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Abstract: Most photovoltaic (solar) cells are made from crystalline
silicon (c-Si), which has an indirect band gap. This givese rio weak
absorption of one-third of usable solar photons. Therefionproved light
trapping schemes are needed, particularly for c-Si thin Slwar cells.
Here, a photonic crystal-based light-trapping approaclanalyzed and
compared to previous approaches. For a solar cell made pfra thin film
of c-Si and a 6 bilayer distributed Bragg reflector (DBR) ie thack, power
generation can be enhanced by a relative amount of 24.0%diggd 1D
grating, 26.3% by replacing the DBR with a six-period triateg photonic
crystal made of air holes in silicon, 31.3% by a DBR plus 2Dtiga
and 26.5% by replacing it with an eight-period inverse opatpnic crystal.
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1. Introduction

One of the foremost challenges in designing silicon phdtaimcells is devising an efficient
light-trapping scheme. Crystalline silicon (c-Si) haveirdgirect band gap, which gives rise to
weak absorption of light in the near infrared (near-IR) hadh absorption length that increases
from just over 10um for A =800 nm to over 1 mm foA =1108 nm [1]. However, that range
of wavelengths contains 36.2% of solar photons with ensrgimve the band gap of ¢c-Si [2].
Thus, solar cells made from c-Si thin films or 1faén c-Si wafers will fail to absorb a signifi-
cant number of photons that could otherwise be used to gengoaver in the cell. At the same
time, the expense of thicker c-Si wafers, e.g., fif®, with their correspondingly longer diffu-
sion lengths [3], drives up costs significantly. As a resadiyanced light trapping schemes are
needed in order to create thin yet efficient solar cells, nfisade c-Si and other, closely related
materials, such as nanocrystalline silicon (which has #imesbandgap and similar absorption
characteristics [4]). There are two distinctive approadadight trapping: geometrical optics,
which is commonly used in solar cells today, and wave optitsch represents a new approach
to the problem that has just begun to be explored.

Traditional approaches to light trapping in solar cellsyreh controlling light ray paths
through geometrical optics. Fig. 1(a) illustrates how éhpath lengths can be increased by
two mechanisms: first, normally incident rays can be scadtérto an angle at the front inter-
face via surface texturing, and second, they can be refléeteklinto the cell via an aluminum
reflector. Combining perfect random scattering at the fraitit a lossless reflector in the back
theoretically enhances the effective path length by a fauftdn?, corresponding to a value of
about 50 for Si, and 30 for Tig[7]. The performance of front surface texturing can be vigwe
in reference to the ideal Lambertian scatterer. It is desigo randomly scatter light into a uni-
form distribution of forward angles, known as a Lambertiastribution. However, no actual
scattering surface is perfectly Lambertian in nature — #tterg to which it replicates the ideal
is typically called the “Lambertian fractiomX, and is typically 55% or less [8]. For example,
the performance of a c-Si surface textured by etching (bdi@nted c-Si wafers with KOH
to form (111)-oriented pyramids can be understood in theseg. Theoretically, in the best
case of a random distribution of pyramids, the performamgeeas close to the ideal Lamber-
tian scattering case [9]. However, it has been found thatiltHactor (a measure of efficiency)
is generally decreased by these surfaces [10, 11] — in tter lzdse, from 75% to 70%. This
decrease is 6.7% in relative terms, which corresponds tdodseof a significant fraction of
the gains associated with this light trapping techniquetbfeumore, typical solar cells use alu-
minum on the back surface, which reflects no more than 80%edfght incident from the c-Si
bulk region.

The light-trapping approach illustrated in this paper isdzhon wave optics, which has been
shown to be capable, in principle, of outperforming all getcal optics approaches (at least
for a certain range of wavelengths) [5, 12]. This is becairsepntrast to geometrical optics
approaches that treat all wavelengths of light equally,en@ptics approaches can be targeted
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Fig. 1. (a) conventional solar cell design using traditional geometric ®ptinicepts of
reflection and refraction to trap light [5]; (b) novel solar cell desigmgisvave optics
(photonic crystals) to trap light with higher efficiency [6].

to enhance absorption only in the range where it can be mosffio&l [5, 6, 12—-16]. To date,
there has been some work considering wave optics approaxhgst-trapping. Several groups
have considered using slow light in an inverse opal strectarenhance absorption of dye-
sensitized photovoltaic cells [17-19]. One group has atmisd using surface-plasmon based
coupling of light into cells via resonances at specific takgavelengths [20]. Some groups
have used gratings to enhance the effective path lengthiffiaation [13-16, 21-29]. Past
work on metal grating elements has shown that they can yiedeased absorption, but not
necessarily increased power generation efficiency [24]tH@mother hand, dielectric gratings
with planar metal back reflectors have shown overall effmjegmprovements are possible [13—
16,26,28]. In order to also limit the losses associated migtallic reflectors, some recent work
has combined a distributed Bragg reflector (DBR) with a gmafil3—16]. In this manuscript,
three approaches to light trapping in solar cells are exadhin detail: metallic gratings [21—
25], dielectric gratings [13-16, 26—29], and 2D or 3D phatamystals [6].

As illustrated in Fig. 1(b), there are three physical metras by which wave optics ap-
proaches (based on DBRs, gratings, and photonic crystfsingprove light-trapping: reflec-
tion, diffraction, and refraction. First, these strucgigan offer reflection superior to highly
absorptive aluminum reflectors [6, 13—16]. Distributed d®raeflectors with high index con-
trast can reflect light over a broad range of incident anghelsveavelengths, for either or both
polarizations [30]. Similarly, a photonic crystal can refléight incident from any angle for
frequencies and polarizations within the photonic band[8ap Its origin is similar to that of
the semiconductor band gap, to wit: in a periodic medium,esawnust oscillate in a specific
form, dictated by Bloch’s theorem. When they vary with a pgommensurate with the pe-
riod of the crystal, they can concentrate their energy eithkw or high dielectric, giving rise
to two different allowed energies. The energies betweem filve photonic band gap, a range



of forbidden energies that are reflected at the surface. Aitiadal advantage of the photonic
crystal is that it can reflect light within the bandgap incitifom any angle or medium, since
the corresponding propagating modes are wholly forbid8enond, wave optics-based devices
can be designed to diffract incoming beams into highly aldig@ngles, according to Bragg'’s
law [6, 13—-16, 2129, 32]. This applies both to gratings ai as photonic crystals, and in
both cases, will depend primarily on the parameters of thiedet the interface with homoge-
neous dielectric (e.g., the photovoltaic material). TH&altion induced by such an interface
improves light trapping by increasing the distance thdttligust travel to return to the front
surface of the cell. Furthermore, if the angle of the diffeeicbeam is greater than the critical
angle, it will also be internally reflected back into the sadall. In conjunction with a highly
efficient reflector, a large number of bounces can be achiéMad effect is particularly sig-
nificant for modes near the diffraction threshold. With theger choice of grating periodicity,
this effect can be targeted to the key near-IR region of ther spectrum. Finally, there is an
effect specific to a 2D or 3D photonic crystal made of the phaltaic material: frequencies
outside the photonic band gap can be refracted into modésavtitgh photon density of states
in order to improve absorption efficiency [12]. Coupling dake place via a superprism-type
effect [33]. Furthermore, even frequencies inside the @hiotband gap can have their evanes-
cent tails partially absorbed by the photonic crystal. Altttese effects can be thought of as
increasing the time spent by photons inside the solar celiwhelps to maximize the proba-
bility of absorption.

These wave optics-based approaches can be applied tolthigdliar cells, which offer the
advantage of lower materials usage as well as lower bulkmbatation losses and potentially
higher open-circuit voltages [34]. These approaches gvecédly promising for thin film-
based solar cells for two reasons. First, they are are n@rgiynamendable to coarse texturing
approaches that introduce features 5¢40 in depth, while photonic crystals generally consist
of several layers of thicknesses on the order of 300 nm. $k¢bim films have the greatest
potential to benefit from enhanced light trapping, since ligght will be absorbed over a broader
bandwidth than in wafer-based solar cells made of the santeriala [6, 13—16].

2. Numerical methods

The light-trapping properties of the structures discusséuis paper are studied using a transfer
matrix approach known as the S-matrix method [35]. The &frecis broken up into slices
with uniform symmetry in thez-direction, boundary conditions are imposed at one end, and
fields are propagated throughout the structure. The boymdaditions employed in this work
correspond to unpolarized light incident from directly eddhe solar cell. Light trapping is
calculated by modeling the c-Si regions with a complex ditle constant that depends on
wavelength, as in Ref. 1. The c-Siregion is treated as ifanhiy intrinsic, i.e., the doping of the
p— andn—doped regions can be considered to have a negligible impabewmptical properties
of the device. In principle, this calculation of the modeljstical properties is exact apart from
discretization errors, which can be reduced systematitgllincreasing the resolution of the
grid. Verification has been performed for several simutatiasing the finite-difference time
domain method [36] with perfectly-matched boundary lay8vg. In general, the results are in
good agreement, but the FDTD method is much slower for thesasolution, so it is not used
for most calculations.

In order to calculate power generation efficiency from oudeipwe assume that each ab-
sorbed photon with energy greater than the band gap enengyages an electron-hole pair, and
both carriers reach the electrical contacts. This cormedpdo the statement that the diffusion
lengthLp is much greater than the distance traveled by each cargeei > d). Power gen-
eration efficiency is given by = J[V(max)]V(maX)/P.. = (J«Voc/Pr.) X FF, whereR,. is the



solar irradiancey (max) andJ [V (max)] are the voltage and current density at the maximum
power point, respectively, the product of which equals therscircuit voltage/y. times the
short-circuit current densitys; times the fill factor=F. Following Refs. 38 and 39, the above
guantities can be calculated as follows: first, the curremnisityJ as a function of the voltage
V is given by the sum of the photon-induced current minus ttiénsic current generated by
radiative recombination, i.e.,

e [ead e(n® + 1)EZKT &V —E
IV) = /0 da {hchA(A)}— P exp( - 9)7 )

Whereg—A' represents the light intensity experienced by the soldpeelunit wavelength (given
by the ASTM AM1.5 solar spectrum [2]JA(A) is the absorption calculated abowg, is the
band gap energkT is the thermal energy at the operating temperaiure is the average
refractive index of the semiconductor, and tifer 1 prefactor is derived by assuming an ab-
sorbing semiconductor substrate (as in Ref. 39). Next, ple@ @ircuit voltage is calculated by
settingd = 0. Finally, the fill factor is found by setting the derivati@d€lV)/dV = 0 and solving
for V(max) andJ [V (max)].

In order to understand the basic properties of the photawyistal lattices used in this pa-
per, the eigenmodes of Maxwell's equations with periodiarmary conditions, also known
as a photonic bandstructure, are computed by preconditiomjugate-gradient minimization
of the block Rayleigh quotient in a planewave basis, usingealy available software pack-
age [40].

3. Results and discussion
3.1. Metallic designs

()

-

Fig. 2. lllustration of two metallic solar cell designs: (a) a common design aviplerfect
metal backing and no front surface texturing, which displays onlytsgle®flection; (b)
a metal with periodic grating on the back [21-25]. Crystalline silicon is inmgraeetal in
grey, and air is transparent.



Consider the performance of several metal-based c-Si selladlesigns without surface tex-
turing, which all have a thicknesk= 2 um, for TE-polarized light incident from directly over-
head. The first solar cell design consists of an anti-refiactioating made of a transparent
dielectric on top of a slab of c-Si (with a substrate also mafde Si). However, since light can
easily escape from the bottom, this design is not commordgl.uShe more commonly used
second design, shown in Fig. 2(a), addresses this problemsihy the previous design plus a
perfect metallic reflector to force light to pass through ¢k8i twice, thus greatly improving
the efficiency of thin film c-Si cells. The spectrally refledtteode created by this design is
denoted by . The third design, shown in Fig. 2(b), uses a perfect metadfiector with a grat-
ing optimized for light trapping [21-25]. Spectrally refled modes are denoted by, while
diffracted modes are denoted by ro, etc.
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Fig. 3. (a) Absorption versus wavelength for a plainr2 c-Si thin film with a perfect metal
back reflector, compared to the same structure with a metal gratingiofiger 255 nm
and etch depth 67 nm (b) Absorption peak wavelength as a function bipgaber — note
that peak spacing increases with peak number, implying diffraction isgst right at the
diffraction threshold (here, 920 nm).

First, consider the optimization of the anti-reflection tog. It is well-known that perfect
transmission between two semi-infinite dielectric medig tmaachieved by choosing a refrac-
tive index that is the geometric mean of the indices of thenvedlia, and a thickness that is a
quarter of an optical wavelength. Physically, this is plolgssbecause the front and back of the
AR coating both cause reflections: when the thickness is gejuaf an optical wavelength, it
yields a relative phase difference mf corresponding to destructive interference which cancels
reflections [41]. In order for the reflections to be the samplaude, one must choose the index
of the AR coating correctly. For silicon-based solar celtbé¢ren ~ 3.5 in the near-IR), silicon
nitride (W~ 1.91) is commonly employed, since its index roughly corresjsao the geometric
mean of the refractive indices of silicon and air [5]. Withedractive index of 1.91, and a target
wavelength of 535 nm, we obtain an optimal thickness of 70 which has been confirmed
by simulations. With this optimized AR coating, and no baekector, the power conversion
efficiency is found to be 9.07%. With a perfect metal back otfle the efficiency goes up to
13.77%.

Further improvement of the efficiency requires adding a m@fcoupling light into oblique
angles. As mentioned previously, past approaches havesustde texturing, but we examine
the effect of a grating instead. It must be optimized for treximum effect, which requires
further insight into the physics underlying its operatidime absorption spectrum for a 1D
grating is depicted in Fig. 3(a), and compared to that of aglaeflector. One can construct a
simple analytical model to explain the diffractive ligh&pping mechanism. If a bulk region of



thicknesd is considered, then all resonances should pick up a roymgtiase change which
is a multiple of 21, which gives us the conditiok; = m/d, wherem is an integer, and the

wavelength of the diffracted mode is given by= 2rm/ [G? + (rmm/d)?] Y2 \whereG = 2r /p

is a reciprocal lattice vector of the gratirigs the diffraction order, ang is the grating period.
Near the diffraction limit, this model predicts that the pespacing will increase with peak
number, and thus, the greatest benefit from diffraction wdiur right near the diffraction
limit. The comparison in Fig. 3(b) between this simple atieil model for the mode spacings
and the numerical data shows excellent agreement. Alse,that if the only source of loss is
the material, then the quality factor is given Qy= n/2k. This suggests that absorption peaks
will be as
shown

— metal reflector 7
— 2D metal grating

— no reflector

o
o
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o
N
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Fig. 4. Absorption vs. wavelength for threep@n-thick Si cell designs: no back reflec-
tor, perfect metal back reflector (Fig. 2(a)), and perfect metiing with a 2D-periodic
“checkerboard” pattern of period 255 nm in both lateral directions aneteh depth of 67
nm (Fig. 2(b)). Note that the narrow peaks seen in Fig. 3 are smoothesith a moving
average that preserves the area under the curve.

In numerical optimization of the grating, the first paramekat must be determined is the
period of the grating. Following previous work (e.g., Refs. 14, 16, and 22—-24% @¢hosen so
that first order diffraction (i.el,= 1) will occur in the near-IR. Through simulations, its value
is determined to be 255 nm, corresponding to a diffractioeshold of 920 nm in c-Si. In either
case, the exact optimal periodicity will depend slightly tbe thickness of the active region,
and will be shifted to longer wavelengths for thicker cefim¢e they will already be absorbing
shorter wavelengths well), as observed in Ref. 14. One caltédnatively use a second order
diffraction grating instead (i.el,= 2), as in Ref. 25; Ref. 16 finds about a 1-2% improvement
in using a second-order grating for a particular set of patars. Overall, it is found that the
performance of the second order gratings is similar to firdeogratings for our choice of
periodicity. This is consistent with the findings of Ref. 14.

Furthermore, there are a variety of other parameters to h&idered, such as profile shape,
incident angle and polarization, profile, duty cycle, andhetlepth [26]. The rectangular



(square-wave) profile is chosen because it is a simple sneithat has been shown to per-
form better than a symmetric triangular pattern [26]. Theydwycle f, i.e., the fraction of
dielectric that is raised over each period, is chosen to betgxone-half for the reason that the
largest Fourier components responsible for diffractioth@dcur at that value. Ref. 14 provides
numerical calculations suggesting that a slight deparfuo@ this value can achieve a very
small performance enhancement; however, that effect ieckgl in this work. This is consis-
tent with the finding of Ref. 16. Finally, consider the etclptite at its optimal value, specular
reflection will be at a minimum (due to destructive interfere), thus forcing incoming light
to be diffracted into guided modes. However, since the vemgth is comparable to the period
and depth of the grating, one cannot use a scalar theoryeondieie its value. Instead, one can
employ the simulation techniques discussed above to shavittd best etch depth is 67 nm. In
the idealized case that the metal does not absorb any ligHpertect” metal — the following
remarkable results are obtained: for a 1D periodic gratimgefficiency is found to be 17.88%
(neglecting recombination losses). Furthermore, one ngisien improving upon the 1D grat-
ings by incorporating a second, orthogonal periodicity thalso parallel to the surface of the
solar cell, i.e., a 2D grating, which makes a “checkerbogaftern. For such a grating, the
efficiency in the optimal case is found to be 19.29%. The spwading absorption spectra are
shown in Fig. 4. The additional considerations in desigrarZD grating are discussed in the
next section.

Results for the perfect metal case should be interpreted eeite: it is well-known that a
real metal will introduce losses. Consider a plain alumirhaok reflector, subject to reflection
losses, as quantified in Ref. 42. We have performed simuaktioat show the efficiency of a
solar cell with an aluminum back reflector is decreased b$e8:.2lative to a perfect metal,
to an absolute efficiency of 12.72% (again, neglecting rdzpation losses). Using a metal
grating will also introduce surface plasmon losses, whielans that the actual efficiencies will
be degraded by more than 8.2%, relative to the perfect mettihg. Evaluating the magnitude
of the surface plasmon loss goes beyond the scope of this. pépeetheless, the point remains
that metal grating structures will not see nearly as drasv@dtian efficiency improvement as
one might initially expect. This result has driven recemerast in all-dielectric structures.

3.2. Didlectric designs
3.2.1. DBR-based designs

Now consider the performance of three dielectric-basealr sl structures based on gu2n
thin film of c-Si. The first design, shown in Fig. 5(a), consief an anti-reflection coating on
top and a distributed Bragg reflector (DBR) in the bottom. ieating a DBR design that re-
flects strongly in the near-IR, the materials are chosen @ ®%e(n ~ 3.5) and SiQ (n = 1.5)
because they represent a low cost and readily availableothethmaking a reflector with a
large bandwidth, which was considered in Refs. 13-16. Gieriarget wavelength range and
materials, a period = 150 nm is chosen. Using 10 bilayers of ¢-Si and Syilds high re-
flectivity (over 99%) over most of the critical wavelengthat are difficult to absorb in silicon.
The overall efficiency is found to be 12.44%, which compared to the aluminum reflector
efficiency of 12.72%. The slightly greater losses of a cethvai DBR reflector compared to an
aluminum reflector comes about because the limited banbwifithe reflectors has a slightly
greater effect than the Ohmic losses of the aluminum. TiesPBR will be used as a bench-
mark for evaluating the relative efficiency improvementthef subsequent dielectric structures.
Note that similar efficiencies are also seen for a flat alumineflector.

The second dielectric design, shown in Fig. 5(b), based erotte studied in Refs. 13-16
consists of an anti-reflection coating, a DBR on the bottord,aperiodic grating in the back of
the top low-index Si@layer of the DBR. It should be noted that the introductionhaf grating
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Fig. 5. lllustration of three solar cell designs: (a) a simple design with allisdd Bragg
reflector (DBR), which displays only spectral reflection [13—-16] (DBR plus a peri-
odically etched grating, displaying spectral reflection and diffractior-163 and (c) a
photonic crystal consisting of a triangular lattice of air holes, displaying lsimeous re-
flection, diffraction, and refraction from the photonic crystal layeis@ghon Ref. 6). Crys-
talline silicon is in green, low dielectric in yellow, and air is transparent.

into the omnidirectional reflector can, in principle, caesepling into propagating modes in
the reflector, thus eliminating perfect omnidirectiondlaetivity.

The results for c-Si wafers with thicknesses varying fropin2 to 32um, and backed with a
DBR (a= 165) etched with a 1D grating with period 310 nm and etch dé@thm are shown
in Fig. 6 (after smoothing over the narrow peaks seen in FigL 8 way that preserves the
area under the curve). In analyzing these results, it isrebdethat overall absorption goes
up with thickness, as expected, due to the greater numberodéssupported by the bulk
semiconductor region. However, the relative enhancenfdigid trapping is greater for thinner
films, because they have lower baseline absorption. Fouazhick c-Si film, the greatest
absorption enhancement of about a factor of five occurs drawmavelength of 1060 nm. This
result is consistent with the observation that the dendipeaks is greatest near the diffraction
limit, as illustrated in Fig. 3.

However, when we optimize the parameters for ara-thick sample of c-Si, we find that
the parameters are similar but not identical to those of alfiestructure of equal thickness,
specifically, for a DBR & = 165 nm) with an etching period of 264 nm, and etch depth of 67
nm. The efficiency as a function of the number of bilayersvggiin Table 1; for the particular
case of 8 DBR bilayers, an efficiency improvement from 12.4d%5.42% is observed.

Now, consider the problem of creating a 2D grating in the DBRciure. An interesting
but non-trivial question is how to choose the second petiothe first period is denoted by
px, and the second by, one might néavely setpy = py; however, this creates two strongly
overlapping sets of diffraction modes. Thus, the optimalgiewill havepy, # px. Furthermore,
as py increasespy and py/px should both decrease in order to ensure both grating diresti
contribute to light trapping within the optimal wavelengéimge for a given thickness of c-Si. In
Fig. 7, three different values @i ranging from 330-417 nm are used: as predicted, the smallest
value ofpy = 330 nmyields a peak g,/ px = 1.3, while the largest value qf, = 417 nm yields
a peak aroungby/pyx = 0.85. Also, as would be expected, 2D gratings with optimizeatigg
parameters perform better than 1D gratings. While a 1D gyatiith 4 bilayers ang = 374
nm has an efficiency of 15.37%, a 2D grating with= 374 nm andpy = 411 nm with 4
bilayers has an efficiency is 16.27% (5.6% higher). Furtksulits are given in Table 1. Also,
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Fig. 6. lllustration of the enhancement of the absorption spectrum dredien introducing

a 1D grating into a DBR& = 165) with period 310 nm and etch depth 67 nm, quantified
as the quotient of the absorption with the grating with the absorption without ie that
the narrow peaks seen in Fig. 3 are smoothed out with a moving avertgeekerves the
area under the curve.

Table 1. Percentage efficiency of various solar cell designs as tidnrof the number of
periods in the-direction for a plain distributed Bragg reflector (DBR), a DBR with 1D and
2D etched gratings (based on Fig. 5(b)), a triangular photonic cryfsé@ lboles in silicon
(based on Fig 5(c)), a woodpile of air trenches in silicon (based ondREfand an inverse
silicon opal (based on Ref. 44).
# periods 1 2 3 4 5 6 7 8
DBR 10.69 1199 1235 1242 1244 1243 1242 1244
DBR + 1D grating | 12.11 14.47 15.21 15.37 1541 1541 1542 1542
DBR + 2D grating | 12.50 15.29 16.09 16.27 16.30 16.32 16.32 16.32
triangular PhC 13.99 15.01 15.26 1549 1559 1570 15.74 1579
woodpile PhC 13.43 1420 1469 1492 15.07 15.19 1535 1542
inverse opal PhC | 12.82 13.77 14.38 14.79 15.09 1535 1559 1573

note that there may be better 2D grating patterns than thekehmoard pattern investigated in
this manuscript; for instance, Ref. 21 suggests a triamdaiiice.

One shortcoming of the DBR plus grating design is that sorneriting beams may prop-
agate through the DBR, thus exiting the cell without beingoabed. The reason is two-fold:
first, the DBR examined here and in previous work [13, 15, 4@jat an omnidirectional reflec-
tor for light coming from a high index medium such as silicBarthermore, even if it was, the
grating breaks the symmetry in the transverse directiomiwimeans transverse momentum is
not conserved, so incoming light with a frequency above tfieadtion threshold could couple
to propagating modes inside the DBR. The only way to avoisishbrtcoming is to use a pho-
tonic crystal displaying a true band gap for all directiomsvihich light can be diffracted (this
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Fig. 7. Efficiency of power generation verspg/ px for the geometry described in the text:
a 4-bilayer DBR with a 2D “checkerboard” pattern etth=2um, a = 165 nm,e = 67
nm). Three different values gl are used; as predicted, smaller valuegppfsee peak
efficiencies at higher values @f;/ px.

will vary depending on the design).

3.2.2. Photonic crystal-based designs

The third design, illustrated in Fig. 5(c), consists of arti-agflection coating in the front,
and a photonic crystal in the back, made of a 2D trianguldic&abf air holes, with an air
hole radius ofr = 0.375a, wherea is the lattice periodicity. Aside from the diffracted modes
which are labeled in the same fashion as those in the graiuitional modes which penetrate
into the photonic crystal before reflection or loss out thekisale are denoted along the path
ri. Thus, this design effectively has more silicon that can sedufor absorption (since it is
not surrounded by dielectric). On an experimental notesteda-hole recombination could be
prevented through oxidation of the air-silicon interfgcehich would create a thin layer of
silica for passivation. It would also be possible to use bgeén gas for passivation, or to fill the
holes entirely with a passivating material.

A similar structure with a square lattice of air holes wasigioned in Ref. 6, but to the best
of our knowledge, has not been studied in detail any furthreresthen, either theoretically or
experimentally, until now. The reason why we choose to ugségaadular lattice can best be
understood by referring to the bandstructures for eachydesirst let us note that the band-
structure and some absorption spectra are computed ingédrerjuency unitgo in multiples
of 2mc/a, rather than physical wavelengihin nm; the conversion is given by = a/w, where
a is the period of the photonic crystal in nm. The results aes@nted in this way because the
scale invariance of Maxwell’'s equations ensures that thgltewill be true for any [31]. Now
compare the bandstructure of a square lattice of air hotedon Ref. 6, as shown in Fig. 8(a),
to the bandstructure for a triangular lattice of air holesmhin Fig. 8(b). The triangular lattice
offers a large gap of 48% for TE-polarized light, insteadhaf inodest 9.7% TE bandgap of the
square lattice: this comes about from the more circular Bradtouin zone. Note that no real



gap is observed for TM-polarized light for either structunere. As a result of the larger TE
gap, the bands surrounding it become flatter, which alsora@sdight trapping. The reason is
that flat bands imply slow group velocities, which means ligat will spend more time inside
the photonic crystal. Note that it is possible to simultarsty create a gap for TE and TM po-
larized light with a triangular lattice, but the overallhigtrapping performance is found to be
worse, since such a structure has a much smaller TE gap.
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Fig. 8. Bandstructures of two photonic crystal structures made oflairair holes in a high
index medium if = 3.5) and radiug = 0.375, arranged in (a) a square lattice and (b) a
triangular lattice. Note that the triangular lattice provides a larger gap betWeenodes,
which also results in flatter bands.

Subsequently, we optimized the design for @r-thick sample of c-Si, and in that process,
proved that a triangular lattice offers performance sugpeto the square hole structure. The
optimal lattice periodicitya is found to be 305 nm. The air holes in the bulk have radizsl 14
nm, while the front layer has a slightly flattened, nearlytaagular structure with a fill factor
of 0.5 and a thickness of 145 nm, in order to enhance diffvactThe efficiency as a function
of the number of rows for the optimized structure are givefiable 1. The most comparable
structure, consisting of a DBR plus a 1D grating, has a diigbtver efficiency than the 2D
triangular photonic crystal lattice, regardless of the hanof periods. That is because while
both systems offer similar degrees of reflection and refsacthere are two small additional
effect specific to a 2D or 3D photonic crystal made of the phaltaic material, as mentioned
previously. First, this photonic crystal will reflect lightcident from air at any angle for TE
polarization over a range of frequencies, as well as TE liifftacted by the photonic crystal
(in contrast with a DBR plus grating system). Additionafiyequencies outside the photonic
band gap are refracted into modes with a high photon denkgtates [12]. This also explains
why the absorption efficiency continues to increase withttihegkness of the photonic crystal,
while the efficiency of the DBR plus 1D grating system plateatier 5 bilayers.

The absorption spectra at normal incidence of four diffeBeam-thick c-Si solar cells are
shown in Fig. 9. Note that the narrow peaks seen in Fig. 3 amo#md out with a moving
average that preserves the area under the curve. The desigiiseir overall power generation
efficiencies are as follows: a simple anti-reflection cagiino back reflector), with an over-
all efficiency of 9.07%; an AR coating plus 6 bilayers of DBRttwan overall efficiency of
12.43%; an AR coating plus 6 bilayers of DBR with optimized &f@hing, with an overall
efficiency of 15.41% (24.0% higher than the plain DBR); andlfin an AR coating plus 6
layers of photonic crystal air holes in a triangular lattisgth an overall efficiency of 15.70%
(26.3% higher than the plain DBR). The photonic crystal giesiffers the best performance
overall, due to two factors: first, the grating causes a samathunt of light to be scattered into
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Fig. 9. Absorption vs. wavelength at normal incidence for fowm2-thick Si cell designs
with continuous symmetry in at least one dimension: no back reflectan PBR, DBR

plus 1D-periodic grating, and finally, a 2D photonic crystal of air holesilinas. The

last two designs consist of six complete layers. The DBR plus grating anghbtonic
crystal-based design yield the highest efficiencies, and have veryisimafgnitudes.

modes that are no longer reflected by the DBR, and the photoysétal provides an extra re-
gion of silicon to absorb light — in the DBR design, the c-Sjioms making up the reflector are
electrically isolated and cannot contribute to currentagation.

Now let us consider some realistic, optimized 3D photonistai-based designs. For a 6
bilayer DBR with a period of 165 nm having a 2D grating etch@&thé deep with periods of
338 nm and 406 nm, we found an efficiency of 16.32% (31.3% abw@lain DBR design),
as shown in Table 1. Also, for an inverse fcc lattice of sitisaith eight layers of air spheres,
as made in Ref. 44, with a period of 750 nm and a radius of 262wefpund the efficiency
to be 15.73% (26.5% above the plain DBR design). Finallyaferoodpile structure [43] made
by drilling trenches of air into silicon, 8 periods deep, ganto Ref. 45, with a period of 460
nm and an air filling fraction of 72%, the efficiency is 15.4224 (1% above the plain DBR
design), as shown in Table 1. Here, due to the limited numbeéesign parameters for the uni-
form photonic crystals, the DBR plus 2D grating shows thetgst efficiency enhancements.
However, note from the data in Table 1 that a larger numbeedbgs, if possible to fabricate
experimentally, can provide even a slightly greater boostfficiency; also, a smaller num-
ber of periods, which have already been made experimer{tdlyn Ref. 45) can still offer a
significant efficiency boost.

4. Conclusion

In conclusion, two approaches to enhancing solar cell effiies through light trapping have
been studied: geometrical optics and wave optics. It isddhat wave optics can vastly out-
perform geometrical optics within the range of wavelendgtbsighly 700-1100 nm) requiring
enhancement in thin films of c-Si. These approaches enhdscemion up to nearly a factor
of five at certain wavelengths for a 2m-thick film (somewhat less for thicker films). Fur-



thermore, the overall efficiency of such a cell is increas¢®% by adding an optimized 1D
grating to a 6 bilayer DBR; 31.3% by adding an optimized 2Ctigga 26.3% by replacing the
DBR and grating with a six-period 2D triangular photonicstgl made of air holes in silicon;
and 26.5% by replacing the triangular photonic crystal witheight-period 3D inverse opal
photonic crystal, made of air holes arranged in an fcc kaitiac-Si. Based on these results, the
two mechanisms of reflection and diffraction shared by thérOfus grating, as well as the
photonic crystal, make the most important contributionh® éfficiency of the cells. Photonic
crystals made of the photovoltaic material potentiallyeofflightly higher performances, due
to their ability to generate additional photocarriers tigb refraction into outside of the pho-
tonic band gap. However, further work is needed on more cex@lD photonic crystal designs
before the maximum contribution of this advantage can batified.
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