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“Black etching” has been proposed previously as a method for the nanoscale texturing of silicon
surfaces, which results in an almost complete suppression of reflectivity in the spectral range of
absorption relevant for photovoltaics. The method modifies the topmost 150 to 300 nm of the
material and thus also is applicable for thin films of silicon. The present work is focused on the
optical effects induced by the black-etching treatment on hydrogenated amorphous and
microcrystalline silicon thin films, in particular with respect to their application in solar cells. In
addition to a strong reduction of the reflectivity, efficient light trapping within the modified thin
films is found. The enhancement of the optical absorption due to the light trapping is investigated
via photometric measurements and photothermal deflection spectroscopy. The correlation of the
texture morphology (characterized via atomic force microscopy) with the optical effects is
discussed in terms of an effective medium with gradually varying optical density and in the
framework of the theory of statistical light trapping. Photoconductivity spectra directly show that
the light trapping causes a significant prolongation of the light path within the black silicon films
by up to 15 um for ~1 um thick films, leading to a significant increase of the absorption in the red.
© 2011 American Institute of Physics. [doi:10.1063/1.3626900]

. INTRODUCTION

The development of thin film silicon solar cells is hin-
dered by problems associated with the light-induced degra-
dation of hydrogenated amorphous silicon (a-Si:H) and with
the unsatisfactory efficiency of the usual p-i-n design of the
cells. Two approaches for solving these problems are pur-
sued at present: First, thinner p-i-n a-Si:H structures are used
(with a thickness of less than 0.3 pm instead of the typical
0.5 to 1.0 ,um),lf3 which results in higher built-in electric
fields and, consequently, a reduced degradation due to faster
separation of the photogenerated carriers. Second, a-Si:H as
the light absorbing material is substituted by the more stable
microcrystalline silicon (uc-Si:H) (Refs. 4-8) or polycrystal-
line silicon.” The crystalline silicon phase has a weaker over-
all absorption, but this absorption matches the solar
spectrum better.*® A substantial challenge for both of these
approaches is the low light absorption in the thin silicon
films. Therefore, the development of efficient means of opti-
cal absorption enhancement becomes a task of crucial impor-
tance for further progress in this field.

It has been shown theoretically that a very strong
absorption enhancement can be achieved by means of light
trapping.'®'" However, the high enhancement factors pre-
dicted theoretically are not reached by the solar cell struc-
tures used at present. In practice, all state-of-the-art thin-film
silicon solar cells consist of corrugated p-i-n (or n-i-p) layer
stacks, which are grown conformably over a textured sub-
strate and are usually sandwiched between two layers of
transparent conductive oxide (TCO). Thus all reflecting/scat-
tering surfaces follow the topography of the substrate, usu-
ally defined by a texturing of the first TCO layer.'?
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Considerable attention is currently given to the correlation of
the light-trapping effects with the morphology of the TCO-—
Si interface.'>™'® In particular, it has been realized that the
size of the features in the texture is important for the scatter-
ing mechanism at the interface and thus for the resulting
light-trapping efficiency.'® The typical features of the pres-
ently used textures have lateral sizes between several pum
and ~700 nm.'*"'* These sizes are larger than the effective
wavelengths of the solar radiation in TCO that can be
absorbed in silicon. Therefore, the optical phenomena at the
TCO-Si interfaces employed so far are primarily governed
by the rules of geometric ray optics. The resulting effects,
beneficial for absorption enhancement in such structures, are
mainly multiple reflection and scattering via refraction of the
incoming rays at inclined surface facets, micro-focusing at
lens-like surface profiles, etc.'>'" These effects can be
exploited effectively only by textures with a high aspect ratio
(depth/lateral size), which would be impractically rough,
with required texture depths in the micrometer range. It was
also shown that silicon thin films grown over very rough
surfaces become defective.'® Another important limitation of
this absorption enhancement approach is that the perform-
ance of the back reflectors, used to additionally improve the
absorption, deteriorates with increasing roughness.'® There-
fore, the optimization of solar cells grown on textured sub-
strates with respect to a geometrical absorption enhancement
is a matter of compromise.

We previously developed a process for the nanoscale
texturing of Si surfaces that results in an almost complete
suppression of the reflectivity of these surfaces in the spec-
tral range of Si absorption useful for photovoltaics.'”'® The
process, referred to as “black etching,” is independent of the
surface crystallographic orientation and affects only the top-
most 150 to 300 nm of the Si material. We already have
demonstrated that this process can be applied to bulk silicon

© 2011 American Institute of Physics

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1063/1.3626900
http://dx.doi.org/10.1063/1.3626900

043537-2 Koynov, Brandt, and Stutzmann

of various structural modifications (single- or polycrystal-
line), as well as to thin a-Si:H films."” In the present work
we discuss the optical effects induced in a-Si:H and pc-Si:H
thin films by this surface treatment. In addition to the broad
suppression of reflectivity of the treated thin Si films, effi-
cient light-trapping effects approaching the limits predicted
by the statistical light trapping theory are observed, increas-
ing the optical path length of light in the thin films by up to
15 um for films ~1 pum in thickness. These results open an
alternative approach to achieving the improved optical per-
formance of thin-film Si solar cells.

Il. BLACK ETCHING PROCEDURE AND
EXPERIMENTAL DETAILS

Most samples used in this work are prepared via the
black etching of a typical a-Si:H film with a nominal thick-
ness of 1.31 um that is deposited on a flat glass substrate via
SiH,4 plasma-enhanced chemical vapor deposition (PECVD).
In order to also investigate the optical effects of nanotexture
in Si films at the onset of the amorphous-to-crystalline transi-
tion, the results for a black-etched 0.73 um thick pc-Si:H
film of low crystalline fraction, deposited via PECVD using
a modest hydrogen dilution ([H,]/[SiH4] ~ 25), are shown as
well. Such “on-the-edge” material is of major practical inter-
est, as currently the best microcrystalline solar cells are
made of this material*'*** A more detailed study of black
uec-Si in the whole accessible range of crystalline fractions
would be of substantial interest, but that is beyond the scope
of this work, which is devoted to an exploratory study of the
optical effects originating from the black-etching treatment.

Both kinds of black thin films are prepared via the nano-
texturing treatment described in more detail in Refs. 17 and
18. In brief, the exposed surfaces of the a-Si:H and uc-Si:H
films were processed using the following three-step
procedure:

(1) An ultrathin gold layer (1.5 nm by weight-thickness
monitor) is deposited first on the flat Si surface via stand-
ard thermal vacuum evaporation at a base pressure of
107% mbar. This layer is discontinuous, consisting of
nanometer size Au clusters, and leaves about 30% to
50% of the of Si surface bare, as observed via atomic
force microscopy (AFM).

(2) Wet chemical etching in an aqueous solution of HF and
H,0, in a volume ratio of HF(50 wt. %):H,0,(30 wt.
9%):H,0O = 1:5:10 is carried out at room temperature. The
etching process can be visually controlled by observing
the surface, which changes gradually from highly reflect-
ing to black. The duration of this step has been varied
between 20 and 60 s in order to obtain a series of a-Si:H
samples with nanotextures of different depths. The uc-
Si:H film has been etched for 45 s only.

(3) The remaining Au is removed via etching in an aqueous
solution of iodine and potassium iodide with a weight ra-
tio of ILKI:H,O =1:4:40 at room temperature for two
minutes.

As shown previously,'” the treatment with these process
parameters is driven by Au-catalyzed etching, which is
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strongly localized close to the metal clusters and, thus,
results in the development of a specific nanotexture in the
silicon surface as presented in Sec. I'V.

The total hemispherical reflection and transmission of
the samples were measured at wavelengths between 200 and
2500 nm using a double-beam UV/VIS/IR spectrophotome-
ter equipped with an integrating sphere (Perkin Elmer,
Lambda 900). The measurements of weak absorption in the
long wavelength spectral region were performed using pho-
tothermal deflection spectroscopy (PDS). The paramagnetic
defects in the samples were determined from electron spin
resonance (ESR) measurements in a Bruker ESP 300 spec-
trometer at room temperature. The etched surface morphol-
ogy was investigated via AFM (Veeco, Nanoscope III) and
was analyzed using software for the statistical analysis of
AFM topography.?! Aluminum contacts in coplanar geome-
try, 3 mm wide and separated by a 0.5 mm gap, were evapo-
rated on top of the black-etched samples for dark and
photoconductivity measurements. The conductivity measure-
ments were carried out in DC mode using an electrometer
(Keithley 617).

lll. OPTICAL EFFECTS INDUCED BY THE
BLACK ETCHING

A. Photometric spectra

Figure 1(a) presents the effect of the black etching treat-
ment on the total hemispherical reflection of several a-Si:H
samples, etched for different durations ¢,,, of step 2. The
reflection is measured using illumination through the tex-
tured front surface. For clarity, only the portion of the spec-
tra for wavelengths 4 between 350 and 1000 nm is shown;
this includes the region of strong a-Si:H absorption (photon
energies hv larger than the bandgap E,) and the adjacent
region of weak sub-band-gap absorption. However, the full
spectra, measured up to 2500 nm, were used to obtain the
effective (coherent) optical thickness d.,, of the a-Si:H
layers from the observed interference fringes.*? Figure 1(a)
shows that the major effect of black etching is a dramatic
reduction of the surface reflectivity in the entire range of
strong a-Si:H absorption (short wavelengths) where the
reflection originates from the front surface only, i.e., from
the textured film surface. However, the reflection in the sub-
band-gap region, where a-Si:H is practically transparent and
the overall reflectivity is determined by both, front and rear
surfaces, also undergoes a significant modification. After the
black etching, the amplitude of the interference fringes in
this region diminishes with increasing etching time f7.,.,.
This indicates that the interference between the front and the
rear film surfaces is destroyed due to the vanishing reflectiv-
ity of the front surface and/or because of random scattering
of the light crossing the film. For ¢,,., = 60 s, the interference
fringes vanish completely, prohibiting the determination of
d..; via direct optical experiments. For this sample, we esti-
mated a thickness of ~820 nm from extrapolation. Simulta-
neously, the measured reflectivity becomes determined
mainly by the high reflection from the untreated rear a-Si:H/
glass surface. It is also evident that the spacing between the
interference fringes increases with increasing t,,.,, showing
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FIG. 1. Photometric spectra of a series of a-Si:H films obtained by black
etching for increasing treatment times 7,,., showing (a) the total hemispheri-
cal reflection spectra and (b) the total hemispherical transmission spectra.
The respective spectra of the untreated a-Si:H film are indicated by 7.,
=0 s. The initial thickness of all samples was equal to the thickness of the
untreated a-Si:H film; after the etching these samples show the coherent
optical thicknesses d..,;, as indicated.

that the etching causes an effective optical film thickness
reduction of about 8 to 11 nm/s. In contrast, changes of the
reflectivity cannot be observed at all when the wet chemical
etching is performed on a clean a-Si:H surface without prior
Au evaporation, even for the longest time, 7,,., =60 s. Only
a very small coherent optical thickness reduction of about
0.02 nm/s can be detected in this case. This clearly shows
that the Au clusters have a pronounced catalytic effect on
the etching process.

Figure 1(b) shows the total hemispherical transmission
of the same set of samples. In addition to the vanishing inter-
ference with increasing ¢,,.;, that has already been discussed,
a striking feature of the transmission spectra obtained after
black etching is the apparent redshift of the absorption edge
as compared to untreated a-Si:H. This tendency is opposite
to what is expected for films with decreased overall thickness
and is analyzed in more detail below.

The raw reflection and transmission spectra of black-
etched microcrystalline silicon films demonstrate the same
general features and therefore are not shown here. A particu-
lar difference is the optical film thickness reduction with
toren, Which is slower for pc-Si:H films (~2 to 3 nm/s) than
for a-Si:H films (8 to 11 nm/s), resulting in a thickness of
~600 nm for the uc-Si:H film after 7,,., =45 s. As the crys-
talline phase of “on-the-edge” uc-Si:H films is predomi-
nantly found at the top surface,lg’20 we conclude that the
amorphous phase is etched faster than the crystalline one.
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Nevertheless, essentially the same optical effects emerge af-
ter the etching.

Figure 2 presents the effect of the black etching treat-
ment on the total optical absorption of the investigated a-
Si:H [Fig. 2(a)] and uc-Si:H films [Fig. 2(b)]. The absorption
spectra A are obtained from the respective experimental
spectra of the total reflection R and the total transmission T
by using the fundamental relation A =1 — R — T. The absorp-
tion spectra of the untreated samples, after smoothing of the
interference fringes via geometrical averaging, and those of
the black a-Si:H and uc-Si:H samples with the longest etch
duration are shaded for clarity. One can see in Fig. 2 that the
overall absorption of the black-etched samples is much
higher than that of the untreated films. It is also evident that
this increase is a result of two different effects. The increase
in the region of strong absorption at short wavelengths (pho-
ton energies above the bandgap) obviously originates from
suppressed reflection. In addition, an apparent redshift of the
absorption edges of all treated samples can be clearly seen.
We show in Ref. 17 that there is no additional absorption at
crystalline silicon surfaces that were modified by the same
black-etching procedure, and this is expected to hold also for
thin Si film surfaces. Therefore, we conclude that the red
shifts observed here are not associated with added absorption
at the film surface itself; instead they should be attributed to
an enhancement of the weak near-edge absorption within the
silicon thin films. A natural explanation is an increased mean
path length of the light rays due to scattering after they enter
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FIG. 2. Total absorption spectra A of (a) the untreated and black-etched
a-Si:H films from Fig. 1 and (b) an untreated and black-etched pic-Si:H film.
The absorption spectra are calculated from the respective experimental spec-
tra of the total hemispherical reflection R and the total hemispherical trans-
mission 7. The spectra of the untreated samples after smoothing of the
interference fringes and those of the samples with the longest treatment
times are represented by shaded area graphs.
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the film through the treated surface, which results in an
effective increase of the optical film thickness.

B. Photothermal deflection spectroscopy

The extended absorption spectra of black-etched a-Si:H
and pc-Si:H films, in comparison with the corresponding
spectra before the black etching, are shown in Figs. 3(a) and
3(b), respectively. The low-absorption parts of these spectra,
plotted using symbols, have been obtained via PDS. Because
of the homogeneous absorption in this region, the measured
PDS signal is proportional to the total absorption A within
the film, given by the relation A = oL, where o is the absorp-
tion coefficient and L is the effective length of the light path
within the film. The absorption signals observed via PDS are
converted into absolute values by fitting to the photometri-
cally determined spectra obtained in absolute units and
shown as lines in Fig. 3. The latter are determined in the
region of the fundamental absorption edge, where oL ~ 1, by

oL = —In[T/(1—Rs)(1 —Ry)], (1)

where T, Ry, and R, are the spectral values of the total trans-
mission, the total reflection under front illumination (through
the air-film interface), and the total reflection under back
illumination (through the film—glass interface).

It is important to note that both kinds of measurements
determine the overall «L product but do not allow a separa-
tion of the individual contributions of the two factors. In gen-
eral, each of these factors can vary with the wavelength.
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FIG. 3. Extended absorption spectra for (a) the series of untreated and black
etched a-Si:H films from Fig. 2(a) and (b) the corresponding pc-Si:H films
from Fig. 2(b). The data in the low-absorption region are obtained via photo-
thermal deflection spectroscopy (symbols) and are fitted to the photometrical
data (solid lines) in the region where oL ~ 1.
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Commonly, the absorption coefficient is derived from the ol
product by assuming that the length of the light path is the
same for all wavelengths and equals the geometrical film
thickness. Such an assumption is valid only for a single,
straight passage of the light through the thin film, and there-
fore it is justified only for homogeneous films with flat paral-
lel surfaces® (e.g., the films before black etching). However,
the assumption will be incorrect in the case of black-etched
films because of light scattering at the modified surfaces,
which results in prolonged light paths within the films, as is
shown below. In particular, the extension of the light path
will be dependent on the wavelength.

The absorption spectra of the flat untreated films before
the black etching (¢.,,=0) can be interpreted as usual to
represent the spectral dependence of the absorption coeffi-
cient of the as-grown a-Si:H and puc-Si:H materials, which
we denote by . Thus, for these thin films, o, multiplied by
constant factors equal to the respective film thicknesses
(1.31 x 10~* cm for the a-Si:H film and 0.73 x 10~* cm for
the pc-Si:H film) is plotted in Fig. 3. One can see that both
kinds of untreated materials exhibit quite similar absorption
coefficients because of the low crystalline fraction of the
investigated pc-Si:H sample. Slightly different Urbach tail
widths of ~59 meV and ~78 meV for a-Si:H and pc-Si:H,
respectively, can be determined from the linear parts of the
spectra in the semi-logarithmic plots. The higher value for the
uc-Si:H sample can be attributed to the coexistence of amor-
phous and crystalline phases in it. The defect related absorp-
tion oy at £, < 1.3 €V of both untreated (flat) samples levels
out at oy ~ 10 cm_l, indicating that the PDS measurements
have been partially affected by additional glass substrate
absorption at long wavelengths,”> which was not avoided
in our experiment. This assumption is supported by ESR
measurements of the untreated (flat) a-Si:H samples, which
show dangling bond densities of about 10'® cm ™, correspond-
ing to an optical absorption coefficient at 1.3 eV of
oA R 10°cm 1%

A remarkable alteration of the absorption develops after
the black etching treatment of a-Si:H films, as can be seen in
Fig. 3(a). The absorption «L in the entire region between 0.8
eV and 2.2 eV is considerably enhanced even after the short-
est etching duration of 20 s. A longer etching duration results
in a further absorption enhancement, saturating at .., ~ 40
to 60 s. Simultaneously, only a minor increase of the Urbach
tail width of all treated a-Si:H samples is observed (from 59
to 64 = 3 meV). The absorption enhancement caused by the
black etching is even more pronounced in the pc-Si:H sam-
ple shown in Fig. 3(b). Surprisingly, the Urbach tail width of
the black uc-Si:H (67 meV) is less than that of the untreated
uc-Si:H (78 meV).

Usually, the enlarged absorption at Av < 1.3 eV in
a-Si:H-based films is attributed to an increased density of
dangling bond defects in the material. Such an explanation
does not seem appropriate for the black-etched samples
shown in Fig. 3 because of the concomitant absorption
enhancement at higher photon energies of up to 2.2 eV. In
the case of absorption changes caused by defects, only
absorption in the spectral region below 1.3 eV is enhanced.
Furthermore, ESR measurements show only a small increase
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of the dangling bond density in the black-etched samples by
factors of 3 to 6, which correlates with their enlarged surface
area. Expressed as a volume density, the ESR dangling bond
concentration remains below 10'7 cm ™ for all samples in
Fig. 3(a). This value corresponds to a defect-related absorp-
tion index «(1.3 eV) =~ 10! ecm~!,>* which is much too low
to account for the high optical absorption observed at 1.3 eV,
which, if originating from dangling bonds, would correspond
to dangling bond densities exceeding 10'® cm>.?* Similarly,
the strong photoconductivity of the samples discussed in
Sec. V is at variance with the idea of such large concentra-
tions of defects being the reason for the absorption enhance-
ment. Thus, a purely defect-related origin of the observed
broad absorption enhancement can be ruled out. However,
such an enhancement can be naturally explained by the
effects of light trapping leading to an effective increase of
the path length L, as discussed below.

C. Analysis of the light trapping effect

The theory of statistical light trapping'®'! describes the
case in which the light paths within an absorbing film are
randomized by intensive scattering and subsequent total
internal reflection at the film surfaces. To demonstrate the
consistency of the experimentally observed absorption
enhancement in our black-etched samples with this theory, we
analyze the experimental data from Fig. 3 following the pro-
cedure used by Deckman, Roxlo, and Yablonovitch.!' The
experimentally obtained oL products of all samples were used
directly, without separation of the factors, to calculate the
spectra of the internal absorption probability A, according to

A, =1 —exp(—al). (2)

A, is independent of the surface reflectivity (only light prop-
agation within the film is considered) and thus represents
only the light trapping effects due to the differences in the
effective oL products. The A, spectra of the untreated (flat)
a-Si:H film and those of black a-Si:H samples after etching
for different durations are presented in Fig. 4(a). The corre-
sponding A, spectra of uc-Si:H films before and after black
etching are presented in Fig. 4(b). The same figures also
show the theoretical curves for the maximally enhanced
absorption A,,,, which can be achieved via the total random-
ization of the light paths within the film. These curves were
obtained using the relation

Amax - {1 - eXP(—ZOCOdmh)}/{l - CXP(_ZOCOdwh)

2 3)
+(no/n)"tp exp(—2a0dcon) }

given by statistical light-trapping theory.'" Here d.,), is the
film thickness, obtained from the interference fringes as
described in Sec. III A. Again, o, is the absorption coeffi-
cient of the a-Si:H or uc-Si:H material as obtained from the
experimental data for the untreated samples with ol = ayd).
The o, spectra for the untreated samples used for the calcula-
tion have been smoothed by geometrical averaging in order
to remove the interference fringes prior to the calculation of
A, ar- Furthermore, n is the refractive index of a-Si:H or
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FIG. 4. Enhancement of the internal absorption probability due to light trap-
ping in the black-etched (a) a-Si:H and (b) pc-Si:H films from the previous
figures. The spectra A, represented by symbols, are obtained directly from
the experimental data and are linked to the right-hand scale. The solid curves
A,.ax represent the spectra of the maximally achievable absorption in the films
investigated according to the theory of statistical light trapping. The experi-
mentally obtained absorption enhancement factors F, are represented as indi-
cated in the left-hand legend and are linked to the left-hand scale. The
respective theoretical enhancement factors F, are represented by broken lines.

uc-Si:H obtained from the photometric transmission spectra
of the untreated film, n, is the refractive index of the medium
surrounding the thin film (which in our PDS measurements
is perfluorohexane, with ny=1.25), and 1, is the Fresnel
transmission coefficient of the ideally flat film—substrate
interface (calculated as rf:4ngn/(ng+n)2, where n,=1.48
is the refractive index of glass substrate). A,,,, represents the
internal absorption probability in the case of full statistical
light trapping when the weakly absorbed light propagates
inside the film along various paths with equal probabilities in
all directions (totally randomized light paths) but can leave
the film only through narrow escape cones limited by the
total internal reflection of the film surfaces (~=* 14° from the
normal for the Si—air interface and ~= 22° for the Si—glass
interface).

Figure 4 clearly demonstrates a greatly enhanced
absorption probability in the black-etched a-Si:H and
uc-Si:H films. For a-Si:H [Fig. 4(a)], a short etching (7.,
=20 s) results in a significant shift of the experimentally
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obtained A, toward the theoretical A,,,, but it doesn’t reach
it. For comparison, note that the antireflection effect of the
black surface is almost completely established already at this
etching duration [see Figure 1(a)]. This indicates that the
light trapping and the reduction of reflectivity in our samples
might have correlated, but not identical, origins. With longer
etching durations, the experimental A, values are further
enhanced and tend to stabilize for 7., > 40 s, reaching the
theoretical limit of full light trapping. Moreover, the agree-
ment between experiment and theory holds in the whole
investigated spectral range, which validates that the observed
absorption enhancement originates from light trapping
effects and not from an alteration of the absorption coeffi-
cient. Similarly, the experimental enhancement of A, in the
black uc-Si:H sample treated for 45 s, shown in Fig. 4(b),
reaches the theoretical limit within error margins.

Figure 4 also shows the variation of the absorption
enhancement factors F for the black-etched films with
respect to the untreated (flat) samples, as calculated by

F. = A,(black)/A,(untreated) 4)
for the experimentally observed absorption and by

F; = Apac/Ap (untreated) (5)

for the theoretically expected enhancement. The maximum
value that these factors can approach depends on the refrac-
tive indices of the surrounding dielectric medium n, and the
film material n according to the relation F ,:2(n/n0)2 (or
4(n/no)* with an additional back reflector).!' As the PDS
measurements were carried out in perfluorohexane
(np=1.25), the F, and F; factors reach maximal values of
~20, whereas with air as the surrounding medium they
should be as high as ~25. These large numbers are reached
at photon energies hv < 1.6 eV, where the absorption coeffi-
cient of a-Si:H is low (29 < 10* cm ™). From the viewpoint
of its application in thin-film Si solar cells with typical thick-
nesses of ~1 um, the absorption enhancement via black etch-
ing in the range of o, ~ 10* to 10°> cm ™' (the beginning of
the absorption edge), corresponding to photon energies
between 1.65 and 1.75 eV, is of major importance. Whereas
the total internal absorption probability of untreated a-Si:H
or pc-Si:H films with a thickness of ~1 pum in this energy
region is below 5%, the absorption probability of the black-
etched samples in the same range is enhanced by factors of 8
to 15 to useful levels of 20% to 60% for the a-Si:H films
[Fig. 4(a)] and 30% to 70% for the uc-Si:H sample [Fig.
4(b)], despite the 200 to 300 nm reduction of the physical
film thickness caused by the etching. This light trapping
effect leads to an expansion of the usable absorption range of
the black-etched Si films toward the infrared region. The
expansion amounts to about 0.2 eV, corresponding to a red-
shift from ~630 nm to ~730 nm of the effective absorption
in the samples investigated here. An even more pronounced
spectral expansion of the absorption after black etching can
be expected for highly crystalline uc-Si:H (or polycrystalline
Si) films, because the true absorption coefficient of the crys-
talline Si phase, in contrast with that of the amorphous one,
remains in the range of o) ~ 10” to 10° cm ™', which is favor-
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able for complete light trapping in films with a physical
thickness of ~1 um, down to photon energies as low as hv =~
1.3 eV (4~ 950 nm).°

IV. SURFACE MORPHOLOGY: ORIGIN OF THE
OPTICAL EFFECTS

The origin of the optical effects induced by the black
etching can be understood from the morphology of the surfa-
ces shown in Fig. 5. Figures 5(a)-5(c) present 3D AFM
images of three a-Si:H surfaces, obtained after various
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FIG. 5. Three-dimensional atomic force microscopy images of (a) an
untreated a-Si:H surface, (b),(c) a black-etched a-Si:H surfaces with increas-
ing treatment time #,,.,, and (d) a black-etched pc-Si:H surface. The varia-
tion of the silicon fraction at the air—Si interface of the films as obtained via
statistical analysis of the AFM data is shown in the diagram at the right-
hand side of each image.
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durations of the wet etching. The vertical scale is the same in
all images and equals the horizontal scale. Thus, the images
depict the actual unscaled morphology of each surface. The
diagrams at the right hand side of each image illustrate the
variation of the silicon fraction across the textured layer of
the respective film. They are obtained through the integration
and normalization of the height histograms of the AFM
images.?' The silicon fraction at a certain depth is defined as
the integrated cross-sectional area of all protruding Si fea-
tures that are traversed by a horizontal plane, normalized to
the whole lateral image area (2 x 2 um?). The complement
presents the fraction of the surrounding medium (e.g., air).
The depths of the traversing planes are measured from a hor-
izontal zero plane parallel to the substrate, which is chosen
to touch the highest point of the respective AFM image pre-
sumably remaining from the initial non-etched surface. The
Si fraction diagrams present only the topmost transient
regions of the films, though each of the investigated films
has at least a 500 nm thick dense Si bulk lying below it.

The image in Fig. 5(a) shows an untreated a-Si:H sur-
face (¢,;., =0 s). One can see that such a surface is naturally
rough on a very fine scale. Convex features with characteris-
tic lateral sizes ¢ of 50 to 150 nm—much smaller than the
wavelengths of the light from the relevant part of the solar
spectrum—can be distinguished in the image. The respective
Si fraction diagram shows that these features penetrate less
than 30 to 40 nm into the a-Si:H film, so that the transition
from the surrounding medium to the silicon takes place over
a distance that is much smaller than the wavelengths of the
light in the whole spectral range of interest. Such a surface
can be described as optically flat. It should have a high mir-
rorlike reflectivity that is determined by the Fresnel reflec-
tion coefficient, as experimentally observed in Sec. III A.

The AFM images of the black-etched a-Si:H surfaces
[Figs. 5(b) and 5(c)] reveal a rather different morphology.
One can see in Fig. 5(b) that even a short etching (¢,
=30 s) results in a pronounced surface texture. The major
part of this texture consists of densely packed sharp silicon
hillocks with lateral sizes J in the same 50-150 nm range.
The key difference relative to the features on the untreated a-
Si:H surface is that these hillocks are significantly higher,
i.e., they penetrate much deeper into the silicon film. With
increasing black etching duration [Fig. 5(c), T, = 60 s], the
hillocks become more pronounced, with considerably
increased penetration depths but slightly enlarged lateral
sizes 0 of 80 to 170 nm. The corresponding Si fraction dia-
grams show that the transition region between the surround-
ing medium and silicon is greatly extended and can be
virtually divided into three layers (I, II, and III) below the
zero plane. The topmost layer (I) is characterized by a van-
ishingly small Si fraction because it contains only the tips of
a few very high peaks approaching the zero plane, and
almost the entire silicon material is etched away. Thus the
actual Si surface appears to be shifted below the zero plane
(at the onset of region II). The next layer (II) is characterized
by an almost linear increase of the silicon fraction with
depth. Such a dependence corresponds to a transition across
the major structural features of the texture, from the top of
the cone-like Si hillocks to their bottom. From an optical
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point of view, this layer can be represented by an effective
optical medium, because the hillocks are not distinguishable
from the surrounding medium by light with effective wave-
lengths A.4= Z4/ng; higher than 6 ~ 100 nm, which corre-
sponds to A,;->400 nm. Therefore, the Si fraction diagram
shows that layer II is an effective medium with smoothly
(almost linear) varying optical density that can be described
by the model of Stephens and Cody.>” This model predicts
that the reflectivity of such a gradual boundary layer is van-
ishing for wavelengths below a cut-off threshold that
depends on the refractive index of the bulk material, as well
as on the depth of the textured layer. Accordingly, the reflec-
tivity cut-off for finely textured silicon surfaces with a line-
arly increasing density should appear at a wavelength that is
about 6 times larger than the depth of the graded density
layer (see Table 1 in Ref. 25). Thus, the graded Si-density
layer II in Figs. 5(b) and 5(c) (depths of ~130 nm and ~180
nm, respectively) should result in a strong suppression of the
reflection from the corresponding surfaces for light wave-
lengths shorter than ~780 to 1100 nm, i.e., in the whole usa-
ble absorption spectra of a-Si:H and pc-Si:H films. This fully
explains the experimentally observed antireflection proper-
ties of the black-etched silicon films presented above.

The third layer, III, which is characterized by a slower
increase of the Si density, can also be distinguished in the Si
fraction diagrams of Figs. 5(b) and 5(c). An inspection of the
AFM image in Fig. 5(b) reveals that this layer contains sev-
eral sharp and deep pits, starting from the apparent surface
with orifices ~150 to 250 nm in diameter and reaching maxi-
mum depths of ~250 nm. These pits are separated laterally
by distances on the order of 350 to 700 nm as far as can be
observed in the limited image area. With increasing etching
duration [Fig. 5(c)], the sharp pits develop into broader val-
leys with finely textured inner surfaces. They are similarly
spaced (350 to 700 nm) but have larger diameters and depths
(~300 to 400 nm). The depth/diameter aspect ratio is close
to 1 for both the initial pits and the developed valleys. We
assume that such secondary texture features can be the rea-
son for efficient diffractive light scattering, as their dimen-
sions and, especially, spacing are comparable to the
wavelengths of light from the visible and near infrared
ranges. Such scattering should result in light trapping within
the underlying silicon film as discussed in Sec. III C.

An estimation of the conditions for efficient light trap-
ping can be made using the following rather general consid-
erations. If we imagine a virtual transmission dot diffraction
grid on top of the film with an average distance A between
scatterers, the directions of constructively interfering rays af-
ter passing the grid should be given by Bragg’s equation,
Aair/nsi=A sin (y), where /. is the wavelength of the inci-
dent light in the surrounding medium (e.g., air) and A,;,/ng;
and y are the effective light wavelength and the scattering
angle within the Si film, respectively. Furthermore, we con-
sider that efficient light trapping occurs for rays that enter
the film (scattering angles y < /2 with respect to the direc-
tion of the incident beam) and reach the rear film—glass inter-
face under angles y higher than the critical one for total
internal reflection. These assumptions are equivalent to the
requirements 0 <sin (y)<1 and sin(y) > 1/ng;. Applying
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these inequalities to Bragg’s equation gives the overall
requirement

)vair/nSi <A < i 6)

for the average distance between the scattering centers that
can induce efficient light trapping via diffractive scattering.
The light absorption enhancement, which can be beneficial
for a thin film, should occur at light wavelengths longer than
the absorption edge of the film, i.e., for typical Si films with
a thickness of ~1 um in the range of /., ~ 700-1000 nm.
Thus, favorable distances between the scattering features on
the surface of such films (n;; = 3.5) should be in the range of
~200 nm <A < 1000 nm according to Eq. (6). Larger as
well as smaller spacings (e.g., the small hillocks in the pri-
mary texture) will be inefficient for light trapping by diffrac-
tive scattering. As described above, the spacing between the
secondary features of the black-etched silicon films (pits and
valleys spaced at 350 to 700 nm) match perfectly the favor-
able range. Such spacing results in rather high scattering
angles (above the critical angle) that considerably prolong
the light paths, accounting for the near-perfect light trapping
effects observed in the black-etched a-Si:H films.

Figure 5(d) shows the surface morphology of the black
ue-Si:H sample. A primary texture of densely packed silicon
hillocks with lateral sizes 0 in the 50-150 nm range, quite
similar to the the a-Si:H sample from Fig. 5(b), can be seen
in Fig. 5(d). This kind of texture is responsible for the antire-
flection properties of the black-etched uc-Si:H surface in the
same way as for the black a-Si:H surface. However, an
inspection of Fig. 6, which shows the 2D AFM images of the
a-Si:H and uc-Si:H surfaces from Figs. 5(c) and 5(d), respec-
tively, reveals the presence of a secondary texture with a dif-
ferent character. Instead of the broad valleys dispersed on the
a-Si:H film surface [Figs. 5(c) and 6(a)], a net of sharp can-
yons and pits is found on the otherwise flatter uc-Si:H surface
[Figs. 5(d) and 6(b)]. One can speculate that such features
originate from the faster etching of the amorphous fraction in
the pc-Si:H film mentioned in Sec. III A. The lateral distan-
ces between the deep features in Fig. 6(b) are broadly distrib-
uted in the 200-800 nm range, even better fitting the range of
distances between scattering features that favor efficient
light-trapping. The differences in the AFM images are dem-
onstrated more clearly in the respective Si fraction diagrams.
Layers II and III, associated with the primary and secondary
texture, respectively, have nearly equal depths in the diagram
of the a-Si:H film. In contrast, these regions in the pc-Si:H
film are more distinct with a greater depth of layer III. We
assume that such a pronounced secondary texture causes a
more intensive diffractive scattering of the light entering the
film, and this might be the reason for the full light-trapping
effect observed in the uc-Si:H sample. It would therefore be
interesting to study the effects of black etching on the struc-
tural and optical properties of uc-Si:H in more detail, in par-
ticular as a function of the crystallinity of the films.

Finally, we would like to emphasize that the surface
morphology of the black-etched films differs substantially
from that of porous Si, which has been observed by other
authors using metal-catalyzed etching of silicon.?®
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FIG. 6. Two-dimensional AFM images (a) of the black-etched a-Si:H sam-
ple from Fig. 5(c) and (b) of the black-etched pc-Si:H sample from
Fig. 5(d).

V. PHOTOCONDUCTIVITY

A. Spectral measurements in coplanar contact
geometry

Figure 7 shows the photoconductivity spectra g, of
black-etched a-Si:H samples with different ¢,,.;, in compari-
son with the spectrum of an untreated a-Si:H film. All spec-
tra were measured in coplanar contact geometry (with a
conductive gap 0.5 mm long and 3 mm wide) and have been
normalized to a constant illumination power density assum-
ing monomolecular recombination®’ for the low photocarrier
generation rate in our experiment, which was carried out at
illumination power densities below 1 mW/cm?.

Figure 7(a) presents the spectra obtained via illumina-
tion of the front (a-Si:H surface) side of the samples. A com-
parison of Fig. 7(a) with Fig. 2(a) reveals that the
photoconductivity spectrum of the untreated a-Si:H film
follows the shape of the respective optical absorption spec-
trum in the whole investigated spectral region, whereas the
spectra of the black-etched films differ considerably. In par-
ticular, the photoconductivity spectra of the black-etched
films seem to shift toward longer wavelengths with increas-
ing t,,., when compared with the spectrum of the untreated
film. The long-wavelength shoulders of the photoconductiv-
ity spectra for the black-etched samples quite precisely trace
the respective shifts of the optical absorption edges of these
samples, as can be seen by comparing Fig. 7(a) and Fig. 2(a).
This shift is in very good agreement with the spectral expan-
sion of the optical absorption due to the light trapping al-
ready discussed. The light trapping dominantly concerns the
weakly absorbed (i.e., deeply penetrating) light, and thus the
effect takes place in the bulk of the treated films below the
textured layer. Thus the excess carriers generated by the
trapped light reside in the bulk, where they can drift freely
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FIG. 7. Photoconductivity spectra g, of a-Si:H films treated by black etch-
ing with increasing treatment #.,, (a) under illumination of the air-exposed
black-etched side of the films and (b) under illumination of the films through
the glass substrate.

along the electric field between the two laterally spaced con-
tacts. Therefore, the long wavelength shoulder of the photo-
current under front illumination correlates closely with the
optical absorption and can be attributed to an increased pho-
togeneration of excess carriers due to light trapping. In con-
trast, the photocurrent observed under front illumination
with short wavelengths shows a sharp cutoff in spite of the
high optical absorption due to the reduced reflectivity in this
spectral region. We show in Sec. IV that the depth of tex-
tured layers II and III of the black-etched films increases
with the etching duration (from ~220 nm for ¢,,., =20 s to
~350 nm for 7,,., =40 s). A comparison with the light pene-
tration depth scale at the top of Fig. 7(a) [the penetration
depth is defined as 1/xy, where o, is taken from Fig. 3(a)]
reveals that the photocurrent cutoff in each black sample
occurs in a wavelength range that corresponds to light
absorption within the respective textured layer. Because the
diffusion length of the excess carriers in a-Si:H-based mate-
rials is very small, the carriers that are photo-generated
within the separated hillocks of the nano-texture by strongly
absorbed (short wavelength) light cannot diffuse to the
underlying continuous film. Thus they can contribute to a
current between the coplanar contacts via merely a few per-
colation paths, which are vanishing toward the film surface.
Therefore, the photoconductivity cutoff at short wavelengths
(shallow light penetration) can be explained by geometrical
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reasons rather than by the enhanced recombination of charge
carriers in the modified films. Consequently, the photocur-
rent suppression at short wavelengths observed here is an ar-
tifact of the coplanar contact measurement and should not be
expected in black silicon films or devices that operate in
sandwich contact configuration, e.g., solar cells.

Figure 7(b) shows the photoconductivity spectra of the
same samples when the absorbing films are illuminated
through the transparent glass substrate, i.e., from the back,
untreated side of the samples. In contrast to Fig. 7(a), all
spectra in Fig. 7(b) merge at short wavelengths (strongly
absorbed light), as can be expected, because the glass—a-Si:H
interfaces of all samples are identical. The long wavelength
shoulders of the back-illumination spectra again exhibit a red-
shift of the absorption edge for the black-etched samples,
similar to the spectra shown in Fig. 7(a). Obviously, the
highly penetrating light from this spectral region reaches the
textured front surface, and the observed redshift implies in-
tensive light back scattering, which is not observed (as reflec-
tivity) under front illumination of these surfaces. The origin
of such an asymmetry could be related to the fact that the
light propagating in silicon has much shorter wavelengths
than that in air due to the high Si refractive index. Thus, the
features of the surface texture are effectively larger for the
light approaching from the silicon side than that coming from
the air side. As a result, the smallest features of the nanotex-
ture are distinguishable as scatterers from the Si side, whereas
they are accepted as an effective medium with a gradually
changing refractive index (black surface) when approached
from the air side. This phenomenon might be very useful in
thin-film solar cells in a superstrate configuration.

B. Stripe illumination experiment

Further, we employed a modification of the coplanar-
contact photocurrent measurement technique in order to
directly observe the internal light scattering in the black sili-
con films. This modification is referred to here as the “stripe
illumination experiment.” The principle of the experiment is
illustrated in the inset of Fig. 8. In the experiment, two pho-
tocurrent spectra of the same sample are measured consecu-
tively under different illumination conditions. The first
wavelength scan is performed as usual via full illumination
of the whole gap between the coplanar contacts ([0.5 x 3]
mm? in our experiment) by a light stripe that is parallel to
the gap and broad enough to cover it completely. The second
scan is made after rotating the sample by 90°, so that the
illuminated stripe is perpendicular to the contact gap. The
stripe is then adjusted to the smallest possible width (about
0.03 mm in our experiment), and the second photocurrent
spectrum is measured under these conditions. After complet-
ing the measurements, the ratio of the currents obtained in
the second and first scans is calculated. Such a current-ratio
spectrum should depend only on the geometrical ratio of the
photoconducting stripe widths in the two illumination sce-
narios, and thus it should be constant as a function of the
light wavelength (~0.03/3=0.01 in our experiment) for a
film in which the light does not scatter below the illuminated
surface, i.e., where the conducting path width is the same as
that of the illumination stripe.

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



043537-10 Koynov, Brandt, and Stutzmann
Light Penetration Depth (um)
01 02 04 1 410 40
0.025 t f t —+— f 75 _
C

ontactssmpe §_
width =
g ©
= =
&U Full Gap Stripe ;
e lllumination  lllumination ) [0}
c 0.015{ X +45 &
o 5
5 n
O 0010 1302
S
3
=
0.005 15 W

500 600 700 800 900
Wavelength (nm)

FIG. 8. Stripe illumination experiments carried out with a a-Si:H thin film
before (open circles) and after (black triangles) black etching. The principle of
the experiment is illustrated in the inset. The lines are guides for the eye only.

Figure 8 presents the current-ratio spectrum of a black
etched a-Si:H film (¢,,.,=40 s) compared to that of an
untreated a-Si:H film. The vertical scales in the figure are
correlated, and the right-hand one shows the effective photo-
conducting stripe widths that correspond to the current ratios
in the left-hand one. One can see that the ratio spectrum of
the untreated (flat) film almost does not change with the
wavelength, remaining close to a ratio of 0.01, as expected
for a fixed illumination stripe geometry. This tendency can-
not be well confirmed at wavelengths longer than ~750 nm
because the photocurrent measurements of the untreated
a-Si:H become unreliable in this region due to a low signal-
to-noise ratio caused by the vanishing optical absorption of
the flat film. In contrast, the spectrum of the black a-Si:H
thin film indicates a well pronounced variation of the effec-
tive photoconducting stripe with the wavelength. A flat
region, related to an unchanged effective stripe width, can be
observed in this sample only in the wavelength range of 4 =
600-720 nm. This range corresponds to light penetrating
~0.2 to ~1 um into the film (see the top scale). This is the
light that is transmitted through the textured layer but
absorbed in the film during a single pass. In contrast, the
light of longer and of shorter wavelengths broadens
the effective photo-conducting stripe, as indicated by the
increasing photocurrent ratios there. The increased photocur-
rent ratio at wavelengths longer than 750 nm corresponds to
the weakly absorbed light that can penetrate silicon for large
distances before absorption. The associated broadening of
the effective photocurrent collection stripe (from ~30 um to
~60 pm) in this region shows that most of the light actually
travels significant distances laterally (~15 pum from the
stripe edge) in the black-etched film that is only about 1 um
thick—i.e., it remains trapped in the film where it is
absorbed. Thus, the increase of the photocurrent ratio at long
wavelengths is in fact a direct observation of a prolonged
absorption light path resulting from the black-etching treat-
ment of the film surface. The observed effect is equivalent to
an increase of the optical thickness of the film by a factor
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larger than 10, in good agreement with the analysis of light
trapping effects made in Sec. III C.

The short wavelength broadening of the effective photo-
current collection stripe corresponds to light that is absorbed
completely within the textured layer (see the top scale of the
figure). Such a broadening can be explained if one considers
that a part of the light is scattered at surface glazing angles
when entering the film and thus can reach the tops of the hil-
locks that are outside of the stripe where it can be absorbed.
Therefore, the short wavelength increase of the current ratio
(not the currents themselves) can be associated with an exter-
nal spreading of the illumination stripe.

VI. POSSIBLE APPLICATION IN SOLAR CELLS

The beneficial optical effects described in this study
could be employed in thin film Si solar cells with minimal
alteration of the established technology using the following
approach: First, a typical n-i (or p-i) structure of a-Si:H or
uc-Si:H layers with an overall thickness of ~0.5 to 1 um is
deposited. Then the surface of the topmost intrinsic Si layer
is black etched in order to obtain the optically active nanotex-
ture. Subsequently, an ultrathin p- (or n-) doped layer with a
thickness of ~20 to 50 nm is conformally deposited over the
textured surface to form a complete n-i-p (or p-i-n) cell. In
that way the top surface of the cell repeats the nanotexture
established by the black etching. Such an approach is most
suitable for application in thin-film solar cells built on flexible
but opaque substrates (e.g., metal foils) because their illumi-
nated surface is exposed for the black etching treatment. Pres-
ently, however, such cells have lower efficiencies than the
cells built on transparent textured substrates (superstrate con-
figuration), mainly because of the lack of efficient light-trap-
ping schemes and high reflectivity of the top Si film surface.
Nanotexturing of this surface can substantially improve the
optical absorption in the underlying active i-layer, thus result-
ing in higher short circuit currents (respectively increased
efficiencies) of the cells in the substrate configuration. Hence,
a significant improvement of the performance/cost ratio of
black-etched thin film Si solar cells can be anticipated.

The black etching treatment can also be very beneficial
for solar cells utilizing pc-Si:H or poly-Si thin films as a light
absorber. The growth of thick enough films of these materials
(thickness > 3 um), which is needed in order to fully utilize
the broader, but overall weaker, absorption of the crystalline
Si phase, encounters technological problems at present. On
the other hand, we demonstrate here that black etching of
such films with physical thicknesses of ~1 um results in the
effective enlargement of the optical thickness to >10 um and
a considerable broadening of the usable spectrum down to
~1.3 eV. Thus, black-etched pc-Si:H or poly-Si thin films can
be excellent broad-band absorbers for thin-film solar cells.

Similar approaches are applicable to tandem or micro-
morph solar cells. In this case, a complete n-i-p a-Si:H cell
(instead of a single doped layer) is grown conformally on the
top of an underlying nano-textured cell in a substrate config-
uration. The optical effects of the nanotexture allow this top
cell to be extremely thin (<100 nm) and thus resistant to
light-induced degradation, without losing the ability to

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



043537-11 Koynov, Brandt, and Stutzmann

absorb most of the blue-green portion of the solar light.
Simultaneously, the randomized light paths allow enhanced
absorption of the red and near-infrared portions of the spec-
trum within a reasonably thick bottom cell.

VIl. CONCLUSIONS

The metal-catalyzed black-etching treatment applied to
thin a-Si:H and pc-Si:H films results in a significant improve-
ment of the optical properties of the films via (i) a nearly com-
plete suppression of the surface reflectivity in the entire region
of useful optical absorption and (ii) an efficient light trapping
that manifests itself in a broadening of the absorption toward
the infrared spectral region. The typical net effect is a
doubling of the total optical absorption of the treated films, de-
spite their slightly decreased geometrical thickness.

The observed optical effects are attributed to the forma-
tion of a nanoscale texture on the treated surface, which nor-
mally occupies only the topmost 200 to 300 nm of the film.
This texture has a specific morphology that leads to a smooth
transition of the refractive index from that of air to that of Si,
thus resulting in reduced surface reflection with a concomi-
tant improvement of the light coupling to the film bulk.
Simultaneously, the light propagation is randomized by scat-
tering after crossing the textured surface, which results in
efficient light trapping in the film. The analysis of the
absorption enhancement at long wavelengths shows that the
efficiency of the light trapping induced by the black etching
reaches the theoretical limits.

Photocurrent measurements using a coplanar contact
configuration show an increase of the photocurrent in the
long wavelength range that corresponds to the enhanced
optical absorption of the films there. A quantitative stripe
illumination measurement reveals a prolongation of the light
absorption path in this spectral region that is equivalent to a
more than tenfold increase of the effective optical thickness
of black-etched films with a physical thickness of ~1 um, in
full agreement with the optical analysis.

The improvement of the optical performance of a-Si:H
and pc-Si:H films induced by the black etching treatment
could be important for their application in a new generation
of thin film solar cells. Possible cell designs that could bene-
fit from a nanotextured surface were discussed.
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