i iNREL

NATIONAL RENEWABLE ENERGY LABORATORY

Excellent Passivation and Low
Reflectivity Al,O3/TiO, Bilayer
Coatings for n-Wafer Silicon
Solar Cells

Preprint

Benjamin G. Lee, Sukgeun Choi,

and Howard M. Branz
National Renewable Energy Laboratory

Jarmo Skarp, Ville Malinen, and Shuo Li
Beneq Oy

Presented at the 2012 IEEE Photovoltaic Specialists Conference
Austin, Texas
June 3-8, 2012

NREL is a national laboratory of the U.S. Department of Energy, Office of Energy
Efficiency & Renewable Energy, operated by the Alliance for Sustainable Energy, LLC.

Conference Paper
NREL/CP-5200-54121
June 2012

Contract No. DE-AC36-08G028308



NOTICE

The submitted manuscript has been offered by an employee of the Alliance for Sustainable Energy, LLC
(Alliance), a contractor of the US Government under Contract No. DE-AC36-08G028308. Accordingly, the US
Government and Alliance retain a nonexclusive royalty-free license to publish or reproduce the published form of
this contribution, or allow others to do so, for US Government purposes.

This report was prepared as an account of work sponsored by an agency of the United States government.
Neither the United States government nor any agency thereof, nor any of their employees, makes any warranty,
express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of
any information, apparatus, product, or process disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation,
or favoring by the United States government or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States government or any agency thereof.

Available electronically at http://www.osti.gov/bridge

Available for a processing fee to U.S. Department of Energy
and its contractors, in paper, from:

U.S. Department of Energy
Office of Scientific and Technical Information

P.O. Box 62

Oak Ridge, TN 37831-0062

phone: 865.576.8401

fax: 865.576.5728

email: mailto:reports@adonis.osti.gov

Available for sale to the public, in paper, from:

U.S. Department of Commerce

National Technical Information Service

5285 Port Royal Road

Springfield, VA 22161

phone: 800.553.6847

fax: 703.605.6900

email: orders@ntis.fedworld.gov

online ordering: http://www.ntis.gov/help/ordermethods.aspx

Cover Photos: (left to right) PIX 16416, PIX 17423, PIX 16560, PIX 17613, PIX 17436, PIX 17721
I 4

W Printed on paper containing at least 50% wastepaper, including 10% post consumer waste.


http://www.osti.gov/bridge
mailto:reports@adonis.osti.gov
mailto:orders@ntis.fedworld.gov
http://www.ntis.gov/help/ordermethods.aspx

Excellent Passivation and Low Reflectivity Al,O3/TiO, Bilayer
Coatings for n-Wafer Silicon Solar Cells

Benjamin G Leel, Jarmo Skarpz, Ville Malinenz, Shuo Li2, Sukgeun Choil, Howard M. Branz'

"National Center for Photovoltaics, National Renewable Energy Laboratory, Golden CO 80401 USA
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Abstract — A bilayer coating of AL,O; and TiO, is used to
simultaneously achieve excellent passivation and low reflectivity
on p-type silicon. This coating is targeted for achieving high
efficiency n-wafer Si solar cells, where both passivation and anti-
reflection (AR) are needed at the front-side p-type emitter. It
could also be valuable for front-side passivation and AR of rear-
emitter and interdigitated back contact p-wafer cells. We achieve
high minority carrier lifetimes ~1 ms, as well as a nearly 2%
decrease in absolute reflectivity, as compared to a standard
silicon nitride AR coating.

Index Terms — passivation, anti-reflection, n-wafer silicon,
minority carrier lifetime, atomic layer deposition.

1. INTRODUCTION

Advanced n-wafer Si solar cells are considered promising
because of their greater tolerance for common impurities (e.g.
Fe) and because they do not suffer from the boron-oxygen
related light-induced degradation seen in p-wafer Czochralski
(Cz) solar cells. In order to achieve high efficiency n-wafer
cells, excellent passivation of the p-type emitter is crucial.
Previous literature has demonstrated the efficacy of a thin
AlO; coating as a surface passivant for p-type Si wafers [1-4]
and also solar cells with p-emitters [5]. Minority carrier
lifetimes in excess of 1 ms have been demonstrated,
corresponding to surface recombination velocities below 10
cn/s. This has allowed the fabrication of solar cells with open
circuit voltage Voc ~ 700 mV and efficiency >20% [5],
showing the potential of this technique for passivation.

However, since the coating is applied to the emitter, on the
front side where light enters the cell, it is also important to
consider its anti-reflection properties. Up to now, there has
not been a concerted effort to improve the coating for reduced
reflection. Unfortunately, Al,O; has a low refractive index (n
~ 1.6) so it is not suitable by itself as an AR coating. Silicon
nitride can be deposited on top as an AR layer [5], but is not
ideal since it also has a relatively low refractive index (n ~ 2).
Since practically all commercial Si solar cells are
encapsulated under glass/ethylene-vinyl acetate (EVA), a
higher refractive index AR layer (n ~ 2.3) is strongly
preferred.

In this paper, we show that a bilayer coating of Al,0;/TiO,
can function to simultaneously provide excellent passivation
for p-type Si and significantly reduce reflectivity. We deposit
the bilayer coating using atomic layer deposition (ALD).
Other industrially-relevant, high-throughput techniques could
be used to deposit the coating, including spatial-ALD, plasma-

enhanced chemical vapor deposition (PECVD), sputtering,
evaporation and spray-coating. Importantly, excellent
passivation (lifetimes ~ 1 ms) with Al,O; deposited by spatial-
ALD [4] and PECVD [2] has already been demonstrated. It is
well-known that TiO, can also be deposited by numerous
rapid and inexpensive techniques.

II. BILAYER COATING

We design the bilayer coating to have as thin a layer of
Al,Os as possible. This is desirable, since Al,O; has a low
refractive index that will decrease the anti-reflection
performance of the bilayer coating. Previous literature has
shown that even ~10 nm of Al,O;3 can be sufficient to achieve
excellent passivation [1-4]. Using the optical transfer-matrix
method to calculate reflectivities, we search for the optimal
thicknesses for Al,O3 and TiO, layers. The aim is to achieve
an anti-reflection coating optimized for the lowest solar-
averaged reflectivity — the reflectivity averaged across the
solar spectrum, as weighted by solar flux. We find that a
bilayer stack of 10 nm AL,O; followed by 50.5 nm of TiO, is
optimal.

We use ALD to deposit this bilayer coating onto both sides
of p-type Si wafers. Cz p-type Si wafers are used, boron-
doped to a resistivity of 3 Q-cm, and with a thickness of 400
pm. The native oxide layer on the wafers is removed in dilute
HF. The thermal ALD deposition of the bilayer coating is
performed in a Beneq P400A machine, which is capable of
processing both single wafers for R&D purposes as well as
large wafer batches. AL,O; is deposited by using a Beneq
proprietary modified Oz process. Trimethylaluminium (TMA)
is used as the aluminum precursor and the ALD cycle time is
4 s. TiO, is deposited from TiCly and H,O. The entire process
is done at 200 °C, with nitrogen carrier gas at 2.5 SLM flow
and 1 mbar process pressure.

After deposition, the coated wafers are annealed in an inert
N, environment at 450 °C for 30 minutes. This is done to
activate the surface passivation, as described in previous
literature [1-4].

[II. PASSIVATION RESULTS

The minority carrier lifetime is measured using a Sinton
Instruments WCT-100 lifetime tester. Both transient
photoconductance decay (PCD) and quasi-steady-state



photoconductance (QSSPC) measurements are done to
determine the minority carrier lifetime as a function of
injected photocarrier density. We see that for injection levels
up to 10" cm?, the Auger-corrected effective lifetime is
approx. 1 ms (Fig. 1).
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Fig. 1. Effective minority carrier lifetime (left axis) and maximum
surface recombination velocity (right axis) as a function of injection
level.

Assuming an infinite lifetime in the bulk, we can calculate
the maximum surface recombination velocity S according
to:

Seff,max = W /(2 Teff) (l)

Here, W is the wafer thickness and 7 is the effective
minority carrier lifetime. Thus, we find that the maximum
surface recombination velocity is below 25 cm/s for injection
levels up to 10'® cm™ (Fig. 1). So, for injection levels
corresponding to 0-1 sun illumination, we see that the
minority carrier lifetime (alternatively the surface
recombination velocity) is excellent.

The implied open-circuit voltage may also be calculated
from the effective minority carrier lifetime [6]. At 1-sun
intensity, we see that the implied Voc is ~700 mV (Fig. 2).
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Fig. 2. Implied open circuit voltage V.. for a solar cell with the

bilayer surface passivation. Near 1-sun intensity, the implied V. is
~700 mV.

Therefore, we can assert that the Al,O3/TiO, bilayer coating
achieves excellent passivation, approaching the best results
for passivation of p-doped Si in the literature [1-4].

IV. OPTICAL PROPERTIES

We use spectroscopic ellipsometry to measure the dielectric
functions of the coating. First, we measure the dielectric
functions of separate films of Al,O; and TiO, deposited under
the same ALD conditions. These are single-layer films
deposited on Si wafer. We then measure the bilayer coating.
We confirm that the dielectric functions of Al,O; and TiO, are
basically identical in the bilayer stack, compared to those of
the separate single-layer films. The dielectric functions
determined from ellipsometry are shown in Fig. 3.
Importantly, the (complex) refractive index (n = £€”) of TiO,
is high, in the range of n ~ 2.4 in the visible and near-infrared.
This is beneficial for achieving a good anti-reflection coating
for Si, encapsulated under glass/EVA.
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Fig. 3. Dielectric functions of Al,O; and TiO, films deposited by
ALD on Si wafer. Solid lines denote the real part of epsilon and
dashed lines the imaginary part.

We input the actual, experimental dielectric functions of
Al,O;, TiO, and Si into a transfer-matrix calculation, to
determine the reflectivity of the bilayer coating on silicon. We
assume that the light is initially incident on the bilayer coating
from glass/EVA with refractive index n = 1.5.

We find that the bilayer behaves as an excellent AR coating.
The calculated solar-averaged reflectivity of a coated, flat Si
wafer is only 4.7% under glass/EVA. By comparison, a
standard silicon nitride AR coating on flat wafer has 6.5%
solar-averaged reflectivity under glass/EVA. The lower
reflectivity of the Al,O3/TiO, coating can be clearly seen in
Fig. 4. Notably, if we attempt to combine Al,O3 passivation
with silicon nitride for anti-reflection, we will have solar-
averaged reflectivity even above 6.5%.

High efficiency solar cells made from mono-crystalline Si
wafers are typically textured by KOH etching, to further
reduce reflectivity. However, even on textured wafers, there
will still be a significant benefit with the Al,O03/TiO, bilayer
coating. We estimate a ~1% decrease in absolute reflectivity
compared to standard silicon nitride. This translates to an



additional ~0.4 mA/cm® in current, or several tenths of a
percentage point in efficiency. Therefore, we see that the
bilayer stack can be an improved anti-reflection coating for
high-efficiency cells, in addition to providing excellent
surface passivation.
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Fig. 4. Reflectivity of the bilayer coating, as compared to a standard
silicon nitride AR coating. Calculated assuming that the initial
medium is glass/EVA (n = 1.5) and the final medium is silicon.

V. CONCLUSION

We simultaneously achieve low reflectivity and excellent
passivation of p-type Si with an ALD-deposited bilayer
coating consisting of 10 nm Al,O; followed by 50.5 nm TiO..
A high minority carrier lifetime ~1 ms is measured in a wafer
coated with the bilayer stack. This is equivalent to a low
surface recombination velocity below 25 cm/s, or an implied
Voe ~ 700 mV for a solar cell. The high refractive index of the
TiO, (n ~ 2.4) is beneficial for decreased reflectivity. We

calculate the solar-averaged reflectivity of a flat, coated Si
wafer under glass/EVA to be only 4.7%. This is nearly 2%
less in absolute reflectivity than with a standard silicon nitride
AR coating.
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