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Abstract: We suggest adesign for a coating that could be applied on top
of any solar cell having at least one diffusing surface. This coating acts as
an angle and wavelength selective filter, which increases the average path
length and absorptance at long wavel engths without altering the solar cell
performance at short wavelengths. Thefilter design is based on a continuous
variation of the refractive index in order to minimize undesired reflection
losses. Numerical procedures are used to optimize the filter for a 10um
thick monocrystalline silicon solar cell, which lifts the efficiency above the
Auger limit for unconcentratedillumination. The feasibility to fabricate such
filtersis also discussed, considering afinite available refractive index range.
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1. Introduction

Reduced recombination current, less material consumption, and better carrier collection are
the fundamental intentions for making thinner solar cells. In order to maintain a sufficient
light absorption, the incoming light has to be efficiently trapped. Thisis particularly important
when the absorbing material is an indirect semiconductor. For these materials, such as silicon
(Si), alimit for the photovoltaic conversion efficiency n based on the absorption was found
at first by Shockley and Queisser. Assuming each absorbed photon generates one electron-
hole-pair, they showed that the efficiency limit is 31% [1], as long as no nonradiative losses are
included. Kerr et al. [2] found recently amorerealistic limit of approximately 28% for Si by in-
cluding Coulomb-enhanced Auger recombination processes and other realistic silicon-specific
processes for unconcentrated illumination.

Enhancing the absorption by an appropriate light-trapping scheme would result in an in-
creased short circuit current density Jsc. Thisimplies that the cells could be made with a thin-
ner Si layer and would still provide the same Jsc. In such a configuration, the advantage is a
lower bulk recombination that leads to a higher open circuit voltageV oc. Either alarger Jsc or
Voc will enhancen.

The term light-trapping refers to the redistribution of the incoming light into new directions
within the solar cell. Ideally, total internal reflection will then prevent this redirected light from
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escaping the solar cell [3]. A perfect back side reflector and a Lambertian (isotropic) distribu-
tion of light inside the solar cell will increase the percentage of light that is trapped by total
internal reflection. The path length enhancement k is usually regarded as a measure for the
light-trapping. The combination of the back side reflector and the Lambertian light distribution
leads to an effective path length enhancement of k = 4n? [4,5], with n being the refractiveindex
of the solar cell material. In the case of a standard semiconductor solar cell (n = 3.5) k ~ 50 may
be achieved. Note that an absorption enhancement can also be obtained by applying other pho-
tonic concepts, such as periodically structured back reflectors, which are optimized to increase
the optical path length for wavelengths around the band gap of the absorbing layer [6,7]. The
Lambertian light distribution is generally attained by incorporating an appropriately structured
surface [8, 9, 10, 11], whose nature can be either statistical (rough surfaces) or deterministic
(e.g. periodic arrangement). For unconcentrated illumination the solar cell absorbs light inci-
dent from all directions, i.e. the acceptance cone of a device as described above is assumed to
be the entire half-space above the solar cell.

Ultra light-trapping relates to a restriction of the acceptance cone of the solar cell in com-
bination with a tracking system, which ensures normal incidence of the direct sun light al the
time. Applying an angle selective filter, which restricts the acceptance cone, on top of a solar
cell having at least one Lambertian surface, will enlarge k up to 4n2/sin?@ [12]. Here 6 de-
picts the opening angle of the restricted acceptance cone. The aperture of the circumsolar disc,
being approximately 5° [13], corresponds to the smallest acceptance cone that can be reason-
ably chosen, as all circumsolar light shall till enter the solar cell. This limitation permits an
enhancement of k up to ~6450. Using such a minimal acceptance cone comes at the expense
of atracking system for the solar cell.

“S0s, solar spectrum

Total internal
reflection

T
VIV

Fig. 1. Schematic drawing of the solar cell considered throughout this paper.

Back surface reflector

Figure 1 shows a schematic drawing of the solar cell considered in this paper. From top to
bottom this solar cells consists of an angle- and wavel ength sel ectivefilter, aperfect Lambertian
scatterer, an absorbing layer, and a perfect back reflector. The direct sunlight impinges normally
onto the solar cell, passes the angle selective filter, and is scattered isotropically by the diffusor.
The Lambertian scatterer was assumed to be impedance matched to the following absorbing
layer and, therefore, does not cause additional reflections at the diffusor-absorber interface.
Electron hole pairs are generated inside the absorbing layer, which was exemplarily chosen to
be a10pm thick monocrystalline Si layer. Outgoing solar cell radiation, consisting of reemitted
and not-absorbed light, which passed aready through the Lambertian scatterer, istrapped inside
the cell according to the angle and wavel ength dependent filter reflectance.
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At first glance, limiting the acceptance cone to the aperture of the circumsolar disc indepen-
dent of the wavelengths, should lead to the highest possible efficiency. Since terrestrial solar
cells are exposed to a significant fraction of diffuse light, the limitation of the acceptance cone
is desirable only in the spectral domain of weak absorption close to the band gap [14]. Figure
2 showstheided filter transmission as afunction of wavelength and angle of incidence, which
is measured relative to the surface normal throughout this paper. The ideal filter shows perfect
transmission up to a wavelength of ~ 870nm. For longer wavelengths up to ~ 1300nm the
filter should be perfectly reflecting only for angles of incidence larger than 2.5°. The optical
characteristics of the filter above ~ 1300nm will not affect 1, as the energy of the light is
too small to permit for an absorption by Si. The exact threshold wavelength of the transition
between perfect transmission and perfect reflection depends on the thickness, the wavelength
dependent absorption coefficient, and the spectra of the direct sunlight and of the diffuse scat-
tered light from the sky. For the 10 um thick monocrystalline Si-layer considered in this paper,
the threshold wavel ength was determined to be around 870 nm [14].
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Fig. 2. Transmission of unpolarized light of the ideal wavelength and angle selective filter
considered in this paper.

It is the aim of this paper to present a design for a realizable filter that approximates this
ideal filter function for the, to a certain extend arbitrarily, selected solar cell. Thisfilter can be
applied to the top of any solar cell having at least one diffusing surface, where it will decrease
the acceptance cone. The filter is based on an appropriately designed and optimized sequence
of dielectric layers. In order to be as general as possible we did not restrict the coating materials
from the beginning, hence dispersion and absorption of the coating are neglected throughout
this paper. Upon evaluating the impact of the filter on the solar cells efficiency it will be shown
that values for the efficiency above the 28% limit predicted by Kerr et al. [2] can be reached.
After outlining the principles for the filter design, the design of the coating system is described
in detail. Finally, the filter is numerically optimized by adopting the filter onto asolar cell in a
simulation allowing to calcul ate the efficiency, which is used as the measure to be optimized.

2. Coatingdesign

Various methods for the design of optical coatings have been developed. All of them have cer-
tain advantages but also some intrinsic disadvantages. Synthesis methods [15] employ physical
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understanding of already known solutions for creating an initial refractive index profile. Re-
finement methods [16,17], in turn, requirean initial layer stack design and can then minimizea
merit function by adjusting coating parameters, for example the thickness and the correspond-
ing refractive index. In cases, where either the problem is too complicated or where such initial
solutions do not exist, global optimization techniques are commonly used. Examples for such
techniques are genetic algorithms [18] or simulated annealing [19]. Such methods are able to
find an, at least local, optimum. However, currently it is too time consuming to check the entire
parameter space, thus these methods generally lack proof that their final solutions are among
the best. Furthermore, one obtains no insight into the underlying physics on that thefilter relies
or why these particular solutions are superior to others.

In this paper, we derive a design for a filter from already known ingredients. The design
processisdivided into four steps. At first, the perfect anti-reflection-(AR)-property of the coat-
ingisrealized. At second, theimplementation of asinglereflection band is demonstrated. Third,
the side lobes due to the finiteness of the coating system are suppressed. The presence of such
side lobes would seriously degrade the overall performance of the cell. Finally, all design steps
are combined and a final refinement procedure is applied to optimize the filter function for a
given solar cell.

2.1. Perfect transmission

At aninterface, which separates two media having different refractiveindicesn 1 and n,, Fresnel
reflection occurs. The simplest AR-coating is a single quarter wave layer with an index of re-
fraction of \/n1Nn>. However, thissinglelayer permitsperfect AR only at the design wavelength,
although additional layers can be used to broaden the AR-wavelength region [20].

Southwell proposed a continuous profile of the refractive index [21] instead of using discrete
indices of refraction. In order to express analytical refractiveindex profiles we define the z-axis
to be normal to theinterface. The spatial position of the interface between thetwo mediaisset to
beat z = 0. Since transmission and refl ection coefficients of layer systems depend only on phase
differences, the optical thicknesst (defined by t = [n(z)dz andt = O at the interface) becomes
the argument of refractive index profiles n(t). The proposed profile is a quintic polynomial
given by

N(th) = N1+ (N2 — ny) (63 — 151 + 10t3), (1)

where ty is the optical thickness normalized to the total optical thickness, thus taking values
between 0 and 1. Figure 3(a) shows the profile and Fig. 3(b) the broadband AR-behavior for
a 1pum thick coating. The transmission calculations were performed by applying the matrix
method [22]. As can be seen, nearly perfect transmission for all angles of incidence and both
polarizations occurs for aratio between the wavelength and the total optical thickness smaller
than ~ 1.0. It should be noted that a quintic profileis not optimum [21], but its sSimple analytical
description makesit favorable.

2.2. Perfect reflection

A second issue, besides perfect transmission over a large spectral range, is a perfect reflection
over anarrow spectral domain. Figure 4 shows the refractive index profiles and the correspond-
ing reflection as a function of the wavelength for three possible filters which show perfect re-
flection in a certain wavel ength range. The design wavel ength for perfect reflection was chosen
to be Ao = 1.0um for all profiles.

The simplest filter function is made using a binary quarter-wave-stack, i.e. a sequence of
layers of alternating high (nmax) and low (nmin) refractive indices with optical thicknesses equal
to aquarter wavelength. Unfortunately, the binary elements give rise to other reflection peaks at
odd multiples of thefundamental wave number [seethe dotted linein Fig. 4(b) around 0.33um].
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Fig. 4. a) Four periods of ahinary (dotted), asinusoidal (dash-dot) and an exponential sinu-
soidal (solid) refractive index profile for nmin = 1.0 and nmax = 3.5 at adesign wavelength
of Ag = 1.0um. b) The corresponding wavelength dependent reflection of each filter.

It iswell known that sinusoidal profiles, given by

n(t):nmm+“max—2”m'“ {1+sin(%t—%)], )
exhibit weaker reflection peaksat higher orders[23]. But they have the drawback, that reflection
peaks appear in the reflection curve also at even multiples of the fundamental wave number [see
the dash-dotted line in Fig. 4(b) at 0.50um]. Nevertheless, as is shown, these higher reflection
bands are | ess pronounced.

When applying the Fourier synthesis method [24, 25] further suppression of higher order re-
flection bandsis achieved. Thisis possible by choosing an exponential profile with a sinusoidal
argument [23, 26], like

e
N(t) = v/NminNmax €Xp [w sin <j—:t — g>‘| ) (3)

Only a single reflection band around A is observed for this profile; thus, thisis the preferable
geometry.
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2.3. Side lobe elimination

The remaining oscillations in the reflection spectrum of the exponential sinusoidal profile are
dueto the limited number of periodstaken into account. Therefore, they can be associated with
Fabry-Perot-oscillations, due to the sharply truncated refractive index profile. In order to avoid
these side lobes [27] special window functions (Hartman, Kaiser, Gauss etc.) have been estab-
lished in signal processing areas. In summary, an exponential sinusoidal refractiveindex profile
together with a smooth envelope function [see Fig. 5(a)] will give rise to a single reflection
band around 2. In the remaining wavelength domain complete transmission is observed [see
Fig. 5(b) at normal incidence].
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Fig. 5. 8) Exponential sinusoidal refractive index profile (solid line) with quintic amplitude
function (dotted line). The dash-dotted line represents the averaged refractive index. b) The
angle resolved transmission spectrum shows the desired blue shift of the stop band when
tilting the angle of incidence.

The continuous nature of the averaged refractive index (dash-dotted linein Fig.5(a)) alows
for aless polarization dependent AR-coating at tilted angles of incidence as compared to dis-
crete layer systems[28], which is mandatory for the applicability in photovoltaic systems.

2.4. Reflection at oblique incidence

The well known blue shift [29] of a reflection band when tilting the angle of incidence can
be clearly seen in the angle resolved reflection spectrum shown in Fig. 5(b) for the structure
presented in Fig. 5(a).

At short wavelengths a broad area with AR properties can be identified, which will alow
the light scattered from the sky to enter the solar cell. Furthermore, the blue shift leads to the
desired high reflection for tilted angles, but only for the wavelength region between 700 and
800 nm. Scaling the thickness of the layer system will shift the position of the stop band. Due
to reciprocity, this high reflectivity at oblique incidence will also appear for light hitting the
surface from inside the solar cell. Thus the escape cone will be limited further. This will allow
for longer absorption path lengthsin the long wavelength region.

In the following section we optimize the parameters, which describe the profile of the index
of refraction, to increase n dueto light-trapping.

3. Parameter optimization

So far, we presented refractive index profiles leading to a perfect AR-coating (see Fig. 3) and
to the desired angle-selectivity (see Fig. 5). The combination of these elements leads to the
dependence of the refractive index profile on the optical thickness as depicted in Fig. 6. The
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entire profile can be described with only a few parameters. The first one is the total optical
thickness (tior) of the entire coating system. The second is the position of the stop band (A o).
Reflection losses are minimized by quintic matching of the average refractiveindex (dotted line
inFig. 6) inregions| (front) and 11 (back). Side lobes are suppressed by using smooth (quintic)
envel ope functions (dash-dotted lines in Fig. 6) in these regions, too. The optical thickness of
these regions is, therefore, also a parameter and is denoted by t a0. It was found that the phase
of the sinusoidal function does not have a large influence, i.e. it is not necessary to find an
optimum value.

4.0

3.0

2.0

1.0

Index of refraction

0.0
0.0 13 2.5 3.8 5.0

Optical thickness [um]

Fig. 6. Refractive index profile versus optical thickness for tyot = 5pm, Ag = 1um, tgpo =
0.25 X tiot, Amax = 0.7, Nine = 1.0, and ng, = 3.5.

For the first optimization we introduce an additional parameter A nax, Which represents the
maximum amplitude of the refractive index modulation. The indices of refraction of the inci-
dence medium and the subsequent solar cell are represented in the following by n . and ngyp,
respectively. When looking at Eq. (3), it is clear that the magnitudesfor the minimum and max-
imum indices of refraction are needed. They are represented by n min and Nmax, respectively. In
region Il (tapo < ti < tiot — tapo), Where npmin and nmax are constant, they are given by

n nj Ngub — Nj

I"min,ll = w—p\maxw (4)
n N;j Ngub — Nj

Nmax,Il = w Amaxwv ®)

respectively. Inregion | (0 <t} < tapo), Nmin @nd Nmax read as:

Nmin,| (tn,l) = Ninc+ (nmin,ll - ninc)Q(tn,l) (6)
Nmax, | (tn,l) = Ninc+ (nmax,ll - ninc)Q(tn,l)a (7)

where
Q(x) = (6x5 — 15x* + 10x%) (8)

and t, is the normalized optical thickness, which amounts to 1, when t = ta. In region Il
(ttot — tapo < ti1 < ttot) they are given by:

Min it (b)) = Mmingt + (Nsub — Niminyi1) Q(tn111) )
Nmax, 111 (tniit) = Nmax,it + (Nsub — Nmax,11) Q1) (10)

wherety ) is proportional to the optical thickness, so that ty i = 0, if t = tiot —tapo @and tn ) =1,
if t =t Figure 6 showsthe refractiveindex profile versusthe optical thicknessfor tio; = 5pm,
Ao = 1um, tgpo = 0.25 X tiot, Amax = 0.7, Ninc = 1.0, and ngy, = 3.5. The refractive indices ninc
and ngp remain fixed in all further considerations.
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To evaluate thefilter performance on the solar cell efficiency, we used an algorithm described
in Ref. [14], which allows the computation of 7. This algorithm takes into account the position
of the sun, the angle between the normal of the solar cell and the sun, and the time dependent
solar spectrum. A schematic drawing of the evaluated solar cell is shown in Fig. 1. The absorber
was a 10 pm thick monocrystalline Si layer, whose absorption coefficient was taken from liter-
ature [30]. The absorption inside the solar cell was then calculated following the method for a
cell with Lambertian scatterer and a perfect back side reflector [5]. We assumed a cell dopant
concentration of 1.5 x 1016 cm~3, the back side recombination velocity was set to zero, and
Auger recombination processes were included according to Ref. [31]. The calculated efficien-
cies represent the accumulated converted amount of energy which impinges during a standard
day in Stuttgart, Germany, when the solar cell constantly faces the sun by using a tracking
system.

The reference value was calculated for a solar cell with a perfect AR coating, e.g. light
from al directions, at all wavelengths and polarizations, completely penetrates the filter. Such
a perfect AR-filter leads to the reference efficiency of 28.7%. We performed 1000 Simplex
optimization routines [32] on random starting parameters. The free parameters, which should
be optimized, are: tiot, Ao, tH and Anmax. The coating refractive indices were allowed to take
all values between 1.0 and 3.5. The best among these 1000 optimais shown in Fig. 7. An n of
30.1% isachieved, i.e. an increase of 1.4 absolute %. The parametersarelisted in Tab. 1.
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Fig. 7. @ Optimized refractive index profile, values were allowed to lie between 1.0 and
3.5. b) Angle resolved transmission spectrum leads to an efficiency of 30.1%.

4. Producibility of such filters

The presented design requiresindices of refraction closeto 1 to obtain the perfect AR property.
With porous silicon [23] indices of refraction close to air and up to silicon are possible. Using
only silicon would simplify the fabrication, as it would permit a monolithic integration, unfor-
tunately the high absorption coefficient in the short wavelength range prohibitsits use. It was
shown recently that oblique angle deposition of SiO, can be used to provideindices of refrac-
tion as closeto air as 1.05 [33]. Values up to 2.5 are possible with TiO,, too. The gap between
2.5 and silicon would lead to some remaining back reflection that is undesirable. However,
since the value of 2.5 is already high, we expect the back reflection to be only in the order of
4%.

When taking into account the stability of the coating system, fabrication by co-deposition
[34] seems more reasonable. This method also allows for a continuous modulation of the re-
fractive index, but only between those of the two materials involved.

Figure 8 (a) shows the refractive index profile of a quintic AR-coating given by Eq. (1) with
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Fig. 8. @) Quintic refractive index profile and b) angle resolved transmission spectrum for
limited refractive index values. The parameter ny was set to 1.5 and n, to 2.0. 1 = 26.1%.

n1 = 1.5 and n, = 2.0, which should be feasible using co-deposition. Figure 8 (b) shows the
corresponding transmission of unpolarized light versus angle of incidence and wavelength. This
transmission spectrum features Fabry-Perot-oscillations, since the interval for the refractive
index is limited. For this AR-filter we calculated n = 26.1%. In the following this value will
be increased by an optimized angle and wavelength selective rugate filter, which has the same
optical thickness and is limited by the same range of available refractive indices.

This small difference between 1.5 and 2.0 is not large enough for providing a broad stop
band, but it is possible to increase the band width by continuously increasing the period of
the refractive index profile so that the top of the coating system will reflect a different wave-
length than the bottom [26]. In order to find the refractive index profile, which is optimum for
these fabrication constraints, the additional constants nyina and nmax.a are introduced. They,
respectively, represent the minimum and maximum available refractive indices. The previous
formulas Egs. (4)—<(10) can still be used, but njnc must be changed to Nmin a, and Ngyb t0 Nmax a-
The continuous change of the center wavelengthis represented by an additional chirp parameter
C, which generalizes Eq. (3) to:

N

o c_c
n(t) _ —nminnmaxe)(p [In( nmin) sin <4neXp§Lttot Z)t _ g)] ' (11)
0

Figure 9 (a) shows the optimized refractive index profile according to Eq. (11) and Fig. 9 (b)
the corresponding angle- and wavel ength dependent transmission of unpolarized light. Just like
for Fig. 8, the refractive index profile was allowed to vary between 1.5 and 2.0. The optimized
parameters are listed in Tab. 1. The Fabry-Perot-oscillations, which could be seen aready in
Fig. 8 are still present, but an efficiency of 26.9% is reached, due to the enhanced reflection
around 1000nm at oblique incidence. This solar cell efficiency corresponds to an increase of
0.8 absolute %, when compared to the AR-coating shown in Fig. 8. Dueto the larger number of
periods the transition between transmitting and reflecting regions in Fig. 9(b) is more sharply
pronounced when compared to Fig. 7, but this comes at the expense of increased coating thick-
ness.

In a further step we investigated the robustness of the layer systems concerning thickness
errors. For this analysis we calculated the efficiencies of the optimized filters when varying
the layer thicknesses, which are needed for the matrix method for calculating the filter trans-
mission. Originally, each layer has an unmodified optical thickness of 15nm. In each step of
this analysis we varied all thicknesses, each thickness proportional to arandom number, where
all random numbers were distributed normally around 1.0 with individual standard deviation
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Fig. 9. @) Optimized refractive index profile and b) angle resolved transmission spectrum
for limited refractive index values. Nmin 5 Was set to 1.5 and Nmax 5 10 2.0. ) = 26.9%.

Table 1. Parameters of several filters discussed in this paper.

Figure tor[um] < Amx  Jdolum]  C  n[%]
7 1364 02739 0.9338 1446 0.0 30.1
8 15.07 Quintic AR-coating 26.1

9 1507 03252 09757 1219 0.002906 26.9

o. For each o we performed 100 filter modifications in order to generate statistical data. The
mean (solid curve) and the standard deviation corridor (dotted curve) of the calcul ated efficien-
ciesareplotted in Fig. 10 for the optimized filter without refractiveindex limitation (a) and with
limited refractive index range (b). As can be seen, the filter design is quite tolerant against fab-
rication errors since the cell efficiencies drop only ~ 0.1 % if each layer thickness is modified
(in average) by more than 6%.
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Fig. 10. Mean calculated efficiencies (solid black curve) versus relative standard deviation
o of individual layer thickness for the filter shown in (a) Fig. 7 and (b) Fig. 9. The dotted
red curves represent the standard deviation corridor of 100 filter modifications.
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5. Summary

We developed an analytical expression for a top coating applicable to solar cells, which de-
creases the transmittance of light at oblique angles of incidence close to the band gap and,
thereby, increases the absorptance for normal incidence due to improved light-trapping. By
neglecting absorption and dispersion in the top coating and using a realistic model for the ab-
sorbing layer, calculated efficiencies of solar cells having at least one Lambertian surface could
be increased from 28.7% for a cell with zero front side reflection up to 30.1% for a solar cell
equipped with the optimized angle selective filter. In order to obtain high transmission, low
indices of refraction are necessary, which is at the moment a challenge for fabrication. Nev-
ertheless, the design can be implemented on a smaller range of available refractive indices if
an additional chirp parameter is included in the analytical expression. This parameter allows
for a sharper transition between reflecting and transmitting behavior, at the expense of an in-
crease in the coating thickness. This paper completely evaluates one of the first light-trapping
proposals, which effectively increases photovoltaic conversion efficiencies above the limit for
unconcentrated illumination.
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