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The room temperature photoluminescence (PL) spectrum due band-to-band recom-
bination in an only 8 µm thick liquid-phase crystallized silicon on glass solar cell
absorber is measured over 3 orders of magnitude with a thin 400 µm thick opti-
cal fiber directly coupled to the spectrometer. High PL signal is achieved by the
possibility to capture the PL spectrum very near to the silicon surface. The spectra
measured within microcrystals of the absorber present the same features as spec-
tra of crystalline silicon wafers without showing defect luminescence indicating
the high electronic material quality of the liquid-phase multi-crystalline layer after
hydrogen plasma treatment. © 2016 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4971279]

Laboratory solar cells implementing very thin about 10 to 20 µm thick liquid-phase crystallized
silicon on glass (LPCSG) produced by line focus laser beam or electron beam (e-beam) crystalliza-
tion of amorphous and nanocrystalline silicon layers on glass, showed open circuit voltages (Voc) of
656 mV1–6 comparable to industrial and highest efficient multi-crystalline wafer solar cells.7 There-
fore, LPCSG presents a promising material to fabricate solar cells and modules. This technology could
merge the advantage of crystalline silicon (c-Si) wafer technology with its high efficiency potential
and thin film technology with low Si consumption and low cost monolithic integration for module
fabrication. LPCSG technology could be an approach to overcome the emerging limits for further cost
reduction in standard wafer-based module technology. Most developments of the LPCSG absorbers
have been made by fabricating solar cells, measuring and analyzing their current-voltage (IV) charac-
teristics and quantum efficiency (QE) or on quasi-solar cells measuring the Suns-Voc characteristic.
For detailed characterization of material properties of multi-crystalline (mc) silicon wafers photolu-
minescence (PL) imaging using CCD cameras has been developed in recent years8 and is becoming
new standard of wafer inspection in solar cell industry. This technique has been shown to detect also
the photoluminescence of very thin silicon absorbers by implementing several modifications to stan-
dard equipment.9 However, it was not possible to correlate quantitatively the PL images with material
properties of LPCSG absorbers. Recently, the measurement of the effective charge carrier lifetime
(τeff) in LPSCG absorbers using the quasi steady-state photoconductance method (QSS-PC)10 was
introduced to determine the absorber quality already after the laser crystallization process.11 This
gives an early and immediate feedback of the quality of solar cell precursors in every fabrication step
and accelerates the solar cell process development. However, the injection level dependent photocon-
ductance data gives average values, e.g. of the τeff and the implied open circuit voltage (Voc), over a
sample area of several square centimeters, but gives no detailed data of small areas as e.g. crystal grains
in mc-Si material. It would be very interesting to measure the effective lifetime in thin film mc-Si
layers also directly by PL, since e.g. trapping of charge carriers has less impact on PL measurements.12

With the objective to further develop the PL technique for this purpose we present the measurement
of photoluminescence at room temperature of very thin about 8 µm thick mc Si layers on glass in
this paper.

For all photoluminescence measurements we use the experimental setup shown in Fig. 1(a). The
setup basically consists of a SDL tunable laser diode (≈ 200 mW) at 817 nm (focused beam diameter
1-2 mm) for optical excitation and a cleaved optical fiber (400 µm diameter) which is collecting the
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FIG. 1. (a) Implementation of a thin (400 µm) optical fiber permits to detect the PL very near to the Si surface (distance less
than 1 mm) which results in a very high PL signal and high spatial resolution. (b) Comparison of the room temperature PL
spectrum of a n-type 675 µm thick Si wafer with the spectra at different positions of an 8 µm thick n-type LPC mc Si layer. The
insert shows the LPCSG absorber (2.5 cm x 2.5 cm) from the top side (Si layer) with an indication of the (approx.) position
of the PL measurements.

PL just from the excited sample surface and guides it directly to a Spectro 320 fiber spectrometer
(Instrument Systems). To suppress the long wavelength part of the emission band of the laser diode
that is overlapping with the PL-wavelength region of the sample, the excitation beam is filtered by a
short pass filter (FES850, Thorlabs). The implementation of an optical fiber permits to detect the PL
very near to the silicon surface (distance less than 1 mm) which results in a very high PL signal that
can be detected without any lock-in amplifying technology.

Fig. 1(b) compares the room temperature PL spectrum of a n-type (1.5 Ωcm, ND = 3x1015 cm-3,
orientation <100>) 675 µm thick Si wafer electronically passivated on both sides by an intrinsic
amorphous Si (i-Si) layer and the PL spectra at different positions of an 8 µm thick n-type (0.1Ωcm)
liquid-phase crystallized (LPC) silicon layer passivated on the front side by a hetero emitter structure
consisting of an (≈ 10 nm thick) i-Si layer and a p-type amorphous Si layer (p-Si, ≈ 30 nm thick). The
LPC Si layer is deposited by electron beam evaporation on a sputtered silicon oxide/silicon oxide
nitride buffer layer stack on 3 mm Borofloat 33 glass (Schott). The LPC Si film is crystallized by
an 808 nm continuous wave line focus laser (LIMO Lissotschenko Mikrooptik GmbH), afterwards
hydrogen plasma passivation of electronic defects and a surface etch treatment has been performed
then the hetero emitter was deposited.11 In Fig. 1(b) is included a photo of the LPCSG sample with
an indication of the different measurement positions of the spectra. In our measurement procedure
for the PL spectra, first we use a common Si wafer, known for its strong PL signal, to adjust the
position of the excitation beam focus on the sample as well as the position and the optimal incident
angle of the optical fiber to collect maximum PL intensity. The black line in Fig. 1(b) represents the
PL-spectrum of a Si-wafer showing the typical spectral PL emission of c-Si with a peak at about
1100 nm (1.1 eV) of the radiation due to band to band recombination in Si.13 Then, we exchange
the wafer by the LPCSG sample with the Si layer showing to the optical fiber. Different structures
occurring in LPCSG layers (crystallites, grain boundaries) were precisely placed in the focus of
the excitation beam to measure their specific PL-spectra. In Fig. 1(b) the PL-spectra from different
positions, respectively structures, at the LPCSG layer are depicted. The blue curve (Pos. 1) and the
red curve (Pos. 3) show PL spectra taken at two different large crystallites with size in the range of
approx. 10 mm x 1 mm as measured in an amplified picture of the sample. The interference fringes,
which are located on the low wavelength side of the maximum PL intensity of the blue curve (Pos. 1),
result from internal reflections in the thin Si film. Interference fringes are not very pronounced due
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to low coherence of the PL light however, they can be used to calculate the thickness of the Si film.
From Young’s equation results the layer thickness (d) by d= (λ1 ∗ λ2)/(2n∆λ), where λ1 and λ2 are
the wavelengths of two adjacent maxima in the spectrum, ∆λ is the difference in wavelength of the
maxima and n is the refractive index of Si. Taking the respective values of four maxima from the top
part of the spectrum measured at Pos. 1 results in an average value of about 8 µm. This coincides
well with the expected thickness of the sample after surface etch (initial thickness was 10 µm). At
the second crystal grain (Pos. 3), interference fringes in the PL spectrum are not very pronounced.
We suppose that the crystal orientation is different from that at Pos. 1 and due to surface etching
the crystal surface is slightly tilted to that of Pos. 1 resulting in damping the interference effect. At
Pos. 2 of the photo we are located at several grain boundaries resulting in the purple curve presented
in Fig. 1(b). The maximum PL-intensity is about five times lower than for the large crystallites
and a second emission band between 1300 nm and 1500 nm appears. Latter emission is attributed to
defect luminescence and is reported for solid phase crystallized silicon layers14 and for electron beam
crystallized silicon layers at low temperatures.15 Finally, the sample was turned, illuminated and the
PL was measured in a large crystallite from the glass side (Fig. 1(b) green curve). Illuminating and
measuring from the glass side the detector signal is about one order of magnitude lower than from
the silicon side. We assume that this is mainly due to the fact that the distance between the optical
fiber and the silicon surface is larger since the 3 mm thick substrate glass is in between. Therefore,
the collection efficiency of the fiber is lower.

To validate our data, in Fig. 2(a) we compare the PL spectrum of our 675 µm thick i-Si passivated
wafer with a recently published PL spectrum of a 200 µm thick silicon nitride (SiNx) passivated
wafer16 (purple circles) and measured at 300 K. In Ref. 16 the PL spectrum is normalized to the
maximum PL intensity situated at the Si band gap energy of 1.1 eV. In addition, the spectrum has
been corrected for reabsorption of emitted radiation in the Si wafer. To calculate the amount of
reabsorbed photons also in our samples, the following procedure described in Ref. 13 was applied.
The generation rate (δgsp) of photons per volume and energy interval in a semiconductor is given by
the generalized Planck law:17–19

δgsp = (8π n2/h3co2)(hν)2
αBB e(−hν/kT) e(∆EF/kT)

δ(hν) (1)

with n the refractive index, h the Planck constant, c0 the speed of light in vacuum, ν the wavelength,αBB

the band-band absorption coefficient (depending on hν), k the Boltzmann constant, T the absolute
temperature and ∆EF the quasi Fermi level splitting under illumination. The photoluminescence

FIG. 2. (a) Comparison of the room temperature PL spectrum of an n-type 675 µm thick Si wafer (blue curve: corrected for
reabsorption, red curve: as measured) with the PL data of Macdonald16 (purple dots). The green curve represents the correction
function used to calculate the corrected spectrum for the wafer by Eq. 3. (b) Comparison of the room temperature PL spectrum
of an n-type 8 µm thick LPCSG absorber with the PL data of Macdonald. The green curve represents the correction function
to calculate the corrected spectrum for the 8 µm thick Si layer by Eq. 3.
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emitted from a plan-parallel sample as a Si wafer can be calculated from Eq. 1 by integrating over the
sample thickness d, in addition one has to consider the amount of photons reabsorbed in the sample
(Are). For such a planar sample illuminated by monochromatic light, PL is given by:17,20–22

PL = δgspAre/4αBB n2 = [2π/(h3co2)](hν)2Are e(−hν/kT) e(∆EF/kT)
δ(hν) (2)

where the absorptivity of the sample, Are (as function of hν), is approximated by the following
equation considering multiple reflections between two surfaces:

Are(hν)= [1−RF(hν)][1− e(−αBB(hν)∗d)][1+RB(hν)e(−αBB(hν)∗d)]/[1−RF(hν)RB(hν) e(−2∗αBB(hν)∗d)]

(3)

with RF(hν) and RB (hν) the reflection of the sample front side and back side, respectively.
Eq. 3 is the solution resulting from the generalized Planck law for the case that the excess carrier

density (∆n) is homogenous over the wafer thickness and therefore∆EF is constant, and so is e(∆EF/kT).
This is only true for a Si sample where the carrier diffusion length is larger than the wafer thickness
and the surface recombination velocity is very low. To prove this for our samples, the effective carrier
lifetime of the c-Si wafer and the LPCSG absorber was determined by the QSS-PC method. For the
c-Si wafer results τeff ≈ 1 ms at 1 Sun illumination intensity, corresponding to a diffusion length (Leff)
of about Leff ≈ 1 mm, larger than the wafer thickness. This indicates a very good surface passivation
with a low surface recombination velocity resulting in a homogenous charge carrier profile under
illumination. At the high injection level of the laser irradiation (≈ 200 mW/0,02 cm2 = 100 Suns) τeff

is in the range of only 10 µs (Leff ≈ 100 µm) due to Auger recombination. Nonetheless, the injection
profile remains homogenous over the sample thickness since Auger recombination is homogenously
distributed. For the LPCSG absorber we measured τeff for injection levels higher than 50 Suns
resulting in a τeff (100 Suns) ≈ 35 ns (excess carrier density, ∆n≈ 4x1014 cm-3) corresponding to a
Leff of about 5 µm less than the absorber thickness. The lifetime data indicates that carrier lifetime
is dominated by the surface recombination at one or both sample sides and we cannot assume a
homogenous charge carrier profile under high laser illumination. Under this condition ∆EF is not
constant, which makes the calculation of the amount of reabsorbed photons very complex.

In Fig. 2(a) the normalized measured PL spectrum of our 675 µm thick wafer from Fig. 1(b) is
presented by the red curve. The green curve represents the normalized correction function CF(hν)
calculated by Eq. 3 and multiplying Are(hν) by the factor PF= (hν)2∗e(−hν/kT). For the calculation of
Are the reflection of the samples was measured with a spectrometer with integrating sphere (Lambda
900, PerkinElmer). The CF curve describes the relative increase of the absorption coefficient by the
reabsorption effect and is more pronounced for high energy photons due to their larger absorption
coefficient. The corrected PL spectrum in Fig. 2(a) shown by the blue curve is then calculated by
PLcor= [(PL/PF) (1 + Are(hν))] PF and normalizing again.

Our corrected PL data lies in the low and high energy range slightly under the data from Ref. 16
which is supposed to mainly result from not exactly same sample temperature. Our sample was not
mounted on a temperature controlled sample stage and was about 293 K, the laboratory temperature.
In addition, the digitalization of data from Ref. 16 and of the absorption coefficient from Ref. 13
might introduce an error.

Fig. 2(b) compares the normalized PL spectrum of the LPCSG absorber from Pos. 1 in Fig. 1(b)
with the data of Ref. 16. Here the green curve presents the correction function calculated for a thin
Si layer of 8 µm thickness. The CF coincides with the corrected PL spectrum from Ref. 16 and the
correction of our measured data is very small. One concludes that in an 8 µm thick sample reabsorp-
tion has only a small impact on the PL signal in the here presented data range. Interestingly, the PL
intensity at high energies is relatively higher for the thin LPCSG absorber than for a wafer, which is
also found for other LPCSG absorber in this thickness range. Probably the non-homogeneous excess
carrier (∆n) distribution is responsible for this effect. This could be detected e.g. by illuminating
with different wavelengths. For non-homogenous ∆n Eq. 3 in principle is not valid and the expo-
nential factor e(∆EF/kT) in Eq. 2 might introduce an additional dependence of the PL on wavelength.
However, the calculation of this sample configuration is very complex and is out of the scope of
this work.
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In conclusion, we have measured the room temperature photoluminescence spectrum due band
to band recombination in a lightly doped n-type crystalline silicon wafer with a thin 400 µm thick
optical fiber directly coupled to the spectrometer. Using an optical fiber allows to collect the emitted
photoluminescence radiation very near to the wafer surface resulting in an excellent signal without
the need to amplify the detector signal by lock-in technology. The spectrum has been corrected by
reabsorption and coincides well with data reported in literature. Next, we used the experimental
setup to measure for the first time the room temperature photoluminescence spectrum in several
microcrystals of a thin 8 µm n-type liquid-phase crystallized silicon layer on glass. Due to the small
layer thickness, the radiation from the microcrystals is about 10 times lower than of the silicon
wafer nevertheless, spectra could be measured over three orders of magnitude. The spectra measured
within the area of microcrystals present the same features as the spectrum of the silicon wafer
without showing defect luminescence indicating the high electronic material quality of the mc Si
layer after hydrogen plasma treatment. Defect luminescence was found when measuring at grain
boundaries, however with emission intensity usually lower than the band to band emission, also an
indication of the high material quality. Interestingly, the relative photoluminescence emission at high
energies of thin mc Si layers is higher than in a thick wafer, which is still under investigation. The
photoluminescence of the thin mc Si layer also could be measured through the 3 mm thick Borofloat
33 glass substrate but with about 10 times lower signal. It shows that optical fiber technology together
with photoluminescence detection is a very promising technology for material and process control of
thin silicon solar cells. This kind of equipment e.g. can be further developed to perform time-resolved
measurements of PL intensity e.g. generated by pulsed laser light. This will give information on
carrier lifetime and recombination mechanisms in the Si layers. Furthermore, the simulation and
fitting of PL spectra with theoretical curves using phonon absorption and emission bands in Si can
give information e.g. on doping density in thin mc Si layers but also on density of states of phonons in
Si in general.16
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Glass). We like to thank the Thüringer Aufbaubank (TAB) and the European Commission (ESF) for
funding the project Bi-PV (FKZ 2015 FGR 0078).
1 J. Haschke, D. Amkreutz, L. Korte, F. Ruske, and B. Rech, Solar Energy Mater. Solar Cells 128, 190 (2014).
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4 A. Gawlik, I. Höger, J. Bergmann, J. Plentz, T. Schmidt, F. Falk, and G. Andrä, Phys. Status Solidi RRL 9, 397 (2015).
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