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characterize boron (B) atoms in silicon nanowires (SINWs). The use of an IR-SR beam with much higher
brilliance than conventional IR light sources and a wide range of wavenumbers from visible to far IR

regions made it possible to detect a local vibrational mode of B in SiNWs. Use of this technique also

made it possible to detect other IR peaks related to transitions of a bound hole from the ground state of a

B acceptor atom to excited states, clarifying the electronic state of B acceptors in SINWs.

1. Introduction

The novel physical properties of silicon nanowires (SiNWs)
make them of great interest in the fields of both fundamental
and applied research. Numerous research results demonstrate
their potential for future application to electronic devices and
solar cells.'™* However, to be able to realize nanoscale silicon
devices and solar cells using SiNWs, it is important to first
investigate impurity doping mechanisms. Various results
concerning electrical transport in phosphorus (P)- or boron (B)-
doped SiNWs have thus far been reported.”® Impurity doping
will be of increasing importance in realizing core-shell NWs
using Si and Ge for high-speed transistor channels.'®'* To be
able to clarify the states of impurity atoms, such as their
chemical bonding states and electrical activity, we applied
Raman scattering and electron spin resonance (ESR).">™'® Local
vibrational modes of ''B and '°B in SiNWs were observed by
Raman scattering measurements, indicating B doping into the
crystalline Si core of SiNWs. Asymmetric broadening due to
Fano resonance was also observed in the Si optical phonon
peak, showing the electrical activity of B atoms in SiNWs.
These techniques also clarified the segregation behaviours of B
and P atoms in SiNWs.!"” Fourier-transform infrared (FT-IR)
techniques also allow the wvibrational characterization of
impurity atoms in bulk Si. However, it is very difficult to apply
FT-IR techniques to characterize impurity atoms in
nanostructures due to the difficulty of preparing sufficiently
large samples. Use of IR synchrotron radiation (IR-SR) as an
IR light source has the advantages of a greater brilliance than
conventional IR light sources using thermal radiation and a
wide range of wavenumbers, from the visible to far IR regions,
making it possible to characterize nanostructures materials such
as SiNWs. The details of properties and advantages of the
micro-FT-IR wusing IR-SR are shown in the supporting
information.

This journal is © The Royal Society of Chemistry 2013

The passivation of B by hydrogen (H) has been extensively
studied in B-doped bulk Si.*** The H atoms migrate to the
bond-centered (BC) sites between B and neighboring host Si
atoms, forming what are termed H-B passivation centers,
resulting in the passivation of B acceptor atoms. The H
passivation of B in SiNWs can be investigated by the
observation of B local vibration in H-B passivation centers
perturbed by H.

In this study, we carried out B doping during the growth of
SiNWs and investigated the states of B atoms in SiNWs and
their hydrogen passivation effect by means of micro-FT-IR
measurements at 4.2 K, using the IR synchrotron radiation (IR-
SR) beamline (BL43IR) at SPring-8 in Japan. We also used
micro-Raman scattering measurements to identify the IR peaks.

2. Experimental details

SiNWs were synthesized by laser ablation of an Si target with
nickel (Ni) as the metal catalyst. B atoms were also included in
the target as dopant impurities. Three kinds of targets, namely
Sig(}NilBlo, Si(}gNilBl, and Sig()Nil, were used to grow SiNWs.
The growth mechanism of SiNWs is VLS (vapor-liquid-solid)
growth.”® The targets were placed in a quartz tube heated to
1200 °C in a flow of Ar gas (50 sccm) and of H, gas (10 sccm).
A frequency-doubled NdYAG laser (532 nm, 150 - 180
mlJ/pulse) was used to ablate these targets. SINWs were grown
in an Ar gas atmosphere and then deposited on n-type Si
substrates with a high-resistivity of 1-50 Qcm.

Scanning transmission electron microscopy (STEM) and
transmission electron microscopy (TEM) were used to
investigate the detailed structures. Micro-FTIR measurements
were conducted using the IR-SR beamline at SPring-8. A
schematic illustration is shown in Fig. 1. The focus size of the
IR-SR is 10 times smaller, and the light density 10® times
higher, than black body light, and this allowed the optical
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spectrum in even microscopic regions to be measured up to
lower frequency regions through a window of cryostat. The IR-
SR absorption peaks were observed at 4.2 K using a
continuous-flow liquid-helium cryostat with KRS-5 windows.
The spectral resolution was about 2 cm™'. Micro-Raman
scattering measurements were performed at room temperature
(RT) with a 100x objective and excitation light at 532 nm. The
excitation power was set at about 0.02 mW to prevent local
heating effects from the excitation laser.>”*® The spectral
resolution was about 0.2 cm™'. Hydrogen atom treatment (HAT)
using remote downstream methods of high-flux H atoms was
performed at 180 °C for 30 min. This is the most appropriate
temperature for the passivation of B in Si. With this method,
the specimens were placed in a quartz tube at a distance of 60
cm from the plasma source and hydrogenated only with H
atoms. Damage by H plasma was thus completely prevented.
The details of the laser ablation and hydrogenation procedures
are reported in Refs [28] and [29].
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Fig. 1 Schematic illustrations of (a) a micro-FTIR system using
the IR synchrotron radiation (IR-SR) beamline at SPring-8 and
(b) the optics in the infrared microscope. (b) Each M denotes a
mirror.

3. Results and discussion

Fig. 2a is a schematic illustration of our laser ablation system
for the synthesis of SINWs. A special collector made of quartz
was installed in the quartz tube to effectively collect SINWs
grown in an Ar gas atmosphere (Fig. 2a and 2b). Laser ablation
was continued for 3 hours to deposit thick layers of SiNWs
with the aim of increasing the optical absorption by B atoms.

2| J. Name., 2012, 00, 1-3

Journal Name

The thickness of the layer of SiNWs reached several tens of
micrometers (Fig. 2d). Typical STEM and high-resolution TEM
images of SiNWs synthesized using SiggNi;B; targets (Fig. 2c)
are shown in Fig. 2e and 2f. The SiNWs are composed of a
crystalline Si core and surface oxide layer. The average core
diameter was about 20 nm and the thickness of the surface
oxide layer was about 10 nm.

a Heater

Quartz tube

A

Target

Supstrate

(Quartz)

Fig. 2 (a) Schematic illustration of synthesis of SiNWs by a
laser ablation system. Photographs of (b) a quartz tube with a
collector, (c) a target and (d) a sample for IR synchrotron
radiation measurements. Typical (e) STEM and (f) high-
resolution TEM images of SiNWs synthesized using the
SiggNi1B1o target.

Fig. 3 shows whole range of IR-SR absorption spectra
observed for B-doped and undoped SiNWs. Four peaks were
observed at 468, 806, 1085, and 1200 cm™! for both samples,
and assigned to different oxygen-related modes in the surface
oxide layer of SINWs by comparison with the results for bulk
silicon.® The first peak, at 468 cm™', is due to the rocking mode
of the O atom about the axis through the two Si atoms. The
second peak, at 806 cm™, is due to symmetrical stretching of
the O atom along the line bisecting the axis formed by the two
Si atoms. The third and fourth peaks, at 1085 and 1200 cm™,
are due to the asymmetrical stretching motion of the O atoms.
In this stretching motion, the O atoms move back and forth
along a line parallel to the axis through the two Si atoms. These
results show that our IR-SR technique is applicable even for the
characterization of Si nanostructures. In addition to these
oxygen-related peaks, a new peak was observed at about 625
cm ! in B-doped SiNWs.

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 IR-SR absorption spectra observed for B-doped and
undoped SiNWSs. B-doped SiNWs were synthesized using
SiggNi1B1 targets.

The dependence of the B concentration is shown in Fig. 4a
and 4c: the peak intensity increases on increasing the B
concentration. The peak position is similar to the Raman result
(618 cm™) shown in Fig. 4b. The Raman peaks at about 618
and 643 cm™ have been assigned to ''B and '°B local
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Fig. 4 (a) IR-SR absorption spectra and (b) Raman spectra
observed for B-doped and undoped SiNWs. (c) Dependence
of the peak intensity of the IR-SR absorption peak at 625 cm™
and "B local vibrational peak on the content of B in the
ablated targets. (d) Si optical phonon peaks observed for B-
doped and undoped SiNWs by Raman scattering
measurements.
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vibrational peaks in B-doped SiNWs.'>!'7 The peak assignments
were made based on the notion that the peak frequencies are in
good agreement with those of the local vibrational modes of B
in bulk Si crystal.' The peak shift can be fully explained by the
isotope shift of B atoms, and the ratio of the peak intensity is in
good agreement with the natural abundance of B isotopes.'>!”
The positions of the IR-SR absorption peaks are at higher
frequencies than those of the Raman peaks. The Raman
measurements were made at room temperature, while the IR-
SR measurements were made at 4.2 K. Hence, the higher
frequency shift at lower temperatures can be explained mainly
by the temperature effect. The '°B local vibrational mode
should be observed at around 650 cm™', but was not clearly
apparent due to the low signal intensity and the high
background signal. The intensity of the IR-SR peak at 625 cm™
shows a good correlation with that of the Raman result in Fig.
4c. Based on the peak position and its dependence on the B
doping level, the newly observed IR-SR peak at 625 cm™' is
assigned to the B vibrational peak in SiNWs. The Si optical
phonon peak was also observed by the Raman scattering
measurements shown in Fig. 4d. The phonon peak showed
asymmetric broadening to a higher wavenumber due to the
Fano effect, showing that B atoms are electrically activated in
SiNWs. We analyzed the Si optical phonon peaks using the
Fano equation and estimated the electrical active B
concentration to be about 10" and 10" c¢cm™ for B-doped
SiNWs using SigoNi;B;y and SiggNi|B; targets, respectively.
The proof of the Fano effect is shown in the supporting
information.

To further verify B doping in SiNWs by IR-SR
measurements, we investigated another frequency region where
electronic transition of B in Si should be observed. The results
are shown in Fig. 5. Two peaks were newly observed, at about
278 and 319 cm . The high noise in the low-frequency region
is due to the sensitivity of our IR-SR measurements. Burstein et
al., while making low-temperature IR measurements of B-
doped bulk silicon, were the first to note discrete electronic
transitions of bound holes from the ground state of neutral B
acceptor atoms to a series of hydrogen-like excited levels lying
below the band edge.*® Other groups later reported similar
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Fig. 5 (a) IR-SR absorption spectra related to electronic

transition of B in SiNWs synthesized using SigsNiiB4
taraets. (b) Denendence of FWHM on B concentration.
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observations.* ¢ The most characteristic peaks are observed at
about 278 and 320 cm™' and are respectively assigned to the 1s-
2p and 1s-3p transitions of B in Si. The newly-observed peak
positions for B-doped SiNWs correspond very closely to 1s-2p
and 1s-3p transitions. These peaks were not observed for
undoped SiNWs, showing that they are related to electronic
transitions from the ground state of a neutral B acceptor atom to
excited levels. The data for full width at half maximum of 1s-3p
transition of B in SiNWs is plotted in Fig. 5b in addition to the
previously reported data. The broadening of the absorption
peaks is likely to be due to the effect of higher B doping in
SiNWs.*

The characterization of impurity atoms in SiNWs is
often difficult, due to the sensitivity of the characterization
methods and the measurement conditions. In particular, it is
almost impossible to characterize single SINW by FT-IR at the
present time and therefore we prepared special samples as
shown in Fig. 2d. The electronic transition peaks are difficult to
observe in highly-doped samples in bulk Si, unlike in the case
of local vibrational modes, and generally Si samples doped at
less than 10" cm™ are used, since IR light cannot penetrate the
samples due to strong absorption. The net sample thickness for
B-doped SiNWs is very thin, at several tens of micrometers.
The use of thinned samples, combined with a high-brilliance
IR-SR beam, made it possible to evaluate the electronic
transition of neutral B acceptor atoms in highly B-doped NW
samples. This is the first observation of the electronic transition
of neutral B acceptor atoms for highly B-doped Si materials.
On the other hand, we also tried to make crystalline doped Si
films with similar thickness by ion implantation for purpose of
comparison. However, it was difficult to confine high
concentration of B atoms in initial shallow regions even after
activation annealing because B atoms easily diffuse to deeper
regions by so called transient enhanced diffusion.’’

Impurity levels in nanostructures are known to become
deep.*® Our result for B-doped SiNWs with a diameter of 20 nm
shows no significant change in impurity levels. It appears that
thinner NWs are needed to observe impurity level shifts. A
theoretical calculation of zero-dimensional Si nanocrystals
doped with P showed that P is not a shallow donor in Si if the
nanocrystals are less than 20 nm in diameter.”® For one-
dimensional SiNWs, a much smaller diameter is needed for the
impurity level shift’® because carriers are not confined along
the growth direction of SiNWs. To investigate the impurity
level shift for SINWs with low diameters of less than 20 nm,
we applied thermal oxidation after the growth of B-doped
SiNWs. Thermal oxidation increases the thickness of the oxide
layer, resulting in a decrease in the crystalline Si core diameter.
It is also known that the thicker oxide shell has an influence on
the position of the impurity energetic level into the gap.*® The
deepening of the impurity level into nanostructures is
considered to be a direct consequence of the dielectric
mismatch between the crystalline Si core of SiNWs and their
surrounding oxide layers. Hence the impurity level shift can be
also expected by the enhancement of the dielectric mismatch
after thermal oxidation. The Si core diameter shrank by up to 3
nm after thermal oxidation at 1000 °C for 30 min. However B
atoms readily segregate on the surface oxide layers during
thermal oxidation and became electrically inactive.'” The
decrease in the electrical active B concentration by thermal
oxidation made it nearly impossible to detect the electronic
transition of B in SiNWs by IR-SR. The diameter of SiNWs
also can be decreased by decreasing the growth temperature
and the content of Ni catalyst.”® These methods can be used to
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prevent B segregation, but at the same time they decrease B
concentration, making it difficult to detect the electronic
transitions of B in SiNWs. Hence, characterization of the
electronic transitions of B in SiNWs with lower diameters
remains problematic.

The H passivation effect is a well-known phenomenon in Si.
Hydrogen atoms migrate to the bond center site between B and
Si atoms, resulting in the formation of H-B passivation centers
in B-doped Si. The formation of these H-B passivation centers
reduces the symmetry of B atoms from the tetrahedral (Tg)
symmetry of substitutional B atoms to axial symmetry with
respect to the H-B axis, which in turn causes a splitting of the
triply-degenerate B mode with Ty point-group symmetry into a
doublet plus a singlet with C;, point group symmetry, as shown
in Fig. 6¢c. This structural change can be used to assign the peak
at 625 cm™'. The results of IR-SR measurements before and
after hydrogenation at 180 °C for 30 min are shown in Figure
6a. After hydrogenation, a peak was newly observed at about
669 cm™'. This is the same pattern as seen in the results of the
Raman measurements shown in Fig. 6b. The newly observed
Raman peak at 650 - 680 cm™' after hydrogenation is due to the
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Fig. 6 (a) IR-SR absorption spectra and (b) Raman spectra
observed for B-doped SiNWs synthesized using SiggNi1B1o
targets before and after hydrogenation at 180 °C for 30 min.
(c) lllustration of the formation of an H-B passivation center.

The dotted circle shows the

initial

B position before

hydrogenation. B-doped SiNWs were synthesized using
SigoNi1B1g targets.

B local vibrational mode being perturbed by the formation of
H-B passivation centers.'® Based on these results, the peak at
669 cm' after hydrogenation is assigned to the absorption peak
of B in H-B passivation centers, proving again that the 625 cm™
! peak is due to the IR absorption peak of B in SiNWs. These
results show that micro-FT-IR using the IR-SR beam is a
potentially useful technique for characterizing the status of B
atoms in SiNWs. The values of local vibrational modes and

This journal is © The Royal Society of Chemistry 2012
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electronic transitions of B in SiNWs observed by IR-SR and
Raman measurements are summarized in Table 1.

Table 1. Local vibrational modes and electronic transitions of B in
SiNWs observed by IR-SR and Raman scattering measurements. The
values in the parentheses are for B-doped bulk Si.

Local vibrational modes | Electronic
(cm™) transitions (cm™)
'"B '8 BinH-B | 1s-2p | Is-3p
IR-SR 625 - 669 278 319
(278) | (320)
Raman 618 643 650-680
619) | (640) | (650)
Conclusions

In conclusion, a new peak was observed at 625 cm™' by micro-
FT-IR measurements using the IR-SR beamline at SPring-8.
The peak was assigned to the IR-SR absorption peak of B in
SiNWs. The electronic transitions from the ground state of a
neutral B acceptor atom to excited levels were also newly
observed at about 278 and 319 cm™'. The results for B-doped
SiNWs with a diameter of 20 nm show no significant shift in
impurity levels, showing that the B acceptor levels in SiINWs
with a diameter of 20 nm keep the same position as that in bulk
Si. The use of thinned NW samples, combined with a high-
brilliance IR-SR beam, made it possible to evaluate the
electronic transition of neutral B acceptor atoms in highly B-
doped Si samples. This is the first observation of the electronic
transition of neutral B acceptor atoms for highly B-doped Si.
The hydrogen passivation effect was also investigated using IR-
SR measurements. The B peak for the H-B passivation center
was observed at 669 cm™'. These results clearly demonstrate the
clear potential usefulness of the IR-SR method as a new tool for
characterizing nanomaterials.
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