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Material costs may be reduced and electrical properties improved by utilizing thinner solar cells.

Light trapping makes it possible to reduce wafer thickness without compromising optical absorption

in a silicon solar cell. In this work we present a comprehensive comparison of the light-trapping

properties of various bi-periodic structures with a square lattice. The geometries that we have

investigated are cylinders, cones, inverted pyramids, dimples (half-spheres), and three more

advanced structures, which we have called the roof mosaic, rose, and zigzag structure. Through

simulations performed with a 20 lm thick Si cell, we have optimized the geometry of each structure

for light trapping, investigated the performance at oblique angles of incidence, and computed

efficiencies for the different diffraction orders for the optimized structures. We find that the lattice

periods that give optimal light trapping are comparable for all structures, but that the light-trapping

ability varies considerably between the structures. A far-field analysis reveals that the superior light-

trapping structures exhibit a lower symmetry in their diffraction patterns. The best result is obtained

for the zigzag structure with a simulated photo-generated current Jph of 37.3 mA/cm2, a light-

trapping efficiency comparable to that of Lambertian light-trapping. VC 2011 American Institute of
Physics. [doi:10.1063/1.3611425]

I. INTRODUCTION

Light trapping increases current generation in solar cells

and makes it possible to reduce material costs by utilizing

thinner solar cells. In addition to the reduced material con-

sumption, a thinner solar cell also relaxes the demand on ma-

terial quality as the dependence of efficiency upon bulk

recombination is reduced. Light trapping is, therefore, a key

issue of reaching the ambitious cost reduction plans for the

photovoltaic (PV) industry.

Nowadays, state-of-the-art silicon (Si) solar cells have a

thickness of around 150-200 lm. Fabrication of significantly

thinner sheets of high quality Si with a thickness below 20 lm

has been demonstrated by various techniques.1–3 Throughout

this work, we use a Si thickness of 20 lm as a case of study

when exploring the light-trapping ability of the various struc-

tures. This is thinner than today’s wafer-based solar cells by a

factor of 10 and at the same time thicker than ordinary thin-

film solar cells by a factor of 10. With proper light trapping, a

Si solar cell with such a thickness has the potential of reaching

high conversion efficiencies. This is crucial, due to the high

importance of efficiency in determining the cost of a PV sys-

tem. Working with an optical solar cell model, we use the

photo-generated current density instead of conversion effi-

ciency as a measure of light-trapping quality, as this requires

fewer assumptions about the specific cell configuration.

Conventional light trapping varies according to cell type

and configuration. For monocrystalline Si, alkaline etching

of a [100] oriented wafer is used to make a texture of square

pyramids with the {111} planes revealed.4 Alkaline etching

may also be used for multicrystalline Si, but due to the ran-

dom orientation of the crystal grains, isotropic acidic etching

that results in a random dimple-like pattern is a more com-

mon approach.5 Pyramidal structures have been demon-

strated on crystalline Si solar cells with thickness in the 30

micron range6 despite structure sizes with a depth of more

than 10 lm. These structures have excellent anti-reflection

properties, but better light confinement may be achieved

with other structures. Moreover, pyramidal structures are not

applicable to proton cleaved wafers, which is a method for

making very thin kerf-free wafers.3 These wafers have a

[111] oriented surface, while the conventional pyramidal tex-

ture requires a [100] oriented surface.

In thin-film solar cells, texturing of transparent conduc-

tive oxides (TCOs) on glass substrates is the common

approach for light trapping.7 This creates a random sub-

micron texture, which effectively scatters light, especially at

shorter wavelengths.

II. BACKGROUND

Periodic structures with lattice periods in the range of

the wavelength of light are compatible with thin solar cells,

and they unlock a potential outside the conventional light-

trapping based on random textures. Such structures have

been thoroughly analyzed in the past,8–10 but have attracted

renewed attention lately.11–14 Recently, it has been shown

that periodic structures may increase light trapping beyond

that of the Lambertian 4n2 limit,15,16 but with a significant

angular dependency. At the same time, it has also been

shown that bi-periodic gratings, in general, are expected to
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have a higher potential than uni-periodic gratings. Lately, we

have seen simulation results that are comparable to the geo-

metric light-trapping limit over a broad wavelength range for

bi-periodic gratings.16–19 Common for these structures is that

the Lambertian light-trapping limit is exceeded at normal

incidence, while the Lambertian limit, although theoretical,

is independent of incidence angle.

Light trapping from periodic structures have also been

verified in experimental work. It has been shown that there is

good agreement between modeling and experimental results

for a uni-periodic grating applied to a 5 lm thick Si cell.20

Recently, light trapping obtained from a periodic plasmon

structure has been shown to exceed that of the Asahi U-type

glass,21 which is the thin-film solar cell standard. A similar

result is also presented in Ref. 22. They found that a self-

assembled periodic dimple structure made by anodic oxida-

tion of Al improved light trapping in the infrared part of the

spectrum above that of the Asahi U-type glass.

In this work, we investigate, in simulations, the impact of

the specific unit cell geometry on seven different bi-periodic

diffractive structures with regard to light trapping. The struc-

tures comprise the binary cylinder structure;14 common non-

binary structures, such as inverted pyramids, cones, and

dimples, or half spheres; and, finally, three more advanced

structures, which we call the roof-mosaic structure, the rose

structure,23 and the zigzag structure.24 Some of these structures

have also been investigated before. Modeling of coexisting

front- and back-side pyramids is presented in Ref. 25; model-

ing results of cylinders are presented in several works,12,14,26,27

while modeling of cones is performed in Ref. 28.

It is of great interest to quantify and to compare the light-

trapping potential inherent in periodic structures of different ge-

ometry. Unfortunately, the above-mentioned results are difficult

to compare because they are applied to different cell configura-

tions using various materials and methodologies. We present

here a joint comparison of all the above mentioned structures,

including three novel structures, applied to the same model.

This allows for a reasonable comparison of the structures. Fur-

thermore, the structures are compared both at normal and

oblique angles of incidence, which is important for outdoor con-

ditions of non-tracking solar cells. Finally, we present an analy-

sis of the far-field diffraction pattern of the optimized structures

at a wavelength of 1 lm. In contrast to standard thin-film solar

cells, light trapping in a 20 lm thick Si cell involves primarily a

narrow wavelength region around this wavelength. A crystalline

Si slab with 20 lm thickness is used as a model in this work;

however, the methodology and analysis may also hold for solar

cells with other thicknesses and for other material types.

III. MODEL STRUCTURE

We have investigated numerically seven different bi-

periodic structures with square lattices. The structures are

cylinder, cone, dimple, inverted pyramid, roof-mosaic, rose,

and zigzag structure. The unit cells of each structure are

shown in Fig. 1. To simplify the representation of the zigzag

and roof-mosaic structure, we have used a unit cell in the

computations with twice the area of the primitive unit cell.

Figure 1 shows both the computational and the primitive unit

cell of these structures.

The full optical model of the solar cell used in the com-

putations is depicted in Fig. 2. A 20 lm thick Si slab is cov-

ered with a planar front-side anti-reflection coating (ARC)

consisting of 78 nm silicon nitride. A dielectric grating, a sil-

icon oxide layer, and an aluminum (Al) reflector constitute

FIG. 1. (Color online) The geometry composing the unit cells of each of the

investigated periodic light-trapping structures. For the roof-mosaic and the

zigzag structure, K illustrates the lattice period of the primitive unit cell.

FIG. 2. (Color online) Schematic drawing of a typical optical solar cell

model used in the simulations (not to scale). The Si slab has an anti-reflec-

tion coating on the front side; on the back side it has a dielectric bi-periodic

grating filled with silicon oxide. The grating layer is separated from a back-

side aluminum reflector by a layer of silicon oxide.
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the rear side of the model. The grating is constructed from

the geometries in Fig. 1, imprinted into the Si slab, and filled

with silicon oxide. The purpose of the silicon oxide layer

that separates the grating from the Al reflector is to reduce

parasitic absorption losses in the Al. The oxide used in the

separating layer and in the grating could, in principle, be

replaced by another material with a low refractive index,

such as air. However, silicon oxide has good passivation

qualities, and there exists well known methods to make con-

tacts through such a layer.29 Both properties are important in

a real solar cell configuration.

IV. METHODOLOGY

Modeling is performed using rigorously coupled wave

analysis (RCWA).30 With RCWA, the Maxwell equations

are solved rigorously at each wavelength and the computa-

tion at each wavelength is performed independently. Experi-

mental data for optical properties are, therefore, easily

implemented and are used for Si31 and for Al.32 For conven-

ience, both the ARC and the oxide layer are assumed to be

non-absorbing with a refractive index of 1.95 and 1.5 repre-

sentative for silicon nitride and silicon oxide, respectively.

The software package GD-Calc33 is used as the model-

ing tool in this work. GD-Calc represents all types of geome-

tries with rectangular blocks. This implies that circular

structures, like the cylinder structure, are approximated by a

finite number of blocks. The same holds for oblique struc-

tures, like the pyramids, which are also represented by a fi-

nite number of blocks. In the case of oblique structures, this

is known as the staircase approximation.34

A. Grating design considerations

The most important property of the grating structure is

its ability to scatter light efficiently into oblique angles,

thereby extending the path length of the light inside the

absorbing material. The angles of the diffracted orders can

be found from the bi-periodic grating equation.34 The polar

angle of the diffracted orders ho can be found from Eq. (1).

sin2ðhoÞ ¼
ni

no
sinðhiÞcosð/iÞ þ

mxk
noKx

� �2

þ ni

no
sinðhiÞsinð/iÞ þ

myk
noKy

� �2

: (1)

The angles and lattice periods of Eq. (1) are defined in

Fig. 3. hi and /i are the polar and azimuth angles of the inci-

dent beam respectively, Kx and Ky are the lattice periods in

the x- and y-direction, k is the wavelength of light in vac-

uum, while ni and no are the refractive index of the medium

of incidence and of the outgoing wave, respectively. For a

reflection grating no ¼ ni. mx and my are integers that denote

the diffraction order in the x- and y-direction. The number of

allowed diffraction orders is determined by the fact that the

outgoing wave vector must lie on the same unit sphere,

depicted in Fig. 3, as the incoming wave vector. Conse-

quently, the expression on the right side of Eq. (1) needs to

be less than unity to provide a real solution (i.e., a propagat-

ing diffraction order).

For normal incidence with lattice period Kx <
k
no

and

Ky <
k
no

, there exists only one solution to the bi-periodic gra-

ting equation, namely the zero diffraction order

mx ¼ my ¼ 0. In this case, the grating will act as a specular

reflector and will, therefore, not be suited for light trapping.

Larger periods will allow for more diffraction orders; how-

ever, the angles of the diffracted orders will decrease with

increasing period, thereby reducing the potential path-length

enhancement of the lowest diffraction orders. When K
exceeds the free-space wavelength k, the lowest diffraction

orders may also propagate in air. Therefore, these diffraction

orders will not be totally internally reflected within a periodi-

cally patterned slab, regardless of the refractive index of the

slab, and the light-trapping ability will be reduced.

The grating equation can only predict the angles of dif-

fraction, while rigorous modeling must be performed to find

the power distributed in each order. To optimize each struc-

ture for light trapping, we varied the lattice period K, grating

thickness tg, and oxide layer thickness tox (see Fig. 2). For

the cylinder structure, we also varied the fill factor, i.e., the

fraction of the cylinder base area to the total unit cell area,

while for the rest of the geometries, the fill factor was set as

large as possible without overlapping the neighboring unit

cells. We chose not to confine the pyramid structure to the

standard 54.7 degree angle, which is the side angle of the

pyramids that are formed from alkaline etching of a [100]

oriented Si wafer. Consequently, the pyramidal structure

also has three independent variables. The dimple structure

has, by definition, tg : K/2 when fill factor is maximum

and, therefore, contains only two independent variables, i.e.,

K and tox.

Due to the huge number of different geometries and con-

figurations that are investigated, a method is needed to

quickly locate the grating dimensions that favor light trap-

ping. The method that we used was to have light incident

directly from an infinitely thick Si superstrate, allowing the

analysis of the propagating diffraction orders. Optimal gra-

ting configurations have low specular reflection and low par-

asitic losses in the back-side Al reflector, and, consequently,

efficient coupling into higher diffraction orders, denoted

DHO:

FIG. 3. (Color online) Definitions of the angles involved in diffraction from

a bi-periodic grating.
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DHO ¼ 1� D00 � Apar: (2)

In this equation, D00 is the diffraction efficiency in the zero

order, i.e., specular reflection, while Apar is parasitic loss in

the form of absorption in the Al rear reflector. The result of

Eq. (2) is mapped for the independent grating variables of

each structure. As long as the diffraction modes are reason-

ably stable within the narrow wavelength region that is par-

tially transmitted through the 20 lm thick Si slab, such

computations may be performed with a low wavelength

resolution.

We have used the resulting DHO maps in the initial steps

to locate the optimum grating dimensions in section V A.

Previous experience has shown that the peaks in the DHO

maps correspond with peaks in light trapping with full-struc-

ture calculations, i.e., with the absorbing 20 lm thick Si-slab

on top of the light-trapping structure and incidence from air.

However, the DHO maps do not include effects of secondary

interactions with the grating, nor do they contain any infor-

mation about the angles of the diffracted orders and the dis-

tribution of light between the orders. Consequently, the

actual light-trapping efficiency may still vary greatly

between the peaks, even though the size of their DHO is iden-

tical. The various peaks from the DHO maps are, therefore,

further investigated with full-structure modeling. The

absorption spectra resulting from such a full-structure model-

ing exhibit rapid Fabry-Perot interference fringes from inter-

ference in the 20 lm Si slab. To resolve these fringes, a high

wavelength resolution is needed. This leads to significantly

longer computational time for a full-structure calculation

than for the computation of DHO.

The absorbed photo-current density Jph is used as a met-

ric to compare the light-trapping ability of the different

structures. Jph is calculated by Eq. (3) and corresponds to the

maximum potential short-circuit density assuming a carrier

collection efficiency of 100%:

Jph ¼ q

ð1
0

AðkÞUðkÞdk: (3)

Here, q is the elementary charge, U(k) the spectral density of

the photon irradiance from the global AM 1.5 spectrum,35

and A(k) is the spectral absorptance, a dimensionless wave-

length-dependent factor between zero and one calculated by

the full-structure modeling in GD-Calc. The integration in

Eq. (3) is for wavelengths from zero to infinity, but, in prac-

tice, integration was performed from 300 nm to 1100 nm.

Extension of the integral outside this range increased compu-

tational time with little effect on Jph.

V. RESULTS

A. Light trapping at normal incidence

Each structure has been optimized for maximum Jph

using DHO maps to locate favorable grating dimensions and

full structure calculations to explore their corresponding

light-trapping potential. The maximum Jph values and the

corresponding grating dimensions are summarized in Table I.

A 20 lm thick reference cell with a front side ARC and a

back-side planar Al reflector is also included for comparison.

To better appreciate the difference in light-trapping between

the structures, a plot of Jph versus effective optical thickness

is shown in Fig. 4. The figure illustrates the path length

required through a Si slab, using the same ARC as in Fig. 2,

to absorb an amount of photons corresponding to a given Jph.

In Fig. 4, we have also included the effective optical thick-

ness corresponding to Lambertian light trapping, limited by

the same ARC as the rest of the structures in Table I.

Not surprisingly, the light trapping from the periodic

structures clearly exceeds the case of the reference cell with

a planar reflector and an ARC. However, the light trapping

TABLE I. Maximum Jph achieved with various light-trapping structures made from the structures in Fig. 1, modeled with the full structure shown in Fig. 2.

The grating dimensions corresponding to the maxima are also shown.

Structure

Maximum Jph

[mA/cm2]

Lattice period

K[lm]

Grating thickness

tg [lm]

Oxide thickness

tox [lm] Fill factor

Cylinders 35.6 0.7 0.23 0.2 0.6

Roof mosaic 36.1 0.92 0.3 0.4 Max

Inverted pyramids 36.2 0.95 0.325 0.1 Max

Cones 36.3 0.98 0.38 0.1 Max

Dimples 36.4 0.975 K/2 0.14 Max

Rose 36.8 0.95 0.4 0.1 Max

Zigzag 37.3 0.988 0.55 0.1 Max

Reference cell 30.7 — — — —

FIG. 4. (Color online) Optical thickness of Si required to provide a given

photo-generated current density Jph. The markers show the effective optical

thickness corresponding to the Jph values from Table I.
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of the different periodic structures also varies significantly.

We note that the best-performing structure in Table I is the

zigzag structure with a Jph of 37.3 mA/cm2. This is only 0.3

mA/cm2 below that of Lambertian light trapping. Replacing

the Al reflector with an Ag reflector will further increase Jph

of the zigzag structure by 0.4 mA/cm2, thereby exceeding

the Lambertian light trapping at normal incidence.24

From Table I, we see that optimal light trapping is

achieved with a lattice period of about 0.95 lm for all struc-

tures except the cylinder structure, where we found the high-

est Jph for a period of 0.7 lm. However, as we show in

Ref. 14, the cylinder structure has a broad maximum plateau

extending from periods of 0.7 lm to about 1 lm, where there

are only minor differences in Jph.

B. Far-field analysis

To understand the differences in performance for the

various light-trapping structures in Fig. 1, we explore their

far-field properties. The far-field properties are shown in

Fig. 5 in the form of diffraction efficiency Dmx,my
of the dif-

fraction order mx,my. The fractional power of all diffraction

orders except for the zero order, i.e., mx¼my¼ 0, corre-

sponds to the DHO defined in Eq. (2). The allowed number of

propagating diffraction orders and the corresponding diffrac-

tion angles can be found from Eq. (1).

To calculate the diffraction efficiencies in Fig. 5, we

have used Si as an incidence medium. We found the diffrac-

tion efficiencies to be reasonably stable within the spectral

region that is transmitted through a 20 lm thick Si slab, i.e.,

�800–1100 nm. Consequently, the diffraction maps shown

in Fig. 5 are representative for the entire spectral region. Af-

ter verifying convergence with more diffraction orders, we

included diffraction orders up to jmxj < 10 and jmyj < 10 in

the computations. We still show only the diffraction orders

up to jmxj < 3 and jmyj < 3, as all higher orders are evanes-

cent, i.e., their diffraction orders hold zero power.

Figure 5 shows the diffraction efficiency for each struc-

ture in Fig. 1 when optimized for light trapping. The opti-

mized structures each have low D00 and low parasitic

absorption in the Al reflector, yielding DHO in excess of 90%

for all the structures. The distribution of power within the

different diffraction orders, however, varies considerably.

The incident light in Fig. 5 is chosen to be circularly

polarized, since this choice of polarization provides rota-

tional symmetry. The diffraction efficiencies of all structures

can be seen to have four-fold rotation symmetry. The excep-

tion is the diffraction pattern of the zigzag structure, which

has no apparent symmetry. For the rose structure, we show

the diffraction efficiencies for both left- and right-handed

polarized light. Both diffraction patterns can be seen to ex-

hibit a four-fold rotational symmetry, but the distribution of

power within the diffracted orders are completely different

for the two polarizations. For the rest of the structures, on

the other hand, left- and right-hand polarizations yield equiv-

alent diffraction patterns, but mirrored about the x- and y-

axis (not shown). The exception is again the zigzag structure,

where the diffraction pattern is mirrored only about one of

the axes and not the other.

C. Oblique incidence

The incidence angle of the solar illumination varies dur-

ing the course of a day according to season and location.

Moreover, diffuse radiation also makes a significant contri-

bution to the global irradiance in several parts of the world.

The properties of diffraction gratings are naturally dependent

on incident angle. The behavior under oblique illumination

conditions is, therefore, an important part of the performance

investigation of such structures.

The light-trapping efficiency will, in general, depend on

the azimuth angle / in addition to the polar angle, here

defined as the incidence angle from air hair. The energy that

is actually captured by a solar module will, in reality, depend

on the projected area of the solar module as cosðhairÞ. This

FIG. 5. (Color online) Diffraction efficiencies for circularly polarized light

with k ¼ 1 lm at normal incidence. The diffraction efficiency of the rose

structure is shown for both left- and right-handed polarization. Each struc-

ture is optimized for maximum Jph, with the dimensions and corresponding

Jph shown in Table I. Note that the scale of the vertical axis varies between

the figures.
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geometric factor is here omitted to better compare the actual

light-trapping efficiency at the various angles of incidence.

All structures we investigated, except for the zigzag

structure, have four-fold rotation symmetry. Dependence on

hair is, therefore, studied at the two extreme azimuth angles:

at / ¼ 0�, along one of the directions of periodicity, and at

/ ¼ 45�. Due to the lack of symmetry of the zigzag struc-

ture, it is characterized at four different azimuth angles: 0�,
45�, 180�, and 225�. Equivalent results were achieved for the

zigzag structure at azimuth angles of 90�, 135�, 270� and

315�. In Fig. 6, the average Jph of each structure is shown as

a function of the angle of incidence in air above the solar

cell.

The behavior of the structures in Fig. 6 may be divided

into four classes by their performance. The zigzag structure

is superior at all angles of incidence, while the rose structure

is a clear number two. The third class consists of the dimple,

cone, inverted-pyramid, and roof-mosaic structure, which

are all quite similar in their performance. The fourth and last

class, with the lowest performance at normal incidence, is

the cylinder structure. The performance of this structure,

however, increases significantly compared to the rest of the

structures for non-normal angles of incidence. In general, the

difference in light trapping between the structures is some-

what lower at higher angles of incidence than for normal

incidence.

The reduction in Jph at higher angles of incidence is pri-

marily due to increased front-side reflection of s-polarized

light. However, this does not explain the variation between

the different light-trapping structures.

An important mechanism at oblique angles of incidence

is the escape of diffraction orders that are no longer totally

internally reflected within the Si slab. Consider the case of

light with a wavelength of 1 mm incident from air on a Si

slab with a back-side periodic structure having a lattice pe-

riod of 0.95 lm. In this case, Eq. (1) may be used to find the

allowed number of propagating diffraction orders in air by

setting ni ¼ no ¼ 1 and hi ¼ hair. For incidence in the plane

of periodicity (/ ¼ 0�), this will yield one escaping diffrac-

tion order in addition to the zero order for incidence angles

hair > 5�. For incidence in the / ¼ 45� plane, on the other

hand, Eq. (1) yields up to three escaping diffraction orders in

addition to the zero order. The angular response for inci-

dence in the / ¼ 0� plane may, therefore, be expected to

exceed the response at / ¼ 45�. In fact, this trend is evident

for all structures except for the cylinder structure. With a pe-

riod of only 0.7 lm, Eq. (1) will show that incidence in the

/ ¼ 45� plane does not allow any escaping orders except the

zero order as long as the wavelength is above 1 lm. Conse-

quently, the cylinder structure has a better angular response

for / ¼ 45� than for / ¼ 0� (not shown). Additionally, due

to the smaller lattice period of the cylinder structure, an inci-

dence angle hair > 20� is needed before any higher diffrac-

tion orders may escape.

The analysis above is a qualitative approximation, as we

consider only a single wavelength of the extended spectrum

that reach the back side and we neglect the fact that the dif-

fraction efficiencies will also change with incidence angle.

Nevertheless, the main difference that can be observed

between the grating structures may, in large part, be ex-

plained by this simple analysis.

VI. DISCUSSION

A. Interpretation of results

In general, a low zero-order diffraction efficiency is a

prerequisite for good light trapping, and, indeed, the zero-

order diffraction efficiencies in Fig. 5 fulfill this requirement.

Furthermore, high diffraction angles will increase path

length more than low diffraction angles. For a grating with a

given lattice period, this implies that coupling to higher dif-

fraction orders is better for light trapping than coupling to

lower orders (see Eq. (1)). Nevertheless, the photo-generated

current density Jph of the dimple structure is below that of

the rose structure, even though the dimple structure seems to

have larger part of its diffracted power in the highest diffrac-

tion orders. The reason for the success of the rose and the

zigzag structure must, therefore, be caused by another effect.

Our first assumption for the success of the rose and the zig-

zag structure was that the number of sharp edges and corners in

these structures increased scattering and, therefore, light trap-

ping. However, the roof-mosaic structure also has several sharp

corners, yet it has significantly lower Jph. A further investiga-

tion of Fig. 5 reveals that the symmetry in the diffraction pat-

terns of the two structures having the highest Jph differs from

the rest of the structures. The diffraction pattern of the zigzag

structure has no symmetries, while the rest of the structures

show a four-fold rotational symmetry. By reversing the direc-

tion of the circularly polarized light, we found that the diffrac-

tion patterns are reproduced, but mirrored about the x- and y-

axis. The exceptions are for the zigzag and the rose structures.

The diffraction pattern of the zigzag structure is only mirrored

about one axis. The diffraction pattern from the rose structure is

completely changed with polarization, although it still exhibits

a four-fold rotational symmetry.

We believe that the reduced symmetry in the diffraction

patterns of the rose and zigzag structure in Fig. 5 reduces the

FIG. 6. (Color online) Performance of the different light-trapping structures

from Fig. 1 under oblique incidence illumination. Each point represents an

average of the photo-generated current density Jph over two azimuth angles

(four for the zigzag structure) and over s- and p-polarized light at each azi-

muth angle.
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chance of out-coupling on subsequent interactions with the

diffraction grating. This argument is similar in nature to the

one of Ref. 9. The results we see here also match well with

what has been suggested recently by Refs. 16 and 18. They

suggest that to break the symmetry of the unit cell will allow

the coupling to more modes, thereby increasing light

trapping.

B. Implementation in solar cells

To obtain success with a periodic light-trapping struc-

ture, it is important to avoid the excessive absorption that

may arise in the metal reflector that is usually placed on the

back side of a solar cell. We reduce the parasitic absorption

with an oxide layer that separates the rear reflector from the

grating. In this work, we use a planar metal reflector.

Absorption is expected to be higher if the grating structure is

transferred to the Al.36,37 Other approaches with Bragg

reflectors have also been proposed to avoid parasitic absorp-

tion.12,13 We find that a separation of the grating and rear

reflector is necessary, not only for Al, but also for a less

absorbing Ag reflector.

A low back-surface recombination velocity is crucial to

obtain high efficiency with thin solar cells, where diffusion

length may be several times the thickness of the cell.

Improper surface passivation has been shown to be a barrier

for the successful implementation of back-side diffractive

structures in solar cells.36 The oxide layer used in this model

may serve as a back-side passivation layer. In principle, a

thin planar optically inactive oxide layer may be inserted

between the grating layer and the bulk Si to further reduce

surface recombination.

From Fig. 4, we see that the best structures are not far

from a Lambertian surface when it comes to light confine-

ment. However, for these structures, the largest loss mecha-

nism is no longer incomplete absorption, but instead the

front-side reflectance from the single layer ARC. The front-

side reflectance is also mainly responsible for the reduced

performance of all the structures at higher angles of inci-

dence (see Fig. 6).

Front-side pyramidal textures are commonly used in

today’s solar cells. For short wavelengths that do not pene-

trate to the back side, a front-side texture will certainly

increase light absorption by reducing front-side reflectance.

The effect of a grating in combination with a textured front

surface is, of course, much smaller than for a planar front

surface. The exact effect on light confinement for long wave-

lengths are difficult to predict, since a front-side texture will

change the incident angles and affect the light trapping from

a back-side grating. Such macroscopic structures are difficult

to model rigorously and are outside the scope of this work.

Such computations could, in principle, be performed using a

combination of ray-tracing and RCWA.37

In a solar module, the solar cells will be encapsulated

with glass on the front side. Since the light reflected from a

Si-glass interface is lower than from a Si-air interface, the

advantage of a front-side texture over that of a planar cell

will be somewhat reduced with encapsulation compared

to the case without encapsulation. Nevertheless, to further

increase absorption, a lower front-side reflectance is

required. Multiple or graded ARCs are possible solutions

that will conserve the light-trapping ability of the back-side

periodic structures and, at the same time, reduce front-side

reflectance.

Fabrication of sub-micron periodic structures on large

areas is obviously not trivial. Some techniques that might

have potential for large scale production include nano-

imprint lithography or hot embossing38,39 and interference

(holographic) lithography.38,40 Self-assembled structures are

yet another possibility. One example of this is a periodic

dimple structure with a triangular lattice that has been real-

ized by anodic etching of Al.22 The different geometries in

this work may have various possibilities for fabrication.

Nobody has fabricated structures like the rose and zigzag

structure today, and large area fabrication of such structures

will not be a simple task. Hopefully, low-symmetry light

trapping structures that lend themselves to fabrication may

be designed.

The structures presented in this work are all subject to

the limitation that they require patterning of Si (or another

high index material). The grating does not necessarily need

to be filled with an oxide. A grating consisting of Si and air

could, in principle, provide a more broad-banded response

than a Si-oxide grating because of the larger refractive index

contrast.

VII. CONCLUSION

We have optimized and compared the light-trapping

potential of seven different periodic structures with essential

differences in the geometry of their unit cells. The geome-

tries comprise the cylinder, inverted pyramid, cone, dimple,

roof-mosaic, rose, and zigzag structure. We found that the

optimized structures had similar lattice periods despite their

difference in geometry. The light-trapping potential of the

structures range from a photo-generated current density Jph

of 35.6 mA/cm2 for the cylinder structure, corresponding to

an effective optical thickness increase of a factor of 9, to a

Jph of 37.3 mA/cm2 for the zigzag structure, corresponding

to an increase in optical thickness of a factor of 22.

Analysis of the diffraction patterns revealed that the two

structures with the highest Jph have less symmetry than the

rest of the structures. The best light trapping is achieved for

the least symmetric of the structures. This agrees well with

literature, which suggests that non-symmetric structures are

superior to symmetric ones. The light trapping achieved with

the zigzag structure is close to that of the Lambertian limit,

in spite of the fact that the zigzag structure makes use of the

strongly absorbing Al as reflector material.

The investigation at oblique angles of incidence shows

that the back-side gratings perform well at angles of inci-

dence up to 60 degrees, also when considering an average

over several azimuth angles and both polarizations. The

reduced performance at higher angles of incidence is domi-

nated by the increase in front-side reflectance of s-polarized

light from the planar ARC.

The comparison we present in this work is applied to a

20 mm thick Si slab, but the light-trapping structures, as
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such, are not constricted to a certain material or thickness.

We have used Si as a case of study, since the poor absorption

of Si makes light trapping specifically important. A different

choice of thickness or material is expected to change the

optimal grating dimensions. Particularly, the optimal lattice

period is expected to be reduced for thinner solar cells,

where a broader spectrum will reach the back side.
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Wittwer, Sol. Energy Mater. Sol. Cells 54, 333 (1998).
39M. Heijna, J. Loffler, B. Van Aken, W. Soppe, H. Borg, and P. Peeters,

Mater. Res. Soc. Symp. Proc. 1101 (2008).
40S. H. Zaidi, J. M. Gee, and D. Ruby, in 28th IEEE Photovoltaic Specialists

Conference, Anchorage, AK, 15–20 September 2000, pp. 395–398.

033104-8 Gjessing, Sudbø, and Marstein J. Appl. Phys. 110, 033104 (2011)

Downloaded 30 Nov 2011 to 193.157.137.139. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1002/pip.v3:3
http://dx.doi.org/10.1002/pip.v11:2
http://dx.doi.org/10.1016/j.solener.2003.08.019
http://dx.doi.org/10.1002/pssa.200824500
http://dx.doi.org/10.1016/j.solener.2004.03.015
http://dx.doi.org/10.1364/AO.34.002476
http://dx.doi.org/10.1063/1.94432
http://dx.doi.org/10.1002/pip.v14:7
http://dx.doi.org/10.1364/OE.15.016986
http://dx.doi.org/10.1364/OE.16.015238
http://dx.doi.org/10.1364/OE.18.005481
http://dx.doi.org/10.1364/JOSA.72.000899
http://dx.doi.org/10.1364/OE.18.00A366
http://dx.doi.org/10.1364/OE.17.008871
http://dx.doi.org/10.1021/nl1029804
http://dx.doi.org/10.1063/1.3039787
http://dx.doi.org/10.1364/OE.18.00A237
http://dx.doi.org/10.1063/1.3108689
http://dx.doi.org/10.1063/1.2768882
http://dx.doi.org/10.1063/1.2908212
http://dx.doi.org/10.1364/OE.18.005691
http://dx.doi.org/10.1557/PROC-1153-A03-02
http://dx.doi.org/10.1002/pip.v10:1
http://dx.doi.org/10.1002/pip.v10:1
http://dx.doi.org/10.1364/JOSAA.13.001024
http://dx.doi.org/10.1063/1.367101
http://software.kjinnovation.com/GD-Calc.html
http://rredc.nrel.gov/solar/spectra/am1.5/for
http://dx.doi.org/10.1117/12.854553
http://dx.doi.org/10.1016/S0927-0248(98)00084-1
http://dx.doi.org/10.1557/PROC-1101-KK13-05

