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Abstract

In this paper we analyse the capabilities and limitations ofsingle layer index matching coatings for the glass/TCO or TCO/absorber
interfaces in thin film solar cells. Optical models are used to evaluate the potential gain in cell efficiencies with hypothetical ideal
matching materials to minimise losses due to reflections at internal interfaces. We suggest the range of desired opticalproperties
of such materials, where a net gain in cell efficiency can be achieved, and discuss the commercial benefits of such intermediate
matching layer. For some selected ternary and quaternary novel oxides available, the potential efficiency gain due to the inclusion
of an anti-reflective matching layer in a solar cell structure is calculated and compared with the case of ideal matching materials.
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1. Introduction

The potential of photovoltaic energy for addressing the
world’s growing energy demand is well known. However so-
lar energy remains an expensive technology and efficiencies of
commercial modules have not risen significantly in recent years.
One problem is the transfer of highly efficient laboratory cell
designs into a commercial production. Hence cost reduction
by upscaling the production and more efficient material use has
been the driving force in the solar industry in recent years.The
fastest growing market segment is low cost, low efficiency thin
films cells. These cells offer greater output power for the same
costs, usually quantified in $/Wp [1, 2].

Single absorber thin film cells have rather simple layer struc-
tures, usually a front glass substrate, a TCO front contact,the
active p-n or p-i-n junction and a metallic back contact. The
choice of the active layer in such thin film cells is driven by
the production of good quality p-n junctions of a material with
a band gap optimised for the potential efficiency (Shockley-
Queisser limit [3]). Today, cells based on a-Si,µc-Si, CdTe,
or CuIn(Se/S) active layers are used. Indium tin oxide (ITO),
aluminated zinc oxide (AZO), ZnO:B (BZO) or flourinated tin
oxide (SnO2:F, FTO) are used as transparent front contact ma-
terial. However only the latter three are suitable for largescale
production, as ITO is too expensive [4].

Simple cell designs lead to reflective losses at the air-glass,
glass-TCO, and TCO-absorber interface which add to reflective
total losses of 15-20% of incident light at normal incidence. At
oblique angles this amount further increases to 20-25% at 30°
or 30-40% at 60° angle of incidence. For the air/glass inter-
face, concepts for reducing these losses do exist and include ei-
ther a patterning or dielectric coatings of the front glass,mostly
composed of SiO2 nanoclusters. For low cost thin film solar
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cells however only the latter has any commercial significance.
SiO2 nanoclusters are already commercially available and have
close to ideal dielectric properties for broad band anti-reflective
layers [5]. For this reason we will limit our discussion to the
glass/TCO and TCO/absorber interface. For these interfaces,
until recently [6], no direct anti-reflective interface layers are
used by present day commercial thin film technologies. We
will show though, that one technology relevant to our discus-
sion, that has gained a more widespread use – the roughening
the TCO surface – can be equivalent to an anti-reflective layer
in the low haze regime. Even a small roughness does lead to
a reduction in the TCO/absorber reflective losses in addition to
the more often discussed changes in the light path for a large
roughness, enhancing the absorption in the active layer [7–10].

In this paper we analyse the effect of single layer dielectric
coatings on the reduction of unwanted interface reflectionsin
thin film solar cells. We also analyse if the case for develop-
ment of novel TCOs with a matched refractive index has eco-
nomic merits. For this we consider the cost implications of ad-
ditional layers and compare these with benefits of the increased
cell output. Only single layer coatings are considered and only
normal incidence efficiency improvements are calculated. Al-
though we will only present normal incidence simulations, the
matching layers will, in contrast to texturing, also be effective
at lower angles of incidence and the improvements in cell effi-
ciency for oblique illumination will be higher.

2. Mathematical modelling

2.1. Multilayer calculations

We calculated the reflectance of a multilayer stack, using the
transfer matrix formalism [11, 12]. The stack for the solar cell
used in our calculation is shown in Fig. 1. As the effects dis-
cussed can be applied to a variety of absorber and TCO mate-
rials, we chose to model a relatively simple stack consisting of
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Figure 1: Schematics of layer stacks used in simulation. a) thereference struc-
ture of a thin film solar cell consisting of the float glass substrate, TCO layer
(650 nm, SnO2:F) and absorber (300 nm a-Si:H). b) stack including an interface
layer between the TCO and the absorber, consisting of eitheran additional di-
electric layer (marked TA) or a roughened interface leading to a mixed interface
layer. c) the stack including a glass/TCO anti-reflective layer (marked GT).

float glass, 650 nm SnO2:F as TCO and 300 nm amorphous sili-
con as absorber. All media have been considered homogeneous
with abrupt interfaces. In some cases a rough TCO/absorber in-
terface has been modelled, treating the rough area as an effec-
tive medium mixture (Bruggeman, fill factor 0.5, [13]). Such
an effective medium approximation (EMA) can describe the
change in reflectance, caused by the presence of an interface
area with a different refractive index, due to the mixture of two
different materials. This method is frequently used to describe
the effective dielectric properties of antireflective coatings on
the front glass or for multiple component AR coatings on crys-
talline silicon cells [14, 15]. Our simulation does not include
increased scattering caused by such a rough TCO/absorber in-
terface. A more accurate treatment of rough interfaces should
also involve the analysis of haze values (ratio of total integrated
transmitted light to specular transmitted light). This analysis is
outside the scope of this paper.

Within this work, we will not only describe the potential
gain that could result from using hypotheticalideal materi-
als, but also potential gains due to ternary and quaternary ox-
ide materials currently available. The hypothetical materials
will be referred to asideal TA-TCO andideal GT-TCO for the
TCO/absorber and Glass/TCO interface respectively. The TCO
materials currently available will be referred to by the actual
chemical composition (e.g. SnO:(F,S)).

2.2. Potential efficiency gain

Typical TCO layer thickness (dTCO) in current thin film so-
lar cells are in the order of 500-2000 nm, depending on the
choice of TCO. The thickness of additional matching layers
at the TCO/absorber interface (dTA) and glass/TCO interface
(dGT) will be small in comparison to that. The glass/TCO in-
terface layer is not a part of the electrically active layer of the
cell and an efficiency increase is correlated to an increase in
transmission.

For the TCO/absorber interface layer, a potential interface
resistance or higher serial resistance of the additional layer can
affect the electrical losses of the cell. A direct calculation of

efficiency gains is hence more problematic. However materi-
als to be used on both faces of the TCO layer are likely derived
from ternary or quaternary modifications of existing TCO mate-
rials. In our assumptionideal materials have the same electrical
properties of the original TCO and thus the total TCO thickness
(dTCO+dTA) and its resistivity are assumed to remain constant in
the modified stack. Forreal materials tested here, the changes
in resistivity for the matching material have been considered by
reducing the TCO thickness only so much as to obtain the same
sheet resistance of the combined TCO layer (dTCO + dTA). In
this case the total thickness of the combined TCO layer will
increase with the addition of the anti reflective layer.

In order to evaluate the gain in efficiency it is not sufficient to
simply use the total increase in transmission, as light withdif-
ferent wavelength contributes differently to the electrical output
of the cell. Instead we use a weighted integral, where an in-
crease in the transmission in regions with the highest quantum
efficiency of the absorber and maxima in the spectral irradi-
ance of the incoming light are properly accounted for. We also
assume that other parameters, such asVoc and serial resistance,
which influence the solar cell efficiencyηorig remain unchanged.
Essentially this concept is equivalent with the commonly used
assumption, that an antireflective coating primarily increases
the short current densityJsc [14, 16, 17]. Although the open
circuit voltage for an ideal diode does increase with an increase
in Jsc (Voc ∼ ln(Jsc/J0 − 1)), the effect is typically small for an
AR coatings in thin film solar cells, as the maximum gain inJsc

is limited to the original reflective losses of 15-25%. The con-
sequent gain inVoc is hence even smaller and will be neglected
in our discussion. This is substantiated by the experimental ev-
idence for numerous AR coatings studied on crystalline silicon
solar cells as well as AR coatings for the air/glass interface,
where increases inJsc of up to 25% have been observed while
at the same timeVoc only increases by 2%. [14, 18] Under these
assumptions the increased efficiency of the optimised cellηopt

can then be directly calculated from the increase in transmis-
sion.

ηopt

ηorig
=

∫ ∞
Eg

IQE(ω) F(ω) U(ω) Topt(ω) dω
∫ ∞

Eg
IQE(ω) F(ω) U(ω) Torig(ω) dω

(1)

Where:

IQE = IQE(ω)/
∫

IQE(ω) dω (2)

is the area normalised internal quantum efficiency of the ab-
sorber and

F = F(ω)/
∫

F(ω) dE (3)

is the area normalised spectral irradiance of the sun under AM
1.5 conditions [19].

One significant difference from the description in terms of a
Jsc increase is the introduction of the utilisation factorU(ω):

U =

{

1− (ω − eVoc)/ω for (ω ≥ Eg)
0 for (ω < Eg)

(4)
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and the use of the spectral irradianceF instead of photon fluxΦ.
From a discussion onJsc only it would not matter if an electron
was generated by a UV photon (ω≫ Eg) or by a photon with
an energy close to the band gap (ω ∼ Eg) – increasing any of
the two would increaseJsc. From a conversion efficiency point
of view it is more beneficial to increase the number of electrons
generated by photons with lower energies, as these will show
lower thermalisation losses. We estimate the thermal losses for
each photon by assuming that only an energy equivalent of the
open source voltageeVoc can be used for each electron gener-
ated by an incident photon with energyE > Eg. In this way
we account for the overall spectral dependence of the electrical
gain under illumination. This thermalisation loss is normally
treated only in full device simulations. By using the above an-
alytic expression we can include this effect already in simple
optical models of a solar cell. The quantityIQE F U represents
a weighting function and it will be shown as reference in cal-
culated transmission curves in sections 3 and 4. Values for the
internal quantum efficiency and band gapEg of an a-Si:H ab-
sorber have been taken from [20], a typical open source voltage
for a-Si:H cells ofVoc=0.9 V was used in our calculations in
line with values found in real devices. This weighting function
is essentially a simplified energetic balance for a given absorber
material, as it includes incoming power (F), absorbable power
(IQE) and the fraction of the absorbed power which can be used
per photon by the device (U).

Under these assumptions the potential gain in efficiency will
be ∆η = (ηopt−ηorig)

ηorig
for a given solar cell geometry withTorig

being the transmission into the absorber layer of the original
cell (see Fig. 1a),Topt the same for the modified cell layout
(Fig. 1b,c). Using the light transmitted into the absorber as a
reference is the most accurate way to asses the potential gain.
However for an estimation of the effect of rough interfaces we
can only apply a simulation based on reductions in the total
stack reflectanceRorig as will be discussed later. Efficiency im-
provements based on this will be referred to as∆ηR.

In order to optimise the thickness of the anti-reflective inter-
face layer, a least square fit of the transmission of the stacks
Topt(ω) to the idealT = 1 was used. By weighting each point
with the functionIQE F U, the thickness and other properties of
any anti-reflective coating positioned between each layersare
optimised to obtain the highest gain in efficiency as derived by
equation (1). The advantage of this approach is that AR layers
can be designed and assessed without the need for computa-
tional expensive device simulations.

2.3. Materials and Experimental setup

In order to demonstrate the effect of the proposed anti re-
flective layer at the glass/TCO absorber interface, test samples
of glass/SnO2:F, glass/ZnO:Al and derived ternary oxides have
been grown in house by means of spray pyrolysis. This tech-
nique allows for rapid testing of potential ternary and quater-
nary TCO modifications, as a wide range of materials can be
synthesised, only with a change in solution [21]. At the same
time it can be upscaled for industrial type deposition [22].

Best films of transparent oxides have been produced by
employing organic solvents (here methanol) and organic salts
[21, 23–25]. Zinc acetate dihydrate (Zn(CH3CO2)2 · 2H2O),
dibutyltin diacetate ((CH3CH2CH2CH2)2Sn(CH3CO2)2,
DBTDA), aluminum acetyl acetonate (Al(C5H7O2)3, AAA),
and magnesium acetate tetrahydrate ((CH3CO2)2Mg · 4H2O)
were used as Zn, Sn, Al, and Mg source respectively. Anionic
dopants have been introduced with ammonium flouride (NH4F)
and thiourea ((NH2)2CS) as F and S source.

The spray pyrolysis setup was developed in house and details
are given elsewhere [23]. The molarity of the solution varies
depending on the type of materials. For ZnO based materials a
0.1M solution of the Zn precursor in methanol has been used.
The optimum growth temperature for plain ZnO was found to
be 350°C, however to improve incorporation of the co-dopants,
other temperatures where required for ternary materials (e.g.
480°C for ZnAlO with high aluminium content (Al/Zn > 0.3)).
We will label such ternary samples with the nominal atomic
concentration of the additional element with respect to Zn in
the solution. The actual incorporation of the replaced anion or
cation in the material could be different.

SnO2 based materials have been grown in a 0.1M solution
of DBTDA in methanol at an optimum temperature of 450°C.
Again the optimum growth temperature can vary for the ternary
compounds and the composition is given in nominal atomic
concentration in the precursor solution with respect to Sn.

The dielectric function of the TCO and modified materi-
als has been determined by ellipsometric measurements, using
a Sopra GESP 5 variable angle spectroscopic ellipsometer at
three different angles of incidence close to the pseudo Brew-
ster angle (55, 60, 65°). The ellipsometric data (see example in
Fig. 2a) have been fitted to a model dielectric function used for
bulk critical points [26]. The modelled dielectric function uses
a single 3D bulk critical point (SnO2 derived material) and in
case of the ZnO derived materials an additional 1D bulk critical
point to account for the strong excitonic peak present in these
samples.

Figure 2 shows two typical measurements and best fit model
dielectric function for a SnO2 and ZnO sample. By using this
analysis we can parametrise the optical response of the TCO
with a set of 4 values, namely the constant dielectric back-
groundǫ∞, the oscillator strengthA, the broadeningΓ and the
band gapEg. Such a parametrisation makes a systematic anal-
ysis of modified TCO materials easier than using the raw data.
For a detailed description of the physical meaning of these pa-
rameters we refer to [26]

3. Optimised TCO/absorber interface layer

Antireflective coatings in photovoltaic solar cells are cur-
rently only employed at the air/glass interface using SiO2 or
TiO2 nanospheres. The packing density of these spheres deter-
mines the effective dielectric function of such a layer and hence
can be tuned by sphere size and preparation conditions. With
air as filling material between the nanospheres and a suitable
sphere density, the dielectric constant of such a layer can fulfil
the ideal antireflective material requirement ofnAR =

√
nglass
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Figure 2: Representative result of the ellipsometric measurements. a) shows
the ellipsometric data cos∆ and tanΨ for a SnO2 sample measured at 55°. b)
shows the extracted model dielectric function for two samplesderived from
a simultaneous fit of measurements at 55, 60 and 65°, using a mathematical
model for bulk critical points [26]. SnO2 based samples are best fit using a 3D
bulk critical point, while ZnO based samples are best fit with acombination of
a 3D and 1D bulk critical point to account for the strong excitonic absorption at
the band gap.

[11, 27]. By employing more than a single AR layer at the top
interface, the total gain can be further enhanced [27], though
the net gain due to each additional AR layer decreases with the
number of AR layers present and hence it is not economically
viable for low cost cells.

The light loss at each internal interface is comparable to that
at the front surface, but to our knowledge modern thin film cells
do not widely employ purposely made AR layers to minimise
these losses. Ideally, a matching layer at the TCO/absorber
interface should have have a refractive indexnT A =

√
nAnT .

The refractive index of the TCO (nT ) is typically featureless in
the spectral region of interest for PV (see Fig. 3a). The ab-
sorber layer in contrast, does show a strong dispersion. Hence
it is unlikely that real materials can be perfectly matched to the
line-shape of the dielectric function of the absorber. Thusmini-
mizing the reflectance over the whole spectral range is not pos-
sible. However, by employing the weighting function during
fitting, we minimize the reflectance predominately in the en-
ergy region where the absorber is most efficient. In this way the
thickness and dielectric parameters are chosen in a way thatthe
maximum of the broad Fabry-Perot oscillation due to the thin
additional layer coincides with the maximum in the quantum
efficiency of the cell. A significant increase in transmission can
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Figure 3: a) shows the refractive indices for the TCO (SnO2:F, FTO, mea-
sured), ideal AR-TCO layer (TA-TCO, simulated), a heavily sulphur doped
FTO (SnO2:(F,S), measured), a nanocrystalline silicon – silicon monoxide
mixed layer (nc-Si/SiO: Bruggeman EMA, 85% nc-Si in SiO, tabulated val-
ues from [28] and [29]), absorber (a-Si:H: amorphous silicon, taken from [30]),
and a rough interface layer (a-Si:H/SnO2:F EMA: Bruggeman EMA 50% a-Si:H
in FTO). b) shows the calculated transmission into the absorber for various in-
terface matching materials in comparison to the reference stack without them.
For each material the optimum thickness and average transmission in the range
of 1.5 to 3.5 eV is given. The weighting functionIQE F U as described in sec-
tion 2.2 is shown both in a) and b) to illustrate the important spectral range.
c) shows the total stack reflectance for the reference stack,a stack including
the simulated ideal TA-TCO, and one with a rough interface layer (Bruggeman
EMA 50% a-Si:Hin FTO)
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be achieved even with a dielectric material having a featureless
spectral shape, similar to that of the TCO layer. Figure 3 shows
the effect of an optimised TCO/absorber interlayer on the trans-
mission into the absorber for a hypotheticalideal TA-TCO and
some real materials. Using (1) the potential efficiency gain of
such a layer can be calculated. For the ideal TA-TCO an in-
crease∆η of 14.5% can be achieved, while the overall change
in transmission is even higher, at 15%.

The question remains, how such a material can be fabricated.
In the case of the glass front of solar modules, an almost ideal
dielectric AR coating can be composed of SiO2 nanospheres
as discussed above. This approach can not directly be applied
to an intermediate layer located at the TCO/absorber interface.
Even though nanospheres of the TCO material can be synthe-
sised, it is questionable whether embedding them in the ab-
sorber material as required for an AR material is possible and
compatible with current growth techniques and cell layouts.

However we suggest that an alternative approach can be
taken based on novel ternary and quaternary oxides. By addi-
tion of heavier elements into the TCO layer, the dielectric func-
tion of a given TCO can be modified. The dielectric function
of such a material is most likely inferior to that of the idealTA-
TCO shown in Fig. 3a. However if one incorporates our current
best candidate, heavily sulphur doped FTO (SnO2:(F,S)), into
the reference structure as shown in Fig. 1b,c, using a thickness
of 37 nm, cell efficiencies are expected to increase by as much
as∆η=4.5%. We hereby assume that any disimprovement in
electrical properties of the cell is negligible. In fact, based
on the resistivity values for the modified TCO of 0.15Ωcm, a
change in sheet resistance of the overall TCO stack due to the
thin high resistive AR layer would only be 0.3%. Other param-
eters affecting the cell performance, such as band offsets and
changed serial resistance can not be estimated at present.

An alternative approach to modifying the TCO material to
match it to the properties of the absorber material is to mod-
ify the absorber material itself. Recently it was reported that
including a thin SiOx layer grown at highly oxygen-deficient
conditions can improve cell performance due to the effect de-
scribed here [6]. The SiOx synthesised in these conditions is
a meta-material consisting of n-type SiOx and Si nanoclusters.
The material was embedded at the ZnO:Al/a-Si:H interface in
thin film a-Si:H/µc-Si tandem cells. Such a material is com-
patible with the production process, as it can be grown in a
similar PECVD system as used for the absorber. However this
meta-material can not be used with other thin film cells and
furthermore due to the additional absorption of the nanocrys-
talline silicon within the matrix it is not a good AR material.
For comparison we included the results of a simulation based
on such a layer in Fig. 3b and Table 1 (nc-Si/SiO). A Brugge-
man effective medium mixture of silicon monoxide (SiO) and
nanocrystalline-silicon (nc-Si) was used to describe the dielec-
tric properties of this particular matching material. The thick-
ness and EMA fill factor have been fitted for a maximised
transmission into the absorber layer in the same way as de-
scribed above for our hypothetical modified TCO. Based on the
database dielectric function for nc-Si (4nm) and SiO taken from
[28] and [29], a gain of∆η=7.8% can be achieved if the match-

ing material has a thickness of 45 nm and consists of 85% nc-Si
and 15% SiO. The absolute value does strongly depend on the
dielectric functions used in the calculation. Larger quantities of
SiO2 in the meta-material would lower its refractive index too
much, while larger quantities of SiO or larger silicon crystals
would increase its absorption. Measurements of the refractive
index of Si rich SiOx grown by PECVD have shown this be-
haviour clearly [31]. The highest Si content investigated was
20%, which only resulted in a refractive index of∼ 2.1, too low
for an effective TCO/a-Si:H antireflective coating material. This
shows that such an SiOx meta-material is not an ideal choice
due to limitations in the achievable optical properties andex-
plains the relatively small measured increase of∆η=2.3% as
reported in [6].

A rough TCO/absorber interface frequently employed in thin
film solar cells does have an effect similar to the one described
here [32, 33]. Any rough interface with feature sizes smaller
than the wavelength of the incident light acts as an effective
medium interlayer, or graded interface. In this case the re-
flectance of the interface is reduced. Part of the light is scat-
tered though, which leads to an effective reduction in the spec-
ular transmission. In the case of the TCO/absorber, interface
scattering is not problematic as any forward scattered light still
reaches the absorber. The change can even be desirable, as the
optical path length within the absorber increases for the scat-
tered light [7, 34]. It is often reported, that the increase in effi-
ciency for a rough TCO/absorber interface is caused by multiple
reflections similar to the case of large scale textured frontsur-
faces or crystalline silicon textures [35]. For low haze TCOs
the structure size is much smaller than the wavelength, hence
geometrical optics can not be applied [11, 36]. We suggest in-
stead that the increase in efficiency is caused by the introduction
of an effective medium layer at this interface in the same way
as nano structured glass textures can reduce reflection fromthe
front glass [15]. This idea is also supported by earlier numer-
ical simulations [37, 38]. A rough interface will be treatedas
an effective medium layer using the Bruggeman approximation
with fill factor 0.5. The thickness of the interfacial layer is re-
lated to the rms roughness:dAR=

√
2 rms, corresponding to a

surface profile approximated by a| sin(x)| line shape. Unlike
the previous case, for a rough interface we have to base our cal-
culations on the decrease in overall reflectance, instead ofthe
increase in transmission to the absorber. This is required as an
effective medium model results in an increased absorption of
the light in the interface layer, which leads to a lower effec-
tive transmission into the simulated absorber. In a real cell, the
light absorbed in the interface region is still collected, as ab-
sorbing areas of the mixed medium are electrically connected
to the absorber and hence still contribute to the performance of
the cell. However, reliance on overall reflectance in the calcu-
lations introduces some systematic differences compared to the
use of transmission into the absorber. The latter assumes that
the absorber utilises all transmitted light, while the former does
include the fact that for a poor absorber, such as a-Si:H, a sig-
nificant amount of light is reflected from the back metallisation
and leaves the absorber again through the front window. The
extent of that additional loss depends on absorber thickness and
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can be minimised by increasing it. The gains calculated tak-
ing into consideration the overall Reflectance (∆ηR) are more
realistic than those calculated by the transmission (∆ηT ) for a
poor absorber, but in general the former method tends to un-
derestimate the full potential of anti-reflecting layers. For ex-
ample the simulation for the ideal TA-TCO shows an expected
gain of∆η=14.5% based on transmission into the absorber, but
only ∆ηR=8.6% based on the reflectance of the whole stack.
The difference is due to a significant amount of light not being
absorbed by a 300 nm thick a-Si:H absorber used in our cal-
culations. For a thick absorber or one with higher absorption
coefficient (e.g.µc-Si, CuInS2 or other chalcopyrites) the value
of ∆η and∆ηR will be identical.

Using∆ηR we predict an increase in cell efficiency of 8.3%
and 7.7% for a rms roughness of 20 and 40 nm. It is notewor-
thy, that this is already close to the potential gain of an ideal
TA-TCO (8.6%) using the same reflectance based model. As
seen in Fig. 3a there is little difference in the refractive index of
the ideal TA-TCO and the effective medium dielectric function
used to simulate the rough layer in the interesting energy region
of 1.5-3 eV.

For low haze TCO (roughness of 20-40 nm [39]) our calcu-
lation is meaningful as a small range roughness does not sig-
nificantly change the light path through scattering. Neverthe-
less small scale roughness has been reported to equally increase
cell efficiencies as high haze TCOs [33, 40]. In simple words,
the comparisons between the results reported in literaturewith
those obtained from our model calculation, led us to conclude
that for low haze values, the grading effect is the main cause for
the improvement in the cell efficiency. For a large scale rough-
ness (rms>60 nm) our model can not be applied though. First
a better simulation would require a graded index layer [15],a
model more complex than the Bruggeman approximation. Fur-
thermore the scattering effect is important for an interface with
large roughness. In this case the light path is significantlyal-
tered by scattering, thus enhancing the chance for a photon to
be absorbed. For these reasons our model underestimates the
gain for a large roughness.

4. Optimised glass/TCO interface layer

Using a similar approach of introducing additional elements
in the TCO lattice, the refractive index of the TCO material
can be lowered to create an index-matched material for the
glass/TCO interface (GT). As this particular layer is not located
in the electrically active region of the solar cell, a much wider
range of materials can be discussed as non conductive oxides
can be equally used. The key problem is finding an ideally in-
dex matched material with a very low absorbance.

One candidate we have chosen, is the spinel MgAl2O4 as
its reported refractive index at 600 nm ofn ∼1.7 is well suited
for the interface between glass (n ∼1.5) and the TCO materials
(n ∼1.95).

Secondly, we have prepared an amorphous test material
based on a modified ZnO:Al (AZO) We observe an increase
in the band gap and lower refractive index with increasing alu-
minium content (see Fig. 4). For small quantities of Al (1-4%)
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Figure 4: Measured optical constants of AlyZn(1−y)Ox layers with varying nom-
inal Al/Zn ratio in the precursor solution. The decrease in the refractive index
with growing Al content is obvious. In addition the literature values [41] for a
thin film MgAl2O4 spinel and the hypothetical ideal GT-TCO are also shown.
The inset shows the reduction inn at 2.0 eV (620 nm) with the increase in Al/Zn
ratio. The nominal Al/Zn ratio is defined by the atomic concentrations of the
aluminium and zinc precursors in the sprayed solution.

the material is the well known conductive ZnO:Al, with the typ-
ical strong excitonic absorption peak close to the band gap.The
microscopic structure of the films grown with higher aluminium
concentrations (>10%) is currently not known, as no crystalline
phases are found. We therefore assume the material is amor-
phous, with local bond geometries changing from ZnO to those
of Al2O3 with increasing Al content. The absolute atomic ra-
tio of Al /Zn in the films is also not known at present time, as
the actual incorporation is a complex function of known pre-
cursor concentration and unknown parameter such as precur-
sor decomposition rates and sticking coefficients. The optical
properties have been measured on several films with thickness
between 300 and 500 nm. Variations between individual films
and systematic errors in the determination ofn from the ellip-
sometric measurements are indicated in Fig. 4 by error bands.

Figure 5 shows the calculated increase in transmission for
stacks consisting of glass/SnO2:F/a-Si:H as a reference and
such using AlZnOx, MgAl2O4, and the ideal GT-TCO at the
glass/SnO2:F interfae. Measured dielectric functions have been
used for SnO2:F and AlZnOx, while database dielectric func-
tions have been used for MgAl2O4 and a-Si:H [30, 41].

The calculation for the ideal GT-TCO is again based on a
model dielectric function used for SnO2:F with a changedǫ∞,
A, Γ, Eg, to maximise the transmission into the absorber. The
potential increase in transmission into the absorber layerfor
AlZnOx with nominal Al/Zn ratio of 0.67 (see Fig. 5 inset) is
comparable to the ideal GT-TCO, though the film is not con-
ductive. This has implications for the potential cost reduc-
tion details of which are discussed in the following section. In
the ideal case an increase in transmission into the absorberof
2.3% is possible. If the weighting functionIQE F U is consid-
ered, this translates into an efficiency gain of 1.9%. By using
the materials MgAl2O4, AlZnOx (Al /Zn=1), and Al0.4Zn0.6Ox
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Figure 5: Transmission into the absorber for the reference stack, the ideal
matching material for the glass/TCO interface (GT-TCO,dAR =81 nm), our best
matched material available AlZnOx dAR =81 nm, and MgAl2O4 dAR =78 nm.
The ideal thickness was determined by a full optimisation of the stack with
respect to the maximum efficiency gain as given by (1) using the weighting
function indicated by the grey area. The number in brackets isthe average
transmission between 1.4 and 3 eV

(Al /Zn=0.67) an efficiency gain of 0.6, 1.1, and 1.7% is pre-
dicted. For these real materials the expected efficiency gain
is reduced as the refractive index deviates further from the
ideal matched case (see Fig. 4). Although the introduction of
glass/TCO matching layers does increase the efficiency, the
gain is less significant, as the reflective losses at that inter-
face are smaller compared to the losses at the air/glass and
TCO/absorber interfaces. The measure can still be justified if
the additional cost due to the insertion of the layer is smallin
comparison to the cost benefit arising from the improved effi-
ciency as discussed in the next section.

5. Cost structure

We have shown that the employment of internal antireflective
layers can improve the efficiency of thin film solar cells. Usu-
ally the introduction of new layers complicates the production
and increases material and equipment costs. We have demon-
strated that the candidate materials for additional matching lay-
ers can be grown using the same technique and precursor ma-
terials as the TCO layers themselves. We can therefore expect
no significant differences in equipment costs between chambers
used for TCO growth and those used for AR layers. The in-
creased material costs are hence directly related to the thick-
ness of the grown layer. In the best case scenario of theideal
matching materials we also assume its resistivity is similar to
that of conventional TCOs. In that case the original TCO thick-
nessdTCO can be reduced by the thicknessdAR of the matching
layer, leaving the total thickness and costs constant. Hence the
ideal matching materials arealways economically beneficial.

For the non ideal material from the pool of known matching
materials, an increase in the total thickness of the TCO structure
is required, as the TCO layer thickness remains unchanged or

Material nAR dAR (nm) ∆d (%) ∆η (%)

glass/TCO interface, transmission based (∆η)
ideal GT-TCO 1.72 81 - 1.9

MgAl2O4 1.8 78 12 0.6
AlZnOx (Al /Zn: 1) 1.68 82 12.5 1.1

Al0.4Zn0.6Ox (Al /Zn: 0.67) 1.70 81 12.5 1.7

TCO/a-Si interface, transmission based (∆η)
ideal TA-TCO 2.8 28 - 14.5

SnO2:S,F 2.1 37 6 4.5
nc-Si/SiO 2.2 45 7 7.8

TCO/a-Si interface, reflectance based (∆ηR)
ideal TA-TCO 2.8 28 - 8.6

rough TCO (20nm) 3.4 28 - 8.3
rough TCO (40nm) 3.4 57 - 7.7

Table 1: Front contact relative thickness increase∆d (for an original TCO thick-
nessd of 650 nm ) vs. gain estimation∆η for several glass/ TCO and TCO/
absorber antireflective layers. Also listed are the measuredor estimated refrac-
tive index of the AR coating material (nAR) at 525 nm, the calculated optimum
thicknessdAR for the particular material. The calculated efficiency gain∆η was
evaluated using Eq. (1). For comparison with rough interfaces ∆ηR calcula-
tions, based on a minimisation of the overall reflection resulting in systemati-
cally lower gain estimations are given as well (see text, section 3).

is only slightly reduced to ensure the same sheet resistanceof
the front contact as in the reference stack.

In table 1 we compare this increase in thickness∆d with the
efficiency gain∆η. ∆d is based on an assumed original TCO
thickness of 650 nm used in all our calculations. According to
the∆d and∆η values, the addition of an anti-reflecting layer
will be more cost-efficient for thicker TCO absorber layers,
as∆d decreases. Nevertheless∆d approximates only the in-
creasing costs of the overall TCO layer. As only a fraction
of the total solar cell cost originates from the TCO deposition,
the efficiency gain∆η needs to be compared to the change in
total system costs. Based on the calculated changes in total
stack thickness all the currently available candidate materials
for the TCO/absorber interface would improve cost/Wp if the
TCO layer contributes less than 75% of the total cell costs,
while for the best glass TCO absorber interface material found
so far (Al0.4Zn0.6Ox, Al /Zn: 0.67) the inclusion is only helpful
if the TCO contributes less than 14%, based again on a 650 nm
thick TCO layer. The situation at the glass/TCO interface would
improve if the matching layer itself would be conductive as in
this case the will be no need to increase the thickness. Doping
mechanisms for the amorphous AlZnOx with high Al content
are currently under investigation in our lab.

6. Conclusion

We have analysed the potential efficiency gain of glass/TCO
and TCO/absorber intermediate layers for thin film solar cells.
Quaternary oxides derived from known TCO materials can
show the optical properties required for such layers. With the
materials AlZnOx and SnO2:S,F a relative efficiency gain of
∆η=6.2% could be achieved if they were incorporated into an
a-Si:H thin film solar cell. A cell with e.gηorig=9% would hence
show an increased efficiency ofηopt=9.6% by employing these
materials. Further increases in gain could be achieved, if the

7



materials with optimised optical constants as per our theoreti-
cal models became available. For suchideal matching materi-
als we predict efficiency gains∆η of up to 16%, or in absolute
terms an increase ofηorig=9% toηopt=10.4%.

We have furthermore demonstrated, that the reported gain of
rough TCO/absorber interfaces with low haze values, can be
explained by the anti-reflective properties of the rough inter-
face acting as an effective medium with an refractive index be-
tween values of SnO2:F and a-Si:H. In the latter case we have
neglected potential additional gains due to the change in the ef-
fective absorber thickness for the scattered light. In contrast,
matching layers based on SiO and nc-Si are shown to be help-
ful, but by far, non-ideal matching materials.

Finally we have shown that if the cost of such ideal interface
materials is comparable to those of the TCO itself, the inclusion
of such layers can not only increase the total efficiency but more
importantly reduce the relevant cost/Wp of thin film solar cells.
Although we only analysed a relatively simple single absorber
cell structure, the concept can be applied to any other type of
solar cells with glass/TCO or TCO/absorber interfaces.
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