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We demonstrate, by numerical solution of Maxwell’s equations, near-perfect solar light-trapping
and absorption over the 300—1100 nm wavelength band in silicon photonic crystal (PhC) architec-
tures, amenable to fabrication by wet-etching and requiring less than 10 ym (equivalent bulk thick-
ness) of crystalline silicon. These PhC’s consist of square lattices of inverted pyramids with sides
comprised of various (111) silicon facets and pyramid center-to-center spacing in the range of
1.3-2.5 um. For a wet-etched slab with overall height H= 10 ym and lattice constant a=2.5 um,
we find a maximum achievable photo-current density (MAPD) of 42.5mA/cm?, falling not far
from 43.5 mA/cm?, corresponding to 100% solar absorption in the range of 300—1100nm. We also
demonstrate a MAPD of 37.8 mA/cm? for a thinner silicon PhC slab of overall height H=35 um
and lattice constant a= 1.9 yum. When H is further reduced to 3 um, the optimal lattice constant for
inverted pyramids reduces to a=1.3 um and provides the MAPD of 35.5mA/cm”. These wet-
etched structures require more than double the volume of silicon, in comparison to the overall
mathematically optimum PhC structure (consisting of slanted conical pores), to achieve the same
degree of solar absorption. It is suggested these 3—10 um thick structures are valuable alternatives
to currently utilized 300 um-thick textured solar cells and are suitable for large-scale fabrication by
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wet-etching. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4926548]

I. INTRODUCTION

Multiple light scattering and wave interference effects
provide a fundamental mechanism for light trapping. In a
weakly absorbing medium, the resulting long dwell time for
light enables significant absorption enhancement." Photonic
crystals (PhC’s)>* are special class of light-trapping materials
in which this capability is often associated with suppression of
the electromagnetic density of states.* A less widely studied
form of photonic crystal light-trapping occurs when this den-
sity of states is enhanced rather than suppressed.’ This alterna-
tive form of light trapping is useful for absorption of light
from a broadband external source®® and has been exploited
for the design of thin-film (200 nm-1 um) solar cells with
high power conversion efficiencies.”'® Other applications of
photonic crystals include optical interconnects,'' imaging
devices,'” optical sensors,'? and biosensors.'* In this paper,
we show that suitably structured, intermediate thickness (~10
um) silicon photonic crystals can achieve solar light-trapping
and absorption comparable to and possibly surpassing the best
available'? thick (300450 um) silicon solar cells.

Crystalline silicon wafers are currently the most widely
used materials in the solar cell industry with up to 25%
power conversion efficiency in a 300 um thick wafer.'®
However, untextured crystalline silicon wafers have high so-
lar reflectivity, around 40%, in the visible wavelength range
and very weak absorption in the red to infrared spectral
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range. In order to improve the cell efficiency, anti-reflective
surface texturing'’ is applied to crystalline silicon solar cells
to reduce light reflection'®>° at the wafer surface. If the lat-
tice constant of surface texturing is large compared to the
wavelengths of incident photons, the texture will induce light
reflection between the surfaces of the texture, resulting in so-
lar ray-trapping®' 2 and reduced light reflection.

On the other hand, if the period of the surface texture is
comparable to or smaller than the wavelengths of incident
photons, enhanced solar light-trapping can occur through
multiple scattering and wave interference. In addition to
reduced light reflection due to a graded refractive index near
the surface, parallel-to-interface refraction (PIR)’ and slow-
light effects®!” lead to a strong light absorption in thin-film
(~1 pm) silicon PhC solar cells even at near infrared wave-
lengths. This anomalous type of refraction is negative and
usually out of the plane of incidence. Sunlight impinging on
photonic crystal interface, couples to Bloch modes propagat-
ing nearly parallel to the interface. This leads to anomalously
long optical path lengths and long dwell times before the
light beam exits the thin film. This effect becomes especially
pronounced in the wavelength region where intrinsic absorp-
tion of silicon is weak, manifesting itself as strong absorption
peaks in the infrared region.

The PIR effect cannot be captured by ordinary ray trac-
ing methods. This effect has purely wave nature and mani-
fests itself as a parallel-to-interface energy flow as well as its
circulation in certain areas.” Also despite the fact that the lat-
tice constant is greater than a typical wavelength, our struc-
ture, described below (see Fig. 2), has areas (close to the tips

© 2015 AIP Publishing LLC
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of pyramids where they are narrowing), where the wavelength
is comparable or even greater than the size of the structure.
This further makes geometrical optics approach insufficient.

It was recently shown’ that the mathematically optimum
thin-film structure consists of a square lattice of slanted coni-
cal pores (Fig. 1).

This architecture simultaneously provides good antire-
flective and light trapping properties. With less than 1 um
equivalent bulk thickness of silicon, it is possible for this PhC
to rival the solar absorption and power conversion efficiencies
of conventional 300-um-thick silicon wafers. This is possible
with silicon exhibiting carrier diffusion lengths of less than 10
um, provided that suitable surface passivation is applied.
However, this thin-film architecture is not easily amenable to
wet-etching fabrication methods and may require more
advanced nano-imprinting and deposition techniques. In this
paper, we describe an alternative PhC architecture, amenable
to wet-etching, consisting of inverted pyramids rather than
slanted cones, involving an intermediate thickness (3—10 um)
of silicon. While requiring more than double the volume of
silicon compared to its slanted-cone counterpart, the inverted
pyramid PhC’s facilitate nearly perfect solar absorption using
less than an order of magnitude volume of silicon than con-
ventional silicon solar cells.

Texturing the top (100) surface of a silicon wafer is
commonly achieved by wet-etching®”-*® using potassium hy-
droxide (KOH). In KOH, etching parallel to the silicon (111)
crystal planes occurs 200 times faster than the etching paral-
lel to (100) planes. When the fast etching (111) planes meet,
etching is terminated. The etched depth is determined by the
mask opening and the angle (of 54.7°) between the (111) and
(100) planes. When the mask opening has a square shape,
the four equivalent (111) planes meet, resulting in an
inverted pyramid shape. A square lattice of such inverted
pyramids provides a simplified approximant of the mathe-
matically optimal slanted-pore PhC (see Fig. 2).

For comparison purposes, we begin by considering an
infinitely thick silicon wafer perforated with a square array
of inverted pyramids on the top, created by wet-etching. We
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FIG. 2. (a) Top view of wet-etched PhC showing many periods, where “a
is a lattice constant and “d” is the separation between pyramid bases. (b)
Inverted pyramid single unit cell, where “h” is the pyramid height and “H”
is the total thickness of the structure.

retain a distance d =100nm between the sides of adjacent
pyramid bases, as an aid in the wet-etching technique. We
note, however, that the best solar absorption is achieved
when the separation d =0. The height of each pyramid is
given by h=a,/2*tan(o), where a,=a—d is the base side
length and «=54.7° is the angle between the (111) and
(100) planes. The solar absorption in this structure increases
with lattice constant a (Fig. 3) but saturates to a MAPD of
38.3mA/cm? for lattice constant a >2 um (Fig. 4). For
a=1.5 um, this structure provides an MAPD of 37.8 mA/
cm?, which is roughly 30% better than the MAPD for an
unpatterned silicon wafer. We show below, that an improved
MAPD of 40mA/ecm” is possible for H=10um thick
inverted pyramid PhC placed on a silver mirror with a lattice
constant a=2.5um (Fig. 6). This MAPD reduces to
37.8mA/cm® when H=35 um at the lattice constant a =2
pm and 35.5mA/cm? when H=3 um at the lattice constant
a=1.3 um (Fig. 6). These values are improved when the
separation, d, between pyramid bases is reduced to zero and
thin (~200nm) surface passivation coating layer of SiO, is
added on top of the silicon. In this case, a MAPD of
42.5mA/cm? is realized for the H=10 um thick inverted
pyramid PhC.
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FIG. 1. (a) Mathematically optimum silicon PhC architecture for solar light-trapping and absorption consists of a periodic array of slanted conical pores with
top radius r =500 nm, lattice constant a =850 nm and variable height h, placed on metallic back-reflector (for details see Ref. 7). (b) Depicted is the maximum
achievable photo-current density of a PhC (with unit cell depicted in (a)) as a function of cone height h for the case of (i) air filling and in regions 2 and 3
(upper blue curve) and (ii) SiO, encapsulated filling regions 2 and 3 (lower green curve). The equivalent bulk thickness of silicon is given by dividing h by a

factor of 1.6.
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FIG. 3. Short circuit current (normal
incidence of AM 1.5 sunlight) for
inverted pyramids in bulk (H — oo) sil-

36 icon arranged in a square lattice and

filled with air as function of the lattice
35 constant, a, and the pyramid base side
: length a, =a—d. The overall photonic
i34 crystal slab width is 300 um. The angle
between a lateral face and the base of
L 133 pyramid is 54.7°. The optimal parame-
ters lie along the lowest slanted line
which corresponds to the minimal pos-
sible distance between the sides of pyr-
amids of d=100nm. The MAPD
shows a gradual growth along this line.
The parameters corresponding to the
30 highest MAPD achieved are shown in

the inset. The color bar on the right
29 indicates MAPD in units of mA/cm?.

The maximal photo-current density
28 obtained is J=37.8mA/cm? (in the

spectral range of 300-1100nm) for a

lattice constant a = 1400 nm. This con-

tinues to increase very slowly as is
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There is significant difference in the optimal lattice con-
stants for inverted pyramid and slanted conical pore struc-
tures. This difference is a result of the constraint implied by
the wet-etching technique, namely, the dependence of pyra-
mids height on the lattice constant. This constraint does not
simultaneously allow the “ideal” antireflective and light-
trapping properties. For ideal light-trapping of sunlight in the
800-1100nm range, a smaller lattice constant is required.
However, for inverted pyramids with a fixed etch angle, this
would lead to a small depth and provide inadequate anti-
reflection. The optimized inverted pyramid lattice constant is
the best compromise between these two functions. There is
no such constraint for our slanted conical pores, which would
use a much different technique for fabrication. If, on the

1200 1400 increased further (see Fig. 4).

other hand, inverted pyramids of an arbitrary angle could be
wet-etched, we expect that the optimal lattice constants
would be similar for both structures.

In Sec. II, we describe our method of calculation. In Sec.
III, we compare the optimized MAPD of a patterned 300 um
thick silicon wafer with intermediate thickness (3—10 um)
counterparts imposed on silver back-reflector. These, in turn,
are benchmarked to the mathematically optimum slanted coni-
cal pore PhC’s. In Sec. IV, we make concluding remarks.

Il. METHOD OF SIMULATION

Numerical simulations are performed using the finite-
difference time-domain (FDTD) method®® with the help of
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FIG. 4. Short circuit current (normal
incidence of AM 1.5 sunlight) depend-
ence on lattice constant for inverted
pyramids on silicon, arranged in a
square lattice and filled with air. The
photonic crystal slab thickness is
H =300 um (see Fig. 3). The distance
between the sides of pyramids is
100 nm. Maximal short circuit current
obtained is J=2383 mA/cm2 for
a=2.8um in the spectral range of
300-1100 nm.
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the Electromagnetic Template Library.*® We use a standard
scheme of the FDTD calculation in which propagation of a
wave impulse through the structure is modeled. During the
numerical experiment, the amplitudes of the reflected and
transmitted waves are recorded, transformed to the frequency
domain, and normalized by the incident spectrum. In this
way, we obtain directly the transmission T(w), reflection
R(w), and indirectly the absorption A(w) =1 — T(w) — R(w)
coefficients for given light frequency o, incident angle, and
polarization. The absorption coefficient is also independently
and directly evaluated using the formulae:

o - Im(e)|E(w,7)|?

o(w,7) = , Alw)= JdSF’(x(w, ).

c- JRe[Eo X ﬁ(*)] -fidxdy
ey

Here, o is an angular frequency, E is the electric field ampli-
tude calculated at each point of a computational grid located
within silicon, ¢ is the frequency-dependent and complex
dielectric permittivity of silicon, E, and Hy are electric and
magnetic vectors of the incident plane wave, n is a normal
unit vector, and the superscript * indicates the complex con-
jugate. Both the direct and indirect methods for calculating
the absorption give identical results. However, when the
structure is imposed on a metallic substrate, the indirect
method of absorption simulation also includes absorption in
metal, which does not contribute to the MAPD. Therefore,
this approach leads to a slight overestimate of the MAPD. In
the present paper, we use an indirect method since it is less
time and resource consuming. The overestimation of the
MAPD does not exceed 0.6-0.8 mA/cm? depending on the
geometry.

Experimental data on the silicon dielectric permittivity
is taken from Ref. 31. The frequency dependence &(w) is
assigned in the FDTD by considering a modified Lorentz
model where dielectric polarization depends both on the

electric field and its first time derivative.>' This model pro-
vides an accurate fit of the optical response of bulk crystal-
line silicon to sunlight over the wavelength range from 300
to 1100 nm, while conventional Debye, Drude, and Lorentz
approximations fail. Fitting of the silicon dielectric function
is found with the help of an open MATLAB program.**

The MAPD, in which all generated carriers are assumed
to be collected, is calculated by integrating the simulated
absorption with incident solar Air Mass 1.5 Global
Spectrum® intensity I(2) over the required wavelength
range. Assuming that each absorbed photon is converted into
a single electron-hole pair that is separated across a P-N
junction and collected without recombination losses, we
obtain the maximum achievable short circuit current for AM
1.5 solar spectrum33 in the spectral window [Amin, Amax], all
collimated into normal incidence

@)

Here, I(/) is the incident AM 1.5 light intensity, A(4) is
the absorption coefficient obtained indirectly as A(w)=1
— T(w) —R(w), h is Planck’s constant, e is the electronic
charge, and c is the speed of light.

lll. MAXIMAL SHORT CIRCUIT CURRENT
CALCULATION

The short circuit current is an alternative measure of the
total amount of AM 1.5 sunlight absorbed in a given struc-
ture. For 100% absorption of sunlight in the range of
300-1100 nm, the MAPD corresponds to 43.5 mA/cm?. For
reference purposes, we calculate the MAPD of a free-
standing (with air above and air below) bulk silicon slab
with the thickness of 300 um. Calculating the absorption
coefficient and using formula (2) in the spectral range of
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FIG. 6. MAPD (normal incidence of
AM 1.5 sunlight) dependence on lat-
tice constant for inverted pyramid
PhC’s in bulk silicon, arranged in a
square lattice, and filled with air for
three silicon heights. The structures are
placed on silver back-reflectors. The
distance between the sides of pyramids
is 100 nm. Maximal short circuit cur-
rent obtained is J=35.5mA/cm® for
H=3pmand a=1.3 um,J=37.8mA/
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300-1100nm, we obtain the MAPD of J =26.1 mA/cm®. In
other words, only 60% of the AM 1.5 sunlight in the
300-1100nm is absorbed. This flat-cell architecture lacks
adequate light trapping and antireflective properties. We
now consider the effect of optimized periodic arrays of
inverted pyramids wet etched across the top surface for vari-
ous thicknesses of silicon wafers (Fig. 2).

In Fig. 3, we present a map for MAPD optimization
using an array of inverted pyramids in bulk (infinitely
thick) silicon arranged in a square lattice. Sunlight is
assumed collimated at normal incidence and the silicon
pores are filled with air (n=1). The structure shown in the
inset of Fig. 3 provides a gradual increase of a MAPD with
increasing pyramid base side length. The optimal parame-
ters lie along the lowest slanted line which corresponds to
the minimal possible distance of 100 nm between the sides
of pyramids. We extend this region up to a=3um (see
Fig. 4).

Fig. 4 shows that the MAPD growth saturates after the
lattice constant reaches 1.5pum. When a=1.5um and
h=1.1 um, the MAPD is close to 38 mA/cm> in the
300-1100 nm wavelength range. This occurs for100 nm dis-
tance between pyramids bases and is almost 30% better than
the unpatterned silicon wafer reference case (with the
MAPD of only 26.1 mA/cm?). We find that the H= 300 um
thick silicon wafer and the semi-infinite wafer (H — o0) give
practically the same MAPD.

We examine the dependence of the MAPD on the silicon
wafer thickness for intermediate values of H=3-10um
(Fig. 5). For this purpose, we fix the lattice constant
a=3850nm (the optimal value found for the slanted conical
PhC), keeping the minimal possible distance between the
sides of pyramids equal d=100nm. For a=850nm, the
MAPD demonstrates a gradual increase with wafer thickness
but begins to saturate when the overall thickness H~5 um.
We compare the MAPD dependence on the silicon wafer
thickness, H, for three cases: (1) with no silver back-reflector
(the PhC is placed on an infinite glass substrate), (2) with sil-
ver back-reflector (see Fig. 2b), and (3) mathematically opti-
mized slanted conical pore PhC with the lattice constant

1800 2000 2200

2400 2600 2800

a=850nm and base radius r =500 nm,7 placed on a silver
back-reflector (Fig. 1).

For the specific choice of a=850nm, the slanted coni-
cal pore PhC (red curve) exhibits better performance than
wet-etched structure of the same overall height H by about
3-5mA/cm’. We find a MAPD J=35.5mA/cm” in the spec-
tral range of 300-1100nm for H=h = 1.6 um wafer thick-
ness, which corresponds just 1 um effective bulk thickness of
silicon.” As the thickness of slanted pore PhC is increased to
H=10um (h remains equal 1.6 um), the MAPD reaches
almost J =42 mA/cm?, only slightly below the perfect solar
absorption value of 43.5 mA/cmz.

For the inverted pyramid PhC with lattice constant
a=3850nm (Fig. 5 blue curve), when the overall height
H=1.6 yum (1.43 um equivalent bulk thickness) the MAPD
is about J =29 mA/cm’. As the wafer thickness H increases,
the MAPD reaches almost J =37 mA/cm?® at H=9 um. This
is just slightly below the MAPD for a 300 um thick wafer
with the same lattice periodicity. For calibration purposes
and to delineate the role of the silver back-reflector, we also
calculate the dependence of the MAPD on H for an inverted
pyramid PhC’s (with a=850nm) sitting on a semi-infinite
glass substrate (green curve). In this case, the MAPD reaches
only J =32.5mA/cm? for H= 10 um.

For inverted pyramid PhC’s, the optimal lattice constant is
considerably larger than for the slanted conical pore PhC.
Substantial improvements in the MAPD for H=3, 5 and 10 um
thick inverted pyramid PC’s are found when “a” is increased to
1.3 um, 1.9 um, and 2.5 um, respectively (see Fig. 6).

For an inverted pyramid PhC with H=3 um (blue
curve), the MAPD reaches its maximum of 35.5 mA/cm? for
a=1.3 um. In the case of H=235 um, this maximum shifts to
a=19um and the MAPD J=37.8mA/cm’. This latter
value coincides with the best MAPD achieved for a 300 um
thick wafer patterned with inverse pyramids (see Fig. 4).
Finally, for H=10 um, the optimum lattice constant is
a=2.5 um, for which the MAPD of ] =40 mA/cm2 is found.

We also investigate the influence of an anti-reflection
coating (ARC) on the MAPD. A thin layer of SiO, on the
surface can provide additional antireflective properties and at
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current obtained is J=41.1 mA/cm?
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the same time passivate the silicon surface from unwanted
carrier recombination. In our simulations, we consider a con-
formal, non-absorbing coating with a refractive index
n=1.45 (see the inset in Fig. 7).

We consider the best case achieved in Fig. 6. Namely,
the overall height of the structure is H= 10 um and the lat-
tice constant a = 2.5 um. For these parameters, the MAPD of
J=40mA/cm? is found. It is seen that the MAPD increases
with glass coating thickness, z, and reaches its maximum of
41.1 mA/cm? for z =200 nm. By including this antireflective
passivation layer, we gain an additive contribution of
1.1mA/cm? to solar cell performance. Furthermore, if the
spacing between the sides of pyramids of 100 nm is removed
(d =0), we attain a MAPD of 42.5 mA/cm®.

IV. CONCLUSION

In conclusion, we have identified a set of intermediate
thickness (3—10 um) silicon photonic crystals that enable
strong light-trapping and solar absorption in the
300-1100nm wavelength range. These structures require
one to two orders of magnitude less silicon than conventional
silicon solar cells used today, but provide a maximum
achievable photocurrent density comparable to or even better
than their much thicker counterparts. Our intermediate thick-
ness photonic crystals are amenable to large-scale fabrication
by wet-etching, making them an attractive alternative to pre-
viously identified (mathematically optimum) structures con-
sisting of a lattice of slanted conical pores. Unlike, the
slanted conical pores that require a curved surface profile,
our intermediate thickness, inverted pyramid structures
involve flat (111) and (100) surfaces of silicon. Our best
10-um thick inverted pyramid PhC offers a MAPD of
40mA/cm?, compared to the corresponding slanted conical
pore PhC with the MAPD of 42mA/cm? and compared to
the perfect solar absorption limit of 43.5mA/cm?® With a
suitable surface passivation layer, an additive 1.1 mA/cm? is
obtained for the inverted pyramid PhC. When the spacing

350

400 450 500

between the sides of the inverted pyramids is removed (d =0
in Fig. 2), we gain an additional 1.4mA/cm” to reach our
best MAPD of 42.5mA/cm? for a 10-um-height inverted-
pyramid silicon photonic crystal. Even higher MAPD is
expected for slanted-conical-pore photonic crystals of com-
parable thickness. These results are obtained by studying a
relatively unexplored regime of thickness where novel wave
effects and light-trapping phenomena, remarkably, enable
better solar absorption than in a 300 um thick silicon solar
cell. Given, the shorter carrier diffusion length required in a
10-um-thick silicon PhC solar cell, it is anticipated that this
architecture may provide higher power conversion efficiency
than currently employed thick (100-300 um) silicon solar
cells. A recent study of black silicon® shows that surface
recombination velocities can be reduced to ~10cm/s if the
silicon surface is treated by conformal atomic layer deposi-
tion of Al,O3. These results suggest that using a factor of 30
less active material, intermediate thickness silicon photonic
crystals can approach and possibly surpass the current world
record power conversion efficiency (of about 25%) for sili-
con solar cells.
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