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Multicrystalline, Highly Oriented Thick-Film Silicon from

Reduction of Soda-Lime Glass

Ingrid Schall, Stefan G. Ebbinghaus, Christian Strelow, and Erwin Peiner*

The study describes synthesis and characterization of > 10 pm thick
multicrystalline (mc), highly oriented, p-doped silicon layers by
aluminothermic reduction of low-cost soda-lime glass. X-ray diffraction shows
a highly preferred (111)-orientation and excellent crystallinity. Low
compressive stress and very good crystallinity are confirmed by the peak
position and width of the Raman LO-phonon line, approaching the one of bulk
single-crystalline wafer material. Due to strong bonding to the glass substrate
layer, spalling is not observed. A conductive aluminum-rich oxide layer is
formed underneath the silicon, serving as an electrical back-contact for
electronic devices. Using secondary ion mass spectrometry very low
concentrations of 10'4-~10"> cm~3 of impurities are found originating from the
soda-lime glass with an iron content below the detection limit. Furthermore, a
plateau-like, very homogenous Al concentration of ~4 x 10'® cm~3 over a
thickness of ~10 um is found, which corresponds to the solubility of Al in Si
at the process temperature. Complete electronic activation within the plateau
region is confirmed by carrier concentration measurements using
electrochemical capacitance-voltage profiling and Raman spectroscopy. Hole
concentrations in the range of few 10'® cm—3 are beneficial for the p-type base

1. Introduction

Crystalline silicon on glass substrates
has many possible applications like
high-mobility layers for thin-film-
transistors,l!!  microelectromechanical-
systems-based high quality factor
gyroscopes,?l energy harvesters for
leadless pacemakers,’] membrane-free
microfluidic thermal flow sensors,*
or material- and energy-efficient fabri-
cation of absorber layers of thin-film
solar cells.’] All these applications have
in common that a silicon layer has
to be closely connected to the glass
substrate. Sheets of bulk crystalline
silicon (sawed, thermic stressed, and
ion stacked) or silicon layers epitaxially
grown on HF-porosified silicon, which
are subsequently ablated, can be bonded
on glass using an adhesion promoter.®
Alternatively, gas-phase deposition of

material of full-emitter cell mc-silicon photovoltaic devices.
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silicon on a glass substrate is feasible, for

example by electron-beam evaporation

or chemical vapor deposition (CVD).

With the latter, the process tempera-

ture must be kept low enough not to
cause damage to the glass, e.g., using plasma-enhanced (PE)
CVD. However, direct deposition on a glass substrate results in
amorphous or amorphous-microcrystalline silicon yielding low
efficiencies of 6%, 7%, and 9.6%, respectively, when used as ab-
sorber material for photovoltaic (PV) power generation.!’]

In the so-called aluminum-induced layer exchange (ALILE)
process, a layer of aluminum is evaporated on glass and sepa-
rated by an oxide layer, followed by the deposition of a silicon
layer on top. By annealing this sandwich below the Al-Si eutectic
temperature of 577 °Cl®l aluminum-induced crystallization (AIC)
of the silicon starts, and layer exchange leads to ~100 nm thick
coarse-grained silicon (lateral grain size up to 250 um) on the
glass substrate.>!!] Unfortunately, the obtained crystalline sili-
con generally contains a large concentration of Al impurities of
3% 10¥ cm3, which are only partially activated (=10 %), while a
considerable share of it is incorporated on interstitial sites or at
grain boundaries creating deep states.[’) Therefore, AIC silicon
cannot directly be applied as absorber material for solar cells,
but is used as a seed layer for subsequent deposition of pc sili-
con, however, with a limited electronic quality due to intra-grain
defects.[') On the other hand, remaining Al at the interface be-
tween silicon and glass can be beneficially used as a back con-
tact of a solar cell.®! As an industrially successful process for the
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production of uc silicon layers on glass, solid-phase crystalliza-
tion (SPC) was used for solar cell production by CSG Solar AG,
Germany until insolvency in 2011.[1] Here, a silicon layer is crys-
tallized by annealing for several hours at a moderate tempera-
ture of 600 °C, yielding layer thicknesses and grain sizes of 1—
3 um. With a ~2 pm thick silicon diode stack by PECVD, treated
at 600 °C for SPC and subsequently at ~900 °C for rapid ther-
mal annealing an efficiency of 10.5% was reached. A change of
silicon crystallization was considered necessary to overcome the
limitations of SPC, e.g., with respect to silicon layer thickness and
grain size.

Successful fabrication of thick multicrystalline (mc) silicon
wafer material on glass was recently reported based on recrys-
tallizing a deposited silicon layer from its melt.>12] Here, at least
for good electronic quality, diffusion-barrier-coated, temperature-
stable boron-, or alumina-silicate glass substrates are required to
achieve mc-silicon layers of a thickness of ~ 10 um. The relatively
low deposition rate of 20 nm min~! of silicon using PECVD can
be increased to 1 pm min~! using e-beam evaporation under near
ultra-high vacuum conditions. After melting (T, 5; = 1410 °C) the
deposited silicon layer crystallizes to grain sizes of 100 pm. To
limit the thermal load, melting is done only within limited ar-
eas by irradiating the glass along consecutive lines using focused
halogen lamps, lasers, or an electron beam.['*] The best results
by liquid phase crystallization (LPC) are obtained using alumi-
nosilicate glass coated by a triple-stack SiO, /SiN, /SiO interlayer
(IL).[12 The IL serves as a diffusion barrier to prevent impurities
from the glass from entering the silicon while melting. Using a
one-side contact system with interdigitated layers of n* regions
and p* emitters, which is needed due to the lack of a back contact,
an efficiency of 15.1 % was reached.’) Small test devices (0.1 cm?
active area) with a full-emitter cell design, show a maximum ef-
ficiency of 15.8%.[12]

IPHT Jena developed an LPC process of Schott Borofloat 33
glass, in which they used a 980 nm diode laser for LPC-film
thicknesses > 5 mm for reducing total cost of ownership ow-
ing to higher efficiency and lifetime and maintenance-free de-
sign in comparison to the standard 808 nm laser process.!'*
In their solar cell designs they exploited the transparency of
glass for bifacial illumination,'>! or for enabling a textured
or nanowire-structured absorber backside surface for efficient
light absorption.['] A low-temperature technology of vanadium
oxide/c-Si heterojunctions defined by IR laser processing was
proposed for emitter and base contact formation.!']

Replacing technical glass as a substrate of mc-silicon solar cells
with soda-lime glass is the next logical step for further cost reduc-
tion. Correspondingly, LPC on soda-lime glass for photovoltaics
(PV) was recently reported, however, with a considerably lower
PV efficiency of 4.3%.1"8] Additionally, occasional spalling of 6
to 12 pm thick silicon layers was observed after a few days with
LPC silicon on soda-lime glass substrates. Moreover, Si layers of
12 pm in thickness, which is favored for solar-cell performance,
generally peeled off from the triple-stack-coated soda-lime glass
substrate after one day at the latest. Stress during solidification
of the molten silicon related to the large thermal-expansion mis-
match between silicon and soda-lime glass was detected as the
root cause of this spalling effect.

A different approach for fabricating silicon on glass is based
on the metallothermic reduction of glass. Metallothermic reduc-
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tion, for example using carbon as the reducing agent, has been
widely applied to produce silicon from abundant silicon oxide.
Using magnesium or aluminum instead of carbon results in a
solid-state process. The chemical reaction of silicon dioxide with
aluminum occurs according to

35i0, + 4 Al > 2A1,0, +3Si (1)

aluminothermic reduction of the SiO, content of a glass sur-
face, e.g., for photovoltaic (PV) application was so far only used
for aluminum-induced texturing (AIT) of solar glass for en-
hancing optical absorption leading to small, non-contiguous p-
crystalline silicon islands. In a detailed study, AIT reduction of
planar glass was described, which uses 120 nm sputter-coated
aluminum on borosilicate glass at 500-570 °C.[!) Raman mea-
surements showed the typical signature of uc-silicon, i.e., a broad
shoulder at the lower wavenumber site of the LO phonon mode
with a full width at half maximum of 7 cm™' in comparison
to monocrystalline bulk silicon (x3.5 cm™).12°1 A contiguous
layer of silicon clusters was formed with a non-uniform thick-
ness in the order of only 100 nm on average. It was assumed
that the diffusion of Si atoms through Al,O; nodules is the
rate-limiting step in the AIT process.['?) However, the shrink-
ing molecular volumes associated with the aluminothermic reac-
tion (Equation 1), lead to the formation of voids in the produced
alumina.[?!]

It can be expected that under optimized process conditions the
generated alumina does not form a close barrier layer on the
glass, which hinders a further transport of aluminum and re-
leased silicon for maintaining the reaction, but is rather porous.
These pores can be continuously filled by elemental Al from the
top layer. The generated silicon, which has a very low solubility
in solid aluminum,[®! will be pushed toward the surface, where
it can crystallize into an mc layer. This process will not stop un-
til the aluminum is entirely consumed. To prove this concept,
we applied the aluminothermic-reduction reaction (Equation 1)
and were able to establish a fundamentally novel crystalline-
silicon synthesis (CSS) process leading to ~10 pym mc-silicon lay-
ers on standard low-cost soda-lime glass.[??] This CSS process
is based on the application of heat (600-650 °C) and pressure
(0.05-0.3 MPa) on an aluminum foil. Under these conditions,
the AL O;, which is generated during the aluminothermic re-
action, does not form a barrier for the continuous transport of
Al to the glass surface. The CSS process starts from numerous
seeds, which are uniformly distributed across the sample sur-
face. During the process, they coalesce forming a contiguous
multicrystalline layer. Therefore, there is no fundamental limi-
tation of the wafer size, but uniformity of the CSS layer requires
precise control of the process parameters across the entire glass
surface.

CSS was explored and since then continuously optimized on
soda-lime glass by sameday media GmbH within three projects
funded by the “Deutsche Bundesstiftung Umwelt” (Az 32 945/01,
Az 32945/02, Az 32945/03).12-%5]

In the following, we report on > 10 pm thick multicrystalline
(mc) silicon layers on low-cost soda-lime glass fabricated using
the CSS process and their characteristic properties for device ap-
plications, including grain size, crystallinity, strain, impurity dis-
tribution, doping level, and conductivity.
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Figure 1. Photographs of silicon layers (13 um) on soda-lime glass with >2 cm? in area prepared via the CSS process after removal of Al residues from
the surface by chemical etching (left and middle) and additional polishing to a mirror-like finish with 0.25 um diamond paste (middle). The right image
shows a top-view micrograph of a silicon layer fabricated by area-selective CSS after the removal of Al residues, polishing, and etching in 13.6% NaOH
for 2 h. The areas covered with silicon were defined by the pattern of aluminum deposition, i.e., no Al was deposited in the black-stripe area, showing

an abrupt transition to the CSS-processed regions.

2. Results and Discussion

To investigate the quality of silicon on soda-lime glass obtained by
the CSS process, a detailed characterization was carried out with
respect to grain size, crystallinity, strain, impurity distribution,
doping level, and conductivity. Figure 1, left and middle show
photographs of CSS-synthesized crystalline silicon. The remain-
ing unprocessed aluminum in small pits of the silicon or between
unconnected silicon crystallites was removed wet chemically us-
ing Al80 UN 3265 (see Experimental Section). On the right, a top-
view micrograph of a layer is shown after the surface was etched
for 2 h by 13.6% NaOH. The surface is completely covered by
contiguous grains of silicon extending over ~1 mm in lateral di-
rections. In this case, two separate areas were processed via CSS
by covering these areas with the reducing aluminum layer, while
the gap in between was not, i.e., here the unreacted glass surface
can be seen. The abrupt transition between the regions, where
was the glass converted to silicon, and the unreacted glass im-
pressively visualizes that the CSS process is limited to the area
below the aluminum layer, without remarkable penetration of Al
in neighboring uncovered regions. This confirms that CSS is not
a liquid-phase process, which would cause a more smeared-out
silicon growth pattern.

To investigate the crystallinity of the silicon layer, X-ray diffrac-
tion measurements were carried out. The result of the /26-scan
in Figure 2 measured on an area of ~1 cm? shows a dominant
peak at 20 ~ 28.5° and a second, much smaller one at 56.1°, corre-
sponding to Si (111) and (311), respectively, while the other peaks
have 1-2 orders of magnitude lower intensities. The full width
at half maximum (FWHM) of the Si (111) peak is 0.05°, which
corresponds to the instrumental resolution as determined from
measuring single-crystalline silicon under the same conditions.
Since in the standard bisecting geometry, only lattice planes par-
allel to the sample surface contribute to intensities, it follows that
for the CSS silicon, the {111} crystal planes are parallel to the
surface. This orientation was further verified by rocking-curve
measurements (@-scans), i.e., by tilting the surface normal of the
sample while keeping the Bragg angle fixed. In the case of an
ideal, perfectly oriented sample, one peak at @ = 0 is expected.
The inset of Figure 2 shows the result for two in-plane orien-
tations of the sample, one arbitrarily chosen and the second af-
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ter rotating the sample holder by 90° around its surface normal.
As can be seen, several peaks appear within an angular range of
~=+ 2 °. This indicates a certain mosaicity of the silicon layer, i.e.,
the presence of several crystallites/crystalline domains in which
the {111} lattice planes possess different inclinations with respect
to the sample surface. This is in accordance with the micrograph
shown in Figure 1. The FWHM of ~0.3 ° might result from the
contributions of additional domains with small-angle tiltings. On
the other hand, the FWHM is mainly determined by the diver-
gence of the X-ray beam. For the measurements presented here,
a rather large value of 0.6° was chosen in order to illuminate a
representative sample area of ~1 cm?.

Figure 3 shows on its left art a scanning electron microscope
(SEM) image of a cross-section of the sample. The chemical com-
position was mapped by energy dispersive X-ray spectroscopy
(EDX) as shown in the right part of Figure 3 as a false-color
representation of the contributions of all relevant elements. The
mapped area corresponds to the section of the SEM photograph

111) Si

; 20=2845°
74 —— Position 1
| —— Position 2

i
(111)

Intensity

Intensity / 10° counts
D

20/°

Figure 2. X-ray diffraction pattern (8/26-scan) of a CSS sample (left). Red
tick markers indicate the Bragg angles of silicon. The inset shows two
rocking-curve measurements (w-scan) of the dominant (111) peak for an
arbitrary in-plane orientation of the sample and after rotating the sample
by 90° about the normal vector to its surface.
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Figure 3. SEM image (left) of a cross-section of the sample shown in Figure 2 with superimposed EDX mapping indicating regions of a) unreacted
glass, b) alumina converted from silicon dioxide, and c) synthesized silicon. On the right, the distributions of oxygen (red), silicon (magenta), aluminum
(blue), sodium (light blue), calcium (green), and magnesium (brown) in this area are shown.

on the left, where the element distributions of silicon and alu-
minum are superimposed. From the SEM/EDX image on the left,
it is evident, that the silicon layer is the smooth stripe marked as
area (c) having a sharp interface to a bright grainy area assigned
as the glass substrate. The silicon layer covers the entire surface
of the glass, has a uniform thickness of ~10 um, and is closely
connected to the substrate without any voids. In the superim-
posed EDX element map the sharp interface coincides with an
abrupt transition from silicon to aluminum as the dominating el-
ement. Thus, area (b) corresponds to the region, in which the sili-
con dioxide content of the glass was converted to alumina accord-
ing to Equation (1), while the unreacted glass is visible in area (a).
This interpretation is supported by the oxygen content which is
measured across the entire substrate, but not in the silicon layer
(upper element map in the right part of Figure 3; Figure S2, Sup-
porting Information).

For further support of this model, we estimate the thickness
of the alumina layer (area (b)), which can be expected accord-
ing to Equation (1). For this, we consider the molecular volumes
of silicon dioxide and silicon of 4.3 x 10723 and 2 x 1072 cm?,
respectively.?!l The volume ratio of three silicon dioxide for-
mula units reacting to three silicon according to Equation (1)
is thus given by 4.3/2 = 2.15. Since the silicon dioxide con-
tent in the used soda-lime glass is 72.6% this ratio increases to
2.25/0.726 = 2.96. Thus, the thickness of the consumed glass
layer should be about three times the thickness of the emerg-
ing silicon layer, i.e., #30 um, which is reasonably confirmed by
Figure 3 (area (b)) and Figure S2 (Supporting Information). Fur-
thermore, the volume of the consumed silicon dioxide cannot be
entirely filled by alumina, since the molecular volumes of SiO,
and AL, O; (corundum, 4.27 x 1072 cm?),*!] are almost equal,
but according to Equation (1) three SiO, react to only two AL, O;.
Thus, the volume ratio Al,0,/SiO, amounts to ~ 2/3. We there-
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fore assume a porous morphology of the alumina layer with unre-
acted aluminum left in its pores (Figure S3, Supporting Informa-
tion). Such an alumina-aluminum composite layer should show
electrical conductivity, which was experimentally confirmed as
described below.

The alumina-aluminum composite layer (region (b) in
Figure 3, left) shows a smooth and sharp interface to the sili-
con layer, but not to the region of unreacted glass. The content
of region (b) is nearly the same as in the unreacted glass, while
the silicon signal almost disappeared (Figure S2, Supporting In-
formation). The high content of Al in Figure S2 (Supporting In-
formation) confirms the generation of an aluminum-rich oxidic
composite below the silicon layer. EDX maps of sodium, calcium,
and magnesium both in the unreacted (a) and converted (b) re-
gions of the substrate (Figure 3, right) reveal similar concentra-
tions (see also Figure S2, Supporting Information). Calcium and
sodium show an inhomogeneous distribution, while the Mg con-
tent is rather uniform and close to the detection limit of EDX.
Only minor changes in the distribution of Mg are visible from
the region (a, unreacted glass) to (b, reacted glass) in Figure 3
and Figure S2 (Supporting Information), while the Na signal is
considerably weaker in the region (b). Due to its large diffusivity
in the unreacted glass, we conclude that Na was removed from
region (b) to region (a) of the reacted glass rather than being in-
corporated into the silicon layer (region (c)). Ca shows a remark-
able peak in concentration at the interface between the reacted
and the unreacted glass (Figure 3; Figure S2, Supporting Infor-
mation) indicating segregation. No significant amounts of Al, Na,
Ca, or Mg could be detected in the silicon layer, and the apparent
small oxygen content is assumed to be an artifact by the residual
gas in the SEM chamber.

Crystallization of Si following the aluminothermic reduction
of Si0, in the CSS process is expected to start at preferential sites,
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Figure 4. SIMS measurement carried out on the same sample as in the
cross-sectional SEM/EDX (see Figure 3). The sputter time is related to
depth via the scale bare above the figure.

e.g., grain boundaries in the Allayer, as known for the AIC/ALILE
process.[* 1 Silicon grains will grow in all directions until they
reach the top surface of the Al layer. Then, growth will continue
laterally until a contiguous layer is formed (Figure 3). Aluminum
which has a very low solubility in Si at the process temperature is
forced into the opposite direction, toward the glass surface. Here,
Al will be quickly consumed by the progressing aluminothermic
reaction thereby establishing a concentration gradient for driv-
ing diffusion for the supply of further Al. The Al O, as the sec-
ond product of the aluminothermic reaction (in addition to sili-
con, Equation 1) partially fills up the volume of the reacted glass
(Figure 3). The remaining space will be filled by unreacted Al
The final structure is therefore mc Si/AlO, /glass (Figure S1, Sup-
porting Information). CSS proceeds under pressure in normal
ambient air?? and is thus different from a similar process with
sputtered Al on quartz performed at 650 or 700 °C under vac-
uum conditions, resulting in a layer of Si mixed with oxides of
Al-related phases.!*°]

For trace analysis of the silicon layer secondary ion mass
spectrometry (SIMS) was performed. Depth profiles of impu-
rity concentrations in CSS silicon were analyzed by sputtering
with 5.5 keV O," ions on the same sample investigated in the
SEM/EDX analyses. Figure 4 shows the measured concentration
profiles of the most relevant elements (Al, Mg, Ca, and Na) over
a total sputtering depth of ~15 ym. Magnesium, calcium, and
sodium, whose oxides cannot be reduced by aluminum, exhibit
extremely low concentrations in the range of their detection lim-
its. Sulfur, which might be generated by aluminothermic reduc-
tion of the sulfate content in the soda-lime glass, is highly volatile
and thus not expected to be incorporated in silicon. Moreover, el-
emental sulfur has a low solubility in solid silicon.[?’] Segrega-
tion of the measured elements was observed at the top and bot-
tom surfaces of the silicon layer as indicated by elevated concen-
trations. Most remarkable and highly beneficial for device appli-
cations (e.g. solar cells), a constant aluminum concentration of
4 x 10'® cm™ was observed over a large depth range of > 10 um,
again increasing toward the top and bottom borders. The plateau
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Figure 5. Electrochemical capacitance-voltage (ECV) profile measured on
a CSS wafer. The main panel shows the net carrier concentration near the
surface with a linear scale while in the inset the data for the entire depth
is presented on a logarithmic scale.
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concentration of Al corresponds to the solid solubility of Al in Si
at 700 °Cl?$291 and is around one order of magnitude lower than
the value of 3 x 10! ¢m~3 reported for aluminum-induced sili-
con crystallization (AIC).%! Different from AIC, where a consid-
erable share of Al is incorporated on interstitial sites or at grain
boundaries creating deep states for carrier-recombination losses
in devices, we find complete activation of the Al dopant atoms
in silicon on glass in the CSS process. This was confirmed ex-
plicitly by electrochemical capacitance-voltage (ECV) analysis and
Raman spectroscopy and is discussed below.

The incorporation of iron may be expected to be caused by
the aluminothermic reduction of the Fe,O, content in the soda-
lime glass during the CSS process. However, the solubility of
iron in silicon at the temperature of the CSS process is six or-
ders of magnitude lower than that of ALI*"] and it is much lower
than the total Fe concentration of 3.9 X 10!* cm~3 incorporated
in cast mc-Si as the dominant PV material.*"! Unfortunately, the
SIMS of Al-doped silicon is affected by a mass interference of the
used marker ion (**Fe* isotope) with sputtered Al,* molecules.
Thus, calculated concentrations of 1.5 x 10'® cm™ of Fe in the
depth range from 1.5 to 6.5 pm represent an upper estimate. A
Dbetter separation was achieved using an optimized setting with
O,* ions of 8 keV. Here, in accordance with the expectation, the
Fe concentration was observed to rapidly decrease within ~1 ym
from elevated values at the surface to below the detection limit of
SIMS of 1 x 10" cm™3.

Electrochemical capacitance-voltage (ECV) analysis was done
using a CVP21 profiler. Figure 5 shows the measured net con-
centration of p-type active carriers in a CSS sample yielding
~3 X 10 to ~5 X 10'® cm™ in a range starting from the surface
to a depth of 1.6 um.

In this depth range, the ECV measurement nicely corresponds
to the Al concentration profiles determined by SIMS except for
the steep increase of Al toward the top surface shown in Figure 4.
We assign this very large Al concentration >10?° cm= in the
first few hundred nm to incomplete ionization, which means
that a large amount of Al impurities is not incorporated on
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Figure 6. Raman spectrum (4 = 532 nm) of a CSS wafer versus a bulk
undoped silicon wafer.

substitutional lattice sites in the silicon. In its bulk regions, how-
ever, all Al acceptors are ionized, i.e., occupy substitutional lattice
sites. The other impurities (Ca, Na, and Mg) detected by SIMS
do not represent dopants in silicon and are thus expected to only
negligibly contribute to the net carrier concentration. The steady
increase of the ECV profile to hole concentrations >10' cm™ at
etch depths beyond ~5 um is most probably an artifact of ECV. It
can be attributed to an ongoing effective increase of contact area
by the developing sidewalls of the etch crater, which is not taken
into account in the analysis of the raw data acquired by the ECV
profiler and may have caused an apparently higher doping level
here.3 In contrast, the sharp increase of the net charge concen-
tration at ~13 um, which is also visible in the SIMS profile of
Al, is not an artifact. It indicates that a conductive back-side layer
has formed, which can be beneficially used as a bottom contact
in devices, e.g., a solar cell.

Further confirmation of the net doping concentrations was ob-
tained from micro-Raman measurements.[32331 In Figure 6 a typ-
ical Raman spectrum of CSS silicon is depicted revealing essen-
tially the Lorentz-shaped spectral line of optical phonons typical
of intrinsic bulk crystalline silicon. Its slight asymmetry is related
to doping via coupling of the discrete state of the phonon with the
continuum of states by the intraband transitions of the free carri-
ers known as the Fano-resonance effect of Raman scattering.3?!

Asymmetric Raman line shapes can be analyzed using the so-
called Lorentz—Fano-fit, where a modified Lorentzian form:[3?!

1+ 247 (k—kypn) \ 2
I (k)= AM + Yo @)

1+ [2(k7kp,wn)]2

r

is fitted to the measured curve with the Raman shift k, the peak
maximum, and width k.., and T, respectively, and the asym-
metry factor 1/q. From the measurement shown in Figure 6,
we obtain values of k = 522.7(1), ' = 4.52(2) cm™!, and 1/q =
0.0095(8). A linear dependence of 1/q on hole concentration in
silicon was empirically found.®?! This is used for calculating a
value of p 3 x 10 cm™3 of the CSS sample, which is in close
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agreement with the net carrier-concentration values obtained by
ECV, as well as with the impurity concentrations determined by
SIMS.

The line width of the Raman peak is characteristic of the crys-
tal quality of the silicon layer. Its value I determined by the
Lorentz—Fano-fit can be described as the sum of the contributions
of Lorentz and Fano distributions, i.e., I'; and Iy, respectively:1*2]

I'=Iy+I, (3)

To extract I'; as the intrinsic width, which is a measure of crystal
quality, the Fano broadening I'y can be estimated according to:1*?]

1 2/3
Iy =2y <-) ;n =469 (4)
q

Using the determined values of I" and the inverse asymmetry
(Fano) parameter 1/g, as well as Equations (3) and (4) we ob-
tain ', = 3.35(9) cm™!, which is close to the value of 3.05 cm™!
measured with undoped bulk single-crystalline silicon. Itis lower
than the data reported for annealed SPC silicon and LPC silicon
on glass of 4.1 and 3.5 cm™!, respectively.** This finding nicely
demonstrates the very good crystal quality of the CSS material
with respect to the other fabrication methods.

Finally, from the shift of the measured Raman peak ko css
= 522.7(1) cm™" and the value of bulk silicon ko, pun
= 520.7(1) cm™ the stress in the CSS material can be
calculated:[32%]

o (ln MPA) =-250 [kphon,CSS - kphon,bulk] (ln Cmil) (5)

The resulting compressive stress value of —500.0(2) MPa is lower
than the range of 580 to 850 MPa reported for an LPC-silicon
seed layer on Borosilicate glass.*! This is surprising in view of
the much larger thermal expansion coefficient of soda-lime ver-
sus Borosilicate glass!’®! and the corresponding larger thermal
stress to be expected for CSS silicon. Obviously, CSS silicon is
less affected by extended lattice defects, such as dislocations, dis-
location networks, and grain boundaries, which are considered
as the origin of intrinsic stress in LPC silicon.["®! An explanation
could be the lower temperature of the CSS process, which is be-
low the melting point of Al. In a further set of measurements an
area of 200 x 200 um? of a CSS sample was investigated by scan-
ning Raman spectroscopy using a HeNe laser (4 = 633 nm). A
total of 40 X 40 spectra was acquired using a laser spot of 0.8 pm
in diameter positioned in a mutual lateral distance of 5 um. Sub-
sequently, the measured 1600 spectra were evaluated by the Fano
fitting analysis described above.

Figure 7 shows the spatial distribution of Raman peak (a), line
width (b), and asymmetry factor (c). For the Raman peak an av-
erage value of k.., css = 522(1) cm ™! was found, corresponding
to an average stress of 6 = 325(1) MPa. An average intrinsic line
width was determined across all spectra using Equations (3) and
(4) to T} = 3.4(5) cm™!, which again closely approaches the bulk
single-crystalline silicon reference of 2.85 cm™' measured with
this setup.

The Raman peak asymmetry caused by the Fano effect
decreases with the wavelength of the excitation laser.’>] Nev-
ertheless, as described above for the case of 532 nm,!??! linear
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Figure 7. Lateral distribution of a) peak position k

phon
an area of 200 X 200 um? of a CSS sample.

dependences of 1/q versus free carrier concentration were
found at 488, 514, and 633 nm.*] Accordingly, from the av-
erage value of the asymmetry factor distribution in Figure 7c
of 1/q = 0.045(20) at 633 nm a carrier concentration of p =
4(3) x 10'® cm? is determined, which compares well with both
the near-surface net-carrier and dopant concentrations mea-
sured by ECV and SIMS, respectively. Excellent fitting results
were obtained in all cases using the Lorentz—Fano distribution
(Equation 2). Therefore, we rely on this established procedure
instead of a recently proposed more sophisticated convoluted
Fano—Gaussian function. In that study, doping concentrations
extending over a range much larger than relevant for CSS silicon
were considered and a linear dependence of 1/q versus free
carrier concentration was not observed.**!

To check possible correlations between the parameters ob-
tained from the Raman-line fitting, we depicted them against
each other in scatter plots in Figure 8a,b. Figure 8a indicates that
the half-width tends to decrease with peak position, i.e., the areas
of higher compressive stress have better crystallinity. Simultane-
ously, the half width increases with asymmetry, i.e., low-doped
areas have better crystallinity (Figure 8b). This scatter plot of I'
versus 1/g** shows a sharp lower boundary (indicated as solid
line), which extrapolated to 1/¢** — 0 (intrinsic silicon) yields
a value of 2.85 cm™! corresponding to the measured bulk sili-
con reference value. Analyzing the slope of the solid line using
Equation (4) we find n = 3.96 (for A = 633 nm), which is close
to n = 4.69 given in Equation (4) for A = 532 nm.[3?] The Lorentz
component of the line width, which we obtained after subtraction
of the Fano component using Equations (3) and (4) with # = 3.96
is thus independent of doping and a measure of crystalline qual-
ity. Excellent crystallinity is revealed by the histogram of I'y =T°
- Iy in Figure 8¢, which has its maximum at 3.44(38) cm™! close
to 2.85 cm™! of the bulk single-crystalline silicon reference mea-
sured with the same setup.

Under the assumption that all Al impurities are incorporated
on substitutional lattice sites, i.e., are fully ionized, the specific
resistivity of the p-doped crystalline silicon can be estimated to
~0.02 Qcm corresponding to a sheet resistance of R, ~20 Q of
a ~10 pm thick silicon layer. This value is much higher than
the one measured by four-point probing of the CSS layer. R, of
0.9(3) Q was determined here using fourteen distributed 4P mea-
surements. Obviously, the aluminum oxide scaffold filled with

Adv. Mater. Interfaces 2023, 10, 2300681 2300681 (7 of 9)

b) line width T, and c) asymmetry factor 1/g of Raman spectra (4 = 633 nm) measured within

metallic aluminum forms a shunt below the silicon during the
measurements. In fact, additional measurements (not discussed
here) clearly show that this layer is a good electrical conductor.

In solar cells as a potential application of CSS silicon, con-
centrations of 3 to 5 x 10'® cm™ as base doping (Figure 5) and
>10'2 cm™3 for deep-level impurities (Na, Ca, Mg, Figure 4) are
known to cause considerable recombination, which may not be
acceptable for designs with lateral heterojunction contacts as in
the case of LPC silicon on glass. However, different from such
cell concepts, the CSS process allows a vertical device architec-
ture with a conventional grid-contacted n-type emitter on top of a
bottom-contacted p-type base/absorption layer. The bottom con-
tact is realized by a conductive AlO, layer resulting from the
aluminothermic reaction, which is a composite layer of unre-
acted Al in an alumina matrix (Figure 3; Figure S3, Support-
ing Information). Therefore, minority carriers need to travel only
over the layer thickness of 10 to 20 pm to the contacts, which is
much smaller than the corresponding path length given by the
lateral pitch of ~1 mm of a one-side interdigitated heterojunc-
tion contact system in LPC silicon.['2""] In preliminary photolu-
minescence (PL) measurements with CSS wafers using a time-
correlated single photon counting (TCSPC) method we found
lifetimes in the 0.6-3 ps range. Thus, the expected diffusion
lengths are close to or exceed the CSS layer thickness several
times.[1217] Furthermore, the net carrier concentration profile
in Figure 5 (inset) indicates a pp* doping structure of the sili-
con layer corresponding to an absorber with back-surface field
(BSF) beneficial for blocking minority carriers (electrons) from
the AlO,, bottom contact.

3. Conclusion

The crystalline silicon synthesis (CSS) process can be applied
for fabricating >10 um thick multicrystalline (mc) silicon lay-
ers on low-cost commercial soda-lime glass on the basis of alu-
minothermic reduction. The layers consist of large grains of
~1 mm in diameter, which are preferentially oriented within
a tilt angle of 1° to 2° with respect to the {111} crystal plane
and are slightly compressive-stressed. Crystallinity determined
from the width of the Raman LO-phonon line approaches the
value of bulk single crystalline wafer material. The CSS silicon
layer is atomically bonded to the processed glass substrate via an
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Figure 8. Scatter plots from the results in Figure 7 between selected pa-
rameters (a) and (b), and c) the frequency distribution of the Lorentz
component of the line width I'| obtained after subtracting of the Fano
component I’y from the measured value T'. Its average of 3.44(38) cm™!
is close to the value of 2.85 cm™! of p-doped bulk monocrystalline silicon
(at A =633 nm).

alumina interface layer, i.e., strong adhesion is obtained, in con-
trast to layers on glass fabricated by silicon coating and liquid-
phase crystallization. Furthermore, this alumina contains unre-
acted aluminum, which can be used as an electrical back-contact
layer for solar cells. Impurity concentrations determined by sec-
ondary ion mass spectrometry (SIMS) show plateau values over
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the entire ~10 pm thick silicon layer and increase toward the
top and bottom ends. Carrier-concentrations measured using
electrochemical capacitance-voltage profiling and Raman spec-
troscopy within the plateau region show that the aluminum im-
purities of ~4 x 10 ¢cm™> are completely activated, which is
expected according to their solid solubility in silicon at the pro-
cess temperature of CSS without seriously disrupting the lattice
perfection.®®] The other elements present in the soda-lime glass
are incorporated in the CSS layer at concentrations of only 10*
to 10" cm~ in the plateau region, which are low enough for elec-
tronic device applications. Among them, iron has such a low sol-
ubility at the CSS process temperature that it cannot be detected
by SIMS.

A decisive advantage of CSS over standard liquid-phase crys-
tallization (LPC) is the usage of soda-lime glass, which is about
one order of magnitude less expensive than temperature-stable
glass. Furthermore, no costly high-vacuum deposition is needed
for the CSS process and it is performed under moderate pressure.
Finally, for converting the glass into silicon, CSS only requires
aluminum in a low amount comparable to the one usually re-
quired for back-contact and back surface field (BSF) formation in
conventional solar cells. In Table S1 (Supporting Information),
the main features of the novel CSS technique are listed in com-
parison with the respective values of LPC silicon.

The authors have cited additional references within the Sup-
porting Information.7:383)

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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