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Using a standard RF-PECVD reactor, silicon layers are epitaxially grown at 175°C. Few µm thick layers can be
efficiently used as an absorber in the wafer equivalent approach: p++c-Si(wafer) / epi-Si(~µm) / n+aSi:H(12nm) has
excellent diodes characteristics with FF of 80.5 % and 8,8% efficiency. By dilution of GeH4 in SiH4/H2 plasma, we show
for the first time epitaxial SiGe alloys, with variable Ge fraction, grown at such low temperature. Structural and
electronic properties of these materials has well has solar cells parameters are investigated using spectroscopic
ellipsometry, Raman, TEM, J(V) characteristics and EQE. Using stress induced lift off technique ultra-thin Si layers of
few cm2 are transferred on inexpensive substrates. Material quality is kept constant during the transfer process as shown
by Raman FWHM of 5.3 cm-1, and ultra-thin heterojunctions solar cells are processed on foreign substrates. Preliminary
results suggest lifetimes in higher than 67 µs for passivated 3,2µm thick transferred epitaxial PECVD grown layers.
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INTRODUCTION

Nowadays, the large majority of photovoltaic
modules are based on crystalline silicon wafers. Huge
progress were made for silicon solar cells since the first
patented PN junction [1]. Indeed, the learning curve for
c-Si has reached a plateau since 1999 with the 25%
efficiency cell with passivated emitter rear locally
diffused (PERL) architecture, developed by M. Green et
al. [2]. Recently, the so-called heterojunction with
intrinsic thin layer (HIT) concept, with amorphous silicon
for c-Si wafer passivation and junction formation, is
getting closer to the same limit, with a 24.7% on large
area, reported by Panasonic [3]. Still, the highly purified
silicon material remains a main component of the
module cost; thus industry has constantly kept decreasing
the wafer thickness down to 150 µm today. However,
sawing and breakage losses are a serious issue for going
thinner and no technological solutions exist yet for such
thickness. The thin film solar cells (a-Si:H, CdTe,
CuIn(Ga)Se, etc.) aim to tackle this problem: despite

average lower efficiency than c-Si they involve
nevertheless low cost processes and low material
consumption. Yet, some of these technologies have a
hidden cost, that is the scarcity, or even the toxicity of the
materials they rely on, and that will limit their
development on the longer term and large scale. In
contrast, thin films of crystalline silicon, combined with
good light trapping, would solve the issues of c-Si wafer
thickness limitation, limited stability and efficiency and
those of scarcity and toxicity at the same time. Research
in this field is now focusing on three axes: i) Production
of few µm thin c-Si layers ii) Transfer to low cost
substrates iii) Advanced light trapping schemes
(plasmonics, photonics, etc.) with efficient schemes to
compensate for light absorption losses in ultra-thin
layers.
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Figure 1: Left cross section TEM image of wafer/epi-Si interface. Right: current-voltage curve of 4,2 µm thick epiSi absorber cell; Solar cell structure shown in the middle.

The top down approach, i.e. exfoliation or wafer
etching, has shown promising results such as 21.5 %
efficiency for 47 µm cell, or recently 4.8 % for much
thinner cell: 1 µm epi-free c-Si cell [4–6]. Bottom up
approach of epitaxy on inexpensive crystal seed and/or
layer transfer can further reduce cost through growth
substrate reuse. Many groups are working in that
direction [7–11], and this epitaxial technology is already
matching wafer based efficiency, according to the 20.1%
- 43 µm thick reported in 2012 by Solexel company.
Within this context, we have developed a RF-PECVD
epitaxial process that enables the growth of monocrystalline Si and Ge layers [12,13] at very low
temperature [150-200°C]. For the first time, we report
here SiGe alloys epitaxial growth at such low
temperature; they are used as an absorber in wafer
equivalent solar cells. The combination of epitaxy with
standard RF-PECVD deposition tool and stress induced
lift off [14] is used to produced ultra-thin epitaixal foils
on inexpensive substrate. Moreover, transferred
crystalline Si based layers enable to access and study
properly fundamental parameters such as life time and
passivation.
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THIN EPITAXIAL SOLAR CELLS

Epitaxial layers are grown on (100) oriented c-Si
wafer cleaned by HF dipping. Following the chemical
cleaning, p++ c-Si (ρ=10-3 Ω.cm) substrates are loaded
inside standard 13.56 MHz RF-PECVD reactor and
pumped down to 10-7 mbar within 45 min (no load-lock).
Deposition is done at 175 °C from SiH4, GeH4 and H2 gas
precursors. This specific growth process occurs at a
pressure of 2 Torr, most probably from plasma
synthetized nano-clusters that melt by impacting the
surface, enabling subsequent epitaxial growth [15,16]. A
thin n-type amorphous layer is then deposited to form the
junction in the same reactor (see cell scheme on Fig. 1)).
Structural properties of PECVD grown layers are
wafer/epi-Si interface is shown on left part of figure Fig.
1). Mono-crystal quality is confirmed by FFT, and
interface layer, also detected by ellipsometry, is visible.
This non-perfect interface, mostly due to cleaning
procedure and air exposure before loading substrate into

reactor, has fragile mechanical properties that may enable
easy lift off. Epitaxial layers have high hydrogen content
(0,1% by SIMS), incorporated during the low growth
temperature, which provide a positive effect of defect
self-passivation. J-V curve of the wafer equivalent
structure is shown, on Fig.1). p++c-Si(wafer) / epiSi(4,2µm) / n+aSi:H (12nm) can achieve the noteworthy
8.8 % efficiency, short circuit current of 20.2 mA.cm-2
and fill factor of 80.5%. Such high FF is the proof of high
quality material; however open circuit voltage of 534 mV
remains lower than the expected values. This is attributed
to the defect-rich interface layer, and lift off solar cells is
allowing significant improvement in that direction.
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ABSORPTION ENHANCEMENT AND LIFT-OFF

Aiming at increasing current in crystalline layers
of few microns, we have explored the possibility of
epitaxial growing SiGe by PECVD. Fig. 2) shows
imaginary part of pseudo-dielectric function of PECVD
epitaxial layers as well as the reference curves for c-Si
(black line) and c-Ge (bright green line). Epitaxial layers
are perfectly fitting by 100 % mono-crystalline material,
with ~1 nm porous interface with the substrate. The small
discrepancy, for 4.2 eV peak, between pure epitaxial
silicon (red dots) and theoretical c-Si is explained by
roughness and oxide presence on epi-layer surface while
oscillations at low energy part of the spectrum is linked
to the small defective layer at interface. By controlling
the germane dilution in plasma gas precursor, epi-SiGe
layers are grown with variable Ge fraction (see colored
dots on Fig. 2)), with Ge% up to 35%. Performances of
epitaxial solar cells with pure silicon and SiGe (27% Ge),
both 1,8µm thick absorber, were compared. Results (not
shown here) is more than 1 mA/cm2 increase in current;
however Voc is decreased down to 440 mV, which is due
to band gap reduction and defects arising from c-Si/SiGe
interface. Futur implementation of graded SiGe buffer
layer should help to improve this aspect.
Stress induced by PECVD grown layers lift-off
and transfer is done with the following process: Fig. 2):
a) Metal evaporation (e.g. Al,Cr) is done on cleaned epi-

Figure 2: Left: Imaginary part of pseudo-dielectric function of c-Si and c-Ge materials, together with PECVD
epitaxially grown SiGe with variable Ge content. Right: stress induced epitaxial layer lift off process: a) PECVD
epitaxy and metal evaporation, b) sample attached to handling layer c) rapid thermal annealing for lift off: break occurs
at epi-Si/wafer fragile interface. Well defined Raman pic of 1µm thick free standing epi-Si layer, as shown on SEM
picture

layer surface, b) Handling substrate (e.g. glass) is glued
to the metal surface to allow further processing, b) Few
minutes annealing at 400°C under atmospheric pressure.
Metal thickness and thermal expansion coefficient plays
an important role in this lift off process as well as the
fragile layer at epi-Si/wafer interface, where the crack
initiate. Layers as thick as 5 µm for few cm2 are
transferred on glass using this method. Constant crystal
quality is kept through the process, as shown by the
Raman spectrum of 1µm lift off epitaxial Si layer on Fig.
2): peak position is centered on 520.3 cm-1 and FWHM is
5.3 cm-1, thus confirming the good quality of lift off
mono-crystalline layer. Passivation and lifetime of
transferred layer is studied by time resolved microwave
conductivity (TRMC). Change is microwave reflectivity
related to excess carrier created by 532nm pulsed laser
(4ns FWHM) is detected. Diffusion, recombination and
laser created carriers are responsible for the evolution of
minority carrier concentration. Boundaries conditions at
surfaces are imposed by surface recombination velocities.
Solution of this problem can be described as an infinite
sum of modes with various decay time constant [17,18].
The effective lifetime corresponds to long decay, whereas
fast decay modes are related to surface recombination.
Measurement on 3,2 µm epi-Si layer, detached from its
growth substrate, and a-Si:H passivated is shown on
Fig.3. By fitting, we could extract τeff = 67 µs, which is a
lower limit for bulk lifetime of our sample. This value
corresponds to a diffusion length exceeding the layer
thickness by at least one order of magnitude; this is a
proof of excellent electrical properties of the layer.
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Figure 3: TRMC signal of 3,2 µm detached epi-Si
layer passivated by amorphous silicon. Excitation
532nm pulsed laser, and injection level in the range of
1016 cm-3.
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