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ABSTRACT

Dielectric layers for the passivation of solar cell
surfaces are a crucial component of future cell
generations. Not only their electrical and optical properties
are of importance but also the implementation into an
industrial cell process. In this regard an easy
preconditioning of the surface, low process temperature
and high thermal stability are essential. Therefore, we
have developed a new passivation process based on
PECVD deposited SiC,. The cleaning of the surface was
performed in-situ in the plasma chamber. Excellent
passivation quality (S < 5 cm/s) was achieved even though
no additional wet chemistry cleaning was applied. Although
the deposition temperature is in the range of 300-400°C,
high thermal stability could be demonstrated. A solar cell
structure with SiC, as rear surface passivation exhibited an
implied open-circuit voltage of 679 mV after a firing step of
800°C. Cells using a single SiC, layer and laser-fired
contacts as rear surface structure have shown very high
efficiencies of 20.2%.

INTRODUCTION

In order to reduce the cost of photovoltaic energy
conversion from mono- and multicrystalline silicon solar
cells, efficiencies have to be increased and wafer
thickness has to be decreased. A crucial component of the
cell for the realization of such goals is the rear surface due
to the increasing demands for optical (internal reflection)
and electrical quality (surface passivation). The standard
structure for state-of-the-art industrial cells is an aluminum
back surface field (AI-BSF) created by firing a screen-
printed Al paste. Although this process is well suited in
terms of industrial feasibility, it can not be used for future
generation cells with efficiency levels above 18% and
wafer thicknesses below 150 um. This is due to the
relatively poor electrical and optical properties [1] which
will limit the cell performance on thin substrates.
Additionally, the wafer bow caused by the Al firing process
is a severe problem. Thus, it is quite obvious that future
generations of industrial cells will use the same rear
surface structure as the one introduced for high-efficiency

lab cells a couple of decades ago: the dielectric surface
passivation. As the related local contact formation is
industrially feasible using the laser-fired contact (LFC)
process [2], one question is still open: “What is the optimal
dielectric passivation layer?”. This question has to be
answered not only in terms of electrical and optical quality
of the different layer systems, but also in respect of
application in cell structures and processes. If a dielectric
rear surface passivation has to be combined with a
standard screen-printed front surface metallization, a
critical factor is the stage in the process sequence where
the layer will be deposited (see Fig. 1).
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Fig. 1. Formation of a dielectric layer within an industrial
solar cell process.

INTRODUCING THE FABRICATION OF A DIELECTRIC
LAYER WITHIN A SCREEN-PRINTING PROCESS

Depositing the dielectric layer on the rear surface after
the firing step for the front metallization (option 1 in Fig.1)
requires a strong surface conditioning, including etching of
the rear emitter layer and severe cleaning since the wafer
has already been subject to several “dirty” process steps
at that stage. Thus, although the dielectric layer will not
see any high-temperature step afterwards, it is a difficult
task to obtain good surface passivation.
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Alternatively, the layer could be deposited after the
emitter diffusion (option 2 in Fig.1) as a sort of natural
choice since the front surface nitride deposition is
performed at the same stage. Although the wafer is in
clean conditions, the rear emitter layer has to be etched
away and the layer has to withstand a high-temperature
step i.e. the firing step.

An even more elegant option could be the layer
deposition before the emitter diffusion (option 3 in Fig .1).
At that point the wafer is definitely clean and no emitter
layer has to be etched away. Additionally, the passivation
layer will mask diffusion and if the etching sequence is
chosen in a clever way, also texturization on the rear
surface will be avoided. It was shown that the passivation
quality on a non-textured surface is significantly better
[3,4]. Thus, this process sequence seems to be ideal but
of course the passivation layer has to withstand two high-
temperature steps without losing its passivation quality.

Therefore besides good electrical and optical
properties, a high thermal stability is essential for an
industrially feasible passivation layer.

DIFFERENT DIELECTRIC LAYERS

The classical choice for a passivation layer with good
thermal stability is a silicon dioxide layer thermally grown
at temperatures between 800°C and 1050°C: This layer
was used for our first test to transfer the LFC technology
into an industrial process sequence [5]. However, due to
the high process temperature it could be difficult to use
this process in an industrial environment although it was
shown that an oxidation at reduced temperatures does not
degrade material quality [6] and that in-diffusion of surface
contaminants is less critical than thought before [7].

A process closer to today’s industrial reality is the
deposition of silicon nitride using PECVD. However, it was
not possible to reach the same passivation quality as for
thermal oxides when applied to a solar cell due to
detrimental shunting of the inversion layer induced by the
SiN,-layer [8]. Also thermal stability seems to be an issue
although recent works have shown that a medium
passivation level can be kept after a firing step [9].

SiC, is well-known to be quite stable with respect to
thermal treatments. In fact it is used at Fraunhofer ISE as
a diffusion barrier layer for recrystallization of silicon thin-
film layers on low-cost substrates [10]. Recently, Martin et
al. [11] reported that SiC, also shows good passivation
quality (S < 30 cm/s). After a firing step at 730°C, the
passivation quality was not decreased. Thus, this material
type could be extremely interesting but it has to be shown
that it works effectively not only on lifetime samples but
also in solar cells.

SICx LAYERS OPTIMIZED FOR INDUSTRIAL
APPLICATION

Passivation Quality and In-situ Cleaning

The PECVD system used for SiC, deposition at
Fraunhofer ISE offers the possibility to perform an in-situ
plasma cleaning step prior to the deposition itself. 1 Q cm
p-type high-lifetime FZ-Si wafers were used to optimize

this process. The wafers were taken out of the box and
plasma-cleaned. Subsequently, the SiC,-layer was
deposited without any additional wet-chemical process.
The passivated wafers were characterized using the
QSSPC [12] and the CDI/ILM method [13, 14]. In Fig. 2 a
lifetime histogram extracted from a CDI/ILM lifetime map is
shown. Not only very high average lifetimes were achieved
but also a very narrow distribution which shows that the
plasma cleaning is very efficient and homogeneous [15].
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Fig. 2. Spatial lifetime distribution on a 4” 1 Q cm FZ wafer
passivated with an optimized SiC, layer after an in-situ
plasma cleaning step.

The injection-dependent lifetime curve measured using
QSSPC shows the very high performance of the optimized
SiC,-layers. The effective lifetimes approximate closely the
Auger limit as given by the models of Kerr et al. [16] and
Glunz et al. [17], respectively. The surface recombination
velocity is well below 5 cm/s for An between 1x10™ cm™
and 1x10™ cm.
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Fig. 3. Effective lifetimes of a 4 1 Q cm FZ-Si wafer
passivated with SiC, and three recent Auger lifetime
models (Kerr et al. [16], Glunz et al. [17] and Schmidt et al.
[18)).
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Performance in a solar cell

After the successful development of a highly
passivating SiC, layer, different layer systems based on
different compositions were used for the rear passivation
of solar cells with a high-efficiency front structure (oxide-
passivated 120 Q/sq emitter and evaporated contacts).
Again not only the deposition but also the surface
conditioning was performed in the PECVD reactor. E-gun
evaporation was used for the deposition of the 2 um thick
Al layer and the laser-fired contacts process was applied.
Although the cells have not been annealed after e-gun
evaporation and LFC formation, efficiencies greater than
20% have been achieved.

Table 1. Solar cell results with SiC, rear passivation

Rear surface Voo JIsc FF n
structure [mV] [mAlcm?] [%] [%]
SiC,-layer + 665 375 80.3 20.2
2um Al + LFC

The internal reflection of a single SiC,-layer is already
much higher than the one of an AI-BSF (see Fig. 4). This
reflection can be significantly increased by applying a
second SiC, layer with a lower refractive index or a
PECVD SiO, layer.
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chosen temperature of 800°C is lower than in a standard
firing step since it was shown that unmetallized samples
heat up about 50°C to 80°C higher than metallized solar
cells.

Table 2. Carrier lifetime @ An = 5x10™ cm™ of test
samples before and after a firing step at 800°C

Layer system Lifetime before Lifetime after

firing [us] firing [us]
LS-08 1126 17.8
LS-10 533 0.8
LS-66 341 250

0.2

The measurement results of a few representative
layers in Tab. 2 show an interesting finding. The lifetime
after deposition is not coupled with the fire stability. The
layer system LS-66 which has shown good but not the
best passivation quality clearly outperforms its
“competitors”.

Based on these findings in a second experiment solar
cell precursors on 0.5 Q cm FZ-Si were fabricated with an
oxide-passivated 120 Q/sq emitter and different SiC, rear
passivation layers. In this case the lifetime measured at
one sun illumination can be directly translated in the
implied open-circuit voltage. Again the structures were
measured before and after an 800°C firing step.

Table 3. Implied open-circuit voltage before and after firing
step determined from QSSPC measurement at 1 sun on a
solar cell precursor. For layer system B the best result
and the average of 7 samples after firing is given.
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Fig. 4 Reflection of solar cells with different rear surface
structures.

Fire stability

The crucial question if the SiC, layers are fire stable is
still open at this point. Thus, we have performed
experiments to test if our SiC,-layers are suited for the
process sequence option 2 as displayed in Fig. 1, i.e. the
deposition of the passivation layer before the firing step.

In a first experiment we have fired lifetime test samples
using 1 Q cm Fz-Si. The lifetime was measured using
QSSPC before and after a firing step without any
additional anneal step. The firing step was performed at a
peak temperature of 800°C in a standard belt furnace. The

A best result 625 639
B best result 635 679
B average 676 +/-2.4

Both layer systems shown in Tab. 3 are well suited for
the rear surface passivation even after a firing step but
especially layer system B is very promising since a very
high open-circuit voltage of 679 mV could be obtained.

CONCLUSION

The SiC, layers and the related in-situ plasma cleaning
optimized in this work show a very high passivation quality.
Excellent solar cell efficiencies greater than 20% have
been achieved. Even more important is the fact that SiC,
layers optimized for thermal stability show an excellent
performance after an industrial firing step.



Presented at the 4th World Conference on Photovoltaic Energy Conversion, Hawaii, May, 2006

Acknowledgements

The authors want to thank Dr. Vetter and Dr. Martin (UPC,
Barcelona, Spain) for their generous support with know-
how concerning layer deposition. T. Roth thanks the
Deutsche Bundesstiftung Umwelt (DBU) for their financial
support. We also thank all our colleagues at ISE for
valuable discussions and help.

M

(2]

(3]

(4]

[3]

(6]

[7]

(8]

(9]

[10]

REFERENCES

M. Hermle, E. Schneiderléchner, G. Grupp, and S.W.
Glunz, "Comprehensive comparison of different rear
side contacting methods for high-efficiency solar
cells“, 20th EU PVSEC, Barcelona, Spain, 2005, pp.
810-813.

E. Schneiderlochner, R. Preu, R. Lidemann, and
S.W. Glunz, "Laser-fired rear contacts for crystalline
silicon solar cells", Progress in Photovoltaics 10
(2002) 29-34.

S.W. Glunz, A. Grohe, M. Hermle, M. Hofmann, S.
Janz, T. Roth, O. Schultz, M. Vetter, |I. Martin, R.
Ferré, S. Bermejo, W. Wolke, W. Warta, R. Preu, and
G. Willeke, "Comparison of different dielectric
passivation layers for application in industrially
feasible high-efficiency crystalline silicon solar cells",
20th EU PVSEC, Barcelona, Spain, 2005.

W. Warta, S.W. Glunz, J. Dicker, and J. Knobloch,
"Highly efficient 115-um-thick solar cells on industrial
Czochralski silicon", Progress in Photovoltaics 8,
2000, pp. 465-471.

E. Schneiderléchner, E., G. Grupp, G. Emanuel, H.
Lautenschlager, A. Leimenstoll, S.W. Glunz, R. Preu,
and G. Willeke, "Silicon solar cells with screen printed
front contact and dielectrically passivated laser-fired
rear electrode", 19th EU PVSEC, Paris, France,
2004, pp. 447-450.

O. Schultz, SW. Glunz, and G.P. Willeke,
"Multicrystalline Silicon Solar Cells Exceeding 20 %
Efficiency", Progress in Photovoltaics 12, 2004, pp.
553-558.

D. Macdonald, A. Cuevas, K. McIntosh, L. Barbosa,
and D. De Ceuster, "Impact of Cr, Fe, Ni, Ti and W
surface contamination on diffused and oxidised n-
type crystalline silicon wafers", 20th EU PVSEC,
Barcelona, Spain, 2005.

S. Dauwe, L. Mittelstddt, A. Metz, and R. Hezel,
"Experimental evidence of parasitic shunting in silicon
nitride rear surface passivated solar cells", Progress
in Photovoltaics 10, 2002, pp. 271-278.

G. Agostinelli, P. Choulat, H.F.W. Dekkers, S. de
Wolf, and G. Beaucarne, "Advanced dry processes
for crystalline silicon solar cells", 31st IEEE PVSC,
2005, Orlando, Florida, USA.

S. Janz, S. Reber, H. Lautenschlager, "SiC as
intermediate layer for CSiTF solar cells on various
substrates", 20th EU PVSEC, Barcelona, Spain,
2005.

1]

[12]

(13]

(14]

[19]

(6]

[17]

(18]

I. Martin, M. Vetter, A. Orpella, J. Puigdollers, A.
Cuevas, and R. Alcubilla, "Surface passivation of p-
type crystalline Si by plasma enhanced chemical
vapor deposited amorphous SiC,:H films", Appl.
Phys. Lett. 79, 2001, pp. 2199-2201.

R. A. Sinton and A. Cuevas, "Contactless
determination of current-voltage characteristics and
minority-carrier lifetimes in semiconductors from
quasi-steady-state photoconductance data", Appl.
Phys. Lett. 69, 1996, 2510-2512.

J. Isenberg, S. Riepe, , S. W. Glunz, and W. Warta,
"Imaging method for laterally resolved measurement
of minority carrier densities and lifetimes:
measurement principle and first applications", J. Appl.
Phys. 93, 2003, , pp. 4268 — 4275

M. Bail, J. Kentsch, R. Brendel, and M. Schulz,
"Lifetime mapping of Si wafers by an infrared
camera", 28th IEEE PVSC, Anchorage, USA, 2000,
p. 99-103.

S.Janz, S.Riepe, M. Hofmann, S.Reber, S.W.
Glunz, "Phosphorus doped SiC as an excellent p-
type Si surface passivation layer", accepted for
publication in Appl. Phys. Lett.

M. J. Kerr, "Surface, emitter and bulk recombination
in silicon and development of silicon nitride
passivated solar cells", PhD Thesis, The Australian
National University, 2002.

S. W. Glunz, D. Biro, S. Rein, W. Warta, "Field-effect
passivation of the SiO,-Si interface", J. Appl. Phys.
86, 1999, p. 683-691.

J. Schmidt, M. Kerr, and P.P. Altermatt, "Coulomb-
enhanced Auger recombination in crystalline silicon at

intermediate and high-injection densities", J. Appl
Phys. 88, 2000, pp. 1494-1497.



