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Abstract:  The front-coating (FC) of a solar cell controls its efficiency,
determining admission of light into the absorbing material and potentially
trapping light to enhance thin absorbers. Single-layer FC designs are well
known, especially for thick absorbers where their only purpose is to reduce
reflections. Multilayer FCs could improve performance, but require global
optimization to design. For narrow bandwidths, one can always achieve
nearly 100% absorption. For the entire solar bandwidth, however, a second
FC layer improves performance by 6.1% for 256 um wafer-based cells,
or by 3.6% for 2 um thin-film cells, while additional layers yield rapidly
diminishing returns.

© 2009 Optical Society of America
OCI S codes: (230.5298) Photonic crystals; (350.6050) Solar energy.
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1. Introduction

Front coatings are a critical feature of the highest-efficiency photovoltaic cells, ranging from
monocrystalline silicon cells with double-layer anti-reflection (AR) coatings [1] to thin-film
CIGS cells with single-layer AR coatings [2]. The most effective front coatings alow light
over abroad range of wavelengths to enter the cell and be absorbed. This broad range of wave-
lengths extends from long-wave ultraviolet (around 300 nm [3]) to the band gap wavelength
(for silicon, 1108 nm [4]). While single-layer front coating designs are well known, multiple
layers could conceivably alow higher admittance over a broader bandwidth. Thus, the prob-
lem of optimizing multilayer coatings for solar cells has been atopic of great interest for some
time [5-14], but the full range of possible designs had not been explored, especialy for thin
absorbers and/or multiple coatings. Here, we attack this problem with global optimization to
find the best possible multilayer film designsin several regimes and quantify the degree of im-
provement which can be achieved in each case. We show that two front coatings produce the
majority of improvement; additional front coatings yield rapidly diminishing improvements.

For the most common type of solar cell, made from silicon wafers, the front-coating design
problem mostly reduces to a broad-band anti-reflection problem with dispersion. However, due
to the dispersion of silicon [4] and the non-uniformity of the AM1.5 solar spectrum [15], this
problem can only be solved approximately with an analytical approach [16]. More precise
solutions require anumerical approach—Refs. 17-19 treat the cases of single-layer and double-
layer AR coatings; Ref. 20 treats single- through triple-layer AR coatings. Similar approaches
have been taken for other related wide-band absorption problems, as in Refs. 21-23. Some
authors have even expanded this problem to include long wavel engths beyond the bandgap of
silicon [14].

On the other hand, emerging thin-film solar cell technology presents an entirely different
challenge for front coating design. First of all, reflections from the front and back interfere over
a broad range of wavelengths. Furthermore, unlike a narrow bandwidth problem, where the
principles of Q-matching resonant absorption (also known as “impedance-matching”) can be
applied, the portion of the solar spectrum considered is broad-bandwidth, 800 nm to 1100 nm.
Moreover the absorption length over the bandwidth is typically greater than the physical opti-
cal path length [24]. As aconsequence, even light that initially passes through the front coating
often reflects back out through the front without being absorbed—an effect not accounted for in
Refs. 17,19,20,25, and 26. And front coatings must not only allow light to enter the silicon cell,
but must also trap it to be absorbed. Thisincreases the complexity of the problem while dimin-
ishing the accuracy of any analytical approximations. Thiswas examined through ray tracing on
an non-systematic basis for thick multicrystalline wafer-based cells[27, 28]. Some recent work
on the opposite limit of extremely thin (15 nm) organic cells has demonstrated 40% boosts
in relative efficiency [29] with appropriately designed front coatings. Also, the application of
multiple reflections to ultra-thin (5-55 nm) amorphous silicon has been discussed [12].

In this manuscript, we consider the behavior of the cell designs depicted in Fig. 1, a pho-
tovoltaically active silicon region backed by a perfectly reflecting metal region with a varying
number of dielectric coatings added to the front and back. We show that as long as the back
coating consists of low-loss planar layers, its specific design will have negligible impact on the
wide-bandwidth problem, though it will have a large impact on the narrow-bandwidth prob-
lem. The thicknesses and indices of each front coating are chosen by an exhaustive global-
optimization procedure to maximize the short-circuit current of each cell.
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Fig. 1. (Color online) Schematic illustration of solar cell designs studied in this paper: (a) a
photovoltaically active silicon region (green), backed by a perfectly reflecting metal (gray),
(b) diagram (a) with one or more front coating depicted in shades of blue, and (c) diagram
(b) with one back dielectric coating layer.

2. Formulation of the problem

The key factor that enables the use of global optimization to exhaustively search the parame-
ter space of possible front-coating films is the availability of extremely efficient algorithms to
model the optical properties of multilayer films. In particular, the light-trapping properties of
the structures discussed in this paper are studied using a transfer-matrix approach known as the
S-matrix method [30, 31]. The structure is broken up into homogeneous slabs of chosen thick-
nesses, boundary conditions areimposed at the interfaces, and fields are propagated throughout
the structure. The boundary conditions employed in this work correspond to light normally in-
cident from above the solar cell. Light absorption is calculated by modeling the c-Si regions
with a complex refractive index that depends on wavelength, as in Ref. 4. The c-Si region is
treated asif itisonly intrinsic, i.e., the doping of the p- and n-doped regions can be considered
to have a negligible impact on the optical properties of the device. Since most dielectric mate-
rials have very large band gaps, the dispersion and absorption of the front- and back-coatingsis
assumed to be negligible over the range of wavelengths considered in thiswork [17]. The metal
region (back-reflector) is modeled as a frequency independent, negative permittivity (lossless)
medium (as shown later, the exact details of the back-reflector have amost no impact on the
optimal front coating design for the full solar bandwidth problem). In principle, the calcula-
tion of the model’s optical properties is exact apart from these approximations. Verification
has been performed for several structures using the finite-difference time-domain method [32]
with perfectly-matched boundary layers[33]. The results arein good agreement, but the FDTD
method is much slower for the same level of accuracy, so it isnot used for most calculations.

In order to calculate the efficiency of the light capture of our model we assume that each
absorbed photon with energy greater than the band gap energy generates an electron-hole pair,
and both carriers reach the electrical contacts. This corresponds to the statement that the dif-
fusion length Lp is much greater than the distance traveled by each carrier (i.e., Lp > d), a
reasonable assumption for thin Si films with high mobilities.

The optimized quantity is the generated short-circuit current Js, given by [34]:

Jo = / d ﬁ/}:éj)lLA(/l)} = / dAW(L)AL) @
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where g—/{ represents the light intensity experienced by the solar cell per unit wavelength (given
by the ASTM AM1.5 solar spectrum [15]), and A(A) is the absorption calculated above. (The
integration was carried out by a 1000-point trapezoidal rule.) The coefficients w(A) capture
the relative importance of absorption at each wavelength, and will be referred to as “current
weights” for short. This alows us to define afigure of merit (FOM) by:

JdAW(A)AR)

FOM = “Taawa) (2

which is proportiona to the objective function we wish to maximize. It gives us a measure of
the absorbing efficiency of the structure weighted for the solar-cell application; perfect absorp-
tion at all wavelengths within the range of silicon’s absorption (300 nm to 1108 nm) yields
FOM = 1
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Fig. 2. (Color online) Fits of calculation parameters (red curves) to actual data derived from
references (blue curves): (a) real index of crystalline silicon [4] (b) absorption length of
crystalline silicon [4] (c) current weightsw(A) in Eq. (1), fit with a degree-100 Chebyshev
approximation [35].

Important spectrafactoring into the Js. calculation aredisplayed in Fig. 2: thereal indicesand
absorption lengths of silicon, and current weights w(4). In each plot, the experimental datais
shownin blue, while the smooth fit used to calculate the resultsin the following section is shown
inred. For the case of the real index of silicon, aLorentzian plus a polynomial fitsthe datawell.
Since the absorption length grows exponentially with wavelength, a polynomial fit was made to
the logarithm of theimaginary part of theindex. Finally, the current weighting functionw(A ) in
Eqg. (1), which isbased on the AM 1.5 solar spectrum [15], wasfit with a degree-100 Chebyshev
approximation, which displays more stability than its standard polynomial counterpart [35].

For the calculations, the front coating thicknesses were bounded by 0 and 700 nm and the
indices by 1 and 5. The range of thicknesses includes the largest quarter-wave thicknessin the
lowest index material; the range of indices includes most materials that can be easily fabricated
asafront coating. However, as discussed at the end of Section 3, restricting the range of indices
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Fig. 3. (Color online) A contour plot of the FOM of a cell with two front-coating layers
versus the layer thickness (the indices of each layer are fixed at 1.27 and 4.35). The FOM
ranges from 0.30 (black) to 0.38 (white). Clearly there are many local optima, necessitating
aglobal optimization approach.

to a narrower range, or even fixing the indices entirely to the values for selected materials and
optimizing only over the thicknesses, yieldsa FOM only slightly worse than when awide range
of indicesis explored.

In general, this problem may have many local optima, especially as the range and number
of parametersisincreased. Thisisillustrated in Fig. 3, which plots the FOM as a function of
two of the four parameters (two coating thicknesses) and exhibits many local optima. To avoid
these suboptimal solutions, we apply a global optimization technique that exhaustively finds
all local optima and picks the best one. In particular, we employ the MLSL agorithm [36],
which combines efficient local search (we used the limited-memory BFGS agorithm [37] with
an open-source implementation [38]) with quasi-random starting points based on a Sobol low-
discrepancy sequence [39-41]. The MLSL algorithm is distinguished by clustering techniques
to avoid repeatedly searching the samelocal optimum, and is guaranteed to find all local optima
in a finite number of local searches [36]. We also compared MLSL to several other global-
optimization techniques, such as the DIRECT-L algorithm [42], via a free-software package
implementing many optimization algorithms [43], and found MLSL to find the same optimum
in a shorter time. Because the BFGS a gorithm requires the gradient of the objective function
(the FOM), a computationally efficient method for cal culating the gradient based on the adjoint
method was used. Adjoint methods allow the gradient to be computed in a time comparable
to the time required in calculating the objective function and independent of the number of
parameters (here, the front coating indices and thicknesses) [44].
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3. Resultsand discussion

In order to understand the physically-relevant problem of maximizing short-circuit current in a
solar cell subject to the AM 1.5 solar spectrum, it isinstructive to start at the simpler, opposite
limit of zero bandwidth. In this zero-bandwidth limit, it is well known that 100% absorption
can be achieved when the rate of radiative escape from a resonant cavity is equa to its rate
of absorption [45, 46]; this is referred to as the Q-matching condition. Thus, it is predicted
that the optimal design of Fig. 1 with an arbitrary number of front layers should be capable
of reaching 100% absorption at any given wavelength, simply by employing a periodic Bragg-
mirror structure to confine the light at that wavelength with the appropriate lifetime. For a
bounded number of layers, on the other hand, 100% absorption should only be reached up to
a certain wavelength A;, since for A > A; the absorption will be too small (corresponding to
a high Q that cannot be matched by a small number of layers). Thus, the value of A; will be
determined by the maximum possible value of the radiative Q achievable for a fixed number
of front-coating layers and a fixed range of indices. The absorption and radiative Q must be
large (the absorption length must be much larger than the silicon thickness, and the light must
be trapped for a time much larger than the period) in order for it to be accurately described
by aresonance process. For instance, consider a front coating design of a 3 layer quarter—-wave
stack. The absorption Q, dueto the silicon layer with complex index of refraction n(4) +1x (1),
isn(A)/x (). Theradiative Q of the quarter—-wave stack is,

_ 4ntn(A) VR
~ "7 1-R @)

where n(A) issilicon’s real index, t is the silicon layer thickness, and the reflectance of the
guarter—wave stack given by

= ©)

1-n(A) (ng/m)*[*
14+n(A) (ng/m)?

where n; and ny refer to the indices of the layers. It found that for A; > 1000.2 nm the
absorption Q istoo large and Q-matching becomes impossible.

This prediction is tested numerically using the simulation framework discussed in the pre-
vious section; the results are shown in Fig. 4. For zero front coating layers, the large dielec-
tric contrast between silicon and air allows effective transmission at only a handful of wave-
lengths (due to Fabry-Perot oscillations). For a single front coating, the absorption is given by
A=1—|r|? where:

. ei¢l(é¢°+r0r1)+r1ei¢°+r0 ®)
-~ @%(ro€% +r1) +rori€% 41
where layer —1isair, layer O isthe front coating, and layer 1 isthe silicon; n; isthereal part of
the refractive index of layer |, k; istheimaginary part, t; is the thickness, A the vacuum wave-
length. At normal incidence, ¢; = 4x(nj +ixj)tj/A and rj = (nj +ixj —nj_1 —ixj_1)/(nj +
ixj+nj_1+ikj_1) arethe phases and Fresnel reflection coefficients [47].
The reflectivity can be divided into three regimes, depending on the fractional absorptance
of the silicon layer:

. |ei¢l| < ry: here, virtually no light reaches the back reflector. Thus, the problem reduces
to that of creating an anti-reflection coating between two semi-infinite regions, as dis-
cussed in Ref. 47. The reflection is now written as r ~ —(r1€% +rg)/(ror1€% + 1).
With the proper choice of front-coating layer index and thickness, 100% transmission
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Fig. 4. (Color online) The generated current efficiency as a function of wavelength; the
parameters for each structure class (e.g., two front layers) are optimized separately at each
wavelengthi.e., thisisthe reflection spectrum for many different structures. Note that struc-
tures with one or more front layers display full absorption up to a particular wavelength At
that increases with the number of front layers.

(and thus, 100% absorption), can be achieved at asingle A [47]. Thisis exhibited by our
results up to awavelength of 675 nmin Fig. 4.

* |€91] ~ rq: here, partial absorption after one pass through the cell means that interfer-
ence between reflections from the front and back surfaces is possible. Furthermore, it is
impossible to fully optimize this system by controlling a single, uniform dielectric layer.
Mathematically, solving for the root of the numerator of Eg. (5) requires three indepen-
dent variables because it has four linearly independent terms. If only two independent
variables are present, a constant value is added to a term which rotates in the complex
plane. This results in Fabry-Perot-type oscillations, which are seen in Fig. 4 for wave-
lengths ranging from 675 to 1050 nm. However, these Fabry-Perot oscillations can be
suppressed with an additional single back layer, illustrated in Fig. 1(c), which shifts the
Fabry-Perot oscillations of the silicon slab to a maximum at each A. To enhance light-
trapping at wavel engths where the absorption length of siliconislarge, the optimal index
of the front coating is the maximum allowed value. Because of the m-phase shift from
this layer, the Fabry-Perot peaks are shifted by half a period with respect to the zero
front-coating FOM. This trend continues with the two front-coating FOM, there are two
m-phase shifts realigning the peaks with the zero front-coating FOM. Finally, note that
the onset of these oscillations is red-shifted as the number of front coatings increases,
from 675 nm for one front layer, up to 725 nm for two front layers, and 950 nm for three
front coatings due to improved light-trapping with an increase in the number of front
coatings, as predicted above.

* |€%] — 1: here, the absorption strength is virtually nil, and Q-matching cannot be
achieved without a number of front layers proportional to log(1— |€%1]), since the maxi-
mum reflectivity goes exponentially with the number of layers [46]. Mathematically, the
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amplitude of the reflection coefficient |r| will approach unity. Thislimit is approached on
the right-hand side of Fig. 4.
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Fig. 5. (Color online) The generated current efficiency versus the bandwidth of incoming
radiation; for bandwidths up to 265 nm the central wavelength is 902.8 nm, for band-
widths above 265 nm, the maximum wavelength is fixed, while the minimum wavelength
is decreased (which corresponds to a blue shift of the central wavelength).

Next, consider what happens to the FOM as the window of absorption wavelengths expands
from zero up to the width of the usable solar spectrum for silicon-based solar cells (300—
1108 nm). The results for optimized structures with 03 front layers are plotted in Fig. 5; three
distinct bandwidth regimes can be seen. First, the smallest bandwidths (below 1 nm) are similar
to the zero bandwidth problem plotted in Fig. 4, for A =902.8 nm. Since the absorption length
of silicon at A =902.8 nm is about 50 um, severa front layers are necessary to increase the
radiative Q for Q-matching to be achieved. Second, it is evident that Q-matching startsto break
down for bandwidths greater than 1 nm. That is because Q-matching relies on the accuracy
of coupled-mode theory, which assumes a narrow-bandwidth cavity (i.e., one that is weakly
coupled to losses so that its decay rate is long compared to the optical period) [46]. When that
assumptionisviolated, it isno longer possible to achieve 100% absorption over the entire band-
width; the severity of the violation dictates the extent of the decrease in the average absorption.
Third, the increase in the FOM for large bandwidths (above 265 nm) demonstrate that absorp-
tion can be boosted by blue-shifting the central wavelength and adding in more wavelengths
for which even athin film is optically thick.

Now let us consider the problem of absorption over the whole solar spectrum in more detail.
The absorption spectra of optimized thin-film crystalline silicon solar cells (t = 2um) are plot-
ted in Fig. 6 for structures with no front layers [based on Fig. 1(a)] as well as optimized struc-
tures with 1-3 front layers [based on Fig. 1(b)]. It is evident that the optimal design employs
a peak absorption around 450 nm, which represents a trade off between the shorter absorption
lengths at smaller wavelengths[illustrated in Fig. 2(a)] and the greater current weights at longer
wavelengths [illustrated in Fig. 2(b)].

The values of the front coating indices, thicknesses and figure of merit for the optimized
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Fig. 6. (Color online) Absorption spectrum over the full absorbing bandwidth for a thin-
film crystalline silicon solar cell (t = 2um). (a) Optimized over the full bandwidth and (b)
optimized only at A = 902.8 nm.

structures of Fig. 6 arelisted in Table 1. Thelayers slowly increase in index towards the silicon
layer, consistent with the intuition that a front layer with a smoothly increasing index profile
would allow 100% transmission to the silicon layer. (The optimal front coating is not a total
transmission AR coating, however, because it must act asapartially silvered mirror, particularly
in the narrow-bandwidth limit). Moreover, as one might expect, each of the optimized front
coatings generates destructive interference between reflections from their front and back at the
central frequency (corresponding to a phase shift ~ ). In addition, the optimized structure for
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Table 1. Table of optimized front-coating designs for one, two, and three front-coating
layers, asin Fig. 1(b). Layers are ordered from closest to air. Coating thickness d in units

of nm.
Number of front coating layers 1 2 3
Figure of merit 0.439 0.455 0.458
Layer indices and thicknesses n d n d n d
208 | 60.0 | 1.54 | 823 | 1.34 | 91.0
302|389 | 239|531
3.79 | 29.9

the 1 front-coating and 1 back- coating structure was found to be d = 60.0 nm, n = 2.070 and
d = 20.7 nm, n = 1, respectively; the corresponding figure of merit was 0.440, which is nearly
the same asthe 1 front-layer structure. While it appears that the back layer is not much usein a
broad bandwidth problem, for alossy metal backing the back layer can help to reduce unwanted
absorption loss.
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Fig. 7. (Color online) Figure of merit versus silicon slab thickness, both for a structure with
no front layer (based on Fig. 1(a)) and optimized structures with 1-3 front layers (based on
Fig. 1(b)).

Let us consider the effects of thickness over a broad range of silicon thicknesses, from thin-
film values of 1 um to effectively semi-infinite values of 1.6 cm. For the case of 2 um-thick
thin films, increasing the number of front coatings from zero to one yields a relative increase
of 39.8% to the FOM (from 0.314 to 0.439); adding a second front coating yields arelative in-
crease of 3.6% to the FOM (to 0.455), and adding athird coating yields another relative increase
of 0.6% (to 0.458). For wafer-based cell thicknesses, e.g., 256 um, increasing the number of
front coatings from zero to one yields a 42.3% relative increase in the FOM (from 0.614 to
0.874); adding a second coating yields a relative increase of 6.1% (to 0.927); adding a third
coating yields a relative increase of 1.3%. For effectively semi-infinite cells, e.g., 1.6 cm, in-
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creasing the number of front coatings from zero to one yields a 42.0% relative increase to the
FOM (from 0.645 to 0.916); adding a second coating yields a 6.6% relative increase (to 0.976);
and adding athird coating yields arelative increase of 1.5% (to 0.991). These numbersillustrate
the diminishing returns associated with adding more front layers for the broad-bandwidth prob-
lem. Thus, it comes as no surprise that increasing the number of layersto 10 provides no more
than a0.5% relative improvement over 3 layers, for a2 um-thick thin film. Thisresult contrasts
strongly with the zero-bandwidth results shown in Fig. 4, where each additional layer resultsin
alarge improvement (up to the critical number required for Q-matching). As discussed previ-
ously, this crossover occurs in the intermediate bandwidth regime (1-265 nm), asillustrated in
Fig. 5. Furthermore, it isintriguing to note that both the relative and absolute gains are greater
for the thicker, wafer-based cells than for thin films. This can be explained by noting that the
long wavelengths that are poorly absorbed by thin cells with a single front coating layer can be
absorbed well by thick cells. Thin-film cells are simply too thin to ever strongly absorb longer
wavel engths without compromising their shorter-wavel ength absorption, whereas wafer-based
cells are free from this limitation. This assertion is also supported by the absorption spectra
of Fig. 6, in which the optimal designs display increasing absorption with the number of front
coatings primarily at shorter wavelengths.
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FOM relative difference
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o
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Fig. 8. (Color online) Relative differencein figure of merit, calculated astherelative differ-
ence of the FOM for the optimized structure with the given reflection phase and the FOM
of a structure with the given phase and with the optimized front coating of the reference
phase (6 = 0), versus the Fresnel reflection amplitude phase of the silicon-metal boundary.

For thin films exposed to the full solar bandwidth, the FOM and the optimal front-coating
design are insensitive to the type of back-reflector. Considering only lossless planar back-
reflectors, limiting ourselves to 100% specular reflection, different back-reflector schemes (dif-
ferent materials, Bragg mirrors, etc.) are distinguished only by the phase 6 of the reflected
wave. However, we show here that the FOM is essentially independent of the back-reflector
phase. Of course, the phase generally varies with wavelength, but it is sufficient to demonstrate
this independence using a constant phase (employing n = 3.5 for silicon and a constant imagi-
nary index for the back-reflector, as explained previously). The FOM relative difference, which
measures the influence of the back-reflector on the absorption, versus 0 is shown in Fig. 8. For
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each back reflector, the FOM must be calculated twice, once with the optimal front coating
design for that particular back reflector and again with the optimal front coating design of the
original back reflector (6 = 0). We find the relative difference to be very small, less than 0.0001
for the single front-coating structure.

This robust behavior is enabled by the large bandwidth of the incident flux that averages out
the change at each A; while the location of the absorption pesaks can shift, the total absorbed
flux will show almost no change as illustrated in Fig. 9. Therefore, metallic backings where
absorptive losses are present, such as aluminum, can be replaced with alossless backing, such
asa 1D Bragg mirror.
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Fig. 9. (Color online) Absorption spectrum of the optimized single front coating reference
structure for two different back-reflector phases (/4 blue, and 7 red). The back-reflector
simply shifts the peaks, but has a only negligible effect on the integrated absorption or the
FOM.

Though the refractive index bounds exceed those of common materials, we find that opti-
mization with asmaller range of indices, 1 to 3, does not significantly change the FOM. In fact
with a restricted refractive index range, the 3 front-coating structure FOM decreases by less
than 0.5% (0.458 to 0.456). (The thicknesses and indices of each layer of the optimal structure
changes, even thosein the original structure with an index less than 3.) Moreover, if the indices
of the front coatings were fixed to values corresponding to experimentally accessable materials
and allow only the thicknesses to vary, we find the FOM changes very little, less than a 0.2%
relative change in all three cases. If the front coatings were chosen to be MgF,, ZrO,, and
TiO; with indices 1.38, 2.39, and 3.9 yields a FOM of 0.457, arelative decrease of just 0.2%
compared to the optimal 3 front-coating structure in Table 1. These specific materials are insu-
lators with large electronic bandgaps, and therefore exhibit negligible absorption over the solar
bandwidth considered. The Kramer-Kronig relation predicts that the real index must have very
small dispersion aswell; for example, the real index of MgF, rangesfrom 1.380 at A = 825 nm
to0 1.398 at A = 300 nm.

The designs presented in this work are also robust against small fabrication errors. For ex-
ample, vertical LPCVD systems can routinely achieve uniformities of better than 2% in the
deposition of silicon nitride [48]. For our designs, that corresponds to an error of +2 nm or
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less. However, it’s clear that this corresponds to avariation in the objective function of lessthan
0.001, which shows that our designs can tolerate typical experimental errors.

4, Conclusionsand futurework

In conclusion, the proper design and optimization of front coatings of crystalline silicon solar
cells has a critical impact on their overall efficiency. For narrow bandwidths in optically thin
absorbing media, it is best to employ the Q-matching condition. The benefit of additional layers
islarge until this criterion is achieved. When the bandwidth is equal to the portion of the solar
spectrum that can be absorbed by crystalline silicon, it is necessary to take a different approach.
Itisfound that just two optimized layers (going from low to high index) suffice to realize most
of the benefits of a multilayer front coating design. The relative improvement associated with
going from one to two front layers is 6.1% for 256 micron-thick wafer-based cells, and only
3.6% for 2 micron-thick thin-film cells. This result comes about because weak absorption of
near-IR by planar thin films limits the utility of broadening the bandwidth of strong transmis-
sion through the front coating. Adding a third layer yields relative improvements of 1.3% and
0.6% for wafers and thin films, respectively; the results for four or more layers show even
smaller additional improvements. The broad bandwidth results achieved do not depend on the
type of back-reflector used. Also note that the effect of non-radiative recombination for thin-
film cellsis simply to multiply the short-circuit current with a pre-factor that is independent of
thefront-coating design. That is because in athin-film solar cell geometry, the ratio between the
contact spacing and the cell thicknessis generally 1000:1 or greater. As aresult, the system can
be treated in a quasi-2D approximation, allowing the charge collection efficiency to be treated
independently of the front-coating design. For example, one could construct a model of con-
tact strips spaced by a distance D with a minority carrier collection probability P, = e~ ¥//Lp,
where y is the distance of the electron-hole pair generation from the nearest contact, and Lp
is the minority carrier diffusion length (the diffusion length for majority carriers is infinite by
assumption). Spatial averaging yields an overall pre-factor of (2Lp/D)[1— e P/20]. For ami-
nority carrier diffusion length of 10 mm and a contact spacing of 1 mm the pre-factor is 97.5%.
Radiative recombination can be calcul ated following the approach outlined in Ref. [49]. Under
short-circuit conditions, the radiative recombination current cancels with the thermal current,
leaving only the Jg term.

Future work should address the weak absorption of near-IR by thin-film cells by optimizing
2D or 3D patterns introduced in the front or back coatings, whose purpose is to convert incom-
ing normal incidence radiation to transversely propagating, waveguided modes that achieve a
longer optical path within the absorbing layer. Ref. 34 demonstrates how photonic crystals can
improve reflection off of arealistic, lossy metal (such as aluminum) while also redirecting light
in the near-IR into guided modes. They should also enable front coatings to improve absorption
over a broader wavelength range than would be possible in a planar structure. This combined
approach may result in efficiency gains equal to the sum of their contributions. It may aso
be beneficial to consider the effect of non-normally incident radiation, one could maximize the
performance over arange of incident angles[24] . The results outlined in thiswork also provide
aclear baseline to which more complex, non-planar photonic structures ought to be compared.
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