Dielectric coatings: agents for
passivation and anti-reflection

R. Jayakrishnan, Department of Physics, Christian College Chengannur, Kerala, India; Prakash Suratkar, Tata BP Solar

India Ltd, Bangalore, India

This paper first appeared in the sixth print edition of Photovoltaics International journal.

ABSTRACT

The key to delivering highly efficient solar cells is to absorb as much light as possible from the solar spectrum and
convert it effectively into electrical energy. Anti-reflective coatings have served as agents for reducing reflective losses
and improving bulk and surface passivation thus enhancing both of the parameters — short circuit current and open
circuit voltage of a solar cell. Simulation studies show that an SiN/MgF dual-layer anti-reflective coating is best for a bare
cell. This paper takes a closer look at how this coating can reduce the reflectance for a broad range of wavelengths and
thus enhance the quantum efficiency of the cell in the blue and red region of the solar spectrum.

Introduction

Bare silicon surface reflects more than
30% of incident sunlight for wavelengths
corresponding to energy greater than
the band gap of silicon [1]. Minimizing
reflection losses is crucial in order to
produce high efficiency silicon solar cells.
Single-crystal silicon (sc-Si) cells commonly
use anisotropic etches to form a textured
surface to reduce surface reflectance.
These anisotropic etches are less effective
with mc-Si-substrates because the grains
have random crystal orientations [2].
Several methods have been investigated to
texture mc-Si to reduce reflectance losses,
including: isotropic chemical etches with
masks [3]; scribing the surface with a laser
[3]; mechanically texturing the surface with
a dicing wheel or saw [4]; and chemically
texturing the surface with anodic HF
porous-silicon etchants [5].

“Single-crystal silicon
(sc-Si) cells commonly use
anisotropic etches to form

a textured surface to reduce
surface reflectance.”

Mitsubishi Electric achieved an 18.9%
conversion efficiency rate by introducing:
1) A 26% improved efficiency in utilizing
infrared rays with a newly developed rear
surface reflection structure, and 2) A
low-reflective honeycomb-textured front
surface to absorb more sunlight at the
front surface [6]. Future highly efficient
cell technologies are evolving towards
methodologies of utilizing the full solar
spectrum. A common thread in all these
systems is the tradeoff between efficient
light absorption and charge collection.
Cells engineered to absorb as much light
as possible exhibit decreased efficiency,
because increased path lengths strongly

increase energy losses by recombination
of oppositely charged electrical carriers.
Photovoltaics engineered to exhibit less
recombination absorb little light.

An antireflection (AR) coating is a
type of coating applied to the surface of
a material to reduce light reflection and
to increase light transmission. An AR
coating plays a significant role in reducing
these reflective losses in crystalline silicon
substrates even after surface texturization
using acidic or alkaline solutions. The
coating can improve solar collection
efficiency and, therefore, the overall light-
to-electricity conversion efficiency. As solar
radiation is broadband, the AR coating
needs to be effective over the entire solar
spectrum from ultraviolet and visible to
IR wavelengths. A single layer of quarter-
wave AR coating can give zero reflection
at a specific wavelength [7]. However, it
is effective only for a small wavelength
range. A double-layer AR coating has also
been proposed to extend the wavelength
range between 450-700nm [8]. Double-
layer anti-reflective coatings work on
the principle of creating two reflectance
minima fairly close together and keeping
the interconnecting maximum as low
as possible. An alternative approach to
increase the bandwidth is to create an
artificially modified surface structure. For
example, a periodic sub-wavelength surface
structure was shown to suppress reflection
in the visible and near-IR wavelength
regime [9]. It has been reported that a
random silicon nano-tip structure can give
a total reflectance of less than 1% for the
wavelength regime of 200-2500nm [10].

Anti-reflection properties are dependent
on the composition and thickness of the
encapsulation material. Some of these
ARC:s serve as good agents for bulk/surface
passivation, which lead to improvement
in open circuit voltage (V) of the solar
cells. In this paper we review some of the
best electrical results reported based on
the design of an ARC and its passivation
properties. The most efficient ARC in

practice is the zinc sulphide/magnesium
fluoride (ZnS: MgF5) double layer, with an
effective reflectance of 3.3 % [11]. A very
high V. of 649mV was reported for a solar
cell passivated with SiN at the front and
rear surface (all-SiN cells) by Hubner et al.
[12]. Duerinckx et al. has reported a V,,. of
621mV and a very impressive efficiency
of 17.1% for a variety of multicrystalline
substrates with resistivity in the range 0.5-
1Qcm and a cell area of 12.5cm by 12.5cm
[13]. These cells were given an isotropic
acidic texturing and a double-layer anti-
reflection coating of SiN and MgF,.

Anti-reflective coatings
Single-layer ARC is far from being the
most efficient system because it allows a
reduction in reflectance only in a narrow
wavelength domain of the solar spectrum.
As a result of this, the effective reflectance
still represents about 11% of the incident
photon flux [14]. At normal incidence,
a quarter wavelength-thick single ARC
layer effectively reduces the reflection
to a minimum. The optimal single-layer
thickness for minimum reflection at
wavelength \ is defined by the equation:

dg =N (4ngy) (1)

where ng; is the refractive index of the
single layer AR coating (SLARC). The
zero reflection condition requires that the
refractive index of the single layer be the
geometric mean of the refractive indices
of the adjacent layers and the light be at
normal incidence. For a \/4 thick coating
on Si, the reflectance is given by the
general equation:

R=((ngng; — n2g;)/(ngng; + n’g))>  (2)
Therefore, the reflectance is zero, if
n2gp = nog; 3)

For the air/SLARC/Si system
(considering ny=1 for air and ng;=3.87
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at 640nm, for Si), the ideal values of ngj,
and dg; are 1.97 and 81nm respectively.
Considering the glass/SLARC/Si system
with encapsulating glass refractive index
of ng =1.55, the optimum values change to
245 and 65nm respectively.

Studies on double layer ARCs (DLARC)
have been reported. The most stable
configuration with respect to variations
in film thicknesses have been found to be
designs with a high refractive index (n)
on the substrate and a low n towards the
ambient [14]. Explanations of minima and
maxima in double layers are more complex
than for single layers. Two-quarter
wavelength coatings of optimized indices
can effectively reduce the reflectance at
two wavelengths. The required refractive
indices for the top and bottom layers of the
dual layer ARC coating are given by the
equations:

Rl = ((}’lonz - nlz)/(;’l()l’lz + }’l12))2 and
Ry = ((nyng; — ny2)/(nyng; + ny?))? (4)

Where Ry is the reflectance of the
top layer, R, is reflectance of the bottom
layer adjacent to Si and n; and n, are the
refractive indices of the top and bottom
layers respectively. For zero reflectance at
normal incidence, these equations reduce
to:

m? = ngny and ny? = nng; (5)

The optimal thickness for each layer
in terms of their refractive indices
can be obtained using relation 1. For
the air/Layerl/Layer2/Si component
system, the ideal values for n; and d,
are 1.57 and 102nm whereas the bottom
layer parameters are 2.46 and 65nm
respectively. For the glass/Layerl/
Layer2/Si system, the optimum values
change to 1.96/81nm for the top layer
and 2.76/58nm for the bottom layer
respectively. Among the various possible
combinations of DLARC, combinations
such as SiO,/TiO,, MgF,/ZnS, MgF,/
TiO,, SiO,/SiN,, and MgF,/CeO, have
already been reported [15, 16]. Both
magnesium fluoride/zinc sulphide
(MgF,/ZnS) double layers deposited
by electron beam sputtering [17] and
titanium oxide (TiO,) double layers
deposited by Atmospheric Pressure
Chemical Vapour Deposition [18]
show very low reflectance over a broad
wavelength range. However, both
techniques require a separately thermally
grown silicon oxide (SiO,) layer for
surface passivation.

Takato et al. demonstrated use of
textured antireflection coatings for me-Si
solar cells. They showed an improvement
of current and long-wavelength spectral
response compared to a planar SLAR
¢-Si cell, which they attributed to optical
confinement in the textured ZnO
coating [14]. The textured-dielectric
coating works optically with the module
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encapsulation to promote optical
confinement of rays inside the module
encapsulation structure, which reduces
the net reflectance of the photovoltaic
module. The advantage of the approach
was that deposition of a textured
dielectric film may be less costly and
less intrusive on the cell manufacturing
process than texturing multicrystalline-
silicon substrates. Suitable materials for
the textured dielectric coating include
Zn0O, TiO,, and SnO,; these materials
have large refractive indices (~2) and have
been deposited with textured surfaces and
with low-cost technologies [19].

Porous silicon (PS) has been extensively
investigated over the past 10 years for solar
cell applications due to several advantages,
including light trapping, antireflection
properties, variable refractive index and
solar light conversion from ultraviolet
to red wavelengths [20,21]. The PS
morphology depends critically on the
metal type and thickness, silicon doping
type and level and etching solution
concentration. The resulting nano-scale
texturing markedly reduces the reflectivity
of the multi-crystalline silicon surface
to below 6% in the spectral range 350-
1000nm [22, 23].

Another method of increasing
solar energy conversion is through
surface plasmons, i.e., collective surface
oscillations of conducting electrons in
metal nanostructures that tend to trap
optical waves near their surface. They
enhance optical absorption, allowing
for development of solar cells that
circumvent the tradeoff between optical
thickness and carrier transport [24,25].
Yet, because strong recombination
can occur at metal surfaces in contact
with the active layer of a solar cell,
attempts at this approach have not been
very successful, except for some cases
where they were used deliberately as
recombination sites. These issues have
recently been circumvented by employing
buffer layers between the plasmonically
active material and the active layer of the
solar cell [26,27]. A hybrid approach has
been employed, where plasmonic effects
potentially enable third generation solar-
energy conversion [28].

Anti-reflective and passivation

properties of multi-layer stacks
Historically, silicon dioxide films, thermally
grown into the silicon surface at high
temperatures, have been the preferred
means used for surface passivation. Indeed,
the use of silicon oxide for passivating
non-diffused surfaces resulted in the first
solar cells with efficiencies >21% [29,30].
The surface passivation properties of SiO,
are excellent, but it does not passivate
the bulk defects in multicrystalline
silicon. Furthermore, oxidation requires
high temperatures creating additional
defects within multicrystalline silicon and
reducing equipment throughput.

Stacks of amorphous silicon and
silicon oxide — both deposited applying a
PECVD system — were successfully used
to passivate crystalline silicon solar cells’
rear surfaces and led to a maximum cell
efficiency of 21.7% on p-type (boron-
doped) float zone silicon substrates with a
thickness of 250pm [31].

It has been observed that the refractive
index of TiO, can be increased from 1.9,
directly after an APCVD process, to a
more optimal valve for encapsulation of
2.3 if a thermal treatment at temperatures
above 700°C is applied. However, TiO, has
no surface or bulk passivation properties.
Solar cells fabricated using the firing
through PECVD SiN, delivers cells which
are 2.5% more efficient that the firing
through APCVD TiO, ARC processed
cells [32].

“As solar radiation is
broadband, the AR coating
needs to be effective over the
entire solar spectrum from
ultraviolet and visible to
IR wavelengths.”

Lauinger et al. [33,34] have shown that
the quality of the surface passivation
obtained for 1.5Qcm p-type silicon
is strongly affected by the deposition
parameters used, as well as by the mode of
PECVD deposition. They concluded that
films fabricated using either remote or
high frequency direct PECVD result in a
lower surface recombination velocity than
films prepared using low-frequency direct
PECVD. Lauinger et al. also showed
there is a clear correlation between the
refractive index of the SiN films and their
ability to passivate the silicon surface.
They demonstrated that the surface
passivation is maximized when SiN films
with a refractive index greater than 2.3
were used, that is silicon-rich SiN films
[34]. These films bring about several
issues which limit their applicability to
solar cells in production lines: (i) the
etch rates of the films are extremely low,
hindering the local opening of the SiN by
means of photolithography and chemical
etching; (ii) the films show a considerable
absorption in the UV range of the sun
spectrum, leading to a reduction of the
short-circuit current; and (iii) the films
are very poor insulators and cannot be
used at point-contacted rears of solar
cells. PECVD SiN contains between 15
to 20 at.% hydrogen [35,36] due to the
high hydrogen content in the precursor
gases. During the high temperature
process of contact firing, the hydrogen
will be released from the silicon nitride
and diffuse into the silicon and passivate
recombination sites in the bulk [37].
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Simulation studies

Gettering and hydrogen passivation
improve the minority carrier lifetime
in pc-silicon wafers. Bulk passivation
can lead to increase in minority carrier
lifetime (1) and in effect lead to increase
in open circuit voltage (V,.) of the
solar cell. Fig. 1 shows the effect of
bulk lifetime 1 on the V. based on
PC1D simulation. For typical industrial
phosphorus diffusions with sheet
resistances in the vicinity of 500/
sq, there is minimal difference in the
passivation quality obtained with
PECVD SiN compared to any of the
oxides or the oxide/nitride stacks.
Conventional forming gas anneals of
the finished cells are known to improve
carrier lifetime up to 90ps.

From the perspective of optimizing the
reflective properties of the ARC coatings
we present the results of the simulation
studies done on different dielectric
combinations. As seen in Fig. 2, single-
layer AR coatings are out-performed by
the multilayer AR coating in terms of the
broad range of wavelengths for which
the coatings are effective. The simulation
clearly shows the advantage in lowering
the reflectivity while using the SiN single
layer compared to the SiO, single layer.
The average weighted reflectance is lower
for single-layer SiN compared to any
single- or double-layer ARC; however it is
limted by the bandwidth of the AR coating.
The SiN/MgF combination appears to
be the best in terms of flatness of the
response achieved from the overlapping
of the minima of the individual layers.
The simulation is done assuming there
are no absorption losses in the layers.
The simulation also shows that a ~2mV
gain in V. can be delivered (provided
all other cell parameters are unaltered)
by the SiN/MgF stack compared to the
single layer of SiN. Typically for the 12.5
x 12.5¢cm2 Si solar cell, a ImV gain in V.
can deliver ~0.024% absolute increase in
efficiency so that the 2mV gain can deliver
a ~0.048% absolute increase in efficiency.
The SiN/SiO, stack appears to be the best
industrially feasible approach of improving
the cell response both at the red and blue
end of the spectrum.

based on PC1D simulation.

Another study we carried out was to
quantify the gain attainable by improving
the reflective properties based on
PC1D simulation. We started with the
assumption of a single-layer broad band
SiN AR coating with average reflectance
of 15% at the quarter-wave thickness for
a 12.5 x 12.5cm? ¢-Si solar cell. Fixing all
other cell parameters for the simulation
and varying only the reflectance from
15% to 1%, the variation in electrical
performance of the cells was studied.
The cell efficiency as a function of the
reflectance is plotted in Fig. 3. Increase
in short circuit current I, with decrease
in reflectance was the most evident
contributor to improved cell efficiency.
Our calculations show that for the 12.5
x 12.5c¢cm? cell, and for a decrease in
broadband reflectance from 15% to 1%,
the short circuit current I increases by
~0.85A. For the 12.5 x 12.5cm? Si solar
cell, a ImA increase in I, can deliver a
~0.0028% absolute increase in efficiency so
that the 850mA increase in Isc can deliver
a ~2.38% absolute increase in efficiency.

Conclusions

Most of the commercially available
cell technologies today use single-
layer or dual coating with weighted
average reflectance of ~8%. AR coating
technologies that can reduce average
reflectance below 3% are much sought
after. The limitation on actual production
lines that are unable to tap these potential
technologies is in the inability of the
screen-printed contacts to fire through
the AR coatings of dielectric multi-
layers and form proper front contacts.
With the evolution of back contact cells
and alternate paste, the possibility of
implementing such multilayer stacks is
being pursued widely. From an industry
perspective, the most widely used AR
coating today is the single- or dual-layer
SiN based on the compromise between
throughput, equipment availability
and volume demands. The coming
age presents a challenge to production
lines on their ability to adapt to these
new designs and find alternatives to
complement minor snags put forth by
such technological changes.
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Figure 3. Cell efficiency as a function of

reflectance of the single layer SiN AR
coating.

References

[1] Kumar Dhungel, S., Yoo, J., Kim,
K., Jung, S., Ghosh, S. & Yi, J. 2006,
“Double-Layer Antireflection Coating
of MgF,/SiN, for Crystalline Silicon
Solar Cells’, Journal of the Korean
Physical Society, Vol. 49, No. 3, pp.
885-889.

[2] Macdonald, D.H., Cuevas, A., Kerr,
M.J., Samundsett, C., Ruby, D,
Winderbaum, S. & Leo, A. 2004,
“Texturing industrial multicrystalline
silicon solar cells’, Solar Energy, Vol.
76, Issues 1-3, pp. 277-283.

[3] Narayanan, S., Zolper, J., Yun, F,
Wenham, S.R., Sproul, A.B., Chong,
C.M. & Green, M.A. 1990, “18%
Efficiency Polycrystalline Silicon Solar
Cells’ 21st IEEE PVSC, pp. 678-680,
DOI: 10.1109/PVSC.1990.111706.

[4] Nakaya, H., Nishida, M., Takeda, Y.,
Moriuchi, S., Tonegawa, T., Machida,
T. & Nunoi, T. 1993, “Polycrystalline
silicon solar cells with v-grooved
surface’, Techn. Digest of the 7th
Intern. Photovoltaic Science and
Engineering Conf., pp. 91-92.

[5] Tsuo, Y.S., Xiao, Y., Heben, M.].,
Wu, X., Pern, FJ. & Deb, S.K. 1993,
“Potential applications of porous
silicon in photovoltaics’, Proc. 23rd
IEEE Photovoltaic Specialist Conf.,
Louisville, KY, USA, pp. 287-293.

[6] Shimomura, S. 2009, available online
at https://www.mitsubishielectricsolar.
com/news/download_file.
php?file=1243468174Mitsubishi%20
Electric%20Breaks%200wn%20
Record%20With%20World.pdf

[7] Fowles, G.R. 1975, Introduction to
Modern Optics, Dover Publications,
pp- 99-100.

[8] Aroutiounuian, V.M., Martirosyan,
Kh. & Soukiassian, P. 2006, “Almost
zero reflectance of a silicon
oxynitride/porous silicon double
layer antireflection coating for silicon
photovoltaic cells’, J. Phys. D: Appl.
Phys. Vol. 39, pp. 1623-1625, Mar.
2006.

[9] Kanamori, Y., Sasaki, M. & Hane,
K. 1999, “Broadband antireflection

Photovoltaics International

Cell

Processing

85



Cell

Processing

86

gratings fabricated upon silicon
substrates’, Opt. Lett., Vol. 24, pp.1422-
1424.

[10] Huang, Y., Chattopadhyay, S., Jen,
Y., Peng, C,, Liu, T, Hsu, Y,, Pan, C,,
Lo, H, Hsu, C., Chang, Y, Lee, C,,
Chen, K. & Chen, L. 2007, “Improved
broadband and quasi-omnidirectional
anti-reflection properties with
biomimetic silicon nanostructures’,
Nat. Nanotechnol. Vol. 2, pp. 770-
774.

[11] Strehlke, S., Bastide, S., Guillet, J.
& Lévy-Clément, C. 2000, “Design
of porous silicon antireflection
coatings for silicon solar cells’, Mat.
Sci. Eng. B, Vol. 69, pp. 81-86.

[12] Hiibner, A., Aberle, A.G. & Hezel,
R. 1997, “20% Efficient Bifacial
Silicon Solar Cells’, 14th European
Photovoltaic Solar Energy
Conference, Barcelona, Spain, pp.
92-95.

[13] Duerinckx, F. & Szlufcik, J. 2002,
“Defect passivation of industrial
multicrystalline solar cells based on
PECVD silicon nitride’ Sol. Energy.
Mater. Sol. Cells, Vol. 72, pp. 231-
246.

[14] Bouhafs, D., Moussi, A., Chikouche,
A. & Ruiz, .M. 1998, “Design and
simulation of antireflection coating
systems for optoelectronic devices:
Application to silicon solar cells’, Sol.
Energy Mater. Sol. Cells, Vol. 52,
pp. 79-93.

[15] Richards, B.S., Rowlands, S.F.,
Honsberg, C.B. & Cotter, J.E. 2003,
“TiO2 DLAR coatings for planar
silicon solar cells’, Prog. Photovolt.
Res. Appl. Vol. 11, pp. 27-32.

[16) Morales-Acevedo, A., Luna-
Arredondo, E. & Santana, G. 2002,
“Double anti-reflection layers for
silicon solar cells obtained by spin-
on’, Proceedings of the 29th IEEE
PVSC, New Orleans, LA, USA, pp.
293-295.

[17] Cid, M., Stem, N., Brunetti, C.,
Beloto, A.F. & Ramos, C.A.S. 1998,
“Improvements in anti-reflection
coatings for high efficiency silicon
solar cells’;, Surface and Coatings
Technology, Vol. 106, pp. 117-120.

[18] Richards, B.S. 2003, “Single-material
TiO, double-layer antireflection
coatings’, Sol. Energy Mater. Sol.
Cells, Vol. 79, pp. 369-390.

[19] Takato, H., Yamanaka, M., Hayashi,
Y., Shimokawa, R., Hide, R., Gohda,
S., Nagamine, F. & Tsuboi, H. 1992,
“Effects of Optical Confinement in
Textured Antireflection Coating
using ZnO Films for Solar Cells’,
Japn. J. Appl. Phys., Vol. 31, pp.
L1665-1.1667.

www.pv-tech.org

[20] Yu Yerokhov, V. & Melnyk, L1. 1999,
“Porous silicon in solar cell structures:
a review of achievements and modern
directions of further use’, Renew.
Sustain. Energy Rev. Vol. 3, p. 291.

[21] Bilyalov, R.R., Lidemann, R.,
Wettling, W., Stalmans, L.,
Poortmans, J., Nijs, J., Schirone,
L., Sotgiu, G., Strehlke, S. & Lévy-
Clément, C. 2000, “Multicrystalline
silicon solar cells with porous silicon
emitter’; Sol. Energy Mater. Sol.
Cells, Vol. 60, pp. 391-420.

[22] Koynov, S., Brandt, M.S. &
Stutzmann, M. 2007, “Black multi-
crystalline silicon solar cells’, Phys.
stat. sol. (RRL) 1, R53-R55.

[23] Koynov, S., Brandt, M.S. &
Stutzmann, M. 2006, “Black
nonreflecting silicon surfaces for solar
cells’, Appl. Phys. Lett., Vol. 88, pp.
203107.

[24] Jiang, J., Bosnick, K., Maillard, M.
& Brus, L. 2003, “Single molecule
Raman spectroscopy at the junctions
of large Ag nanocrystals’, J. Phys.
Chem. B, Vol. 107, no. 37, pp. 9964-
9972.

[25] Rand, B., Peumans, P. & Forrest,
S. 2004, “Long-range absorption
enhancement in organic tandem
thin-film solar cells containing silver
nanoclusters’, J. Appl. Phys. Vol. 96,
no. 12, pp. 7519-7526.

[26] Morfa, A., et.al. 2008, “Plasmon-
enhanced solar energy conversion
in organic bulk heterojunction
photovoltaics, Appl. Phys. Lett. Vol.
92, no. 1, pp. 013504.

[27] Reilly, T., van de Lagemaat, J.,
Tenent, R., Morfa, A. & Rowlen, K.
2008, “Surface-plasmon enhanced
transparent electrodes in organic
photovoltaics, Appl. Phys. Lett. Vol.
92, no. 24, pp. 243304.

[28] Johnson, J., Reilly, T, Kanarr, A. & van
de Lagemaat, J. 2009, “The ultrafast
photophysics of pentacene coupled
to surface plasmon active nanohole
films’, J. Phys. Chem. C, Vol. 113, no.
16, pp. 6871-6877.

[29] King, R.R., Sinton, R.A. & Swanson,
R.M. 1989, “Doped surfaces in one sun,
pointcontact solar cells) Appl. Phys.
Lett., Vol. 54 (15), pp. 1460-1462.

[30] Blakers, A.W., et. al. 1989, “22.8%
Efficient Silicon Solar Cells” Appl.
Phys. Lett., Vol. 55 (13), pp. 1363-1365.

[31] Hofmann, M., et.al. 2009, “PECVD
a-Si layers for industrial high
efficiency solar cell processing’,
Photovoltaics International, 4th
edition, p. 68, 2009.

[32] Szlufcik, J., et. al. 2000, “Advanced
Concepts of Industrial technologies of

Crystalline Silicon Solar Cells; Opto-
Electronics Review 8(4), pp.299-306.

[33] Lauinger, T., Moschner, ].D., Aberle,
A.G. & Hezel, R. 1998, “Optimization
and characterization of remote plasma-
enhanced chamical vapor deposition
silicon nitride for the passivation of
p-type crystalline silicon surfaces’ J.
Vac. Sci. Technol. A, Vol. 16 (2), pp.
530-543.

[34] Lauinger, T., Aberle, A.G. & Hezel,
R. 1997, “Comparison of Direct and
Remote PECVD Silicon Nitride
Films for Low Temperature Surface
Passivation of P-type Crystalline
Silicon) 14th EU PVSEC, Barcelona,
Spain, pp. 853-856.

[35] Mittelstadt, L., Metz, A., Hezel, R.
2002, “Hydrogen passivation of defects
in EFG ribbon silicon; Sol. Energy
Mater. Sol. Cells, Vol. 72, pp. 255-261.

[36] Hughey, M.P. & Cook, R.F. 2004,
“Massive stress changes in plasma-
enhanced chemical vapor deposited
silicon nitride films on thermal
cycling’, Thin Solid Filmss, Vol. 460,
pp. 7-16.

[37] Sopori, B.L., et. al. 1996, “Hydrogen in
silicon: A discussion of Diftfustion and
passivation mechanisms’, Sol. Energy
Mater. Sol. Cells, Vols. 41/42, pp.
159-169.

About the Authors

R. Jayakrishnan completed
his Ph.D. in thin-film solar
cells at Cochin University
of Science and Technology
and has over six years of
academic and industrial
experience. He worked with Hind High
Vacuum and Tata-BP Solar prior to
joining Christian College, Chengannur
where presently he is a lecturer in
physics.

Prakash Suratkar
completed his post-graduate
studies at the University of
Mumbai and has 23 years
of experience in research

\ and development of Si and
GaAs semiconductor devices. He worked
with Infineon Technologies and Lucent
Technologies-Bell lab prior to working
with Tata-BP Solar where presently
he serves as the General Manager
of Technology.

Enquiries

R. Jayakrishnan

Department of Physics

Christian College Chengannur

Kerala

India-689122

Email: rjayakrishnan2002@yahoo.co.in

Prakash Suratkar

Tata BP Solar India Ltd.
Bangalore
India-560100



