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Absorption losses at a nanorough silver back reflector of a solar cell were measured with high
accuracy by photothermal deflection spectroscopy. Roughness was characterized by atomic force
microscopy. The observed increase of absorption, compared to the smooth silver, was explained by
the surface plasmon absorption. Two series of silver back reflectors~one covered with thin ZnO
layer! were investigated and their absorption related to surface morphology. ©2004 American
Institute of Physics.@DOI: 10.1063/1.1633652#

I. INTRODUCTION

A rough silver back reflector is used in thin-film silicon
solar cells to reflect and scatter light, which was not absorbed
during the first path through the very thin solar cell. The
roughness on a scale of 20–200 nm@root mean square~rms!
value# serves to scatter the light, in order to increase the
optical path of weakly absorbed light in the cell.1–3 In com-
bination with the light trapping effect in a medium~silicon!
with a high index of refraction, it increases the current gen-
erated in thin-film silicon solar cells, leading to efficiencies
over 14% in thin amorphous Si/microcrystalline Si
tandem.2,4

Optical properties of thin-film silicon solar cells with
nanorough interfaces were modeled.5–7 These models ask for
the accurate optical constants of materials used in the solar
cells. They are well known for different forms of silicon
~amorphous, microcrystalline, and crystalline! and ZnO with
various doping levels,5,8,9 but no precise spectral study has
been done for the rough silver surface, covered by a thin
ZnO layer—the best back reflector for thin-film silicon solar
cells. A lower total reflectance of the rough metal surface
compared to the smooth one was observed1,5,10–12but with-
out a sufficient accuracy required, since a part of the scat-
tered light is backreflected several times into the cell and,
therefore, an error in the determination of the absorption
losses accumulates.

In this article, we present the spectra of the total absorp-
tion loss~absorptanceA! of nanorough silver surfaces mea-
sured with high accuracy. Instead of the measurement of the
total reflectanceR and calculation ofA5(12R), we mea-
sureA directly, using photothermal deflection spectroscopy
~PDS!. This helps us to increase the precision of measure-
ment for the most important case of weak absorption losses
~under 10%!, as discussed below. The range 4–150 nm of
rms roughness is covered. Roughness is determined by
atomic force microscopy~AFM!.

II. EXPERIMENTAL DETAILS

The PDS measurement13 ~Fig. 1! was done in CCl4 . Re-
sults were compared to the total reflectance measurement of
a standard spectrometer. The PDS measurement requires a
procedure for the absolute calibration of PDS data, which
will be described below. This enables a very accurate mea-
surement ofA with an absolute error of about 0.5% which is
one order of magnitude lower than can be reached with a
spectrometer equipped by an integrating sphere~compare the
error bars in Fig. 2 versus Figs. 4 and 5!. We measure a PDS
spectrum in the spectral range 0.8–4.5 eV~1550–276 nm!.
This provides a highly precise absorptanceA spectrum over
the entire region, however, on a relative scale.13 In order to
set this result into an absolute scale, we need to fix one point.
We use the~bulk! plasma edge of silver at 316 nm, where the
reflectance in air sharply drops below 1%~for a typical low
spectral resolution, high light throughput PDS apparatus, it
drops to 6%!. This is a bulk effect, not affected by the sur-
face roughness. This experimental value is in a good agree-
ment ~Fig. 2! with the one calculated, using the data of
smooth bulk silver.14 It yields the silver reflectance of 7% in
CCl4 . Hence, we normalize our relative absorptance PDS
data to be 93% at 316 nm~3.92 eV!. The expected error ofA
resulting from this normalization is lower than an absolute
error in the PDS spectrum.

Preparation of the nanotextured back reflectors involves
three steps. First, the ZnO film was deposited on glass by
sputtering. This film, initially ‘‘flat,’’ @rms roughness
,15 nm, Fig. 3~a!# develops a surface texture upon etching
in diluted HCl.8,15,16The surface roughness can be varied by
varying the etching time. Such textured ZnO films were
coated with 500 nm thick Ag films also prepared by sputter-
ing. The surface texture of ZnO is maintained and thus the
rms roughness of the Ag films in the range of 14–150 nm
was reached~Fig. 3!.

Our samples show a combination of the ‘‘flat’’ surface
and etched craters. For the longest etching time of ZnO, the
flat surface completely disappears. Additionally, we prepareda!Electronic mail: springer@fzu.cz
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two samples with a smooth silver surface as a reference:
Silver sputtered directly on the Corning glass~rms
roughness54.2 nm) and silver sputtered on a thin nonetched
~30 nm! ZnO layer~rms roughness55.5 nm). Since the sil-
ver surface is sensitive to an ambient atmosphere, we kept
the samples in the nitrogen atmosphere. Furthermore, the
second series of samples was covered by 30 nm of ZnO~Fig.
1, sample type 2!.

III. RESULTS

Experimental data obtained for both series are presented
in Figs. 4–6. Our results show that the absorptanceA ~mea-
sured from the plasma edge in ultraviolet region down to the
infrared! is not a simple function of the rms roughness. Back
reflectors in silicon~amorphous and microcrystalline! solar
cells operate between 500 and 1100 nm. The lowest absorp-
tion loss in this region is for the silver layer deposited di-
rectly on a glass substrate~Fig. 4, dashed line!. Absorptance
is already higher for silver deposited on an almost smooth
~nonetched! ZnO layer independent of the surface rms rough-
ness ~5.5 nm and 14 nm! and increases for ZnO-etched

samples with craters~37–146 nm!. A similar trend is for
silver covered by 30 nm ZnO layer~Fig. 5!. For the rough-
ness larger than approximately 35 nm~rms!, the absorptance
saturates for both series~Fig. 6!. The type of the sublayer is
also important~compare Ag deposited on ZnO and glass with
a similar shape and the rms roughness, Fig. 4 dashed lines!.

We observe a shift in the position of the absorption peak.
Figure 2 shows its position 3.5 eV for a Ag surface measured

FIG. 1. Experimental setup for PDS. Probe laser beam is periodically de-
flected due to the thermally induced refractive index gradient of CCl4 . De-
flection angle is proportional to the total absorptance of sample. We mea-
sured two types of samples, sketched above.

FIG. 2. AbsorptanceA of rough silver surface evaluated as (12R) from a
spectrometer measurement with an integrating sphere. Expected relative er-
ror is 5% in the total reflectanceR. The measurements are compared to the
calculated values using literature data~see Ref. 13!.

FIG. 3. AFM topography of silver surfaces deposited on smooth or rough
ZnO ~thickness 450–600 nm!. The surface roughness was modified by vary-
ing etching time~see Refs. 7 and 15!; the value of rms roughness is shown.

FIG. 4. Absorptance~A! spectra of rough silver surfaces as measured by
PDS. Ag is in contact with CCl4 . Symbols show every third measured
value. Expected relative error is 20% of theA.
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in air. The position moves to 3.2 and 2.8 eV for the PDS
measurement of Ag and Ag/ZnO~30 nm! surface, respec-
tively ~Figs. 4 and 5!. The peak is sharper for back reflectors
deposited on nonetched ZnO (rms514 nm) than on etched
ZnO (rms.20 nm).

IV. DISCUSSION

We explain the measured data with the help of the sur-
face plasmon~SP! theory.17–19An observed peak in absorp-
tion ~dip in reflection! at about 320 nm corresponds to the
~volume! plasma edge, another~weaker! resonance around
400 nm is due to the SP. This SP resonance moves toward the
longer wavelengths when the dielectric, which is in contact
with the rough Ag layer, has a higher index of refraction.
This can be seen when comparing the peak position of the SP
in Figs. 2, 4, and 5 where the corresponding refractive in-
dexes of air, CCl4 , and ZnO are about 1, 1.5, and 2.1, re-
spectively. This is just what should be expected for the SP
resonance.17 The case of low Ag surface roughness, below 10

nm, was already examined by Harbeke18 who observed a
resonant absorption~dip in reflectionR! at 350 nm for the
interface Ag/air.

Low absorption loss in spectral region 500–1100 nm is
necessary for high efficiency of thin-film silicon solar cells.
The broad SP peak increases absorption in this region. It can
be influenced by the selection of dielectrics between the sili-
con absorber and silver and by the surface morphology. Fur-
ther studies of optimal surface morphology to reduce losses,
while keeping good light scattering properties of nanorough
silver surface, are underway.

V. CONCLUSION

To conclude, we directly measured absorption losses in
rough silver back reflectors, with a high precision in the
spectral region of interest for thin-film silicon solar cells
~500–1100 nm!. Absorption loss did not scale directly with
an increasing surface roughness and the saturation is ob-
served. PDS as presented here proved to be a useful tool for
this study.
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Wagner, A. Löffl, and H. W. Schock, Thin Solid Films351, 247 ~1999!.

17H. Raether, inSurface Plasmons on Smooth and Rough Surfaces and on
Gratings Springer Tracts in Modern Physics Vol. 111,~Springer, Berlin,
1988!.

18G. Harbeke, inPolycrystalline Semiconductors, edited by G. Harbeke
~Springer, Berlin, 1985!, p. 156.

19E. Fontana and R. H. Pantell, Phys. Rev. B37, 3164~1988!.

FIG. 5. Absorptance~A! spectra of rough silver surfaces covered by 30 nm
ZnO ~sample type 2!, as measured by PDS. Symbols show every third
measured value. Expected relative error is 20% of theA.

FIG. 6. Summary of absorptance values for rough ZnO/Ag surfaces~full
symbols! and Ag surfaces~open symbols! at 650 and 920 nm, as a function
of the surface roughness.
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