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ABSTRACT

Sufficient passivation of recombination active defects
in the bulk of crystalline silicon solar cells using atomic
hydrogen is a key feature for reaching high conversion
efficiencies. This is of special interest for promising low-
cost multi-crystalline (mc) materials, as a substantial cost
reduction concerning Watt-peak(W,)-costs seems to be
possible. The effectiveness of this hydrogenation is
strongly influenced by the diffusion kinetics of atomic hy-
drogen in silicon. Oxygen impurities seem to play a major
role, as they have the ability to trap hydrogen, slowing
down the diffusion of hydrogen atoms.

For two crystalline silicon materials the influence of
different oxygen concentrations on hydrogen kinetics is
discussed. We demonstrate that not only the overall oxy-
gen concentration, but as well the thermal history of the
samples has to be taken into account. Precipitation of
oxygen alters the diffusion kinetics and has an influence
on vacancy concentration. Faster passivation of crystal
defects can be reached in low-oxygen samples.

INTRODUCTION

The diffusion of hydrogen in mono Si was extensively
studied in the past. Van Wieringen and Warmoltz [1] could
determine the diffusivity of H in mono Si, and this data
was confirmed to be valid in a broad temperature range
(see [2,3] for a summary). Diffusion of hydrogen in mc Si
is much more complex because of the additional interac-
tion with defects and not much is known about the kinet-
ics, although mc Si solar cell processing relies a lot on
hydrogenation during solar processing to increase effi-
ciency.

Based on results already presented earlier [4,5], this
presentation will address some of the remaining issues in
the hydrogenation process. This is a key feature for fabri-
cation of efficient solar cells made from defect-rich but
cost-effective materials allowing a reduction in Wy-costs.

In this paper two studies will be presented. Both differ
in the materials chosen for the experiment. The first ex-
periment was carried out on Ribbon Growth on Substrate
(RGS) silicon. This material offers the possibility of a sig-
nificant cost reduction in photovoltaics because of the very
high production speed of 1 wafer per second [6]. As this

material contains a large amount of defects, hydrogena-
tion is an important part of the solar cell process to in-
crease material quality. Knowledge on hydrogen kinetics
is therefore very important in order to optimise cell proc-
essing [7].

On the other hand we have chosen mono-crystalline
Czochralski (Cz) silicon with oxygen as the only major
contaminant. The lack of other defects in significant con-
centrations makes Cz an ideal candidate to monitor the
effect of oxygen on hydrogen kinetics.

EXPERIMENT
Material 1 - RGS

RGS wafers chosen for this study (p-type, 1 Qcm) dif-
fer only in their oxygen concentration due to modifications
in the crystallisation ambient. Other defect concentrations
(IC], grain size, dislocation density, etc.) remain constant
(see table 1). Sample RGS 2 has the same overall [O] as
RGS 1, but due to O-precipitation directly after crystallisa-
tion at temperatures >1000 °C for 1 h the interstitial oxy-
gen concentration [Oj] is lower (measured by Fourier-
transformed infrared spectroscopy, FTIR). The String Rib-
bon (SR, 3 Qcm) sample was chosen as a reference rep-
resenting low [O] material.

Table 1: Samples used in the first experiment with [O], [C]
from SIMS measurements, as-grown [O;] from FTIR. No
calibration between both methods has been applied.

Material | [0] [cm™] | [O] [cm™] | [C] [cm™]
RGS1 3-4-10™ 2.9-10% 2-3-10™®
RGS?2 3-4-10™ <10™ 2-3-10™
RGS3 2:10™ 0.7510"® | 2-3-10%
RGS4 0.7-10™® 0.3-10™® 2-3-10™

SR 0.2-10% <10 4-10"
Material 2 - Cz

Whereas in RGS a lot of crystal defects can interact
with atomic hydrogen, mono-crystalline Cz material (p-
type, 8-13 Qcm) has been chosen to investigate the effect
of oxygen alone on hydrogen kinetics in a second experi-
ment. Two types of Cz with different [O] have been used.
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Whereas Cz1 shows a higher [O] of about 1.7x10'® cm™®,
Cz2 contains less oxygen ([O] = 1.0x10™ cm™, table 2).

Both Cz materials have been split into three groups
and have been submitted to an initial short homogenisa-
tion step at 1050 °C for 15 min. Whereas the first group
was then left in this ‘as-grown’ state (after homogenisa-
tion), the second and third one were afterwards submitted
to additional thermal annealing steps to intentionally cre-
ate O-precipitates of defined sizes. The annealing steps
are visualized in figure 1. Anneal 1 with temperatures of
500 and 650 °C respectively forms small precipitates,
whereas during Anneal 2 at 1000 °C larger precipitates
are formed.

From table 2 it can be concluded that for the high [O]
material Cz1 most oxygen has been precipitated after
Anneal 1 and 2, whereas most oxygen remained at inter-
stitial sites for the as-grown sample after the homogenisa-
tion step. In Cz2 the lower [O] limits O-precipitation. Only
a small fraction of the overall [O] is precipitated. SIMS
(secondary ion mass spectroscopy) data for Cz2 samples
and the SOLSIX reference (no homogenisation step) are
limited due to problems during measurement.

Table 2: [O] and [O] data determined by FTIR and SIMS
for the samples investigated in this study after high tem-
perature annealing steps. The effect of annealing on O-
precipitation can clearly be seen.

Material [Oi] FTIR [O] SIMS
(10" cm® | [10 cm™

Cz1 as grown 13.8 16.2

Cz1 Anneal 1 2.0 16.4

Cz1 Anneal 2 3.1 17.6

Cz2 as grown 7.2 ~9

Cz2 Anneal 1 6.9

Cz2 Anneal 2 6.0 9.9
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Figure 1: Annealing steps performed for the two Cz mate-
rials. All Cz samples were submitted to an initial short
homogenisation step at 1050 °C for 15 min.

Processing

Wafers have been subjected to certain solar cell
processing steps to simulate the thermal load during cell
fabrication. The applied processing steps are visualized in
figure 2. After the annealing steps described in figure 1
(only for Cz wafers), a POCI; diffusion in an open-tube
furnace was carried out leading to an emitter sheet resis-
tivity of 50 Q/sq. PECVD SiN deposition was performed in
a remote plasma reactor using ND3 instead of NHj;. The
SiH, to NDj3 ratio was 1/1.6 resulting in a refractive index n
of 2.1-2.2. The following firing step in a conventional belt
furnace was the same as used for co-firing of screen-
printed metal contacts in industrial-type solar cell process-

ing.
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Figure 2: Processing steps applied to all samples shown
in tables 1 and 2.

Afterwards samples have been investigated using
FTIR and SIMS. Instead of H we detected D to reduce the
signhal-to-noise ratio. To reduce SIMS measurement time,
samples have been beveled as shown in figure 3. The
combination of several measurements along the surface
of the bevel results in depth profiles. The depths can eas-
ily be calculated from the bevel angle (2.5°).
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Figure 3: Beveling of samples for convenient determina-
tion of profiles using SIMS.

RESULTS
Material 1 - RGS

Results for the RGS samples listed in table 1 after
bevelling can be seen in figure 4 (see [4,5] for more de-
tails on this study). D-profiles after PECVD deposition and
firing could be measured by SIMS for samples RGS1,
RGS2, and RGS3. A high [O] leads to high [D] near the
surface (RGS1) and a steeper profile (RGS1 as compared
to RGS3). Sample RGS1 with a higher as-grown [O]] leads
to a slightly steeper D-profile compared to sample RGS2
with the same overall [O] but lower as-grown [O}].
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Figure 4: SIMS profiles of [O] and [D] for the RGS sam-
ples shown in table 1 with String Ribbon as a low [O] ref-
erence.

Samples RGS4 and SR with [0] <10 cm™ lead to
[D] in the range of the detection SIMS limit (around
10" cm™ for these measurements). The hump at 40-
50 um depth for sample RGS4 coincides with a grain
boundary, indicating that D might be trapped at the de-
fects present near the grain boundary. The SR sample
was not bevelled.

It is known that H or D interacts with O-precipitates,
reducing their recombination activity. Therefore, it was
concluded in [4,5] that D-profiles are only detectable in mc
Si provided O is present in sufficient concentrations. In
addition it could be shown that vacancy concentration
[vac] is strongly affected by the high temperature steps
during wafer fabrication and sample processing. As [vac]
was suggested to play an important part in diffusion kinet-
ics of H in Si [8] we concluded that for the RGS samples
under investigation [vac] did not play the most important
role. This was deduced from the fact that samples RGS1
and RGS2 differ strongly in [vac] but show very similar D-
profiles [4,5].

Furthermore, in [4] it was stated that interaction be-
tween D and O might take place via the interface of the O-
precipitates formed at high temperatures. This would ex-
plain why there is a slightly steeper D-profile for RGS1
compared to RGS2 with the same overall [O] but a large
amount of small O-precipitates in RGS1 and a smaller
amount of larger O-precipitates in RGS2. This speculation
can only be investigated in more detail when another ma-
terial is chosen, which allows investigation of this specific
feature.

Material 2 - Cz

Annealing of the different Cz materials resulted in O-
precipitation as indicated in table 2. Densities of O-
precipitates after Anneal 1 are estimated to be 10 cm™
for Cz1 and 1012 cm’ % for Cz2. For Anneal 2 they are esti-
mated to be 10" cm™® for Cz1 and 10° cm™ for Cz2. If
trapping of D is due to interaction with the surface of the
O-precipitate as suggested in [4], we would expect to ob-
serve the highest [D] for Cz1 after Anneal 1 with lots of

small precipitates having the highest surface-to-volume
ratio.

SIMS results for the samples presented in table 2 are
shown in figure 5. Here not the complete D-profiles are
displayed but only values from the top (SiN layer) and the
bottom (no SiN layer) of the wafer. The SIMS detection
limit for this experiment was around 5- 10 cm?
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Figure 5:

Higher D-signals can be seen for Cz1 samples with

higher overall [O], as expected. This indicates once again
that high [O] leads to more trapping of D. Note that for the
SOLSIX sample [D] is close or below the SIMS detection
limit as it was observed in [9].
Surprisingly, the highest [D] can be detected for Cz1 after
Anneal 2 leading to large O-precipitates in lower concen-
tration than for Anneal 1. This clearly contradicts to the
assumption that the amount of D-atoms trapped in the
vicinity of O-precipitates increases only with the surface-
to-volume ratio of the O-precipitates as it was proposed in
[4]. To further investigate this behavior, D-profiles have
been measured on beveled samples from Cz1 material.
These results are shown in figure 6.

Lowest [D] can be detected for sample Cz1 as grown.
Sample Cz1 Anneal 1 shows higher [D]. As there is no
difference in the overall [O] (samples originating from the
same Cz wafer), we have to conclude that trapping of D is
influenced by the way O is present. Here it is obvious that
the formation of a large amount of small precipitates (den-
sity estimated to be 10™ cm™) leads to more trapping of
D. As the amount of precipitates is large enough to detect
more than one precipitate during the SIMS scan
(30x30 pm scan size with a beam size of 100 um), the
resulting D-profile is quite smooth.

Things are different for sample Cz1 Anneal 2. Here
we detect the highest D-signal although the overall sur-
face area of the O-precipitates is lower compared to sam-
ple Cz1 Anneal 1. An explanation for more trapping of D in
this sample could be that interaction of D and the O-
precipitate does not take place only via the surface of the
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Figure 6: SIMS profiles of [D] for the Cz1 samples shown
in table 2.

precipitate but due to the strain field around it. Larger pre-
cipitates might produce more stress in their vicinity and
therefore more D-atoms can be trapped to relax chemical
bonds between Si atoms. This of course does not mean
that there is no direct interaction possible between D and
the precipitate or its surface (or even oxygen on interstitial
lattice site). It just gives an additional location for trapping.

Data for Cz1 Anneal 2 has more scatter as compared
to Cz1 Anneal 1. This could be due to the fact that the
number of O-precipitates being hit by the SIMS detection
beam is much smaller (in the range of 10 assuming a
depth resolution of 10 nm), causing a more scattered sig-
nal.

Interestingly, all data points close to the initial wafer
surface show significantly lower [D]. This could be ex-
plained by out-diffusion of O during the annealing steps.
As this drop in D-signal can be detected even for Cz1 as-
grown, this out-diffusion should happen already at the
initial homogenisation step at 1000 °C for 15 min, which
was applied for all Cz samples.

SUMMARY

It could be shown that the amount of hydrogen (or in
this case deuterium) trapped in crystalline Si is strongly
dependant on the concentration of O present in the mate-
rial. Two experiments carried out on mc RGS material and
mono-crystalline Cz material clearly revealed the influence
of O on trapping of D for both materials.

In the first experiment four RGS wafers differing in [O]
and the way O was precipitated have been chosen. Pro-
nounced SIMS signals and steep D-profiles indicating
effective trapping could be detected only for RGS material
with [O] well above 10™ cm™. Lower [O] material led to
SIMS signals in the range of the detection limit. In RGS
material with [O] well below 10'® cm™ effective hydrogena-
tion can be achieved in significantly shorter passivation
times and at lower temperatures, leading to higher minor-
ity carrier lifetimes [7,10].

For the second experiment two Cz materials differing
in as-grown [O] have been investigated. To study the in-

fluence of O-precipitation on trapping of D, these samples
were submitted to two thermal annealing steps producing
O-precipitates of different sizes and concentrations. High-
est SIMS signals are detected for the high [O] Cz sample
showing large O-precipitates. This clearly indicates that
interaction of D with O-precipitates is not restricted to the
surface of the precipitate, as lower SIMS signals have
been detected in the sample with smaller precipitates in
higher concentration showing a higher overall surface
area.

The results presented in this study may lead to better
hydrogenation techniques in solar cell processing for O-
rich cost-effective mc Si materials.
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