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We report and explain the photoluminescence (PL) spectra from crystalline silicon (c-Si) wafers passi-
vated by hydrogenated amorphous silicon (a-Si:H) films under various measurement conditions, utilizing
the different absorption coefficients and radiative recombination mechanisms in c-Si and a-Si:H. By
comparison with the luminescence properties of a-Si:H, we also demonstrate that SiNx films deposited
under certain silicon-rich conditions yield luminescence spectra similar to those of a-Si:H, indicating the
presence of an a-Si:H-like phase in the SiNx films. This causes a reduction in the blue response of the
solar cells via parasitic absorption. In addition, with the ability to detect the specific emission from
heavily-doped silicon via band-gap narrowing effects, we can unambiguously separate individual spec-
tral PL signatures of three different layers in a single substrate: the SiNx passivation films, the diffused
layers, and the underlying c-Si substrate. Finally, we apply this technique to evaluate parasitic absorption
in the passivation films, and the doping density of the diffused layers on different finished solar cells,
highlighting the value of this nondestructive contactless, micron-scale technique for photovoltaic
applications.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

There has been a growing interest in employing micro-pho-
t`oluminescence spectroscopy (μPLS) as a precise and non-
destructive characterization tool in silicon photovoltaics (PV).
Utilizing the high spatial and spectral resolutions of the μPLS
technique, the microscopic properties of micron-scale features on
crystalline silicon (c-Si) wafers and cell pre-cursors have been
investigated, such as dislocations [1–4], iron precipitates [5],
internal stress [6], laser-doped regions [7–11], or locally diffused
layers [12]. Besides that, luminescence of hydrogenated amor-
phous silicon (a-Si:H) films has also been intensively studied for
many decades, and is well known as an effective tool to study
fundamental properties of this material.

Over the past decades, a-Si:H/c-Si heterojunctions have come
to play an important role in silicon PV, since they not only feature
high quality and stable electronic properties, but also utilize low
temperature deposition processes (typicallyo200 °C). These
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junctions are the key building blocks of record efficiency silicon
heterojunction solar cells [13–15]. Furthermore, a-Si:H has been
demonstrated as an excellent passivation layer in silicon homo-
junction solar cells, which can achieve very good majority carrier
conduction [16]. On the other hand, diffused junctions and SiNx

passivation layers are two very important components in today's
standard industrial silicon solar cells. Therefore, an insightful
understanding of the combined PL spectra from c-Si wafers con-
taining these layers (diffused layers, a-Si:H, and SiNx films) may
prove useful in the development of precise characterization tools
for PV applications.

Although the electronic and optical qualities of these layers can
be evaluated directly after they are formed, using commonly-
known techniques such as electrochemical capacitance–voltage
(for diffused layers) [17] or spectroscopic ellipsometry and infrared
spectroscopy (for a-Si:H and SiNx) [18–22], their properties can be
affected by successive fabrication steps. However, it is difficult to
nondestructively assess the properties of these layers in finished
solar cells since they are often buried underneath other materials
or layers. Furthermore, as the complexity of device structures
increases, it is more difficult to probe micron-scale features on
phous silicon, silicon nitride, and diffused layers in crystalline
aterials and Solar Cells (2015), http://dx.doi.org/10.1016/j.
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Table 1
Substrate temperatures and frequency modes of PECVD reactors employed in
this study.

Film Substrate temperature (°C) Frequency mode

ANU a-Si:H 300 Microwave/radio frequency dual-
mode

ANFF a-Si:H 400 Capacitive-coupled plasma
EPFL a-Si:H 200 Capacitive-coupled plasma
ANU SiNx 300 Microwave/radio frequency dual-

mode
ANFF SiNx 400 Capacitive-coupled plasma
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finished solar cells and cell pre-cursors such as locally-doped
regions.

In this study, we first report and explain the combined PL
spectra emitted from a-Si:H films and the underlying c-Si sub-
strate, including the effects of different measurement and sample
preparation conditions. We then demonstrate that SiNx films
deposited under silicon-rich conditions yield PL spectra similar to
those of a-Si:H films, suggesting the presence of an a-Si:H-like
phase, and indicating that the SiNx films can reduce the blue
response of the solar cells via parasitic absorption. In addition,
combining this method with our recently established technique
for detecting heavily-doped layers in silicon wafers [12], we can
unambiguously separate individual spectral PL signatures of
three different layers in a single substrate: the SiNx passivation
films, the diffused layers, and the underlying c-Si substrate, all
with micron-scale spatial resolution. Finally, we apply this tech-
nique to evaluate unwanted absorption in the passivation films
and the doping density of the diffused layers on different solar
cell designs, in which some investigated features are only a few
tens of microns wide. These applications highlight the value of
this contactless and nondestructive technique, which can be
applied directly both on finished cells and cell pre-cursors, to
study and optimize the fabrication process. A critical aspect of
this technique is the use of low temperatures (78 K and above),
since the individual spectral PL signatures from different layers
are not discernible at room temperature, due to both thermal
broadening of band-to-band luminescence, and thermal
quenching of defect luminescence [11,12].
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Fig. 1. Comparison of normalized PL spectra (a) from a-Si:H deposited at different
laboratories and (b) between intrinsic a-Si:H and doped/intrinsic a-Si:H stacks. The
a-Si:H films were deposited directly on glass substrates. The excitation wavelength
is 532 nm and the measurement temperature is 79 K. The spurious peak at
1064 nm is due to the not-entirely-suppressed 1064-nm component from the 532-
nm DPSS laser.
2. Experimental details

The experimental set up of our mPLS system is described in
detail elsewhere [4,12]. The spectral resolution of this system is
0.25 nm. Two different excitation lasers were employed in this
work, a 532 nm continuous-wave diode-pump solid-state (CW-
DPSS) laser and an 830-nm CW laser diode. For both lasers, the
beam diameter on the sample surface is about 1 μm, and the
excitation power is about 6 mW. The spectral response of the
entire system was determined with a calibrated halogen–tungsten
light source. The sample temperature was controlled by a liquid-
nitrogen cryostat.

The investigated wafers are p-type boron-doped c-Si wafers
with resistivitiesZ100Ω cm. They were chemically etched in an
HF/HNO3 solution to remove saw damage and to achieve planar
surfaces. Their final thickness is about 300 μm. Some were pas-
sivated by thin a-Si:H films, whose thicknesses vary from 10 to
100 nm, by plasma-enhanced chemical-vapor deposition
(PECVD). Some were passivated by thin PECVD SiNx films with
various SiH4:NH3 gas flow ratios in order to achieve different
optical properties. Some were heavily doped with phosphorus
from a POCl3 vapor source to form nþ layers on the surfaces, and
then immersed in diluted HF to remove the phosphosilicate glass
layers. The resultant sheet resistance is about 45Ω /□. These nþ
diffused wafers were then passivated by PECVD SiNx films with
various SiH4:NH3 gas flow ratios. The thicknesses of these thin
SiNx films were determined by an ellipsometer. The investigated
c-Si solar cell structures are the passivated-emitter rear locally-
diffused (PERL) cell [23], interdigitated back contact cell with a
diffused front surface field (FSF-IBC) [24,25], and interdigitated
back contact cell without a front surface field (IBC) [26]. All
devices have efficiencies above 20%.

The investigated a-Si:H and SiNx films were prepared at three
different laboratories including The Australian National University
(ANU), Australian National Fabrication Facility (ANFF), and École
Polytechnique Fédérale de Lausanne (EPFL) in Switzerland. Table 1
Please cite this article as: H.T. Nguyen, et al., Characterizing amor
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gives a summary of substrate temperatures and frequency modes
of the PECVD reactors employed in this study.
3. Luminescence of a-Si:H deposited on glass substrates

For many decades, luminescence spectra from a-Si:H have been
studied intensively regarding their spectral shapes, peak locations,
and relative intensities under different measurement conditions
and with various preparation conditions and techniques. There-
fore, in this first section, we aim to review only the basic PL spectra
captured from a-Si:H deposited directly on glass substrates, which
will serve as a basis for our later discussions on the combined PL
signal from different layers stacked together.

Fig. 1a shows the normalized PL spectra from intrinsic a-Si:H
films deposited on glass substrates, excited by the 532-nm laser at
79 K, prepared at ANU (�70 nm), ANFF (�30 nm), and EPFL
(�10 nm). The first notable feature is that, at 79 K the spectra of
a-Si:H are much broader than those of c-Si. The full width at half
maximum (FWHM) of the a-Si:H peak is �300 meV, whereas that
phous silicon, silicon nitride, and diffused layers in crystalline
aterials and Solar Cells (2015), http://dx.doi.org/10.1016/j.
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of c-Si is only �25 meV at 79 K [27]. This broadening stems from
the fact that the PL spectra from a-Si:H are emitted by the carriers
trapped at band-tail states at the band edges [28–33], resulting in
a relatively broad range of energies, rather than being emitted
from the two sharp band edges, as is the case for c-Si. Further-
more, even for perfect crystalline materials, the Urbach energy,
which is basically the slope of the absorption edge, is a non-zero
value, and this value scales with temperature. Amorphous and
disordered materials will have additional Urbach energy broad-
ening due to the additional band edge roughness caused by the
disorder [34]. As such, low Urbach energies usually imply high
mobilities, and thus the broadening of PL spectra likely indirectly
implies a lowering of the carrier mobility in the amorphous films.
In addition, in Fig. 1a, different deposition conditions (see Table 1)
yield different peak locations of the a-Si:H spectra. The peak
energy varies between �1.3 and 1.45 eV (�850 to 950 nm), con-
sistent with the results reported in the literature [28–33]. The
reason is that the optical band gap of a-Si:H depends strongly on
the deposition conditions [35–38], and hence the luminescence
energy is affected correspondingly. Note that the varying peak
energies observed are not due to the difference in the film thick-
ness among the three samples, since the shape and peak location
of the PL spectra did not change when we varied the film thickness
between 10 and 100 nm under the same deposition conditions.

Furthermore, Fig. 1b compares the normalized spectra among the
boron-doped (p) and phosphorus-doped (n) a-Si:H (deposited on the
intrinsic a-Si:H layer) and the intrinsic a-Si:H itself. These layer stacks
were prepared with EPFL's standard recipes for heterojunction silicon
solar cells, which achieve efficiencies higher than 21% [39,40]. The
doped (n- and p- types) and intrinsic layers are �10 nm thick. The
absorption depth of the 532-nm excitation light in a-Si:H is �160 nm
at 79 K (calculated from Ref. [41]). Therefore, the 532 nm excitation
light is absorbed by both the intrinsic and doped layers. In the case of
c-Si, if the laser light is absorbed by both the diffused layer and the
underlying c-Si substrate, one can observe two separate band-to-band
PL peaks from the two layers due to the band-gap narrowing in
heavily-doped c-Si [12]. However, we did not observe two separate
peaks from the doped/intrinsic a-Si:H stacks in Fig. 1b. Again, this
result is explained by the fact that, the luminescence signal from a-Si:
H is emitted from the band-tail states, not from the band edges, and
these band-tail states are distributed over a wide energy range, rather
than a well-defined value as for the band edges. The doping leads to
even wider band tails due to the increased disorder in the material
[42]. Therefore, any small change in the band gap due to the doping is
very likely to be masked by the broad luminescence peak.

Note that, although the shape of the PL spectra from the doped/
intrinsic a-Si:H stacks are similar to that from the intrinsic a-Si:H
itself, the relative PL intensity of the former is five-fold smaller
than that of the latter, due to increased non-radiative recombi-
nation introduced by doping [42–45]. Such undesired doping-
induced recombination explains why doped layers at the front of
silicon heterojunction solar cells should be kept as thin as possible
[46]. When the doping level is high enough, another peak at
around 0.9 eV (1380 nm) in the luminescence spectrum has been
reported, attributed to the radiative transition of electrons and
holes through the defect band in the band gap [42–45]. We did not
observe such an additional peak in this study.
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Fig. 2. Comparison of normalized PL spectra between the a-Si:H passivated c-Si
wafer and the uncoated c-Si wafer, excited by the 532- and 830 nm lasers at 79 K.
4. Luminescence of c-Si wafers passivated by a-Si:H

4.1. Dependence of luminescence on excitation wavelength and
measurement temperature

Next, we examine the spectra emitted from a-Si:H passivated c-
Si wafers. Since the a-Si:H passivation layer is �30 nm thick, the
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532 nm excitation light (absorption depth in a-Si:H is 160 nm at
79 K) is absorbed in both the a-Si:H and c-Si layers. In Fig. 2, the
spectrum at 79 K from this passivated wafer displays two separate
peaks: (1) a very broad peak at �940 nm attributed to the a-Si:H
passivation layer, and (2) a sharp peak at �1125 nm attributed to
the underlying c-Si substrate. Note that the a-Si:H layer was
deposited at ANFF and hence the a-Si:H peak position (�940 nm)
is comparable to that shown in Fig. 1a. The spectrum from an
uncoated c-Si wafer was also included for comparison. The small
peak at �1200 nm in all spectra is the phonon replica of the c-Si
peak. Also shown is the spectrum from the a-Si:H passivated c-Si
wafer, but with the 830-nm excitation laser. Due to the increasing
absorption depth of this excitation light, most of this laser light is
absorbed in the underlying c-Si substrate, and thus the emission
from the a-Si:H layer is suppressed in relative terms and the
spectrum is very similar to that from an uncoated c-Si wafer (see
Fig. 2). This shows the importance of using an appropriate illu-
mination wavelength to identify the presence of an a-Si:H passi-
vating layer [47].

Furthermore, the luminescence from a-Si:H is known to display
a very strong thermal quenching and is usually entirely suppressed
at room temperature [42–44,48], since the carriers trapped at the
tail states can be thermally excited back to their corresponding
band edges and freely move in the material until they are trapped
by other non-radiative recombination centers. Fig. 3 shows the
evolution of the normalized spectra from the a-Si:H passivated c-
Si wafer versus the temperature, excited by the 532 nm laser. The
a-Si:H peak from the passivated wafer is significantly reduced with
increasing temperatures. At room temperature, the normalized
spectrum from this passivated sample is overlapped with that
from the uncoated c-Si wafer, although the relative PL intensity of
the former sample is one order of magnitude higher than that of
the latter due to the passivation effects of the a-Si:H film on the c-
Si substrate [49,50]. Therefore, performing measurements at
cryogenic temperatures with an appropriate excitation wavelength
is critical to detect the presence of a-Si:H layers on the c-Si sub-
strate. Note that there is a very sharp peak at 1064 nm in all
spectra. This is an artifact due to the not-entirely-suppressed
1064 nm component from the 532 nm DPSS laser.

4.2. Dependence of luminescence on excitation power

When the PL spectrum contains multiple components from
various layers on the substrate, its spectral shape is very sensitive
to the excitation power due to the different dependencies of each
individual component on the excess carrier density, which is
related to the excitation power [11,12]. Fig. 4a plots the PL spectra,
normalized to the c-Si peak, from the a-Si:H passivated c-Si wafer
phous silicon, silicon nitride, and diffused layers in crystalline
aterials and Solar Cells (2015), http://dx.doi.org/10.1016/j.
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at various 532-nm excitation powers at 79 K. The higher the
excitation power, the less pronounced the a-Si:H peak compared
to the c-Si peak. This dependence stems from the different
radiative recombination mechanisms between the a-Si:H layer and
the underlying c-Si substrate. The c-Si PL signal originates from
carriers at the two band edges, and thus is a quadratic function of
the excess carrier density Δn under high injection [51]. Mean-
while, the a-Si:H PL signal, in principle, has a similar recombina-
tion mechanism compared to that of the deep-level PL signal from
dislocations in c-Si [11] since both are emitted from defect states
in the band gap. Therefore, the same as the deep-level PL signal
from dislocations [11], the a-Si:H PL signal shows a much weaker
dependence on the excitation power than the band-to-band PL
signal from c-Si.

In order to support the above explanation, we measured the
peak intensities of a-Si:H and c-Si versus the excitation power at
79 K, and plotted the results in Fig. 4b. The data of c-Si was cap-
tured on the uncoated c-Si wafer in order to avoid overlapping
with the low energy tail of the broad a-Si:H peak, whereas the
data of a-Si:H was captured directly on the a-Si:H passivated c-Si
wafer since the PL peak intensity of a-Si:H is not affected by the
very sharp PL peak of c-Si. As can been seen in Fig. 4b, the c-Si PL
intensity shows a very strong dependence on the excitation power,
whereas that of a-Si:H has a very weak dependence.
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Fig. 3. Temperature dependence of normalized PL spectra from the a-Si:H passi-
vated c-Si wafer, excited by the 532 nm laser. The spectrum at 298 K from the
uncoated c-Si wafer was also included for comparison.
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The PL intensities from the uncoated c-Si sample and the a-Si:H
layer can be simply fitted by Eqs. (1) and (2), respectively:

PLc�SipP x
0 ð1Þ

PLa�Si:Hp P0 1�e�αd
� �h iy

ð2Þ

P0 is the excitation power, which is directly related to the
excess carrier density. α is the absorption coefficient of a-Si:H, and
d is the thickness of the a-Si:H film. x and y are the fitting para-
meters. The term P0(1�e�αd), instead of P0, in Eq. (2) accounts for
the fraction of P0 absorbed in the a-Si:H layer since this layer is
thinner than the absorption depth of the 532 nm laser at 79 K.
Fitting the data in Fig. 4b yields x and y of 1.64 and 0.23, respec-
tively. In fact, x is expected to be close to 2 since PLc-Si�Δn2.
However, the wafers are under high injection, and thus Auger
recombination plays a role. Therefore, Δn does not increase as
quickly as P0.
5. Luminescence of c-Si wafers passivated by SiNx films

5.1. Detection of a-Si:H PL signature in SiNx films

Fig. 5a plots the normalized PL spectra from SiNx passivated c-
Si wafers, deposited by PECVD with various SiH4:NH3 gas flow
ratios. Similar to the a-Si:H passivated c-Si wafers, besides the c-Si
peak at �1125 nm, we can observe another peak between 850 and
900 nm, similar in shape to that of the a-Si:H passivated c-Si
wafers, and hence denoted as a-Si:H in Fig. 5a. The intensity of this
a-Si:H peak increases with increasing SiH4:NH3 gas flow ratios.
Interestingly, this is not simply due to the increasing silicon
component in the SiNx films, but it suggests that the excess Si
atoms are clustered in a form that replicates the bond structure of
a-Si:H, because the PL spectra are akin to that of this amorphous
semiconductor. We also observed the same trend in the nþ dif-
fused c-Si wafers passivated by the PECVD SiNx films with different
SiH4:NH3 gas ratios, as shown in Fig. 5b. In this case, besides the
a-Si:H and c-Si peaks, we observe another peak at �1160 nm due
to the band-to-band emission from the nþ diffused c-Si layer,
which is shifted to longer wavelengths compared to the c-Si peak
due to band-gap narrowing effects in the heavily-doped layer [12].
We have labeled this peak HDBB (heavily-doped band-to-band) in
Fig. 5b.

As an additional test, we removed the SiNx film (SiH4:
NH3¼30:10) from one wafer using a dilute HF solution. The a-Si:H
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PL peak disappeared, as shown in Fig. 5a. Since neither a-Si:H nor
c-Si can be dissolved in HF, the a-Si:H peak observed before
etching cannot originate from an a-Si:H layer which may be pre-
sent at the interface between the SiNx film and the c-Si wafer, but
must be emitted from within the SiNx film itself. To further
investigate if the source for this a-Si:H PL peak is distributed
across the entire thickness of the SiNx film, we changed the PECVD
deposition time, but kept other parameters the same, in order to
achieve various thicknesses of the SiNx film (SiH4:NH3¼30:10).
Fig. 5c shows that the relative PL intensity of the a-Si:H peak
increases with the SiNx film thickness. Therefore, we conclude that
the observed a-Si:H PL peak is emitted from the bulk of the SiNx

film, not from just an interfacial layer.
5.2. Correlation of a-Si:H PL and SiNx optical properties

Fig. 6a and b shows the a-Si:H peak intensity of the SiNx pas-
sivated c-Si wafers versus the refractive index n at 632 nm and the
absorption coefficient α at 400 nm of the SiNx film, respectively.
The results in these two figures confirm that the film with higher
n, and thus higher α, yields a stronger a-Si:H PL peak. This finding
is consistent with the fact that the more silicon-rich film has
higher n and α [21,52]. In addition, Fig. 6c compares the absorp-
tance spectra between the SiNx (SiH4:NH3¼30:10) and a-Si:H
films, deposited directly on the glass substrates with the same
thickness of �75 nm. The absorptance spectrum of the glass
substrate was also included to facilitate the comparison. Since we
were interested in the percentage of the entering light absorbed in
the material, we applied the following formula to determine the
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weighted absorptance in Fig. 6c:

A¼ 1�T�R
1�R

ð3Þ

T and R are the total transmittance and reflectance, respec-
tively, and are measured with a spectrophotometer. The denomi-
nator accounts for the light fraction entering the material, and the
numerator accounts for the total absorbed light. In Fig. 6c, the
glass substrate hardly absorbs any light above 360 nm. Therefore,
the absorption from 360 to 600 nm of both thin films (SiNx and
a-Si:H) deposited on the glass substrate must be due to the two
films themselves. Therefore, the passivation layers, although
reducing the surface recombination, could detrimentally impact
the performance of c-Si solar cells via unwanted absorption. Note
that the SiNx recipe (SiH4:NH3¼30:10), giving a very high refrac-
tive index n, was chosen to best illustrate the capabilities of the
presented method. In practice, the recipe should be optimized to
achieve both low surface recombination and low absorption in the
passivation films.

Furthermore, we verify that there is a-Si:H embedded in the
SiNx film. We performed Raman spectroscopy on the nþ diffused,
SiNx passivated c-Si wafer (SiH4:NH3¼30:10), and plotted the
results in Fig. 7. The setup for Raman measurements is the same as
that for PL measurements [4,12], except that a silicon detector and
a 900 grooves/mm grating monochromator were employed
(compared to an InGaAs detector and 150 grooves/mm grating
monochromator for PL measurements). Compared to the spectrum
of the undiffused, uncoated c-Si wafer, besides the c-Si peak at
�520.9 cm�1, there is another peak at �480 cm�1 associated
with a-Si:H [53]. These results confirm that the PL peaks between
phous silicon, silicon nitride, and diffused layers in crystalline
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850 and 900 nm in Fig. 5a and b are emitted by the a-Si:H clusters
embedded in the SiNx film.

The Raman and PL signals have different emission mechanisms:
the Raman photons are emitted from the excited electrons which
are still bound to their host atoms or molecules, whereas the PL
photons are emitted from the excited carriers which move freely
in the material. Therefore the Raman measurement can be con-
sidered as an independent comparison with the PL measurement,
thus verifying the presence of a certain material detected by the
luminescence technique. Compared with PL, the Raman technique
Please cite this article as: H.T. Nguyen, et al., Characterizing amor
siliconsolarcellsusingmicro-photoluminescence..., Solar Energy M

solmat.2015.11.006i
itself has some advantages. (1) The Raman signal is not affected by
the carrier diffusion since the excited electrons are confined
within their host atoms or molecules, thus increasing the lateral
resolution. (2) The Raman signal from different materials can be
readily resolved at room temperature. (3) One can employ shorter
excitation wavelengths, for example ultra-violet (UV), to probe much
thinner layers of different materials since the detection wavelengths
are close to the excitation wavelengths, while being able to increase
the spatial resolution. Detecting the PL signal in the near-infrared (NIR)
wavelength region, excited by a UV laser using the confocal system,
usually requires special optics which can cover a broad range of
wavelengths (from UV to NIR). These advantages of a micro-Raman
system have been exploited by Heinz et al. [54] to characterize very
thin a-Si:H layers on textured c-Si wafers with a spatial resolution of
�200 nm. However, many microscopic properties of defects and
impurities in silicon are not revealed on the Raman spectra, but are
more easily detected by the micro-PLS technique, such as the energy
levels of iron precipitates [5], oxygen precipitates [2], dislocations [1–
4], localized heavily-doped regions [11,12], or the distribution of
defects and impurities along sub-grain boundaries in multicrystalline
silicon wafers after different solar cell processing steps [55]. Therefore,
the two techniques can complement each other, as exploited by Heinz
et al. [54].

We note that the a-Si:H PL spectra captured from our SiNx films
are different from the commonly reported spectra from SiNx films in
the literature [56–60]. The spectra reported in the literature were in
the visible wavelength range and are still present at room tem-
perature, and required lower excitation wavelengths (o460 nm) to
be observed. On the other hand, our a-Si:H spectra from the SiNx

films are in the infrared wavelength range and completely dis-
appear at room temperature, and these properties are similar to
phous silicon, silicon nitride, and diffused layers in crystalline
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those of the spectra from the pure a-Si:H films. They can be sti-
mulated by 532 nm laser excitation with energy below the band-
gap of SiNx.
6. Characterization of SiNx films and diffused layers in com-
plete solar cells

Finally, we demonstrate the application of the techniques pre-
sented above on various finished solar cells. Fig. 8a shows the layouts
of three different n-type c-Si solar cell structures fabricated at ANU,
including the so-called PERL [23], FSF-IBC [24,25], and IBC cells [26].
The notable differences among these three cells are the surface pas-
sivation and diffused layers. The passivation layer on the FSF-IBC cell
was deposited by low-pressure chemical-vapor-deposition (LPCVD)
Si3N4, and hence is stoichiometric, whereas the SiNx layers on the IBC
(ANU SiNx) and PERL (ANFF SiNx) cells were deposited by PECVD (see
Table 1). The diffused layers of these cells also have different sheet
resistances. For the FSF-IBC cell, since we still have 40-μm gaps
between two metal lines, we were also able to measure at the rear
without interference from the metal layer.

Fig. 8b compares the normalized PL spectra measured on the
front of the three solar cells. Only the PERL cell has the a-Si:H
signal in its PL spectrum, whereas the other two have no signature
of a-Si:H. This indicates parasitic absorption occurring in the SiNx

film of the PERL cell, leading to a lower blue response compared to
the other two cells. Moreover, comparing the shoulders at around
1160 nm in the spectra in Fig. 8b, we can observe that the IBC cell
does not have a front diffused layer underneath the passivation
layer, whereas the FSF-IBC and PERL cells do. In order to compare
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Fig. 8. (a) Layouts of the investigated PERL, FSF-IBC, and IBC solar cells. (b) Comparison
the pþ diffused regions of these three solar cells, excited by the 532 nm laser at 79 K.
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the doping levels among different diffused regions, we captured
the normalized spectra from different diffused regions and plotted
them in Fig. 8c and d for nþ and pþ regions, respectively. Their
sheet resistances are given in the brackets. In Fig. 8c and d, the
lower the sheet resistance, corresponding to a heavier diffusion,
the higher the HDBB peak. Therefore, this technique could be
employed directly on finished solar cells as a nondestructive
contactless characterization tool to study and optimize both the
diffused and passivation layers.
7. Conclusion

Utilizing the different luminescence mechanisms from amor-
phous silicon films and crystalline silicon wafers, we have pre-
sented and explained the combined photoluminescence spectra
from crystalline silicon wafers passivated by thin amorphous sili-
con films, including the dependencies on both the measurement
and preparation conditions. Based on these findings, we have
demonstrated that silicon nitride films can give rise to the amor-
phous silicon luminescence, suggesting the presence of amor-
phous silicon clusters in silicon-rich silicon nitride films. This
luminescence was found to correspond to the onset of unwanted
parasitic absorption of visible light in the nitride layer. Adding the
ability to detect distinct emission from heavily-doped silicon lay-
ers courtesy of band-gap narrowing effects, we have demonstrated
that spectral PL measurements can be useful to evaluate both the
passivating and diffused layers of finished solar cells, with micron-
scale spatial resolution.
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