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ABSTRACT

The sffectiveness of PECVD passivation of surface
and bulk defects in Si, as well as phosphorous diffused
emitters, is investigated and quantified.  Significant
hydrogen incorporation coupled with high posttive chargs
density in the PECVD SiN layer is found to play an
important role in bulk and surface passivation. It is shown
that photo-assisted anneal in a forming gas ambient after
PECVD deposttions significantly improves the passivation of
emiter and bulk defects. PECVD passivation of
phosphorous doped emitters and boron doped bare Si
surfaces is found to be a strong function of doping
concentration. Surface recombination velocity of less than
200 cm/s for 0.2 Ohm-cm and less than 1 cm/s for high
resistivity substrates (~500 Ohm-cm) were achieved.
PECVD passivation improved bulk lifetime in the range of
30% to 70% in multicrystalline Si materials. However, the
degree of the passivation was found to be highly material
specific. Depending upon the passivation scheme, emitter
saturation current density {J.,) can be reduced by a factor
of 3t0 9. Finally, the stability of PECVD oxide/nitride
passivation under prolonged UV exposure is established.

INTRODUCTION

Both surface and bulk defect passivation are critical
for improving Si solar cell performance. Recently PECVD
passivation has drawn considerab¥Z attention because of
low-cost, low-temperature, and effective defect passivation{1-
5]. - Moreover, it is compatible with the formation of
antireflaction coating for Si solar celis[6]. Even thoughitis
known that PECVD SIN Improves the Si solar call
performance, It is still not fully understood and quantified
how much improvement comes from surface and bulk
defect passivation, what passivation scheme should be
used, how important is post deposition anneal, and how
effective is PECVD in passivating emitters.

This paper demonstrates and quantifies the
effectivenass of PECVD passivation of bare Si surfaces, bulk
defects, and phosphorous diffused emitters. The objective
of this paper is four-fold: {a) investigate the role of post-
deposition anneal on PECVD passivation of emitters and
butk defects in multicrystalline materials, (b) evaluate
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different promising PECVD passivation schemes using
various combinations of oxides and nitrides, (c) study the
sifect of doping concentration on PECVD passivation of
phosphorous doped emitters and boron doped Si surfaces,
and (d) investigate the stability of PECVD passivation under
prolonged UV exposure,

EXPERIMENTS

A commercial Plasma-Therm reactor with 13.56
MHz if power source was used forthe PECVD deposition of
oxides and nitrides. The top electrode was maintained at 80
°C while substrate temperature was kept at 250 - 300 °C. A
low power level of 20 - 30 W (about 0.02 W/cm?) was used
to prevent surface damage by ion bombardment. The
PECVD coatings were deposited on both sidas of the wafers
and then the samples were subjected to photo-assisted
anneal at 350 °C in a forming gas ambient for 20 min. The
detailed wafer cleaning and deposition conditions have
been published elsewhere[5]. For the two layer Si0O,/SiN
passivation, 100 A SiO, was deposited first on Si followed
by 600 A SiN deposition with r

g index of 2.3. The
index of 2.3 was selected because ither match with
glass and # Is also suttable for double {ayer

. SiN(80nm)/Si0,{95nm) AR coating[6].

The seffective recombination iifetime, 1., and
emitter recombination current denstty, J,,, were measured
by the photo-conductivity decay (PCD) technique at 25
degree C. The PCD setup and analysis are described in
detail elsewhere[7,8]. The positive oxide charge density Q,,
was determined by high frequency C-V measurements on
MOS capacitors fabricated on 0.2 Q-cm Si wafers. In
selacted instances, the hydrogen content in SiN films was
monitored by FTIR.

RESULTS AND DISCUSSIONS

1. PECVD Passivation of Si surfaces

Three different passivation schemes were
investigated for Si surface passivation: a) 100 A SiO,; b)
600 A SiN; and c) 100 A Si0,/ 600 A SiN. In order to
determine the best passivation scheme, experiments wers
conducted on high resistivity (~500 ohm-cm) FZ Siwith very
high bulk Ifetime (r, > 15 ms). PCD measurements were
performed after the PECVD passivation. It can be seen
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from Fig.1 that the 100A SiO, / 600A SiN double layer
passivation gave the highest effective lifetime (~ 10ms) and
the lowest surface recombination velocty (S < cm/s).

Fig.1 The effect of three passivation schemes on 7,4

Fig.2 shows a typica! C-V curve for a MOS capacitor with
SiN thickness of 66nm and positive charge density of
3.1x10"%cm?. The high positive charge density in SiN leads
to strong inversion, and increases the difference in electron
and hole density near Si/SiN interface to reduce the surface
racombination velocity.

- \ * * * ? < * <

films was detected by FTIR, as shown in Fig3. Two strong
peaks at 2170 and 3358 wavenumbers are related to Si-H,
and N-H bonds, respectively. Therefore, PECVD SiN layer
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could provide a source of hydrogen for both surface
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and bulk defect passivation. The bulk defect passivation
was studied in multicrystalline Si materials. The double layer
passivation scheme was used on five different
multicrystalline materials, namely EFG sheet Si, cast Osaka
and Osaka EM Si, and cast Si from Solarex and Wacker.
Minority carrier fifetime was measured on each sample by
PCD before and after the passivation. In order to decouple
the bulk and surface passivation, each sample was
measured in concentrated HF solution before and after the
PECVD passivation. HF solution is known to provide a near
perfect surface passivation {S < 1 cm/s) for silicon, via H-Si
bond formation. Therefore, the PCD lifetime in HF ()
prmarily represents true bulk recombination, and the
change in 1, before and after the PECVD passivation gives
a good indication of the degres of bulk defect passivation.
Fig.4 shows the improvement in normalized butk lifetime
due o the PECVD passivation of all five mutticrystalline Si
matarials.

Fig.4 The effect of PECVD passivation on normalized 7,.
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it can be geen that with the exception of Osaka EM, all
others showed significant bulk defect passivation after the
PECVD deposition of SIN/SIO,. The r, increased by 30%
to 70% after the passivation, depending upon the
multicrystaline material. it is noteworthy that the bulk defect
passivation efficiency is materials specific, probably duse to
the difference in the nature of defects in each material, but
seem to be less sensitive to the initial bulk lifetime value.

3. PECVD passivation of phosphorous diffused emitters
The effects of post PECVD deposition anneal and
various passivation strategies on emitter surface passivation
were investigated. A comparison between photo-assisted
anneal in a tungsten halogen lamp-heated system and
conventional fumace annea! was made. Fig.5 shows that
PECVD deposition alone, without any anneal, reduces J, by
a factor 2. Photo-assisted anneal at 350°C for 20 min in
forming gas, after the PECVD deposition, reduces J, by an
additional factor of 3.4, while a comparable furace anneal
decreases J, by a factor of 2.5. These results not only
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Fig.5 Effect of post deposition anneal on J,,

demonstrate the effectiveness of PECVD coatings for emitter
passivation but also show the importance of post-depaosition
anneal and the superiority of photo-anneal over the fumace
anneal.

Five different schemes were investigated for
passivating phosphorous diffused emitters; (a) 100nm thick
PECVD Si0,/Si; (b} 60nm thick PECVD SiN/Si; (c) PECVD
SiN(60nm)/PECVD SiO,(10nm)/Si; (d) 110nm thick thermal
Si0,/Si; and (¢) PECVD SiN(60nm)/thin thermal
SI0,{10nm)/Si. The schemés (b) and (c) were used on the
emitters diffused at 900°C with J,, value of 1300 {{A/cm?)
before the passivation, while schemes (a), (d), and (e) were
performed on the emitters diffused at 875°C with a Jo, value
of 900 (fA/em?). The passivation layers were deposited on
both surfaces of the wafers, and were subjected to photo-
anneal at 350 °C in forming gas amblent for 20 min. J,,
measurements were performed by using PCD technique.
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Fig.6 shows that J,, decreases by a factor of 3.7, 5.7 and
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Fig.8 Changing in J,, with different passivation schemes.

6.3 due to PECVD passivation schemes a, b, and ¢,
respectively. Scheme (d), which uses thick thermal oxide,
lowers J,, by a factor of 9, and scheme (e), which involves
the combination of PECVD SiN and thin thermal SiO,,
decreases J,, by a factor of 9.5. It should be recognized
that even though thick thermal oxide provides better surface
passivation, it has poor antireflaction properties for planar
cells. On the other hand, schemes (b) and (c) provide
relatively inferior surface passivation but very effective
antireflection coating. If a higher degree of emitter surface
passivation is critical, scheme (s) can provide excellent
emitter passivation without sacrificing antirefiection
properties.

It is important to recognize that the effectiveness of
PECVD passivation is also a function of doping
concentration. Bulk doping concentration was found to
influence the degree of PECVD passivation of Si surfaces.
Fig.7 shows that surface recombination velocity, S, of the

E PECYD 3103/3"‘ passivated surface

.1 1.0 10.0 100.0
Substrate Raslstivity (Ohm—em)

Fig.7 Effect of bulk doping on PECVD passivation.
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PECVD oxide/nitride coated Si wafer increases from less
than 1 to about 150 cm/s when the bulk resistivity
decreases from 500 to 0.2 ohm-cm.

Similarty, it was found that the J,, of phosphorus
diffused emitter, coated with the PECVD oxide/nitride,
increased from 200 to 650 fA/em?, Fig.g, with the increase
in surface doping concentration, which was varied by
changing the diffusion temperature from 820 to 900 °C.
Thus, the absolute valus of PECVD-induced S or J, Is also
a strong function of surface doping concentration.
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Fig.8 Effect of emitter diffusion temperature on PECVD
passivation.

4. Stabliity of PECVD passivation

Finally, the UV stabiiity of PECVD passivation was
studied for both single layer SiN(60nm) and double layer
SiN(60nm}/Si0,(10nm). coated emittars by exposing the
passivated emitters to a concentrated light source (40 suns).
Preliminary results, in Fig.8, show that both SiN and
SiN/SIO, passivation are stabls over 1000 sun-hour UV
exposure,
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Fig.9 Tha stabllity of PECVD passivation under UV exposure.
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ln conclusion, we have shown that the proper
cholce of PECVD passivation scheme and photo-assisted
annsal conditions can effectively passivate butk and surface
defects in silicon, as well as phosphorous diffused smitters.
The surface recombination veloctty of less than 200 cm/s
for 0.2 Ohm-cm Si and less than 1 cm/s for high resistivity
substrates (~500 Ohm-cm) were achieved by PECVD
passivation. The bulk defect passivation was investigated in
multicrystalline materials, and it was found that bulk lifetime
improved in the range of 30% to 70% afer PECVD
oxide/nitride deposition and photo-anneal. Howsver, the
degree of the passivation is highly material specific. The
PECVD passivation was able to reduce the phosphorus
diffused emitter saturation current density J,, by a factor of
Jto 6. The thick thermal oxide can reduce J,, by a factor
of 8, however it does not provide efficient AR coating for
planar Si solar cells. On the other hand, the combination of
thin thermal oxide capped with PECVD SiN layer not only
reduces J,, by a factor of 9.5, but also serves as a good
antireflection coating, especially under the glass. The merit
of photo-assisted anneal was demonstrated for PECYD bulk
and surface passivation. Finally, stability of PECVD
passivation of diffused emitters was established by
prolonged UV exposure under concentrated light source.
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