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High quality surface passivation has gained a significant importance in photovoltaic industry for
reducing the surface recombination and hence fabricating low cost and high efficiency solar cells
using thinner wafers. The formation of good-quality SiO, films and SiO,/Si interfaces at low process-
ing temperatures is a prerequisite for improving the conversion efficiency of industrial solar cells with
better passivation. High-temperature annealing in inert ambient is promising to improve the SiO,/Si
interface. However, annealing treatments could cause negative effects on SiO,/Si interfaces due
to its chemical at high temperatures. Low temperature post oxidation annealing has been carried
out to investigate the structural and interface properties of Si—SiO, system. Quasi Steady State
Photo Conductance measurements shows a promising effective carrier lifetime of 420 us, surface
recombination velocity of 22 cm/s and a low interface trap density (D) of 4 x 10" states/cm?/eV
after annealing. The fixed oxide charge density was reduced to 1 x 10'"/cm? due to the annealing
at 500 °C. The FWHM and the Si—O peak wavenumber corresponding to the samples annealed at
500 °C reveals that the Si dangling bonds in the SiO, films due to the oxygen defects was reduced

by the low temperature post oxidation annealing.
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Trap Density.

1. INTRODUCTION

A significant loss mechanism in industrial solar cells is
recombination of charge carriers in the silicon material.
To achieve high efficiency solar cells, recombination losses
must be minimized.! The wafer thickness has been con-
tinuously decreased, due to high material costs, and the
solar cells become thinner. Hence, the electrical property
of surface passivation is indispensable to achieve high
conversion efficiency especially for thin wafers. Passiva-
tion methods for crystalline Si solar cells can be done by
(i) elimination of interface states which is effective for
both n- and p-Si based solar cells; hence conversion effi-
ciency can be improved and (ii) induction of charges in Si
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surface regions which prevents recombination by repelling
one kind of charges.

Thermal silicon dioxide remains the main dielectric in
many industrial applications® due to its best characteris-
tics of an insulator-semiconductor system. SiO, has several
features which makes it an attractive photovoltaic material.
The high efficient silicon solar cells** uses thermal oxide
since it provides the adequate mean for surface passivation
with reduced minority carrier loss by surface recombina-
tion. Thermally grown SiO, layers at high temperatures
above 900 °C in oxidizing atmosphere form an SiO,/Si
interface provides all major requirements such as good
surface passivation, good rear reflectance, and thermal sta-
bility in solar cell production processes. Surface recom-
bination velocity (SRV) less than 2.4 and 11.8 cm/s on
n- and p-type floating-zone (FZ) c-Si wafers, respectively
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was achieved by Kerr et al.> The formation of good-quality
SiO, films and SiO,/Si interfaces at low processing tem-
peratures is a prerequisite for improving the conversion
efficiency of industrial solar cells with better passivation.
High-temperature annealing in inert ambient is promis-
ing to improve the SiO,/Si interface. However, annealing
treatments could cause negative effects on SiO,/Si inter-
faces at high temperatures. Hence understanding the nature
of the SiO,/Si interface in thermally oxidized silicon and
its dependence on process is crucial for effective passi-
vation. The SiO,/Si interface formed by thermal oxida-
tion has been shown to be neither abrupt on an atomic
scale, nor strain free.® Several factors contribute to inter-
facial bond-strain. Differences in linear thermal expansion
coefficients contribute to thermal strain when the oxides
grown at higher temperatures. These level of interfacial
bond-strain cannot be relieved elastically. In this study,
low temperature post oxidation annealing has been carried
out to investigate the structural and interface properties of
Si-Si0, system.

2. EXPERIMENTAL DETAILS

For oxidation characterization, p-type Czochralski (CZ)-
grown crystalline Si wafers with resistivity of 1-2 Q-cm
were first cleaned with SC-1(NH,OH:H,0,:DI-H,O in
the ratio of 1:1:5). After SC-1 cleaning, the wafers were
cleaned by dipping in 10% HCI and 10% HF to remove
the oxide formed during the SC-1 cleaning and the wafers
were then rinsed in DI water. After purging the quartz
chamber with N,, the wafers were immediately loaded into
the quartz chamber at 600 °C. Thermal oxide was grown in
nominally dry oxidation ambient by flowing oxygen gas at
temperature in the range of 900 to 1100 °C for fixed oxida-
tion time. Annealing was performed at 500 °C and 700 °C
for 30 min in the ambient of molecular nitrogen with con-
stant flow rate and then sample was unloaded at the same
temperature. The whole process of thermal oxidation and
post oxidation annealing (POA) cycle is summarized in
Figure 1. The thickness of SiO, was fixed at ~20 nm for
all samples. The thicknesses of the SiO, films were esti-
mated by using Spectroscopic ellipsometer (SE), VASE®,
J. A. Woollam. The minority carrier lifetime (7.;) of the
passivated wafers were measured by the quasi-steady-state
photo-conductance (QSSPC) method, using a commercial
WCT-120 photo-conductance set-up from Sinton Consult-
ing. In order to fabricate the Metal-Oxide-Semiconductor

Thermal oxidation
900°C

Annealing in N, ambient
for 30 min at
500 and 700°C

Loading

Figure 1. Process flow for thermal oxidation and post oxidation anneal-
ing of SiO, layer.
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(MOS) structures, grown oxide layer on the rear side of
the silicon surface was fully removed using Buffer Oxide
Etchant (BOE) by protecting the front surface of the sili-
con by positive photoresist. Ohmic contact was performed
on the front surface with the deposition of the Al (200 nm)
using thermal evaporation method in the vacuum range of
107® Torr. To estimate the shift in flat-band voltage and
the interface trap states (D;,), high-frequency capacitance—
voltage (C-V) of the MOS structure was characterized
using an MDC meter (model 825). The molecular vibration
mode and functional groups in the SiO, films were charac-
terized by Fourier Transform Infrared (FTIR) spectroscopy
(Prestige-21 spectrometer, Shimadzu). The X-rays photo-
electron spectroscopic (XPS) ESCA2000 (VG microtech)
system with monochromatic Al K (1486.6 eV) source was
used to analyze the chemical composition and binding
states of the SiO, films.

Solar cells were fabricated using p-type c-Si wafers of
thickness 200 £25 wm with a resistivity of 0.5-2 Qcm
and saw damage depth of 3 um. N-type emitter layer was
formed by phosphorous diffusion using POCl; as source
material at 830 °C for 20 minutes. Subsequent to n" emit-
ter diffusion, phosphorous silica glass removal was per-
formed using a diluted HF solution for a few minutes.
Thermally oxidized SiO, layers of 20 nm thick were used
as passivation layer whereas a silicon nitride was deposited
on the front side of wafers using plasma-enhanced chem-
ical vapor deposition for anti-reflection (AR) coating.
High throughput metal contacts were formed on front and
back surface using standard silver paste and aluminum by
screen-printing technique. The samples were then baked at
150 °C and co-fired in a conveyer belt furnace. The speed
of the belt was 120-170 inch/minute and the temperatures
at different zones of the furnace were 450, 500, 600 and
940 °C. The samples were edge isolated by laser and the
solar cell performance was characterized by /-V measure-
ment under air mass 1.5 global (100 mW/cm?, AM1.5G)
condition at 25 °C.

3. RESULTS AND DISCUSSION

Figure 2 shows the typical high frequency C-V curve
of POA samples with different annealing temperature in
MOS structure. The variation in temperature was fixed as
500 °C, 700 °C with a gate bias sweep from —6 V to
2 V. This was done by performing the high frequency C—V
measurements at room temperature. The flat band volt-
age (Vi) was calculated by comparing the reference curve
(900 °C). A noticable positive flat band voltage shift in the
characterisitic of the sample that received the annealing
temperature of 500 °C is considered to be caused by the
variation in the fixed oxide charge (Q;). A voltage shift in
the same direction is observed for the 700 °C. However
there is also an evident stretch out of the C-V for both
samples. The entire shift is due to changes in the interface
and oxide charge.
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Figure 2. A typical plot of high frequency CV curves of the MOS
structure of the SiO, films annealed at different temperatures.

The other noticeable feature of the SiO, films contribut-
ing to effective passivation is the interface trap states (D,).
The D; of the SiO, films with different POA is shown
in Figure 3, in which the D, of the interface between
the SiO, and the Si surface was determined by high fre-
quency capacitance method developed by Terman at room
temperature.” For the oxides annealed at 500 and 700 °C
generated interface states are minimized with a value of
about 4 x 10! cm~2 eV~! and 8 x 10" cm~2 eV~! respec-
tively. The maximum value of generated interface states is
about 16 x 10" cm™2 eV~ for 900 °C.

The D, is related to the structural defects at the insu-
lator/semiconductor surface. It is commonly accepted that
the amount of fixed charge and the D depend on the
bond density within the films. Lucovsky et al. developed
a model for the positive fixed charge Q;, and D, gener-
ation at SiO,/Si interface. The amount of positive fixed
charge and interface trap states is directly proportional to
=Si-0-Si=, H-O-Si=, and =Si-H bonds:?

=Si-H+=Si-0-Si=+h" — =Si’ + H-0"~(Si=),:
generation of D, and Q;(07) (1)

Si-Si+(0) — (Si—0)*+Si=+e"

2)
(Si-0)" +Si=+e— Si-O-Si™: generation of Q;(07)

[
N

w
T
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Figure 3. The interface trap density (D,) of the SiO, films annealed at
different temperatures.
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At high annealing temperature Si—-O bond destruction
occurs creating oxygen deficiency defects®!® which may
be responsible for the increased interface state density.

From the data of Vi, which was obtained from the C-V
measurement for MIS structures at 1.0 MHz, the value of
the Q; at the insulator may be evaluated as''

0r = S (B — Vi) 3

where C; is the insulator capacitance, A is the area of the
diode, and A¢,, is the work function difference between
the metal and the silicon (aluminum was used as the metal
electrode in this study hence, Ag, = —0.87 eV). For the
oxides annealed at 500 and 700 °C generated fixed charges
are about 2 x 10" and 1 x 10" for 700 °C and 500 °C
respectively as depicted in Figure 4. From Eq. (2) it can
be explained as (Si—O)* silicon—oxygen complexes are
responsible for the formation of a fixed charge in the oxide.
The first process gives rise to (Si—O)™ positively charged
complexes and to an equal number of three coordinated
silicon atoms =Si bonded to silicon atoms at the silicon
surface; these atoms can act as surface states. An increase
in temperature brings about an enhancement of the second
process, i.e., annihilation of the (Si—O)* complexes and,
correspondingly, a decrease in the fixed charge. Thus the
reduced Q; is attributed to the complete relaxation of inter-
nal stresses due to processes of structural rearrangement
in Si0,/Si interface.

Figure 5(a) shows the absorption spectra in the infrared
region for the POA SiO, films with different temperatures.
The peak wave number of the optical absorption band
caused by the Si—O-Si anti-symmetric stretching vibration
mode and the full-width at haft maximum (FWHM) of
the absorption band as a function of different POA tem-
peratures is also depicted in Figure 5(a). Large absorption
peak corresponding to the Si—O-Si antisymmetric stretch-
ing at 1064 cm™! is observed. To elucidate the reason for
altering of D, with variation of annealing temperature, the
bond densities of Si—-O-Si within the films as a function
of different annealing temperature was calculated from
Figure 5(b) we can learn that the wave number increased
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Figure 4. The oxide fixed charge (Q;) of the SiO, films annealed at
different temperatures.
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Figure 5. (a) The typical FT-IR spectra for SiO, films annealed at dif-
ferent temperatures (b) FTIR analysis of Si—O bonding concentration and
its FWHM variation SiO, films annealed at different temperatures.

to 1067 cm~!, with FWHM of 84 cm~! with decreasing
the POA temperature. It is well known that the shift of the
Si—O-Si absorption peak towards a lower wave-number,
with wider FWHM results in larger silicon content inside
the films. As a consequence the films composition of SiO,
was shifted from oxygen-rich phase to silicon-rich phase.!!

Figure 6 shows the change in lifetime and surface
recombination velocity (S.) in CZ silicon wafers as a
function of POA temperature. The oxide annealed at
higher temperature (900 °C) had a high S.;. The surface
recombination velocity of CZ silicon wafers coated SiO,
films decreases with decrease in annealing temperature.
This means that there was a high density of trap states
for the effective minority carrier lifetime at the interface
of the oxide annealed at 900 °C. The maximum effective
lifetime gave the minimum S,; of ~22 cm/s. The highest
T (420 ws) and lowest interface trap states for the oxide
annealed at 500 °C indicates that the formation of neutral-
ization of defect of interface states at the SiO,/Si interface
plays an important role in surface passivation.

The surface composition of the SiO, films after anneal-
ing was characterized by XPS and is shown in Figure 7.
The Si 2p spectra can be interpreted in terms of five oxi-
dation states Si’, Si'*, Si**, Si** and Si**. The increasing
electronegativity of the Si—O bond relative to the Si-Si
bond results in a shift to higher binding energy of the

Lifetime (us)

500
Annealing Temperature (°C)
I

700 500

}014 1';15 1016 1017
Excess Carrier Density (cm‘s)

Figure 6. Lifetime and surface recombination velocity of the SiO, films
as a function of annealing temperature.
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Figure 7. High resolution XPS spectra of the representative silicon
dioxide film annealed at different temperatures.

core—level electrons in Si atom. The binding energies for
the progression of Si’ to Si** range from approximately
99.3 to 103.3 eV with a shift of 1 eV per Si—O bond.!>!*
The symmetrical peak at 103 eV corresponding to Si*" in
SiO, indicates that almost stoichiometric SiO, films was
obtained. The contributions of the intermediate Si peaks
corresponding to the sub oxide phases become smaller
while Si** peak for SiO, and Si’ peak for elemental Si
are dominant. This observation indicates that the unstable
sub oxides have separated into two more stable Si—Si, and
Si—O tetrahedras. Thus, there is a clear phase separation
of the SiO, films after annealing at 500 °C.

In order to demonstrate the potential of the surface
passivation of the SiO, with different post oxidation
annealing for high-efficiency silicon solar cells, simplified
passivated emitter cells were fabricated on p-type CZ c-Si
substrates. The illuminated current—voltage characteristics
of the c-Si solar cells fabricated for SiO, with POA at 500
and 700 °C were observed by the AM 1.5 global spec-
trums, is shown in Figure 8. The short circuit current den-
sity (J,.), the open circuit voltage (V,.), and the conversion
efficiency of the c-Si solar cell fabricated for the sam-
ples annealed at 500 °C were 37.4 mA/cm?, 635 mV, and
18.36%, respectively, whereas the solar cell fabricated for
the samples annealed at 700 °C were 37 mA/cm?, 629 mV,
and 17.87%, respectively. The higher V, of the c-Si solar
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Figure 8. Illuminated voltage current characteristics of CZ Si solar cells
using SiO, as a passivation annealed at different temperatures.
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cells was achieved with highest passivation ability of low
temperature annealing.

4. CONCLUSION

Structural and interface properties of Si-SiO, system with
low temperature post oxidation annealing has been investi-
gated. Effective carrier lifetime of 420 us, surface recom-
bination velocity of 22 cm/s and a low interface trap
density of 4 x 10'! states/cm?*/eV were obtained after
annealing at 500 °C. The fixed oxide charge density was
also reduced to 1 x 10''/cm? due to the annealing at
500 °C. The FWHM and the Si—O peak wavenumber cor-
responding to the samples annealed at 500 °C reveals that
the Si dangling bonds in the SiO, films due to the oxygen
defects was reduced by the low temperature post oxida-
tion annealing. Finally, simplified passivated emitter solar
cells were fabricated on c-Si substrates showing highest
efficiency of 18.36% with SiO, films act as a passivation
layer. These results indicate that the passivation quality of
the SiO, films should be carefully tuned in order to obtain
the maximum efficiency for c-Si solar cells.
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