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Scanning transmission electron microscope analysis of amorphous-Si
insertion layers prepared by catalytic chemical vapor deposition, causing
low surface recombination velocities on crystalline silicon wafers
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Microstructures of stacked silicon-nitride/amorphous-silicon/crystalline-silicon (SiN,/a-Si/c-Si)
layers prepared by catalytic chemical vapor deposition were investigated with scanning
transmission electron microscopy to clarify the origin of the sensitive dependence of surface
recombination velocities (SRVs) of the stacked structure on the thickness of the a-Si layer. Stacked
structures with a-Si layers with thicknesses greater than 10nm exhibit long effective carrier
lifetimes, while those with thin ¢-Si layers have very short effective carrier lifetimes. A
remarkably close correlation was found between the dependence of interface structures on the
thicknesses of a-Si layers and the SRVs. In samples with a@-Si layers less than 10nm thick,
significant damage occurred in ¢-Si wafers close to the interfaces, while those near a-Si layers
larger than 10 nm remained nearly defect-free during observations over long periods. The observa-
tion of stacked structures without an SiN, layer, along with energy dispersive spectroscopy and
secondary ion mass spectroscopy analyses of nitrogen atom distributions, suggest that the preferen-
tial damage in ¢-Si wafers with thin a-Si layers is caused by nitrogen atoms in the interface regions

of ¢-Si wafers that diffuse during the growth of SiN, layers. © 2012 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4706894]

. INTRODUCTION

High-quality surface passivation is required for crystal-
line silicon (c-Si) solar cells to achieve high conversion effi-
ciency. In particular, sufficient surface passivation is
essential for high-efficiency back-contact solar cells in
which photogenerated carriers must diffuse over long distan-
ces in lateral directions. In a recent study, Koyama et al.
showed that remarkably low surface recombination veloc-
ities (SRVs) were obtained with silicon-nitride/amorphous-
silicon (SiN,/a-Si) stacked layers formed by catalytic chemi-
cal vapor deposition (Cat-CVD), which is also referred to as
hot-wire CVD.! SRVs lower than 1.5 cm/s and 9.0 cm/s were
obtained for n-type and p-type c-Si wafers, respectively. The
significance of these results is that the temperature through-
out the formation of the stacked layers was lower than
250°C. It is well known that SRVs of excess carriers can be
decreased to the order of 1 cm/s when c¢-Si surfaces are passi-
vated by thermally grown silicon-dioxide (SiO,) films. For
example, a stacked structure consisting of a thermally grown
SiO, film and plasma-enhanced chemical-vapor-deposited
SiN, showed excellent passivation ability with SRVs below
2.4 cm/s with an n-type Si wafer.” Such excellent passivation
with an SiO, film, however, requires processing at tempera-
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tures higher than 900 °C. Low-temperature passivation tech-
niques are generally preferred to prevent the degradation of
Si bulk quality and to decrease processing times. In particu-
lar, high-temperature processes are likely to result in serious
problems when thin large wafers are used in ¢-Si solar cells.
In the present study we observed SiN,/a-Si/c-Si stacked
structures prepared by Cat-CVD with scanning transmission
electron microscopy (STEM). In the above-mentioned study,
Koyama et al. found that the SRV of the stacked structure
depends sensitively on the thickness of an «-Si insertion
layer." With a-Si layer thicknesses below 10nm or in the ab-
sence of an a-Si layer, the effective carrier lifetime (t.g) is
significantly shorter than in structures with thicker a-Si layers.
The present observations, therefore, were focused on the
change in structure of c¢-Si crystals at the interface with
decreasing a-Si layer thickness. In earlier studies on electronic
structures of semiconductor interfaces such as those of SiO,/
Si interfaces, a variety of complementary experimental tech-
niques have been employed, including spectroscopic and mi-
croscopic techniques, for investigating electronic structures
relevant to surface recombination of excess carriers.” One
cannot, therefore, expect that an STEM observation alone is
able to clarify the structural origin responsible for surface car-
rier recombination in this system. In the present study, how-
ever, we found a remarkably close correlation between the
dependence of interface structures revealed by STEM images

© 2012 American Vacuum Society 031208-1
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on the thicknesses of a-Si layers and that of SRVs. Structures
of ¢-Si wafers with thin a-Si layers or without an a-Si layer
degraded rapidly at the interface during the observation, while
those with thick a-Si layers retained nearly perfect structures
throughout the observation. The observation of stacked struc-
tures without an SiN, layer, along with energy dispersive
spectroscopy (EDS) and secondary ion mass spectroscopy
(SIMS) analyses of nitrogen distributions, suggest that the
preferential damage formation in c-Si wafers with thin a-Si
layers is caused by N atoms in the interfacial region of c-Si
that diffused during the growth of SiN, layers. These results
provide us with an important insight into the structural origin
of surface carrier recombination in this system.

Il. EXPERIMENT

SiN,/a-Si/c-Si stacked structures with different a-Si layer
thicknesses and one sample without an a-Si layer were pre-
pared by Cat-CVD. Table I lists the six samples for which
structures and effective carrier lifetimes were investigated in
this study. The procedure for the preparation of SiN,/a-Si/c-Si
stacked structures was described in detail in an earlier report.’
Phosphorus-doped n-type (100) floating-zone-Si wafers with
resistivity 2.5 Q cm, thickness 290 yum, and mirror-polished
surfaces on both sides were used. After cleaning with 5%
diluted hydrofluoric acid, wafers were transferred to the load-
lock chamber of a Cat-CVD system. Two chambers were
used for intrinsic a-Si and SiN, deposition, with wafers trans-
ferred from one chamber to the other via the load-lock cham-
ber. For the deposition of a-Si layers, the gas pressure was
0.55 Pa, the substrate—catalyzer distance was 12 cm, the silane
flow rate was 10 cubic centimeter per minute at STP
(SCCM), and the temperature of the tungsten wire used as cat-
alyzer was 1800 °C. The deposition rate of a-Si layers was
30nm/min and substrate temperatures were set at 150 °C for
samples T2, T5, T10, and T30. For sample T10', the a-Si
layer was grown at 90 °C. The thickness of SiN, layers was
fixed at 100nm for all samples. For the deposition of SiN,
layers, the gas pressure was 10Pa, the substrate—
catalyzer distance was 8 cm, the substrate temperature was
250 °C, and the temperature of the tungsten wire used as a cat-
alyzer was 1800°C. The flow rates of silane and ammonia
gases were 8.5 and 200 SCCM, respectively. The deposition
rate of SiN, layers was 34 nm/min. The t.¢ values of the pas-
sivated Si wafers were measured at room temperature by a
microwave-detection photoconductivity decay method with a
Kobelco LTA-1510EP instrument. The excess carriers were

TABLE I. Effective carrier lifetimes, 7.¢, and layer thicknesses of the six
samples.

SiN, layer a-Si layer Substrate temperature Teff
Sample (nm) (nm) for a-Si (°C) (us)
T30 100 30 150 7320
T10 100 10 150 9710
T5 100 5 150 3340
T2 100 2 150 610
TO 100 — 150 210
T10° 100 10 90 10760
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generated by a laser pulse at wavelength 904 nm and photon
density 5 x 10" cm 2.

For STEM observations, {110}cross-sectional samples
were prepared by the focused ion beam method, with Ga
ions at kinetic energies of 30keV for rough thinning and at 5
and 2keV for fine thinning. The final polishing was carried
out by using a gentle milling system with Ar ions at kinetic
energies of 1keV and 200eV to remove the amorphous
layers formed by irradiation of the Ga beam. Each sample
was cleaned for 10 min using an ion cleaner with an electric
glow discharge at 300 V to remove contamination of hydro-
carbons immediately before the STEM observation. For
observations, a JEM-ARM200F STEM from JEOL with
spherical aberration correction with a condenser lens system
was used. An EDS system was attached to the microscope
for the analysis of element distributions. A condenser aper-
ture and a bright field aperture with diameters of 30 yum and
3 mm, respectively, were used. The acceptance angles for
detection of scattered electrons ranged from 67 to 250 mrad
for high angle annular dark field (HAADF) images.

lll. RESULTS

A. STEM analysis of the effect of the thicknesses
of a-Si layers on damage formation

The effective carrier lifetimes of the six samples are listed
in Table 1. Further results for 7. were presented in an earlier
report." From these results, one can see strong dependence
of 7. on the thickness of the a-Si layer. The t.¢ was 210 us
for sample TO, whose c-Si wafer was passivated only by an
SiN, layer, and increased with the insertion of an a-Si layer.
It also increased with increasing a-Si layer thickness up to
10nm and remained nearly constant for samples T10 and
T30. As presented in the earlier report,' a similar tendency
was observed for p-type Si wafers.

Figures 1(a)-1(d) are HAADF images of samples T30,
T10, TS, and TO, respectively. These images were recorded
after the observation of the same areas for approximately
3 min with a probe current of 7 pA at 200kV. HAADF images
of samples T30 and T10 show nearly perfect crystalline struc-
tures of ¢-Si wafers from their interior to the interfaces with
a-Si layers. These images also show that the interfaces are
remarkably flat on the atomic scale, as seen in a magnified
image of the interface of sample T10 in Fig. 1(e). The images
of samples T30 and T10 did not change over long periods of
observation extending over 15min. HAADF images of the
other two samples T5 and TO, on the other hand, show highly
defective structures of the c-Si wafers in the neighborhood of
their interfaces with either a thin a-Si or SiN, layer, as seen in
Figs. 1(c) and 1(d). Broad dark contrasts are spread over the
interface regions of c-Si wafers where images of Si atom col-
umns are almost invisible. The dark contrasts may be caused
by extended defects resulting from aggregation of vacancies
and interstitial Si atoms or amorphous structures. These defect
structures were found to develop during the observation;
images of c¢-Si wafers of samples TS and TO were similar to
those of Figs. 1(a) and 1(b) at the beginning of the observa-
tion. A similar tendency was observed in sample T2.
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Fic. 1. HAADF images of samples (a) T30, (b) T10, (c) TS, (d) TO, and (e)
magnified HAADF image of the interface of sample T10.

Because two groups appear to be divided between sam-
ples TS and T10, we made repeated observations of these
two samples. For samples TS5 and T10, we prepared two and
three cross-sectional samples, respectively, and made obser-
vations of several different interface areas for each cross-
sectional sample. We obtained the same results for all obser-
vations as those shown in Figs. 1(b) and 1(c) for samples
T10 and T3, respectively. This implies that there is a distinc-
tive difference between these two samples in their suscepti-
bilities to radiation damage, although the thicknesses of their
a-Si layers differed from each other by only 5 nm.

We next made observations of the process of defect struc-
ture formation in samples with thin a-Si layers. For this obser-
vation we used an accelerating voltage of 120kV, which was
expected to slow the rate of defect formation caused by elec-
tron irradiation. Figure 2 shows a series of three HAADF
images taken from the same area of sample T2. The image in
Fig. 2(a) was recorded at the beginning of the observation,
and those of Figs. 2(b) and 2(c) were recorded successively
with time intervals of 90s. These images show that defects
were formed initially at the interface and spread over the inte-
rior of the c-Si wafer. In Fig. 2(a), one can see small areas of
dark contrast near the interface, while the rest of the ¢-Si wa-
fer exhibits an image of a nearly perfect crystalline structure.
Similar defect formation processes were observed in samples
T5 and TO.

JVST B - Microelectronics and Nanometer Structures

FiG. 2. Series of three HAADF images taken from the same area of sample
T2.

The above-presented observation of HAADF images
shows that damage occurred preferentially in interfacial
regions of c-Si wafers in samples T5, T2, and TO by electron
irradiation, as demonstrated in Fig. 2(a) for sample T2. At
the beginning of the observation, on the other hand, the inter-
facial areas of c-Si wafers of all five samples appear to be
similar to one another in the HAADF images. To find a dif-
ference in the original interface structure between the two
groups of samples, we made detailed analyses of HAADF
images and EDS profiles of element distributions for five
samples during the early stage of the observations. From
EDS analysis, we found an important difference in the N
atom distribution between two groups of samples. Figures
3(a) and 3(b) are Si and N atom distributions in samples T2
and T10, respectively, obtained by EDS measurement. The
location of the a-Si layer corresponds to a region between
the two vertical lines in each figure. The EDS profiles show
that the density of N atoms gradually decreases from the
SiN,/a-Si interface toward the c-Si wafer. In sample T2, an
appreciable number of N atoms diffused into the c-Si wafer
through the a-Si layer, while diffused N atoms appear to be
confined inside the a-Si layer of sample T10. These results
indicate that a thick a-Si layer effectively prevents diffusion
of N atoms into a c-Si wafer, which occurs during the growth
of an SiN, layer.
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Fic. 3. EDS profiles of Si and N atom distributions in samples (a) T2 and
(b) T10.

Because of the above-mentioned results, we closely exam-
ined the intensity profiles of HAADF images for samples T10
and T2. Figures 4(a) and 4(b) show intensity profiles of sam-
ples T10 and T2, respectively, with corresponding HAADF
images of their interfaces. In Fig. 4(a), one can see that the
amplitude of the intensity oscillation due to the periodic
arrangement of Si atom rows is nearly constant over the
whole observed area of the ¢-Si of sample T10, although there
are certain fluctuations in the intensity amplitude. In the case
of sample T2, on the other hand, the amplitude of the intensity
oscillation gradually decreases toward the a-Si/c-Si interface.
The origin of this oscillation damping is not currently clear. It
may, however, be attributed to the existence of N-related
defect complexes in the interface region of ¢-Si, as discussed
later, because sample T2 had a considerable quantity of N
atoms in that region, as shown in Fig. 3(a).

B. STEM analysis of the effect of the growth
temperature on damage formation

Figure 5(a) shows an HAADF image of sample T10'.
Similar to sample T10, which has an @-Si layer with the

Fic. 4. HAADF images of samples (a) T10 and (b) T2, with intensity profiles.
The images were recorded immediately after the start of the observation.
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same thickness (10 nm), no significant damage formed in c-
Si during observation over a long period of time. The a-Si
layer in sample T10" was grown at 90 °C, which was lower
than that of sample T10. It was reported that the hydrogen
concentration increases at a lower growth temperature.* The
result for sample T10’, however, does not show a significant
effect of an increase in the hydrogen concentration on the
diffusion of N atoms. If there was such an effect, damage
would develop during the STEM observation, as in the cases
of samples T5, T2, and TO. Corresponding to this result, the
et Of sample T10 is comparable to that of sample T10. To
examine the effect of low growth temperature, we also
observed a sample whose SiN, layer was grown at room
temperature. The a-Si layer in this sample was grown at
90°C to a thickness of 10 nm. As shown in Fig. 5(b), no sig-
nificant damage was found in the c-Si during the observation
of this sample.

C. SIMS analysis of nitrogen atom distribution

To examine the distribution of N atoms in ¢-Si wafers
more quantitatively, we made SIMS analyses of two sam-
ples, SIMS-1 and SIMS-2. Sample SIMS-1 was a c-Si wafer
and sample SIMS-2 was a ¢-Si wafer with a 10-nm-thick a-
Si cap layer. The surfaces of the c-Si wafers were prepared
by the same method as that of the five samples T30-TO0. The
10-nm-thick a-Si cap layer was deposited at gas pressure
1Pa, silane flow rate 10 SCCM, catalyzer temperature
1800 °C, and substrate temperature 90 °C. Two samples were
exposed to NHj3 at 250°C for 10s with a gas pressure of
10Pa, flow rate 200 SCCM, and catalyzer temperature
1800 °C, which were similar conditions to that of the deposi-
tion of SiN, layers for the above-mentioned five samples.
SIMS measurements were carried out with Cs* ions at an
acceleration voltage of 1.0kV. Figures 6(a) and 6(b) are N
atom density profiles obtained by SIMS measurements for
samples SIMS-1 and SIMS-2, respectively, with their sche-
matic sample structures shown in the insets. According to
the SIMS measurement, the hydrogen concentration was
nearly constant at approximately 1.0 x 10*' cm ™ over the a-

Si layer in sample SIMS-2. Two profiles show that the N
atom density decreased from the surface in an identical man-
ner for both samples, implying that N atoms diffuse at simi-

lar rates in the c-Si wafer and a-Si layer. In sample SIMS-2,
-3

the N atom density was 1x 10**cm™ at 5nm below the

Fic. 5. HAADF images of (a) sample T10' and (b) an SiN,/a-Si/c-Si stacked
structure with an SiN, layer grown at room temperature.
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Fic. 6. SIMS profiles of N atom distributions in samples (a) SIMS-1 and (b)
SIMS-2.

surface, while it was 1 x 10 cm ™3 at a 10nm depth. This
indicates that the N atom densities at a-Si/c-Si interfaces of
sample T10 were significantly lower than those of sample
T5. The most probable impurities diffusing into the c-Si wa-
fer during the deposition of SiN, are hydrogen and N atoms.
H atoms were also supplied during deposition of a-Si, but N
atoms were supplied only for deposition of SiN,. Defects
were created only when significant amounts of N atoms were
present at the interface of c-Si, as shown in Figs. 3 and 6.
From these results, one can suggest that damage formation
by electron irradiation in sample TS5 and the other two sam-
ples, T2 and TO, is assisted by the N atoms that diffused into
c-Si wafers during the deposition of the SiN, layers. One can
also explain the significantly different susceptibility to dam-
age formation between samples T10 and TS5 as resulting
from the large difference in N atom densities at the a-Si/c-Si
interfaces of these two samples.

D. STEM analysis of a-Si/c-Si stacked structures

To verify the above-presented possibility further, we
made STEM observations of ¢-Si wafers with only thin a-Si
cap layers in the thickness range from 2.7 to 18 nm. Figures
7(a) and 7(b) are HAADF images of a ¢-Si wafer with a 2.7-
nm-thick a-Si cap layer. The cap layer was deposited under
the same conditions as those of sample SIMS-2. The former
image was taken immediately after the start of the observa-
tion, and the latter was recorded after observation for

Fic. 7. HAADF images of a c¢-Si wafer with a 2.7-nm-thick «-Si layer.
Image (a) was recorded immediately after the start of the observation and
image (b) was recorded after observation for 15 min. The left side of the a-
Si layer in each image is a carbon film, coated during the preparation of the
cross-sectional sample.

JVST B - Microelectronics and Nanometer Structures
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15min. As shown in these images, no significant damage
occurred during the observation. This result clearly differs
from those for samples T2 and TS5, which also have similarly
thin a-Si layers but are covered by SiN, layers. The same
result was obtained for other samples with thicker a-Si cap
layers.

IV. DISCUSSION

It was reported that the deposition of a SiN, film on an Si
wafer at a low temperature induces a stress in the Si wafer.’
One may therefore consider the possibility that defect forma-
tion by electron irradiation is assisted by the stress induced
by the SiN, film. In the present experiments, both front and
back sides of an Si wafer were symmetrically covered by
identical films for all SiN,/a-Si/c-Si stacked structures.'
Hence, the stress due to the deposited SiN, films uniformly
extended over the entire Si wafer. It is therefore unlikely that
such a uniformly distributed stress assisted defect formation
only in the interfacial region. It is also difficult to explain the
significantly different susceptibilities to damage formation
between samples T10 and T5 on the basis of the stress
induced by an SiN, film. From these observations, we con-
clude that damage formation in c-Si wafers is assisted by N
atoms that diffuse during the growth of an SiN, layer.

Before now, extensive studies were carried out on dam-
age formation by electron irradiation in a-Si.®’ These studies
showed that H atoms in ¢-Si migrate from electron-
irradiated regions and contribute to damage formation. In
contrast, the present results indicate that such an H-related
process does not play a major role in the damage formation
in SiN,/a-Si/c-Si stacked structures. There is also the possi-
bility that the presence of a high concentration of hydrogen
may assist N atom diffusion through an a-Si layer. As shown
in Sec. III C, no indication of such an effect has been found.
In the present study, however, we examined samples grown
under a limited range of conditions. It is therefore necessary
to carry out further systematic study to clarify this possibil-
ity, because high concentration of hydrogen in a-Si layers
and Si crystals are believed to have significant effects on
atomic and electronic processes.

The results presented in this paper strongly suggest that N
atoms that have diffused into a c-Si wafer promote damage
formation during STEM observations. This possibility is fur-
ther supported by the results of an earlier TEM study on N-
doped Si crystals, which showed that the presence of N
atoms significantly enhanced damage formation by electron
irradiation.® Frenkel pair defect generation and interaction
with N impurities under a 200kV TEM beam were observed
in Czochralski Si doped with N atoms of 10" cm*3, while
there was no effect in nitrogen-free silicon. It was suggested
that during irradiation, the Frenkel pairs of vacancies and in-
terstitial atoms that were created by electron irradiation did
not recombine because of the presence of N atoms. Nitrogen
atoms are believed to form complexes with newly formed
vacancies, permanently separating the interstitial silicon of
the Frenkel pair from its vacancy and resulting in the forma-
tion of extended defects. If significant diffusion of nitrogen
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atoms into interfacial regions of c-Si wafers occurs during
the deposition of SiN, layers on samples with a thin a@-Si
layer or in the absence of an a-Si layer, preferential defect
formation is expected to occur through this process.

As explained earlier, we found a remarkably close corre-
lation of the results of the STEM observation with those of
SRV measurements for SiN,/a-Si/c-Si stacked structures. In
the case of samples with a-Si layers with thicknesses below
10nm, significant damage formation occurs in c-Si wafers
close to the interface, whereas the 7. of such samples were
found to be significantly shorter than those with a-Si layers
of thickness greater than 10nm. The results of the STEM
observations and SIMS measurements strongly suggest that
the preferential formation of radiation damage in samples
TS, T2, and TO was assisted by N atoms that diffused into
the interfacial regions of the c-Si wafers. There is, therefore,
the possibility that the short 7.¢ durations of samples T5, T2,
and TO were also caused by N atoms in their interfacial
regions. A number of earlier studies on N-doped Si showed
that N atoms form defect complexes comprising N atom
pairs and vacancies.” ' These defect complexes are believed
to form deep levels and act as carrier traps.'>'® The results
of the present study, hence, suggest that N-related defect
complexes may play a major role in surface recombination
of photoexcited carriers in c-Si wafers passivated by SiN,
layers.

As reported in the earlier report,1 on the other hand, an
SiN, layer makes a significant contribution to long carrier
lifetimes in samples with relatively thick a-Si layers. For an
a-Si layer with the 10nm thickness, the a-Si/c-Si stacked
structures without an SiN, layer have significantly short car-
rier lifetimes compared with those of the SiN,/a-Si/c-Si
stacked structures. The short carrier lifetimes of a-Si/c-Si
stacked structures are attributed to trapping of carriers at the
surface of the a-Si layer. The SiN, layer is believed to passi-
vate this surface and drive carriers back toward c-Si with its
high potential barriers for both electrons and holes. If an a-
Si layer is too thick, the latter effect is apparently weakened,
as seen in the reduction of 7.¢ for T30 compared with that of
T10. On the basis of the current results and those of the ear-
lier study,' there should be an optimum thickness for the a-
Si layer for the SiN,/a-Si/c-Si stacked structure with respect
to carrier lifetime. Because N atom diffusion is involved in

J. Vac. Sci. Technol. B, Vol. 30, No. 3, May/Jun 2012
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the problem, such an optimum thickness is believed to
depend on the growth condition of the stacked structure. For
the growth conditions of the samples examined in the present
study, 10 nm appears to be the optimum thickness.

V. SUMMARY AND CONCLUSION

SiN,/a-Si/c-Si stacked structures prepared by Cat-CVD
were investigated with STEM to clarify the origin of the sen-
sitive dependence of SRVs of the stacked structure on the
thickness of the a-Si layer. A remarkably close correlation
between the dependence of interface structures revealed by
STEM images on the thicknesses of a-Si layers and that of
SRVs was found in the study. In the case of samples with a-
Si layers with thicknesses below 10 nm, preferential damage
occurs in ¢-Si wafers close to the interface, while ¢-Si wafers
with a-Si layers of thickness greater than 10nm remain
nearly defect-free during observations over long periods of
time. From the observation of stacked structures without an
SiN, layer, along with EDS and SIMS analyses of nitrogen
distributions, it is concluded that the preferential damage
formation in ¢-Si wafers with thin a@-Si layers is caused by
nitrogen atoms in the interface regions of ¢-Si wafers diffus-
ing during the growth of SiN, layers.
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