a-Si cell
has been solved.

Light of 696 nm wavelength experiences only about
4% of diffraction, but 84% of this small ratio are being
captured by the top cell after being trapped in total reflec-
tion. The shape of the curve in Fig. 8 results from back dif-
fraction losses caused by the PhC itself, smoothed by con-
tinuous absorption in the cell. The effect of this enhance-
ment on the absorbance of a standard amorphous silicon
thin-film cell is shown in Fig. 9. Here, the impact of the
discussed optical properties is obvious. The spectral posi-
tion of the reflectance, both — direct and diffractive — is
well placed in the spectral region of low absorption of a-Si.
As a result, the back reflection enhances absorbance in the
top cell there, which leads to a red-shift of the absorption
function. The a-Si cell sensitivity has been extended to-
wards the red.

The thinner the a-Si top cell is, the less absorption it
can provide. Since thinner cells have less transport prob-
lems, the effect of our IRL concept on different thicknesses
of the top cell is of interest. Figure 10 shows three different
thicknesses and the expected enhancement ratio of our
model. In thinner cells, the ratio of diffracted and specu-
larly reflected light on the enhacement is changed.

Thinner cells still benefit from the path increase of dif-
fraction, but have reduced increases from direct reflection.
Since they have only reduced absorbance anyway, more
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Figure 10 Absorbance enhancement ratio for different thick-
nesses of the a-Si absorber layer: The impact of a matched
photonic IRL increases with thinner top cells.

light hits the interlayer and is therefore back reflected by
the IRL, which pushes the device’s importance in this case.
The combination of thinner top cells and matched interme-
diate reflector is therefore considered a feasible and tempt-
ing approach.

5 Experimental realization The preparation of in-
verted opals is a multi step process. After substrate prepa-
ration, an opal template is produced as a thin film on glass
or the back side of amorphous silicon. It is then tempered.
Afterwards, the template is infiltrated with a transparent
conductive oxide (TCO), in our case zinc oxide (ZnO).
This step is referred to as replication, since it is the forma-
tion of a structural negative of the template. Third and fi-
nally, the template is destroyed chemically or via calcina-
tion in a furnace, leaving the desired inverted opal film.
We discuss the first and second steps in more detail, as
they are of importance for the technological aspects. The

ISubstratc pl'cparzltionl
L (glass / a-Si: eleaning, hyvdrophilizing)
h

Template growthl
(dip-coating, knife coating, div.)

v
Tempering
(~90°C, stabilize template)

Infiltration

l (CVD /ALD at low temp.)

|Temp]ate rcmova]l
L (wet chemistry, tempering)

b
Cell processing
(a-Si cells only: Si backside, contacts)
Process sequence: the different steps of sample processing,

starting with bare microslide glass or a-Si solar cells to finalized
PhC filters at their back sides or contacted solar cell prototypes.
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process of sample preparation is summarized in the over-
view scheme below.

The synthesis of the monodisperse PMMA colloids
were done by surfactant free emulsion polymerization [31]
and crystallized into opaline films using vertical [32] and
horizontal crystallization approaches [33] as well as spray
induced self-assembly [34]. Airbrush experiments were
performed with a commercially available apparatus from
Sil.Air. For the horizontal crystallization coating-knifes
and a lab-made doctor blade apparatus were used as well
as several experimental knife coating devices.

We choose chemical vapour deposition (CVD) and
atomic layer deposition (ALD) methods for the purpose of
infiltration with transparent conductive oxides. In both
cases the opaline film is exposed alternatively to gaseous
precursors, either Zn(Me), (DMZ) or Zn(Et), (DEZ) as
first and H,O as second one. The two reagents adsorb to
the surface of the colloids and react there to ZnO. If after
every precursor deposition, the remaining gaseous chemi-
cals are flushed out of the reaction chamber, the surface re-
action becomes completely self-terminating.

Replication via chemical vapour deposition (CVD) fol-
lowing a literature procedure [35]. A solution of dimethyl
zinc in toluene CDMZ, 2M, Aldrich) respectively deion-
ized water from a Milli-Q-system (Millipore), which were
kept in separate glass flasks, were used as precursors. Ni-
trogen was bubbled through the solutions at a rate of
~200 ml/min alternatively to blow the precursor into the
reaction chamber with the opal sample, which was kept at
90 °C. After each cycle a nitrogen purge was applied to
remove excess material. A typical run appears as follows:
4 minutes water purge, 4 minutes pause, 90 seconds DMZ
purge, 3 minutes pause, 3 minutes nitrogen purge. Purge
times and cycle number were varied. A sufficient filling
was observed after 5—7 cycles, when the optical appear-
ance of the opal changed and the bragg-reflectance
vanished due to refractive index matching. This was veri-
fied using UV-VIS optical measurements. Replication
via atomic layer deposition (ALD) was performed in a
commercially available Cambridge Nanotech, Model Sa-
vannah.

For ALD process, pure undiluted DEZ precursor from
Sigma-Aldrich has been used as delivered. The tempera-
ture of the sample during reaction was kept as low as 60 °C.
The details of the deposition cycles are shown in Table 2.

Since the resulting deposition is conformal, the desired

deposition thickness defines the number of cycles to use.

Table 2 Deposition cylce of ALD.

material pulse exposure N, purge
[s] [s] [s]
precursor A Zn(Et), 0.1 5 10
precursor B H,O 1.5 15 150

pulse: duration of precursor influx, exposure: allowed reaction time,

purge: duration of nitrogen flushing; at substrate temperature of 7= 60 °C.

The low temperature makes long purge times for water necessary.

WWW.pss-a.com

We choose 40 nm of coating thickness. While about 23 nm
are the limit for conformal infiltration with d=300 nm
spheres, a little additional thickness on the outer surfaces
and on top of the PhC film provides improved mechanical
stability and easier electrical contact procedures later on.

5.1 Template preparation Artificial opals from
monodisperse polymer or SiO, colloids are commonly
used for the preparation of templates for inverted structures
(opal replica). They are crystallized into the cubic densest
packing and removed after the filling of the interstitials
leaving behind the opal replica.

It is thus necessary to start with colloids, where this
size can easily be adjusted to obtain a replica with the de-
sired selective reflection. In addition it must be feasible to
remove the colloids after replica formation without damag-
ing the final photonic structure.

Therefore, we choose poly-methyl-metacrylat (PMMA)
spheres for opal template preparation. This polymer can be
removed under mild conditions using organic solvents or
oxygen plasma [33, 36] without affecting the inverted
structure or the Si-layers. Also, the PMMA spheres can be
prepared by surfactant free emulsion polymerization
(SFEP) whereby the size of the resulting beads is con-
trolled by the monomer to water ratio at a given reaction
temperature and initiator concentration. In Fig. 11 the rela-
tionship between the monomer concentration and the size
of the colloids is shown. An analytic evaluation of these
data allows the prediction of the colloid size within 20 nm
using the following equation [31, 37]

logd =1/3log [M]+2.471, (6)
where d is the colloid diameter (in nm) and M is the
monomer concentration (mol/l). Monodisperse colloids be-
tween 200 nm and 500 nm in size can be produced.

Opaline films prepared from these spheres exhibit
Bragg peaks between 400 nm and 1000 nm, as shown in
Fig. 12.

600 - 1335

550 - 1 1235
— 500 | 11138 §
o S
~ <+ L
1B
: 300 | ¢ 7% 3
S +635 >
T 250 | +535 S

200 | 1 435

150 ‘ ‘ ‘ ‘ 335

0.0 1.0 2.0 3.0 40 5.0

monomer concentration (mol/l)

Figure 11 Dependence of the sphere diameter on the initial
monomer to water ratio for PMMA at an initiator concentration
(potassium peroxodisulfate) of 12 mmol/l. The correlation be-
tween the bead diameter and the Bragg-reflectance of the corre-
sponding opal is also shown.
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Figure 12 Reflection spectrum of an opal of in average 47
monolayers of PMMA spheres (bead diameter: ~312 nm); band-
width A@y,,/ @y, = 0.052.

Thus, the selective wavelength of the replica can be ad-
justed easily to values from 550 nm to 680 nm, which are
needed for the intended application for the micromorph
tandem cell. The photonic properties of this replica depend
on the in-filled material and achievable filling fractions
(see Section 3). The optical properties can be altered
also via post-processing (e.g. tempering) of the infiltrated
material. Sphere sizes of 284 nm and 294 nm (Bragg-
reflectance at 630 nm and 654 nm, respectively) have been
used for several template experiments. Also 360 nm
spheres have been used for prototyping experiment in Sec-
tion 7.

Different crystallization methods were applied to pre-
pare opaline films from the PMMA spheres. The aim of
these experiments was twofold. First, thin opaline films
with high quality (strong reflectance and narrow band-
width) should be prepared and secondly, an approach
should be used, with which a large area can be covered
with an opaline film. Examples are shown in Fig. 13.

With a vertical crystallization method we achieved thin
and homogeneous films with controlled thickness [16] as
shown in Fig. 14. For this approach the substrate was
drawn vertically out of a suspension of colloids in water
with a speed of several 100 nm/s, whereas crystallization
takes place in a moving meniscus. However, a decrease in
film thickness goes along with a lowering of the reflec-
tance intensity. Also the bandwidth of the Bragg-peak is
broadened distinctly below a monolayer number of 15,
which is close to the critical thickness for a narrow band-
width reported in [38].

Figure 13 (online colour at: www.pss-a.com) Examples of large-
scale opaline films. (A) opal on a glass substrate (10 x 10 cm)

prepared by film

(40 x 25 cm).

spraying, (B) horizontally dried opal

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 14 SEM micrograph of a thin opal template on silicon
with constant thickness; A. Redler and P.-T. Miclea.

Although the crystallization in a vertical meniscus pro-
vides good results, this approach is time-consuming and
limited to smaller substrates. Larger opal films can be pre-
pared by horizontal crystallization. Here the thickness of
the film can be adjusted by the amount and the concentra-
tion of the suspension which is dried on a given substrate
area. E.g. with a coating knife (doctor blading) it is possi-
ble to prepare large scale opaline films of good optical
quality and homogeneous thickness. Opaline films of about
50 monolayer in thickness prepared by this method exhibit
a reflectance close to 80% and a narrow bandwidth (AA/1)
of about 5% (see Fig. 12).

The usage of a spraying apparatus is also a promising
method for the covering of large areas with an opaline
structure. For this purpose, suspensions of high concentra-
tion were sprayed directly on the substrate using airbrush
equipment. Opal films are built after a few minutes of dry-
ing [34]. Figure 13(A) shows an opal film of 100 cm? pro-
duced with this approach.

Since there are few experimental limitations for the
area size on which the colloidal suspension is spread, sub-
strates of almost any size can be covered with a colloidal
film. As example a PMMA opal of 1000 cm? size — pre-
pared in this way — is shown in Fig. 13 (B).

Thus the first goal to prepare large opaline films as
templates for the inorganic replica can be reached. Prefera-
bly, the templates are tempered at about 90 °C for a few
minutes to strengthen the interconnects between the so far
singular hard spheres. This improves mechanical stability
and leads to the so-called tubes, small PMMA extensions
between the nano spheres. The next steps are the infilling
and replication of the PMMA opals.

5.2 Inversion As a conductive replica is desired, it is
the first step to fill the opaline voids with ZnO, using va-
pour deposition methods. This deposition is conformal,
which is setting limits to the possible filling fractions. In-
stead of a complete inversion, conformally inverted opals
can be fabricated with up to 22.3% of volume filling (here
the TCO), instead of 26% in theoretical replication. After
infilling, the PMMA-templates were dissolved in THF and
the ZnO replica were obtained. Figures 15 and 16 show
SEM images of ZnO-replica prepared with CVD. The in-
depth infiltration of the template succeeds very well, as the
vaporous precursors fill even narrow spaces. On top of an
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Figure 15 SEM micrographs of a ZnO-replica prepared with
CVD from 292 nm PMMA sphere opal. (A) Partially uncovered
surface. (B) Magnification showing the ~290 nm air holes and
the ~25 nm ZnO framework thickness.

inverted sample — or rather at all outer surfaces, there is
still the appearance of the original opal template, because
of the conformal replication. At least unless the surface is
opened, as shown in Figs. 15(A) and 17(A). It is important
that during this process cracking-voids in the primary
opaline film fill-up from bottom to top with ZnO (see
Fig. 16). This is highly desirable as the primary cracks are
thus transformed into an electrically conductive micro-grid
that connects top and bottom cell.

Examples of ALD processed thin-film samples are
shown in Fig. 17.

6 Characterization Structural characterization has
been performed with SEM, as already shown in Section 5.
The three key properties are two of optical kind: reflection
and transmission and the electrical conductivity. The re-
sults on transmission will be presented with the aspects of
integration in Section 7.

6.1 Optical properties To verify the results obtained
from SMM calculations, we measured reflectance of opal
templates, composite samples and inverted ones. Under an
optical microscope of type Olympus BX51, the last process
step of template removal looks as shown in the two photo-
graphs of Fig. 18. The spectra of all three sample types are
shown in Fig. 19. They have been measured with a lab-
built spectrometer setup, using a monochromator of type

Figure 16 SEM micrographs of CVD processed inverted sample:
the view on cleaved edges presents the CVD deposition down an
opaline drying crack on two thick samples. This surplus ZnO
coating is deposited from top to bottom of the photonic IRL and
can form a electrically conductive micro grid to connect top and
bottom cell: (A) inverted sample with surplus deposition; (B)
composite sample with massive surface deposition, also down to
the substrate.

WWWw.pss-a.com

Figure 17 SEM micrographs of ALD processed inverted sam-
ples: opened surface of the confomal coating shows 3D PhC
structure (A). Cleaved edges give insight into film thickness and
crystalline quality (B). Here, the octahedral voids are visible at a
cut perpendicular to crystallographic X-direction.

HB550i by Jobin—Yvon and a 250 W halogen light source.
Reflectance was measured at 10° angle of incidence.

The predicted behaviour has been verified for all three
process steps. The significant reflectance increase of the
inverted sample dominates the optical properties in com-
parison.

The angular dependence of the reflection peak can be
measured in a 2@ setup for the angle of incidence, keeping
the angle adjusted for specular reflection. With increasing
angle, the peak is blue-shifted, which is shown in Fig. 20.
This can also be foreseen from the photonic band structure.
There the bands below and above the stop gap bend to-
wards higher frequencies when the angle turns away from
incidence along /L-direction. The angular shift however,
is clearly pronounced, but falls below half the normal am-
plitude not until reaching 45°. Remarkable in all reflec-
tance spectra of inverted samples is, that the FPO are much
wider than in opal or composite states of the sample. This
is an attribute of the very low effective index of the in-
verted opals.

6.2 Electrical properties In order to measure con-
ductivity or resistivity, samples have been contacted on top
with interdigitated contact fingers. The fingers have been
sputtered with gold directly on the ZnO surface. The ob-
tained /(}) data from source meter measurements are
shown in Fig. 21. The contact line of this sample measures

Figure 18 (online colour at: www.pss-a.com) Reflectance mi-
croscopy photographs (A: M =20, B: M= 10) of the same sample
before and during template removal. The golden impression de-
velops after removal of the PMMA spheres and verifies the final
inversion process step.
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Figure 19 (online colour at: www.pss-a.com) Reflectance meas-
urements of samples from all three process steps: the predictions
from prior SMM simulations (Fig. 5) are in good agreement [30].

25 mm in length across the sample. The thickness is 2 um,
the distance between the gold contacts is 1 mm. The con-
tacts themselves show resistances of few ohms per centi-
meter and do not offset the results.

The obtained value of R =198 kQ of resistance leads
to a resistivity of R;=10Q pm for bulk conduction
through the whole sample. In case that only the uppermost
ZnO layer on top of the sample carried the current in these
measurements, the resistivity would be normalized by the
40 nm of this thickness, leading to R, = 0.2 Q um. For an
IRL of 1.5 pm thickness (6 layers at d = 300 nm), the resis-
tance can therefore be estimated to measure between 0.3 Q
and 15 Q. For the micromorph tandem cell, a resistance of
2 Q has to be considered critical. The measured conductiv-
ity of the undoped ZnO from ALD processing is close to
the required order of magnitude, but still requires im-
provement. Any advance in terms of conductivity will re-
duce the electrical losses of the common current in the se-
ries-connection between the two junctions.
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0.4
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0.0 n !
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Figure 20 (online colour at: www.pss-a.com) Angular spectro-
scopy, performed on a thin-film ZnO inverted opal on glass. The
angle of incidence has been changed from 10° to 55°. The ampli-
tudes have not been cosine corrected for better survey [30].
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Figure 21 (online colour at: www.pss-a.com) /(V) curve, meas-
ured at room temperature with a Keithley 2400 sourcemeter. The
resistance is constant, its value 198 kQ.

Additionally to measurements of current and voltage,
electro chemical impedance spectroscopy (EIS) has been
performed on the same sample. EIS gives access on the
impedance over a wide frequency range and also resolves
the phase shift of a sample on the offered AC modulation.
A constant impedance in the EIS spectrum reveals ohmic
resistance, while a linear increase with decreasing fre-
quency is typically linked to capacitive dielectric behav-
iour. The results of our measurement are shown in Fig. 22
and reveal a constant ohmic character of impedance up to
frequencies of kHz range. In conclusion, only the value of
resistivity has to be decreased, the material is suited as
processed.

7 Integration All investigations on samples in free
space, i.e. not in or on a silicon solar cell, did show the de-
sired properties in all steps of our work. However, to verify
the potential of an application, we investigated three addi-
tional aspects. The transmission onto a half space silicon
solar cell is one of the critical requirements and will be
presented first. The integration into a solar cell process of
the a-Si pe-Si tandem cell was studied in a prototyping ap-
proach, in order to verify the compatibility of the so far

10’%
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[ —— Phase/deg
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Figure 22 (online colour at: www.pss-a.com) Electrical imped-
ance spectrum of inv. opal thin-film sample: The PhC behaves
clearly ohmic up to kHz frequency range.
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Figure 23 (online colour at: www.pss-a.com) Schematic setup
for the integrated cell transmission measurement [30].

completely separate processes. Also, a combination of a
typical random rough superstrate top cell with the self-
organizational growth of our opal templates has been ex-
plored.

7.1 Integrated transmission To obtain experimen-
tal data on the transmittance of the fabricated IRL on the
pc-Si bottom cell, an integrated setup has been built. In-
stead of a microcrystalline cell, a commercial silicon
(mono crystalline) mini cell has been used. This cell works
as a detector in the spectroscopic setup (Fig. 23). The illu-
mination from a halogen light source takes place behind
the monochromator slit (S). Mirror (M) and lens (L) col-
limate the light, while an aperture (A) reduces the spot size
to the size of the sample.

The spectral answer of the cell defines only the transfer
function of the setup: as reference data we use the trans-
mit-tance T, of a cleaned and unprocessed sub-strate
glass that is placed directly on the solar cell. The actual
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Figure 24 Integrated transmittance of the sample ZnO inverted
opal on glass onto a silicon solar cell. Photonic band stop filtering
is observed, a very high transmittance through the sample meas-
ured between 700 and 1100 [30].
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measurement of 7;, ;.o of a ZnO inverted opal film on sub-
strate glass of same type is normalized with this reference
by division of T} 7,0/ Tino- The IRL sample is placed upside
down, with the PhC in contact with the solar cell and the
glass substrate facing the incident light. The glass is | mm
thick, the IRL itself measures about two microns in thick-
ness. The resulting spectrum is shown in Fig. 24.

We can clearly identify the main drop in transmittance,
caused by the photonic stop gap at about 600 nm wave-
length. The amplitude drops down to about 52% there.
Also the onset of absorption from the zinc oxide can be
identified: at the short wavelength flank transmittance
drops steeply, when the ZnO absorbs high energy photons.
The reduced transmittance in at short wavelengths is not a
problem, as the absorption in a-Si is very efficient there.
The long wavelength range shows high transmittance, with
an average value of 95.7% between 700 nm and 1100 nm.
The thin-film oscillations turn out to be much weaker than
in coherent simulations and even lower than in specular re-
flection spectroscopy. The reduction of transmittance by
the photonic stop gap however, turns out to be also less
pronounced than one would have expected from the reflec-
tance measurements, but is still about 40%.

7.2 Solar cell integration To combine the inverted
opal IRL with a micromorph tandem cell, we took the first
step of growing the opal template on the backside of an
a-Si:H top cell. The fabrication process runs top to bottom,
starting with the front glass, ending with the back contact.
The cell is therefore of so-called superstrate type, directly
deposited on the ZnO coated front glass. Our structure con-
sists of d=360 nm air spheres surrounded by undoped
ZnO from ALD. The PMMA template removal was forced
by alternating cycle of bathing in a heated THF lig-
uid/vapour phase environment and careful tempering. On
the backside of the finalized PhC interlayer was then de-
posited a thin layer of silicon, to produce the correct opti-
cal interface with the bottom junction of a tandem cell. The
sample was terminated with a metal back contact. This
sandwich structure is shown in Fig. 25.

To verify that the fabricated device works properly, its
quantum efficiency has been measured in the visible spec-
trum. The resulting graph is shown in Fig. 26.

Figure 25 SEM micrographs of a cleaved edge from IRL proto-
type sample: (A) the inv. opal film covers the back of the a-Si cell.
(B) The layers consist of (1) glass, (2) p-type and intrinsic a-Si,
(3) n-type a-Si, (4) 3D photonic IRL of ZnO and (5) Si backside.
The sample is terminated by a thin metal contact.
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Figure 26 Experimental EQE data of the flat a-Si:H cell with
PhC reflector at the backside and two reference cells of textured
a-Si:H. The textured cells produce far better EQE, while the flat
cell shows typical Fabry—Perot oscillations from the flat inter-
faces. The fabricated device is obviously optically limited in its
light-trapping capabilities and stays about 10%—20% below the
reference cell’s EQEs.

The EQE has been measured at reverse bias voltage.
The bias influence has been observed to saturate between
2V and 3V, which was interpreted as a large series resis-
tance in the IRL. In comparison to two highly efficient ref-
erence cells with randomly textured light-trapping front,
the flat cell with the PhC suffers over nearly the complete
absorption region from reduced absorbance. Nevertheless
have these first experiments shown the compatibility of the
proposed device with micromorph thin-film technology.
Also they identified two important device parameters: the
conductivity of the IRL and the need for a light-trapping
component in the cell.

7.3 Random rough superstrate As the randomly
rough surface of HCI etched ZnO on the front glass is cur-
rently the best available light trapping structure for the tan-
dem, the possibility to grow an opaline IRL directly on this
conformal roughness would allow a direct introduction of
our device in the fabrication process of the micromorph
tandem. This is not only a desired option, but a necessary
condition to avoid additional planarization steps of a rough
superstrate cell to allow the PhC growth: because of the
importance of textured front contacts in light trapping for
thin-film cells, it not possible to abandone it for an IRL.
Unfortunately, opal films are typically grown either on pat-
terned substrates to improve the lattice quality or force cer-
tain orientations — or on perfectly flat substrates. From ex-
perience, opal growth on rough substrates usually leads to
disordered, amorphous colloidal films. This appears at first
sight to be a fundamental problem that could prevent the
application of our self-organized PhC films to the existing
tandem cell technology. Our growth experiments on the ac-
tual superstrate top-cells however show, that the self-
organization process is capable of healing out the distor
tion caused by they silicon substrate roughness within cer-
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Figure 27 Micrographs of PMMA opal template grown on tex-
tured a-Si thin film back side: (A) amorphously arranged colloid-
al nano spheres at the bottom, (B) organized growth in the upper
region of ~ 10 layer film. Sphere diameter is d =298 nm.

tain limits. After a sufficiently large number of opal layers,
the fcc structure will prevail. In Fig. 27, an opal film on a
textured a-Si: H substrate (top cell back side) is shown.

The disordered bottom of opal growth in contact with
the roughness can be seen in Fig.27(A), as well as the
crystalline phase that develops within only a few layers,
Fig. 27(B).

The feasiblility of opal thin-film growth on a randomly
textured silicon surface has therefore been shown. It allows
us to combine our photonic device with the existing light-
trapping technology, which is a key feature to successful
application.

To characterize the optical quality of this perturbed
photonic crystal thin-film, we performed comparative
transmittance measurements under a microscope, fiber-
coupled to a photodiode-array equipped spectrometer. At
magnifications of M =20 (NA =0.3), we compared the
transmittance of the unprocessed textured a-Si substrate
with the transmittance of the same sample with the opal
template on top of it. Therefore, light hits the superstrate
glass first, passes through the textured ZnO front TCO and
the thin conformal a-Si layer (of only 80 nm thickness
here), before it interacts with the PhC. The impact of the
PhC in this sandwich structure can be seen in Fig. 28.
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Figure 28 (online colour at: www.pss-a.com) Transmittance of
the thin a-Si cell with a back-side opal film (solid) and without

(dashed) for comparison. The stop gap at about 640 nm is clearly
observed.
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The measured transmittance in the microscope is lim-
ited by the numerical aperture of the objective to about 0.5
for these samples, due to the highly efficient scattering at
the rough texture. The onset of absorption of the a-Si film
and its characteristic slope are affected by the opal band
stop filtering around 640 nm in wavelength. The relative
decrease of transmittance is 30% at 642 nm. Although the
disorder introduced by the texture has decreased the film
quality, as observed in SEM investigations, the photonic
stop gap has nevertheless developed. Transmittance ex-
periences a small decrease at shorter wavelegths than the
stop gap position. This loss is attributed to scattering pro-
cesses at crystal defects in the PhC, as its ratio is increas-
ing with wavelength.

Although randomness in a photonic crystal is usually
a problem, we may again benefit from a certain disorder.
The Bragg reflection peaks of opal films are known to
decrease in amplitude if a film possesses less crystalline
order. But it also changes its width to larger values.
With an appropriate control of the growth procedures, it
should be feasible to affect also the spectral width and re-
flectance amplitude by changing the ‘quality’ of the tem-
plate.

8 Conclusion We have investigated the potential, im-
pact and experimental fabrication of 3D photonic interme-
diate filters for tandem solar cells, with focus on micro-
morph tandem cells. Our approach makes use of self-
organized growth of colloidal crystals, which is suited for
up-scaling and low-cost fabrication. An application in be-
tween two junctions requires certain optical properties.
With use of polymeric opal templates and zinc-oxide in-
version processes, we fabricated the proclaimed structures.
The desired spectral peculiarities were verified in optical
analysis of our photonic crystals. They show the desired
spectrally selective reflectance spectrum with a limited, but
sufficiently large spectral width. The necessary long pass
filtering in transmittance has been verified to 95% between
700 nm and 1100 nm. Here, additional losses for the bot-
tom cell can be eliminated. All photonic properties can be
finely tuned by changes in the template lattice and the
TCO infiltration. Also, the samples show a very low effec-
tive index of refraction because of the low filling fractions
of the high indexed TCO. This can be an advantage for
their task as reflectors between the silicon cells and en-
hances the internal reflection in the silicon junctions. With
the use of (undoped) zinc oxide, a typical TCO in solar en-
ergy applications, we are already close to the desired order
of magnitude for electrical conductivity. Initial steps to-
wards integration into a solar cell have been explored and
the very first realization of an internal photonic reflector
has been demonstrated: a prototype photonic crystal inter-
mediate reflector at the back of an a-Si:H top cell has been
prepared and characterized via quantum efficiency meas-
urements. Thus, the technological compatibility has been
shown. Also the compatibility with rough substrates has
been proven experimentally, allowing for the combination

WWW.pss-a.com

of our photonic crystal with the randomly textured super-
strate technology of micromorph tandem cells.
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