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Light trapping in ultrathin CIGS solar cells with
nanostructured back mirrors

Julie Goffard, Clément Colin, Fabien Mollica, Andrea Cattoni, Christophe Sauvan, Philippe Lalanne,

Jean-François Guillemoles, Negar Naghavi and Stéphane Collin

Abstract—Novel architectures for light trapping in ultrathin
Cu(In,Ga)Se2 (CIGS) solar cells are proposed and numerically
investigated. They are composed of a flat CIGS layer with
nanostructured back mirrors made of highly reflective metals.
Multi-resonant absorption is obtained for two different patterns
of nanostructured mirrors. It leads to a dramatic increase in the
short-circuit current predicted for solar cells with very thin CIGS
layers. We analyse the resonance phenomena and the density of
photogenerated carriers in the absorber. We discuss the impact
of the material used for the buffer layer (CdS, ZnS) and the
back mirror (Mo, Cu, Au, Ag). We investigate various CIGS
thicknesses from 100 nm to 500 nm, and we compare our nu-
merical results with experimental data taken from the literature.
We predict a short-circuit current of Jsc = 33.6 mA/cm2 for a
realistic solar cell made of 200 nm-thick CIGS absorber with a
copper nanostructured mirror. It opens a way toward ultrathin
CIGS solar cells with potential conversion efficiencies up to 20%.

Index Terms—Photovoltaic cells, Absorption, CIGS and CdTe
Thin Film Solar Cells, Nanostructures, Modeling, Nanophotonics

I. INTRODUCTION

T
HE Cu(In,Ga)Se2 (CIGS) solar cell technology has

recorded continuous performance improvements over the

past few years with conversion efficiencies up to 22.6% [1],

[2]. Record CIGS solar cells are obtained with 2-3 µm-

thick films and CdS or ZnS buffer layers. However, mate-

rial savings are required to overcome the bottleneck of the

limited primary resources, and the thickness reduction of the

CIGS absorber layer is a key for targeted multi-GW yearly

production levels. It has been shown that high performance

can be maintained for CIGS thicknesses down to 1 µm [3]–

[8]. However, keeping the same architecture with thinner

absorbers results in decline of both the open circuit voltage

(Voc) and the short-circuit current (Jsc). The Voc drop is

mainly due to back surface recombinations and can be avoided

through efficient surface passivation using for instance rear
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point contacts through nanostructured dielectric layers [9]–

[13]. Improved light trapping is required in order to keep high

Jsc in ultrathin CIGS solar cells. The conventional Mo back

contact induces parasitic absorption. It should be replaced by

a material with a higher reflectivity and a good ohmic contact

with CIGS. The use of alternative solutions such as ZrN, Au,

MoOx and transparent conducting oxide (TCO) have been

investigated on planar cells [14]–[18]. At long wavelengths,

further optical path enhancement is required. Lambertian back

reflectors [19] or periodic textures [20] have been investi-

gated numerically. Experiments with ZnO nanowires [21] and

silica nanospheres [22] have demonstrated the potential of

nanostructure arrays for enhanced light trapping in ultrathin

(< 0.5 µm) solar cells. Most of these strategies make use of

rough or textured CIGS layers and may have a negative impact

on non-radiative surface recombinations.

Here, we propose a novel light trapping strategy based on

a flat and ultrathin CIGS layer with a nanostructured back

mirror. Periodical nanostructures enable coupling of incoming

light into resonant modes in the structure [23]–[26]. Two com-

plementary structures are proposed for the nanostructured back

mirror. Their geometrical parameters are optimized in order

to achieve a broadband multi-resonant absorption spectrum

resulting in a high Jsc. The density profiles of photogenerated

carriers of both structures are analyzed and compared, and the

influence of the materials (buffer layer, metallic back mirror)

and CIGS thickness are investigated.

II. ARCHITECTURE OF THE SOLAR CELLS

The structures studied in this work aimed at simulating a

realistic CIGS solar cell with CIGS layer thicknesses (hCIGS)

between 100 nm and 500 nm, and a bandgap of 1.15eV. The

stack is composed of conventional ZnO:Al/i-ZnO/CdS/CIGS

layers with respective thicknesses 100nm/70nm/50nm/hCIGS .

In the frame of this paper, the CdS layer can be replaced

by a ZnS layer of the same thickness. The conventional Mo

back contact is replaced by a nanostructured mirror made of

Ag, Au or Cu in order to improve light trapping in the CIGS

layer. Two complementary geometries of the nanostructured

metallic mirror are studied and compared. The two types of

solar cells are depicted in Fig. 1a and b. Numerical calculations

have been performed with a rigourous coupled wave analysis

(RCWA) method [27]–[30]. We consider impinging plane

waves at normal incidence, linearly polarized along the x
axis, and we calculate absorption in each layer. The refractive

indices used for each material are given in Appendix A. The
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Figure 1. (a,b): Sketches of a CIGS solar cell with a nanostructured back mirror. The structure is composed of top ZnO:Al (light blue), i-ZnO (blue), ZnS or
CdS (red), CIGS (green), and a nanostructured mirror (grey) embedded in a dielectric medium (brown). Inset: Sketch of the nanostructured mirror (structure
A: Ag nanogrid ; structure B: Ag nanopillars). (c,d): Absorption spectra of structures A (c) and B (d) calculated for a 150 nm-thick CIGS solar cell with a
silver nanostructured back mirror. Absorption in each layer of the stack is shown (color areas). Absorption in the CIGS layer (green) is compared to results
obtained with a flat back contact made of Mo (dotted line) or Ag (continuous line).

dielectric material embedded between the CIGS layer and the

nanostructured mirror is made of TiO2 and modelled with a

constant refractive index of 1.9. The numerical results obtained

with planar layers of different thicknesses are consistent with

external quantum efficiencies published in reference [10], see

Appendix B.

In the two cases, the geometrical parameters have been

optimized for a cell with a 150 nm-thick CIGS layer, a ZnS

buffer layer and a Ag nanostructured mirror. Structure A is

made of a 100 nm-thick square Ag grid (width: 100 nm,

period: 300 nm). Structure B is made of 175 nm-thick square

Ag pillars (width: 325 nm, period: 575 nm). The unit cells

are composed of 56% of Ag in structure A, and 32% in

structure B. This difference in the fill factor will change

the influence of metallic parasitic absorption as it will be

shown in the next section. These structures will be called

the ”optimized structures” in the rest of this paper. These

geometrical parameters are fixed throughout the paper and

the impact of other materials and CIGS thicknesses will be

investigated.

III. MULTI-RESONANT ABSORPTION

In this section, we first analyze the optical properties

obtained for the optimized structures made of 150 nm-thick

CIGS. Absorption in each layer of the stack is plotted in

Fig. 1c and d (color areas). Very efficient absorption is

achieved in the CIGS layer (green region). It can be compared

to absorption obtained with the same structure composed of a

flat Mo (dotted curve) or Ag back contact (solid curve). The

theoretical short circuit current is calculated as follows:

Jsc =
q

hc

∫ λf

λi

A(λ)P (λ)λdλ =
q

S

∫

V

G(r)d3
r (1)

where q, h, and c are respectively the electron charge, the

Planck’s constant, and the speed of light. S and V are the

surface area and volume of the absorber, respectively. A(λ)
is the calculated absorption in the CIGS layer, P (λ) is the

incident spectral power density per unit area associated to the

normalized AM1.5G solar spectrum, and G(r) is the density

of photogeneration rate (number of photogenerated carriers per

unit volume and time). For CIGS solar cells, the Jsc is obtained

by integration over the wavelength range [λi = 300 nm ; λf =
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Figure 2. Maps of the density of absorbed photons in the optimized solar cells A and B of Fig. 1. Cross-sections of Σ(λ, x, y, z) at resonance wavelengths
for structure A (a) λ1A = 590 nm, (b) λ2A = 730 nm, (c) λ3A = 915 nm, (d) λ4A = 985 nm and structure B (e) λ1B = 580 nm, (f) λ2B = 750 nm,
(g) λ3B = 890 nm and (h) λ4B = 990 nm. The maps are plotted at y=0 in the (x,z) plane, with a linearly polarized incident plane wave along x direction.
The color scale represents Σ(λ, x, y, z) on a linear scale from 0 to Σmax, and Σmax is given for each map.

1100 nm]. A perfect collection of photogenerated charges is

assumed. The resulting Jsc is thus an upper limit value.

In case of flat Mo, low reflectivity and huge parasitic absorp-

tion in the back contact results in single-pass absorption and

low short-circuit current (Jsc = 23.5 mA/cm2). By replacing

the Mo contact by a flat Ag mirror, parasitic absorption is

avoided and light absorption is above 90 % for λ < 700 nm.

At λ = 700 nm, absorption is improved by 30 % compared

to Mo. Efficient light reflection on Ag leads to a double-pass

absorption in the CIGS layer and almost 31 mA/cm2 in short-

circuit current density.

The nanostructured Ag mirror provides further light absorp-

tion improvement with additional peaks between λ = 700 nm

and λ = 1000 nm in the two structures. Efficient absorption

is achieved over the whole visible and near-infrared spectral

domain, with a 91.6 % average CIGS absorption in the

400 nm-1000 nm wavelength range for structure A and 90%

for structure B. It results in a Jsc of (A) 36.3 mA/cm2 and

(B) 35.2 mA/cm2, respectively. These values are close to Jsc

of record ∼2.5 µm CIGS cells [1], [2], and corresponds to an

increase of > 50 % over solar cells with flat Mo back contact.

In Fig. 1c and d, the red, dark blue, light blue and grey

curves show absorption in the ZnS, i-ZnO, ZnO:Al and silver

layers, respectively. Overall parasitic absorption is very low,

except in the ZnO:Al layer below λ = 400 nm. Parasitic

absorption in the nanostructured Ag back mirror accounts for

less than 2% for both structures.

IV. ORIGIN OF THE RESONANT PEAKS

For both structures A and B, the strong absorption improve-

ment between λ = 600 nm and λ = 1050 nm in Fig. 1 (c,d)

originates from multi-resonant absorption. We identify four

main peaks: λ1A = 590 nm, λ2A = 730 nm, λ3A = 915 nm

and λ4A = 985 nm for structure A, and λ1B = 580 nm,

λ2B = 750 nm, λ3B = 890 nm and λ4B = 990 nm for

structure B.

In the following, we use the electric field intensity at

position (x,y,z) in order to analyze each resonance mechanism.

In Fig. 2, we have plotted of Σ = ρ/Φin, where ρ is the density

of absorbed photons (per unit time) and Φin is the incident

photon flux. These quantities can be expressed as:

Σ(λ, x, y, z) =
2πℑ(ǫr)

λ

∣

∣

∣

∣

E(λ, x, y, z)

E0

∣

∣

∣

∣

2

, (2)

ρ(λ, x, y, z) =
ǫ0ℑ(ǫr)

2h̄
|E(λ, x, y, z)|2, (3)

Φin(λ) =
ǫ0λ

2h
|E0|

2, (4)

where ǫ0 is the dielectric permittivity of vacuum, ℑ(ǫ) is

the position-dependent imaginary part of the relative dielectric

permittivity, and E0 and E(λ, x, y, z) are the electric field

amplitude of the incident plane wave and in the structure,

respectively. Fig. 2 shows the cross-sections of Σ(λ, x, y, z)
in the (x, z) plane at y = 0 for each resonance.

At short wavelengths (λ < 800 nm), the electric field

features stationary waves along the z axis for both structures.

At these wavelengths, the field is nearly constant along the

(x, y) axis, see Fig. 2 (a,b,e,f). Similar Fabry-Perot resonances

are found with a flat silver mirror at a slightly smaller

wavelengths (λ = 560 nm and λ = 700 nm, see Fig. 1). The

pattern of the back mirror has a small impact, but provides

slightly improved absorption in this wavelength range.
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Figure 3. Density of photogenerated carriers in the CIGS layer calculated for the optimized solar cells A and B of Fig. 1 (ZnO:Al/i-
ZnO/CdS/CIGS/nanostructured Ag layers with respective thicknesses 100nm/70nm/50nm/150nm/hAor hB , hA = 100 nm and hB = 175 nm). Maps
of photogenerated carriers integrated over y and x are presented for structures A (a) and B (b). z-profiles of the photogenerated carriers integrated by slices
of 15 nm in the z direction are presented for structures A (c) and B (d).

0.4 0.6 0.8 1
0

.2

.4

.6

.8

1

Wavelength	(µm)

Cu
ZnO:Al
i-ZnO
ZnS
CIGS

0.4 0.6 0.8 1
0

.2

.4

.6

.8

1

Wavelength	(µm)

Cu
ZnO:Al
i-ZnO
CdS
CIGS

(c)

0.4 0.6 0.8 1
0

.2

.4

.6

.8

1

Wavelength	(µm)

Jsc=32.3	mA/cm²

Cu
ZnO:Al
i-ZnO
ZnS
CIGS

(b) Structure	A

Structure	B

0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

Wavelength	(µm)

A
b
s
o
rp
ti
o
n

Ag

ZnO:Al

i-ZnO
CdS

C IGS

Jsc=34.2	mA/cm² Jsc=30.3	mA/cm²

Jsc=33.0	mA/cm² Jsc=32.2	mA/cm² Jsc=30.0	mA/cm²

0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

Wavelength	(µm)

A
b
s
o
rp
ti
o
n

Ag

ZnO:Al

i-ZnO
CdS

C IGS

(a)

0.4 0.6 0.8 1
0

.2

.4

.6

.8

1

Wavelength	(µm)

Cu
ZnO:Al
i-ZnO
CdS
CIGS

(f)(e)(d)

Figure 4. Absorption spectra calculated for solar cells A (a,b,c) and B (d,e,f) with a CIGS thickness of 150 nm and stacks of layers similar to Fig. 1, with
the following changes: (a,d) CdS buffer layer and Ag nanostructured mirror ; (b,e) ZnS buffer layer and Cu nanostructured mirror ; (c,f) CdS buffer layer and
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Above λ = 800 nm, nanostructured mirrors have a strong

impact and result in absorption enhancements by a factor of

two as compared to the flat mirror. They are responsible for

diffraction effects in the absorber layer, resulting in strong

variations of the electric field along the x and y axis.

In the case of structure A, most of the absorption is localized

close to the back surface of the CIGS layer, in the vicinity

of the metal nanogrid (Fig. 2 (c,d)). It leads to significant

absorption improvement despite the low CIGS absorptivity

in this spectral region. For instance at λ4A, absorption is

increased from 30 % for double-pass absorption (flat Ag) to

92 % with the nanostructured Ag mirror.

Structure B features higher absorption in the middle of the

CIGS layer, with absorption maxima above the metal nanopil-

lars. At λ4B , absorption is increased from 26 % for double-

pass absorption (flat Ag) to 93% with the nanostructured Ag

mirror.

V. SPATIAL DEPENDENCE OF THE PHOTOGENERATED

CARRIER DENSITY

The spatial dependence of the carriers photogenerated in the

CIGS layer is analyzed in Fig. 3a and b. The photogenerated

carriers rate can be simply expressed with Σ(λ, x, y, z) and

the incident spectral power density P (λ):

G(x, y, z) =

∫ λf

λi

Σ(λ, x, y, z)P (λ)dλ. (5)

The density of photogenerated carriers is first integrated

along x and y directions for structure A (Fig. 3(a)) and struc-

ture B (Fig. 3(b)). In both cases, the photogenerated carrier

density is almost constant in the (x, y) plane near the top

ZnS/CIGS interface while the nanostructured mirror induces

inhomogeneities at the bottom interface. In structure A, many

carriers are generated in the vicinity of the nanostructured mir-

ror, with a strong localization at the dielectric/CIGS interface

and close to the silver nanogrid edges. In structure B, the

maximum density of photogenerated carriers is localized close

to the silver nanopillars of the back mirror. The lower contrast

of cross-section maps (b) reveal a more homogeneous density

of photogenerated carriers in the CIGS layer of structure B.

The difference between the two structures is also highlighted

in Fig. 3(c) and (d) which present the z-profile of the pho-

togenerated carrier density. The CIGS layer is decomposed

into 15 nm-thick slices. In both structures, about one third of

the total carriers are generated close to the interfaces, in the

top and bottom 15 nm-thick regions. However, much more

carriers are generated close to the bottom interface in structure

A as compared to structure B (19 % versus 11.9 %). This

architecture would require efficient passivation layers in order

to avoid surface recombinations [9], [12]. Structure B features

a more homogeneous density of photogenerated carriers in

the CIGS volume, and should be more favorable for efficient

carrier transport and collection.

VI. INFLUENCE OF THE BUFFER LAYER AND BACK MIRROR

In the previous calculations, the materials have been chosen

in order to minimize parasitic absorption in the stacked layers

and optimize absorption in the CIGS layer. The use of some of

these materials is unusual and may be questionable for a real

device application. ZnS is used as a buffer layer in order to

minimize short-wavelength absorption, but CdS is still widely

used in CIGS solar cells and led to record efficiencies [1]. The

choice of silver for the nanostructured back mirror is motivated

by its high reflectivity in the visible and near infrared range.

However, it may be unsuitable for high performance solar cells

due to silver diffusion in CIGS and the quality of the CIGS/Ag

ohmic contact. In the following, we investigate the impact of

these materials and replace ZnS by CdS and Ag by Cu or Au.

A. CdS versus ZnS

Figs. 4(a,d) show absorption spectra for a device with a

nanostructured Ag mirror and a CdS buffer layer for the

two structures (A,B). The green area corresponds to CIGS

absorption. The parasitic CdS absorption in the 300-500 nm

range is highlighted in red. At λ = 400 nm, CIGS absorp-

tion decreases from 90% with ZnS to 55% with CdS. The

short-circuit current drops accordingly from 36.3 mA/cm2

to 34.2 mA/cm2 (structure A) and from 35.2 mA/cm2 to

33 mA/cm2 (structure B). The two structures present similar

results since the geometry of the mirror as no influence on

this parasitic absorption.

B. Cu or Au versus Ag

Our studies have shown that Au and Cu mirrors give

almost the same optical response. We have found slightly less

absorption in gold (see Appendix C), but copper is a cheaper

and a more viable solution. Figs. 4(b,e) show the results

obtained with a nanostructured Cu mirror and ZnS buffer

layer with the same grating parameters than the optimized

structures. In structure A (Fig. 4(b)), the effect of multires-

onant absorption is smoothed (resonant peaks disappear in

the CIGS layer) by the parasitic absorption in the Cu (grey

area). On the contrary, resonant peaks are still present in the

CIGS absorption spectrum of structure B in the 800 nm-

1000 nm spectral range, with less parasitic absorption. This

is consistent with the lower density of photogenerated carriers

at the bottom interface than in A. It results in almost the same

Jsc (∼32 mA/cm2) for the two structures.

C. CdS buffer layer and Cu nanostructured mirror

Figs. 4(c,f) show the results obtained with the combination

of a CdS buffer layer and a Cu nanostructured mirror. In this

case, parasitic absorption at short and long wavelengths results

in a Jsc decrease down to 30.3 mA/cm2 for structure A and

30.0 mA/cm2 for structure B. In spite of the accumulation of

parasitic absorptions, the Jsc stays above 30 mA/cm2 for only

150 nm-thick of CIGS for both structures, and is still 29 %

higher than the same stack with a flat Mo back contact.

VII. INFLUENCE OF THE CIGS LAYER THICKNESS

We have also studied the influence of the CIGS thickness

on the short-circuit current for each material used in the

back mirror. The full set of results is given in appendix
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C. Fig. 5 shows the evolution of Jsc as a function of the

CIGS thickness from 100 nm to 500 nm, for a flat Mo back

contact (black curve), a Cu nanogrid mirror (blue curve), a Cu

nanopillar mirror (blue dashed curve), a Ag nanogrid mirror

(red curve) and a Ag nanopillar mirror (red dashed curve).

The geometrical parameters of the nanostructured back mirror

are kept constant and correspond to the structure optimized

for a thickness of 150 nm with a silver mirror (structure

A: width = 200 nm, period = 300 nm and height = 100

nm, structure B: width = 325 nm, period = 575 nm and

height = 175 nm), as presented in section II. The Ag nanogrid

mirror (structure A) with a ZnS buffer layer shows the best

performances for the whole thickness range. As expected,

the impact of the nanostructured mirror increases for thinner

absorbers. For 100 nm-thick CIGS layers, Jsc is enhanced by

80 % with Ag nanogrid as compared to the flat Mo contact.

The Cu nanopillar mirror (structure B) appears as a good

compromise with high Jsc, no cost issue and nearly the same

work function than Mo [15]. A promising Jsc = 34 mA/cm2 is

predicted for a 200 nm-thick CIGS layer with a Cu nanopillar

mirror and a ZnS buffer layer. This is a 28% enhancement

as compared to the same structure with a Mo flat mirror

(Jsc = 26.5 mA/cm2).

VIII. COMPARISON WITH EXPERIMENTS

We have compared our numerical results with experiments

found in the literature for CIGS thickness between 100 nm and

550 nm and bandgap around 1.15 eV. In figure 6, we report the

results of our numerical calculations for a conventional stack

of layers ZnO:Al/i-ZnO/CdS/CIGS with respective thicknesses

100nm/70nm/50nm/hCIGS, and a Mo back contact (blue mark-

ers) or a nanostructured Ag grid (green markers). Red circles

show Jsc taken from the literature, for ultrathin CIGS solar

cells composed of similar stack layers with respective thick-

nesses 300-400 nm/50-100 nm/40-50 nm/hCIGS. A Mo back

contact is used in reference [4] with four different thicknesses.
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Figure 6. Comparison between numerical calculations and experimental
results taken from the literature. Short-circuit current density (Jsc) as a
function of the CIGS thickness. Square markers corresponds to numerical
results for solar cells composed of conventional ZnO:Al/i-ZnO/CdS/CIGS
stack layers with respective thicknesses 100nm/70nm/50nm/hCIGS and a Mo
back contact (blue markers) or a nanostructured Ag grid (green markers). Red
circles corresponds to Jsc published in the literature with ultrathin CIGS solar
cells composed of similar stack layers with Mo back contacts [4], [10], [11],
[13], or alternative back reflectors [14]–[16], [18]. Note that B. Vermang et

al. and E. Jarzembowski et al. have inserted thin nanostructured passivation
layers between the CIGS layer and Mo back contact [10], [11], [13].

The thickness dependence of Jsc has a similar trend for numer-

ical and experimental results. The much lower Jsc measured

by Lundberg et al. is attributed to reduced carrier collection

efficiency which originates from increased recombinations at

the back contact. Much higher collection efficiency has been

obtained by adding thin passivation layers with nano-sized

point contacts between the CIGS and Mo layers [10], [11],

[13], resulting in Jsc close to our numerical calculations. Jsc

can also be increased by introducing alternative back contacts

with higher reflectivity, as shown in references [14]–[16], [18].

It is worth mentioning that the difference between numerical

and experimental results can also originate from additional

optical losses in both window and buffer layers (free-carrier

absorption, increased thicknesses,...).

IX. CONCLUSION

The optical properties of ultra-thin CIGS solar cells with

two geometries of nanostructured back mirrors were numeri-

cally studied with a RCWA based optical simulation program.

A very high short-circuit current (Jsc = 36.3 mA/cm2) is ob-

tained for 150 nm-thick CIGS with an optimized nanogrid Ag

mirror (width: 200 nm and period: 300 nm) and a ZnS buffer

layer. This high short-circuit current originates from multi-

resonant absorption with several peaks in the 600-1000 nm

spectral range. They are studied with electromagnetic field

intensity maps and result in inhomogeneous photogenerated

carriers in the absorber. We have highlighted a higher density

of carriers generated close to the upper and lower CIGS

interfaces for nanostructured mirror. This feature suggests that

the performances expected with these architectures should be

very sensitive to surface passivation. This effect could be

studied by full opto-electrical simulation based on the exact

three-dimensional profile of the density of photogenerated
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carriers in the absorber volume. We have also investigated the

impact of the material used as buffer layers (CdS, ZnS) and

back mirrors (Mo, Cu, Au, Ag), and we have demonstrated

that a nanopillar geometry with Cu limits the impact of the

parasitic absorption in the nanostructrured mirror. It is worth

noting that Cu and Ag mirrors on CIGS may be unstable and

lead to copper selenide or silver selenide phases, respectively.

This issue may be circumvented by adding a very thin TCO

layer between the CIGS and the nanostructured back mirror.

Thicknesses of only a few nanometers should be sufficient to

prevent diffusion of metals with a negligible impact on the

optical response of the solar cell. We have also compared our

numerical calculations with experimental data taken from the

literature. Similar trends are observed for the thickness depen-

dence of the short-circuit current. This comparison emphasizes

the importance of low surface recombination and low parasitic

losses in order to reach Jsc values predicted by numerical

calculations. Assuming state-of-the-art electrical performances

(Voc=750 mV, FF=79.4% [1]), a conversion efficiency of 20%

requires a short-circuit current Jsc=33.6 mA/cm2. This 20 %-

efficiency target could be reached with a realistic architecture

made of only 200 nm-thick CIGS layers, a ZnS buffer layer

and a nanopillar Cu mirror.
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APPENDIX A

REFRACTIVE INDICES

The refractive indices used in this article are plotted in

Figure 7. The optical properties of CIGS films are strongly

dependent of the elemental compositions, and comparison

between experiments and simulations can be hindered by

heterogeneities and composition gradients. Here we have taken

CIGS optical data from reference [31] with a correction close

to the gap to avoid residual absorption for photon energies

below the bandgap. It results in numerical results consistent

with experiments (see Appendix B). Alternative optical data

can be found in references [32]–[34].

APPENDIX B

COMPARISON WITH PUBLISHED EXPERIMENTS

Figure 8(a) shows the CIGS absorption spectra calculated

for two different CIGS thicknesses and various stacks for

the back contact. These numerical results are compared to

external quantum efficiency measurements (b) taken from

reference [10]. In the 300-900 nm wavelength range, a quan-

titative agreement is found for most structures (1.8 µm and

0.4 µm with Al2O3/MgF2 and 50 nm of Al2O3). The main

discrepancies are attributed to the differences in the refractive

indices: the simulated structures exhibit less parasitic absorp-

tion in the CdS or ZnO:Al layers (λ ≃ 500 nm), and less CIGS

absorption in the long wavelength range (λ > 900 nm) due

to a smaller bandgap. The resulting Jsc are comparable. The

numerical results further confirm that the low EQE measured

with no passivation layers (blue curve in Figure 8(a)) is due

to a poor collection efficiency of charge carriers.
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Figure 7. (a) Refractive index of ZnO:Al [35] and i-ZnO, from ellipsometry
measurements. (b) Refractive index of ZnS and CdS from reference [36] and
of CIGS from reference [31]. (c) Refractive index of Ag, Au and Cu, from
reference [37]. (d) Refractive index of Mo from reference [36].
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Figure 8. Calculated absorption (a) and measured external quantum efficiency
(EQE) of planar CIGS solar cells with different thicknesses and back contacts.
Experimental data of (b) are taken from reference [10].

APPENDIX C

NUMERICAL RESULTS FOR VARIOUS COMBINATIONS OF

BUFFER LAYERS, THICKNESSES AND BACK MIRRORS
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Table I
NUMERICAL RESULTS OBTAINED FOR JSC WITH DIFFERENT BUFFER

LAYERS, CIGS THICKNESSES AND FLAT BACK MIRRORS.

Buffer CIGS Jsc (mA/cm2)
layer thickness (Flat mirror)

(nm) Mo Cu Au Ag

100 18.3 22.0 23.4 24.3
150 22.4 26.7 28.0 28.4
200 25.7 30.0 31.0 31.4
250 27.0 30.1 31.4 31.6

CdS 300 28.3 31.0 32.3 32.5
350 29.7 32.2 33.5 33.7
400 30.5 32.7 33.8 34.0
450 31.0 32.7 33.9 34.0
500 31.6 33.0 34.4 34.5

100 18.8 25.4 25.8 26.8
150 23.5 29.7 30.1 30.7
200 26.5 32.4 32.7 33.2
250 28.6 33.2 33.4 33.8

ZnS 300 30.4 34.4 34.6 34.8
350 31.7 35.5 35.6 35.8
400 32.6 35.7 35.8 36.0
450 33.5 36.0 36.1 36.3
500 34.1 36.6 36.7 36.8

Table II
NUMERICAL RESULTS OBTAINED FOR JSC WITH DIFFERENT BUFFER

LAYERS, CIGS THICKNESSES AND NANOSTRUCTURED BACK MIRRORS

FOR STRUCTURES A (NANOGRID OF HEIGHT: 100 NM, WIDTH: 100 NM,
PERIOD: 300 NM) AND B (PILLARS OF HEIGHT: 175 NM, WIDTH: 325 NM,

PERIOD: 575 NM).

Buffer CIGS Jsc (mA/cm2)
layer thickness (Nanostructured mirror)

(nm) Cu Au Ag

100 26.5 27.4 31.2
150 30.2 31.1 34.1
200 31.7 32.4 34.7
250 32.2 32.8 34.7

CdS 300 33.2 33.8 35.3
with structure A 350 33.8 34.3 35.6

400 33.9 34.3 35.4
450 34.3 34.6 35.6
500 34.7 35.0 36.0

100 25.8 26.8 29.5
150 29.9 30.1 33.0
200 32.0 32.7 34.4
250 32.7 33.2 34.6

CdS 300 33.6 34.0 35.3
with structure B 350 34.1 34.5 35.4

400 34.7 35.1 35.9
450 34.7 35.0 35.6
500 35.1 35.3 35.9

100 28.8 29.8 33.8
150 32.3 33.1 36.2
200 33.6 34.4 36.7
250 34.5 35.1 37.0

ZnS 300 35.5 36.0 37.6
with structure A 350 35.9 36.4 37.7

400 36.1 36.5 37.6
450 36.5 36.9 38.0
500 36.8 37.2 38.1

100 27.9 29.0 31.8
150 32.2 33.1 35.4
200 33.9 34.6 36.3
250 34.9 35.5 36.9

ZnS 300 35.6 36.1 36.9
with structure B 350 36.6 37.0 38.0

400 36.7 37.1 38.0
450 36.9 37.2 38.0
500 37.2 37.5 38.1


