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We study the impact of a super-structuration of the transparent conducting electrode made of

polycrystalline ZnO:Al on the efficiency of thin solar cells based on amorphous silicon. We

demonstrate that photonic crystal cavities etched in the electrode present efficient anti-reflective

properties and add absorption resonances in the red part of the spectrum where other structures

are inefficient. This super-structuring boosts the optical absorption by 4.2% and broaden the

angular acceptance compared to conventional grating patterns. The origin of these cavity states is

explained in the framework of the envelop function approach. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4821156]

Trapping light in very thin amorphous silicon layers is a

timely issue for realizing efficient and low cost second gen-

eration photovoltaic cells. It is, in particular, challenging in

the red part of the solar spectrum where the absorbance of

amorphous silicon is very weak, and its thickness can be

three or four times smaller than the wavelength. In this con-

text, different approaches stemming on the nano-patterning

of the silicon layer,1–3 the anti-reflective coating,4–7 or the

electrodes8 aim at increasing the light path within the active

layer. Enhanced absorption has been observed in photonic

crystal9,10 or plasmonic11,12 based devices where the periodic

structuring generates resonant electromagnetic modes

strongly confined within the absorber. These approaches,

based on periodic structures, make it however difficult to

match the set of resonant frequencies with the entire absorp-

tion range. The angular acceptance is, in addition, reduced

because such resonances are associated to Bloch modes that

are highly delocalized. On the other hand, the resonant fre-

quency window can be extended by introducing a controlled

disorder13,14 in the structure. Disorder drastically changes

the distribution of light along the absorber by creating local-

ized states. By virtue of the Heisenberg principle, these

highly confined states are strongly delocalized in the wave-

vector space, allowing a broad angular coupling with the

incident solar radiations. In this work, we develop an alterna-

tive approach that generates hot spots in the spectral window

where the absorption coefficient of the active layer is low,

and the periodic texturing is inefficient. For that purpose, we

consider a periodic patterning that integrates an appropriate

defect whose resonances are tuned at the desired wavelength.

Our device is, in particular, constituted of a non-textured

amorphous silicon layer (a-Si:H) coated with an electrode

presenting a 1D superlattice. Our previous study8 has shown

that a 1D grating drilled in the transparent electrode behaves

like an anti-reflective layer and introduces resonant modes

that enhance the optical absorption by 10%. This approach

provides an optimal optical solution and prevents electron-

hole recombinations inside the active layer. Here, we

improve these results through an in-plane localization effect,

leading to a 4.2% additional optical absorption with a large

angular acceptance of 12�. The origin of this enhancement is

explained in the framework of a perturbation theory devel-

oped for PhC heterostructures15 that guide us for the design

of optimized devices.

The proposed thin-film solar cells consists, from back to

front, of a perfect electric conductor, a Al-doped zinc oxide

(ZnO:Al) spacer, an unpatterned a-Si:H layer (the absorber),

and a textured ZnO:Al electrode, as shown in Fig. 1. Remark

that optical absorption for both ZnO:Al spacer and electrode

is considered.16–18 The optical performance of the superlat-

tice transparent conducting electrode (SL-TCE) and grating

electrode (G-TCE) are theoretically compared by keeping all

the geometrical parameters fixed (thicknesses, grating period

d, filling factor f). The SL-TCE consists of periodic grooves

of depth hr drilled in the ZnO:Al layer with a period d. The

superlattice is obtained by removing one ZnO:Al slot at each

macro-periods D ¼ 2Nd. Finally, our SL-TCE can be consid-

ered as a supercell of length D that comprises an optical cav-

ity of width L¼ d. The absorption AðkÞ in the a:Si layer is

numerically computed using a rigorous couple wave

method19 and is dependent on the polarization (TE or TM)

of the incoming light (for details concerning its numerical

computation, see Ref. 8). Assuming an optimal internal

quantum efficiency (i.e., electron-hole recombination are

neglected), the short-circuit current density jsc is given by

the conventional definition

jsc ¼
ð

AðkÞ dI

dk
ek
hc

dk; (1)

where dI
dk is the spectral energy density given by an Am 1.5G

normalized spectrum. The current density enhancement

CDE ¼ jsc=jmax is defined as the ratio of jsc over the maximum

short-circuit current obtained when all the incident photons of

the considered spectral range (from 375 nm to 750 nm) are

converted into excitons (jmax ¼ 23:665 mA=cm2).20 The unpo-

larized nature of the solar spectrum is modeled by averaging

the CDE over both polarizations. With these definitions, the

CDE represents the upper bound of the current density

enhancement. We start by optimizing the SL-TCE using a
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home-made genetic algorithm21 and by imposing a maximal

thickness for the silicon layer of 150 nm. We obtain a short

circuit current jsc ¼ 14:91 mA cm�2 and a CDE ¼ 63:01%

for the following geometrical parameters: hsi ¼ 147 nm;
hr ¼ 379 nm, d ¼ 459 nm; h1 ¼ 52 nm; h2 ¼ 237 nm, and it

is reached when 4 grating pitches separate each cavity giving a

supercell of period D ¼ 8d. We underline that the optimal ge-

ometrical parameters only slightly change with the number of

pitches separating each cavities. The optimal filling factor,

defined as the ratio between the width of ZnO:Al slot and the

pitch of the grating d, is found to be f ¼ 0:51. Let us now eval-

uate the gain on light absorption induced by such optical cav-

ities by comparing with a 1D grating electrode. For the same

geometrical parameters but without the presence of any cavity,

the G-TCE yields a short circuit current jsc ¼ 14:32 mA cm�2

and CDE ¼ 60:51%. This result demonstrates that the super-

structuring used in the SL-TCE enhances the light absorption

since the relative increase of the CDE reaches 4.2% compared

to the G-TCE. The absorption spectra plotted in Fig. 2 shows

that extra absorption lines (solid lines) appear in the range of

wavelength 700� 750 nm where the G-TCE is inefficient. A

large resonance arises in particular at 712 nm for TM polariza-

tion and a smaller one is observed for TE polarization at

702 nm. In this spectral window (700� 750 nm), the SL-TCE

solar cell allows an increase of the CDE by a factor 3 and 7 for

TE and TM polarization cases, respectively. The rest of the

absorption spectrum (375� 700 nm) is only slightly affected

by the optical cavities and actually presents a noticeable

increase too. The superlattice structure has in addition a large

angular acceptance since the current density enhancement is

higher than 60% until an inclination of 12� and remains larger

than 55% in oblique incidence (Fig. 3). This result confirms

that the hot light spots localized in the cavities can equally be

addressed out of normal incidence. Moreover, for the SL-TCE,

the CDE is almost always larger than that obtained with the G-

TCE, leading to a 3% enhancement of the average current den-

sity enhancement over all incident angles. The maximal CDE
is reached in normal incidence for the superlattice while it is

observed at 7� for the grating electrode. This shift originates

from the broken lattice symmetry induced by the cavity which

allows an efficient coupling with the Bloch modes in normal

incidence.

To explain the origin of these extra-absorption peaks,

we use an envelop function approach already applied to het-

erostructured photonic crystals.15 The large size of our

supercell (D ¼ 8d) allows us to assume a weak coupling

between the optical cavities. This leads to identify our super-

cell (depicted in Fig. 1) to an heterostructure. The origin of

the cavity resonances can be understood using a perturbative

scheme: our cavity is a perturbation of the grating electrode

that shifts its resonances in the appropriate wavelength win-

dow. The strength and the direction of this frequency offset

depend on the nature of the defect introduced in the lattice.

A clear picture of this dynamic is given by the envelop func-

tion approach where the n-th cavity mode E
ðnÞ
k ðrÞ is linked to

the unperturbed Bloch mode EkðrÞ lying at a band gap edge

by a slowly varying function f
ðnÞ
k ðrÞ: E

ðnÞ
k ðrÞ ¼ f

ðnÞ
k ðrÞEkðrÞ.

The spatial variations of f
ðnÞ
k ðrÞ at the scale of the hetero-

structure are dictated by a Schr€odinger-like wave equation,

which in 1D reads

1

2mef f
�

d2f
ðnÞ
k0
ðxÞ

dx2
¼ x2

k0
� x2

nð1þ DðxÞÞ
h i

f
ðnÞ
k0
ðxÞ; (2)

FIG. 1. Schematic diagram of a solar cell.

FIG. 2. TE polarization: (a) absorption of the a-Si:H layer for G-TCE

(dashed line), SL-TCE (solid line). TM Polarization: (b) absorption of the

a-Si:H layer for G-TCE (dashed line), SL-TCE (solid line).

FIG. 3. The current density enhancement (averaged over both polarizations)

as a function of the angle incidence h� (TE or TM polarization are main-

tained whatever h�). For a silicon layer of thickness hsi ¼ 147 nm coated

with the SL-TCE (solid line), with the G-TCE (dot curve), and without the

transparent electrode (dashed line).
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where meff denotes the effective mass of the unperturbed

Bloch mode at specific wavevector k0 defined by
1

mef f
¼ @2x2

n

@k2
x
jk0

. The frequency xk0
corresponds to the unper-

turbed Bloch mode and xn is the n-th resonant frequencies

sustain by the cavity. The function DðxÞ is equivalent to the

potential function for the equivalent quantum well problem.

We look at propagating waves inside the cavity (for

jxj < L=2), where DðxÞ ¼ D0 while outside the cavity, where

DðxÞ ¼ 0, the waves are evanescent

fnk0
ðxÞ ¼ A cosðKxÞ þ B sinðKxÞ for jxj < L=2;

Ce�cx for jxj > L=2:

�
(3)

The propagating constants are given by

K ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mef f ½x2

knð1þ D0Þ � x2
nðk0Þ�

q
; (4)

c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mef f ðx2

nðk0Þ � x2
knÞ

q
: (5)

Practically, the perturbation D0 induced by the cavity is

related to the variation of the permittivity along the elec-

trode. The effective permittivities �Grat and �Cav in the gra-

ting and cavity area are analytically obtained through a

homogenization process which allows to derive

D0 ¼ �Cav

�Grat
� 1. In our case, these effective permittivities are

�Grat ¼ 1:36 and �Cav ¼ 1 inside the air-cavity leading to

D0 ¼ �0:267. The odd and even modes of the cavity satisfy

the following transcendental equation, deduced from the

continuity of the envelope function and its derivative at

x ¼ L=2

K ¼ c tanðKL� rÞ; (6)

where r ¼ 0 for even modes and r ¼ p=2 for odd modes.

These equations are solved by considering the following dis-

persion equation:

K2 þ c2ð1þ D0Þ ¼ 2mef f x
2
k0

D0: (7)

The allowed index contrast between the cavity and the

grating area imposes that 1þ D0 > 0. Equation (6) is then

satisfied when the product mef f D0 is positive. This implies

that the sign of D0 defines which Bloch modes are allowed to

shift inside the gap. Here, only Bloch modes presenting a

negative effective mass forms the resonant spectrum of the

cavity since D0 ¼ �0:267. To confirm this theory, we have

computed the dispersion relations of the eigenmodes when

the wavevector, kx, ranges in the first Brillouin zone (Fig. 4).

For that purpose, the dispersion of the optical index for sili-

con is neglected (the refractive index and the absorption

coefficient are fixed to the corresponding value for

k ¼ 700 nm). For TE polarization, the grating mode corre-

sponding to k ¼ 706 nm and kx ¼ 0 presents a negative

effective mass mef f ¼ �0:082c�2. The resolution of tran-

scendental Eq. (5) provides a resonant wavelength of 692 nm

FIG. 4. TE polarization: (a) electric field @k ¼ 702:4 nm (left), diagram dispersion (right). TM polarization: (b) electric field @k ¼ 712:5 nm (left),

diagram dispersion (right).
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associated to the fundamental even mode of the cavity. The

envelop function method predicts with an error smaller than

2% the absorption peak seen in Fig. 2(a) for k ¼ 702 nm.

Similarly, the absorption line arising at k ¼ 712 nm in TM

polarization is also explained by the red-shift of a grating

Bloch mode. In that case, the perturbative method gives a

resonant odd mode for k ¼ 714 nm in agreement with the

exact value (Fig. 2(b)). However, this cavity mode originates

from a Bloch mode of negative mass mef f ¼ �0:63c�2 that

appears at the edge of the Brillouin zone (at kx ¼ p=d). The

difference between the efficiencies of absorption lines for the

TE and TM polarization is explained by the location of the

resonant modes within the depth of the solar cell. It can be

seen that the TE mode is almost confined in the lower refrac-

tive index materials, i.e., in the structured electrode and the

ZnO:Al spacer (Fig. 4). On the contrary, for TM polariza-

tion, the resonant state is highly confined within the silicon

layer which explains the huge resonant peak observed in the

absorption spectrum of Fig. 2. The other modes observed in

the dispersion diagram are not confined in the cavity and cor-

respond to negligible absorption lines. Since ZnO:Al is ab-

sorbent in the visible range of wavelengths, the parasitic

absorption in the TCE is not negligible.16 We quantify this

parasitic absorption by calculating the ratio of optical

absorption in ZnO:Al layers (electrode and spacer) over the

absorption in the a-Si:H absorber: qp ¼ AZnO=ASi. This para-

sitic absorption is higher for the TE resonant mode with

qp ¼ 1:8 than for the TM cavity mode qp ¼ 0:8, according

to their spatial distribution within the cell (Fig. 4). Finally,

the parasitic absorption is shown to strongly depend on the

light polarization. This effect is expected to be drastically

reduced when considering a 2D superlattices that provide a

full in-plane confinement of light and make the optical prop-

erties of the cells more isotropic.

In conclusion, a thin silicon absorbing layer coated with

properly super-structured transparent conducting electrodes

supports additional absorption lines in the frequency range

where the sole periodic patterning is inefficient. Optical cav-

ities periodically etched within the grating provide an in-

plane localization effect that increases light absorption. The

envelop function method has shown to be a reliable approach

to design optical cavity presenting additional resonances in

the appropriate absorption spectrum. This hot spot engineer-

ing approach suggests that superlattice has a real potential

for the design of future optimized solar cells. In particular,

the two-dimensional super-structuring of the transparent

electrode is expected to render more isotropic, the optical ef-

ficiency of such Photovoltaics cells reducing the polarization

dependence and the frequency shift in oblique incidence of

the cavity modes. Thin absorbers coated with superlattice

drilled into the transparent electrode is a simple and efficient

approach that optimizes both the optical absorption and the

electronic transport.
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