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ABSTRACT 

We investigated the morphological characteristics of the cross-sectional shape of Si-core 

nanowires (NWs) as a function of oxidation time.  In the case of as-grown Si NWs, the Si 

cores were hexagons with a 3-fold symmetry, not a 6-fold symmetry, and this shape was 

transformed into a triangular shape with rounded edges after thermal oxidation.  Structural 

changes in the cross section of the Si-core NWs were related to the surface free energy.  

Moreover, the morphological change in the oxide shell during the oxidation treatment suggested 

that the stress relaxation process is closely related with the structural evolution of the Si core.  

The change in defect states generated in Si/SiO2 core/shell NWs during structural evolution was 

investigated by low-temperature photoluminescence and optical pump-THz probe spectroscopy 

measurements.  In particular, surface defect states formed in the interfacial region between the 

Si core and the oxide shell were reduced during the oxidation process.  Appropriate control of 

the surface state affected carrier scattering: the relaxation time of photogenerated carriers was 

significantly increased due to the reduction in surface defects.  
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1. Introduction 

An advantage of Si over other semiconductor materials lies in its thermally grown oxide, 

SiO2, since electrically active defects can be passivated by hydrogen to a much lower density, 

where their influence on the electrical properties of devices in minimal 1,2.  Recently, Si NWs 

and oxidized Si NWs have also received considerable attention as building blocks for 

nanoelectronic devices and for use in chemical and biological sensors 3-5.  Numerous studies in 

recent decades have reported on the electrical properties of Si/SiO2 core/shell structures with the 

goal of utilizing Si NWs in Si-based devices 6-9.  In addition, the mechanism responsible for 

the oxidation of Si NWs is an area of interest for researchers studying low-dimensional systems.  

Generally, in bulk Si, the oxidation kinetics can be adequately explained using the Deal-Grove 

model 
10

.  In Si NWs, the oxidation kinetics have also been interpreted using a Deal-Grove 

model that is modified slightly to have a linear-parabolic shape, to reflect the fact that the rate of 

oxidation of NWs is initially faster than the bulk oxidation rate, and gradually decreases due to 

the stress effect of the SiO2 shell arising from the geometry of the convex wire 6,8.  In contrast 

to conventional Si-based devices, NWs-based optoelectronic devices such as photodetectors, 

light-emitting diodes, and transistors have unique optical and electrical properties that arise 

from differences in their geometry 
7,9,11,12

.  Generally, such properties can be explained simply 

by the high surface-to-volume ratio of NWs; in essence, the surface states of nanostructures are 

sufficiently numerous that they play a significant role in device properties.  Especially, 

mobility is significantly affected by surface scattering: increased scattering at the wire surface 

lowers the mobility 
13

.  In cases where Si NWs are used for device channels, the shape of the Si 

core is also a key determinant of carrier lifetime and mobility, etc.  However, although device 

characteristics are significantly affected by the shape of the Si core and by interfacial defects 

between the Si core and the SiO2 shell, in-depth fundamental studies of the above phenomena 

Page 2 of 29Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 3

have not yet been reported.  

In this study, we investigated the evolution of the cross-sectional geometry of Si-core NWs 

and their defect states as a function of oxidation time using transmission electron microscopy 

(TEM) and low-temperature photoluminescence (LTPL), respectively.  Si NWs were grown 

using a vapor–liquid–solid method; most of the NWs grew in the [111] direction and had 

hexagonal cross sections with a 3-fold symmetry, rather than a perfect 6-fold symmetry.  Based 

on structural changes of the Si core observed after various durations of an oxidation treatment, 

we propose a schematic model to explain the stress effect, and calculate the initial diameter of a 

3-fold symmetrical hexagonal Si core.  Strong stress was typically generated at the interface 

between the Si core and the SiO2 shell due to the configurational shape of the NWs and the 

volume expansion of Si to SiO2 as a result of oxidation 
14,15

.  We discovered that a distinct PL 

signature is generated in oxidized Si NWs, corresponding to the oxygen vacancy of twofold-

coordinated silicon lone pair centers (O-Si-O) that are present near the Si band gap.  In the case 

of NWs, it is well known that the carriers that are photoexcited by Optical pump THz Probe 

(OPTP) spectroscopy can be easily trapped at the surface in inverse proportion to wire diameter, 

resulting in a rapid decay of carrier lifetime 16,17.  However, notably, the carrier relaxation times 

of oxidized Si NWs, as determined using a specialized analysis for detecting ultrafast carrier 

dynamics on the picosecond time scale, were increased slightly despite the decreasing diameter 

of the Si core as the oxidation treatment proceeded; this indicates that the decrease in surface 

defects with increasing oxidation time also affects the carrier relaxation time.  This 

comprehensive research on oxidized Si NWs provides helpful information for nanoscale device 

industry for use in the not-too-distant future.      
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I. EXPERIMENT 

Si NWs were synthesized on a clean Si (111) substrate by means of a vapor–liquid–solid 

method with a Au catalyst, using an ultrahigh-vacuum chemical vapor deposition system.  

Experimental conditions for wire growth have been described in detail in a previous report 18. Si 

NWs were vertically grown over a period of up to 30 min at 600 °C by filling the deposition 

chamber with a mixture of SiH4 gas (10 sccm) as the precursor and H2 gas (200 sccm) as the 

carrier gas, with the pressure maintained at 0.05 torr by a feedback system using a throttle valve 

and a baratron gauge; these conditions for the vertical growth of Si NWs were as required by 

our system 
19

.   Si NWs with a mean length of approximately 2.5 µm Si NWs were controlled 

by the growth time.  The morphological and crystalline characteristics of Si NWs were 

individually analyzed by field emission scanning electron microscopy (FE-SEM, JSM 6500F, 

Jeol) and field emission TEM (Tecnai F20), as shown in Fig. 1a.  The resulting Si NWs 

contained a large number of Au nanoparticles (2–3 nm) on the wire sidewalls (Fig. 1b).  The 

majority of the Si NWs grew in the [111] growth direction, as verified by a selective area 

electron diffraction (SAED) analysis (Fig. 1b).  Their average diameter was 82.5 nm with a 

standard deviation of ±16 nm (Fig. 1c).  In the case of the thermal oxidation of a Si NW with 

an Au tip, oxidation processes in both the radial and axial directions can occur at the Si/Au 

interface 20.  In this experiment, to avoid interactions between Au and Si during the thermal 

oxidation, Au particles were removed from the NWs prior to the oxidation process by etching 

using a KI-I2 solution.  The morphologies of Si NWs with and without Au atoms were 

measured by both high-resolution TEM and scanning TEM at 200 kV (Fig. 1d, Supporting 

Figures S1a and S1b), allowing us to verify that the Au had been completely removed from the 

nanoparticles.   

Thermal oxidation experiments on Si NWs were performed for various lengths of time, 
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using a tube zone furnace operated at 900 °C and with a constant oxygen gas flow of 10 sccm.  

First, to avoid pre-oxidation, air was evacuated from the furnace by means of a pump and the 

chamber was then refilled with 1 atm of Ar and heated to the experimental oxidation 

temperature of 900 °C. Upon reaching this temperature, the oxidation was initiated by switching 

the gas from Ar to O2; the Si NWs were then oxidized for 30 min, 1 h, 2 h, or 9 h.  To stop the 

oxidation reaction, the gas flow was quickly switched back to Ar gas and the furnace was 

allowed to cool down. The exact SiO2 shell thickness and morphology were investigated using 

both high-resolution TEM mode and scanning TEM mode at 200 kV.  To investigate the crystal 

structure and cross-sectional shapes of the oxidized Si cores, oxidized NWs were individually 

cut using a focused ion beam (FIB, Quanta 3D, FEI).  Their chemical structure was examined 

by X-ray photoelectron spectroscopy (XPS) using a monochromatic Al Kα (1486.6 eV) source.  

Defect states on NWs were measured by LTPL using a He-Cd laser (325 nm) as an excitation 

source, in a cooling system using a closed-cycle liquid helium cryogenerator (7 K).  The 

influence of the NW surface defects was investigated by measuring the relaxation time of 

photoexcited carriers using OPTP tools.  The second harmonic (400 nm, 3.1 eV) of an 

amplified laser through a type-II β-Barium Borate (BBO) crystal was used as the pump beam.  

THz probe pulse was generated via optical rectification of the fundamental pulse in a 10 x 10 

mm <110> ZnTe crystal of thickness 1 mm 21,22.  After an ultrafast optical pump beam (400 

nm) excited the free carriers in the NWs, the transient change of the NWs in the frequency range 

of 0.2 THz to 2.6 THz was probed by THz pulses.  The time evolution of the pump-probe 

signal was collected by scanning the time delay of the pump pulses relative to the THz pulse. 
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II. Results and discussion 

The evolving morphology of Si NWs during their oxidation was studied by TEM analysis 

of cross sections of a series Si NW samples that had undergone a thermal oxidation treatment 

process for different lengths of time (Fig. 2).  TEM analyses verified that the Si NWs were 

transformed into a Si/SiO2 core/shell structure.  As the oxidation time was increased, the SiO2 

shell increased in thickness and the diameter of the Si core decreased; after 9 h of thermal 

oxidation, the Si core disappeared and a NW composed of only SiO2 was formed (Supporting 

Figure S1c–f). Interestingly, our Si NWs grown in the [111] direction had hexagonal cross 

sections with a 3-fold symmetry (Figs. 2a, 2e), which is not consistent with theorical results, 

which indicate a 6-fold symmetry 23.  Based on the Si NW with 3-fold symmetry, the oxidation 

process was further examined.  The cross-sectional shape of the SiO2 shell was initially similar 

to the shape of the Si core: hexagonal with a 3-fold symmetry.  However, as the oxidation 

progressed, the cross-sectional shape of the Si core became more triangular. The long side 

became relatively longer and the short side became relatively shorter, while maintaining a 3-fold 

symmetry; this resulted in a triangular shape with rounded edges.  With further oxidation, the 

SiO2 shell eventually changed to a circular shape, due to volume expansion caused by the high 

temperature used in the oxidation process.   

We verified the cross-sectional crystal structure of the Si core through SAED analysis; all 

side directions in the hexagonal shaped material had {112} facets (Supporting Figure S2).  

The cause of the 3-fold symmetry in Si core NW can be attributed to fluctuations in the Au 

catalyst during wire growth, which is known to induce faceting on Si (111) and (001) surfaces 

24,25,26.  In the case of the initial crystallization of Si atoms in the Au catalyst during NW 

growth, step-edges form on the Si substrate due to surface reconstruction, providing sites for 

atomic incorporation and nucleation; that is to say, a faceting transition develops with 
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continuous changes in step density and interactions between the steps 
27

.  The 

thermodynamically stable state of the Si (111) substrate has a facetted crystallographic 

symmetry, which is relevant to the orientational phase diagram in which the step formation 

energy on the Si surface is orientationally stable along the [ 211 ] direction 
28

.  Thus, Au can 

determine the specific facets {112} of the Si core NW, which is consistent with our Si NWs.  

The deposited Si monolayer can become faceted to lower the total energy, and the initial cross-

sectional shape of the Si can be determined by the Au boundary conditions (Fig. 3a).  

Moreover, several reports have shown that the Si NWs with a cross-sectional shape with a 3-

fold symmetry were grown in the chamber system based on UHV-CVD 28,29,30.  These Si NWs 

possessed facetted sidewalls with a sawtooth arrangement, near equilibrium, which is because 

growth occurs via the most energetically favorable facet, revealing balanced alternate facets 28.  

This faceting phenomenon on sidewalls was also observed in our Si NW 
31

.  Based on these 

considerations, it appears that a crystal structure with a 3-fold symmetry is the stable state in a 

UHV environment during the growth of Si NW.  All of the as-grown Si NWs revealed cross-

sections with a 3-fold symmetry in various diameters ranging from ~ 40 nm to ~ 160 nm as 

displayed in Supporting Figure S3.   

Next, to investigate the evolution of the Si NWs during the oxidation process, we attempted 

to calculate the initial diameter based on a hexagonal Si core with a 3-fold symmetry (Fig. 3b).   

Assuming an asymmetric hexagon, the Si core diameter measured from the TEM image of Fig. 

1b can be determined based on the [112] direction, which corresponds to the length ‘D’ shown 

as a white arrow in Fig. 3a.  Using the short and long side lengths of ‘X’ and ‘Y’, respectively, 

it is possible to determine the length of D as follows: X + Y = D.  Defining η as the ratio Y/X, 

the hexagonal area is given by 22 X)η+η4+1(
4

3
=A  and A is thus calculated to be 
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approximately 0.64D
2
. The value for η can be measured from TEM images of individual Si 

NWs, and was determined to  have a mean value of 1.535 and standard deviation of 0.068 

(Figs. 3c, 3d).  Although the diameters of the Si NWs vary widely from 40 to 160 nm, their η 

ratios all tend to be quite close to 1.5 regardless of diameter.  Thus, we propose that the 

hexagonal shape with 3-fold symmetry and with shape characterized by a value of η of 

approximately 1.5 is the most stable shape for a growth temperature of 600 °C, which resulted 

from the lowest surface energy of Si atoms in the Au catalyst. 

The shape of the SiO2 shell surrounding the Si core gradually changes with increasing shell 

thickness, eventually assuming a circular shape.  During the oxidation process, the lengths X 

and Y both decreased with the same value, while maintaining a 3-fold symmetry (Figs. 2b, 2f). 

As the thermal oxidation process continued, the shape of the Si core evolved into a triangle with 

rounded edges; that is, the short side was transformed into a rounded edge of the Si core (Figs. 

2c, 2g).  Eventually, this triangular shape gradually changed into a circular shape as the Si core 

shrank to a very small size (Fig. 2h).  We systematically explain this change in shape by using 

the geometrical and mathematical illustration of Fig. 4; a more detailed mathematical 

description of the process is given in the Appendix.  Defining r as the radius of the oxidized 

SiNW with a circular SiO2 shell due to the volume expansion at the endpoint of the thermal 

oxidation, as observed for oxidized samples, r can be related to A and Aδ as in the following 

equation.  

r2=(1/π)(2.2A-1.2Aδ)  ------- (i)  

where, A is the area of the as-grown SiNW and Aδ is the area of Si core NW after oxidation.  

Moreover, we can confirm that the mean η value of 1.535 (recall Fig. 3c) is reliable.  The 

above equation can provide information on the initial Si core diameter ‘D’ before the thermal 

oxidation by substituting the figures of 2r and Dδ measured from the individual oxidized Si 
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NWs (Fig. 4b).  The initial Si core diameters were extracted from the TEM images of oxidized 

Si NWs given in Fig. 2 using the above equation, yielding initial sizes of about 96 nm (Fig. 2a–

d) and 75 nm (Fig. 2e–h).  Interestingly, as adjacent short sides in the 3-fold hexagon decrease 

below a value for Xδ value of 10 nm (as calculated from Eq. (3) in the Appendix) during the 

oxidation process, the hexagonal shape becomes transformed into a triangular shape with three 

rounded edges.  As the oxidation process continues, this shape is maintained and Yδ (the long 

side) gradually decreases as evidenced by the cross-sectional shape.  To show this more clearly, 

Fig. 5 illustrates the evolution of the Si in the cross-sectional shape of a core for oxidation times 

from 30 min to 2 h.  

From the above the equations, the initial diameters of oxidized Si NWs can be obtained as 

a function of oxidation time; Supporting Table S1 summarizes these diameters, showing good 

agreement with our experimental results (Fig. 1c).  The SiO2 shell thicknesses formed on the Si 

NWs were measured at various oxidation times, and are shown graphically in Fig. S4.  Figure 

6a shows the Si core diameters and total diameters of Si/SiO2 core/shell NWs at various 

oxidation times, showing that the oxidation was very rapid during approximately the first hour, 

and then slowed, finally becoming saturated. The change in SiO2 shell thickness as a function 

of oxidation time was compared with the modified Deal-Grove curve as indicated in Fig. S4. 

10,32  The measured oxidation rate agrees well with a slightly modified Deal-Grove curve : that 

is to say, the oxidation rate was initially faster than that for a planar Si substrate because the 

exposed convex surfaces of the Si NWs were wider than the planar interface of Si/SiO2.  As 

the oxidation continued, its rate decreased due to the limitations of the convex geometry 
8
.  We 

quantitatively derived the volume of the SiO2 shell and of the interfacial area between the Si 

core and the SiO2 shell as a function of oxidation time from Si NWs with calculated initial 

diameter of 80 nm (Fig. 6b); the results indicated that the volume of the SiO2 shell increased 
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while the interfacial area between the Si core and SiO2 shell decreased with increasing oxidation 

time. 

The oxidation of Si NWs inevitably induces stress due to the volume expansion of the SiO2 

shell 14,15.  The induced stress is evident from the changes in TEM images of the Si cross 

section (Fig. 2b and Fig. S2a): the three long sides of the 3-fold symmetrical hexagon become 

slightly dented due to the formation of the SiO2 shell.  Moreover, the shape of the oxide shell is 

dependent on the shape of the Si core: the SiO2 shell becomes rounded and then changes to a 

circular shape as the shape of the core Si is transformed into a triangular shape with round edges.  

To investigate the stress component in the Si core with a 3-fold symmetrical hexagonal shape, 

we considered the use of the stress mapping method conducted on cylindrical Si NWs 14. 

Different types of stress appear to be generated in the Si core and the SiO2 shell: (i) in the SiO2 

shell, compressive stress is induced along the perpendicular direction, while tensile stress is 

induced along the direction parallel to the interface of Si/SiO2, and (ii) in the Si core, 

compressive stress is induced along both the perpendicular and the parallel directions to the 

interface of the Si/SiO2.  In the SiO2 shell, both stresses weaken with increasing distance from 

the Si core.  Since the strength of the stress of the SiO2 shell can be determined by its viscosity, 

a cross section of a SiO2 shell with a 3-fold hexagon is transformed into a circular shape by 

volume expansion under the high oxidation temperature through a stress relaxing process 33.  

On the other hand, if the oxidation temperature is not sufficiently high, the SiO2 shell is unlikely 

to change its shape by volume expansion; in this case, the stress is not relaxed.  Our data on the 

evolution of SiO2 from a hexagonal to a circular shape indicated that the stress was completely 

in the case of an oxidation time of 2 h at 900 °C.  A schematic diagram illustrating the stress 

component is given in Supporting Figure S5.   

We investigated defect states that arise during the oxidation process, such as oxygen 
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vacancies, because carrier mobility on the NW surface is significantly affected by defects, 

which induce carrier scattering 16.  To investigate defect states, the surface chemical states on 

oxidized Si NWs were investigated as a function of oxidation time using XPS (Supporting 

Figure S6).  In the XPS spectra for the Si 2p core-level, various SiOx defect states of Si1+, Si2+ 

and Si
3+

 were observed, which are caused by the formation of native oxides (Fig. S6a) 
34

.  We 

also performed Ne ion sputtering on the oxidized Si NW to collect information on the interfacial 

state between the Si core and the SiO2 shell (Fig. S6b).  SiOx states began to appear with 

increasing sputtering time.  After sputtering for 25 min, the SiO2 shell was completely 

removed and the SiOx state also disappeared, showing that the defect states were dominantly 

distributed at the interface between the Si core and the SiO2 shell.   

Although the interfacial SiOx state was measured in the XPS depth profiling, it does not 

exactly reflect the defect states that arise from physical damage to the oxide layer during the 

sputtering process.  To verify the presence of oxygen vacancies in oxidized Si NWs without 

any external physical damage, LTPL measurements at 7 K were carried out on samples exposed 

to various oxidation times (Fig. 7a).  In the case of as-grown Si NWs, a broad peak near 522 

nm appeared, arising from neutral oxygen vacancies (≡Si–Si≡) in the native oxide 35.  After a 

thermal oxidation, two main peaks at around 500 and 400 nm were observed in PL spectra of all 

oxidized Si NWs.  The peak near 500 nm is considered to correspond to neutral oxygen 

vacancies, similar to that of the as-grown Si NWs, but slightly blue-shifted in proportion to 

oxidation time as a result of the decreasing diameter of the Si core.  The peak around 400 nm 

is caused by oxygen vacancies near the Si band gap; the corresponding bond is a twofold-

coordinated silicon lone pair center (O–Si–O) 
35

.  This result demonstrates that the species of 

defect states formed by native oxides and thermal oxides can be clearly distinguished from one 

another.  Furthermore, the spectra show a decrease in the PL intensities of the two peaks with 
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oxidation time, indicating a reduction in defect states.  The PL peak for Si NWs oxidized for 9 

h was significantly decreased, resulting from the full oxidation to form SiO2 NWs, with no 

remaining Si/SiO2 interfaces or their associated defect states.    

Finally, we extracted the carrier relaxation time of the Si NWs as a function of oxidation 

time using OPTP measurements, a technique that is sensitive to surface defect states in 

nanostructures.  The time-resolved THz spectrometer used for OPTP measurements is 

schematically shown in Fig. 8a.  The relative change in the Si NWs with increasing oxidation 

time from 0 min to 2 h in the transmission of the THz pulse, ∆T/T0, was monitored as a function 

of time delay.  To provide a more quantitative analysis, the normalized ∆T/T0 signal was fitted 

using two exponential decay functions (Fig. 8b).  The fast carrier decay time, τ1, corresponds 

to intervalley scattering in the conduction band, because energized electrons may be scattered 

into side valleys on the subpicosecond time scale 36.  The slower carrier decay time, τ2, is 

related to an interband transition, such as due to the cooling of the electrons in the initial state 
36

.  

Table 1 summarizes the two decay times (τ1 and τ2) collected for Si NWs that had been oxidized 

for various periods of time.  The measured value of τ1 was significantly increased while τ2 was 

slightly increased with increasing oxidation time.  The τ1 reflecting intervalley scattering, was 

increased by a twice notably after an oxidation process of 30 min, and then became saturated 

with oxidation time.  This implies that τ1 is significantly increased with the reduction of the Si 

core of the NW during oxidation, resulting from a change in the conduction band of Si by the 

stress that is induced by SiO2 formation.  In contrast to that of bulk Si, a typical value for τ2 for 

NWs is on the order of several hundreds of picoseconds due to its extremely large relative 

surface area.  The reported relationship between τ2 and wire diameter (d) complies with τ2 ~ D2, 

then a decrease in wire diameter induces a decrease in the carrier decay time 
16,37

.  However, τ2 

remained similar herein despite the decreasing D.  This can be explained by the surface defect 
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states of the as-grown Si NWs and oxidized Si NWs.  For as-grown Si NWs, τ2 is primarily 

determined by surface defects induced by the native oxide, whereas after the oxidation, τ2 is 

determined by the SiO2/Si interfacial defects, i.e., we suggest that the reason for the increase of 

τ2 after oxidation is the curing of surface defect states during the oxidation process despite the 

decreasing D.  Therefore, it can be concluded that the reduction in D due to the oxidation of 

the Si surface was accompanied by a decrease in the density of SiO2/Si interfacial defects, 

accounting for the similarity in the values for τ2 despite the differences in d.  This result 

indicates that the reduction in defect states resulting from surface passivation is an important 

factor in improving carrier mobility in nanoscale structures.   

III. Conclusions 

We investigated the change in the cross-sectional shape of Si-core NWs as a function of 

oxidation time.  In as-grown Si NWs, the Si cores had a 3-fold symmetrical hexagonal cross 

sections.  As the oxidation time was increased up to 2h, the cross-sectional shape of the Si core 

evolved to a triangular shape with rounded edges.  We propose a schematic model of the Si 

core with a 3-fold hexagonal symmetry to explain the stress effect resulting from the volume 

expansion of SiO2, and to calculate the initial diameter of the Si NW before the oxidation 

process, yielding results that were in agreement with the experimental results for all oxidation 

times studied, from 30 min to 9 h.  From PL spectra, we were able to distinguish the defect 

states of native oxides and of thermal oxides.  As-grown Si NWs contain neutral oxygen 

vacancies (≡Si–Si≡) in their native oxide, and oxidized Si NWs contain twofold-coordinated 

silicon lone pair centers (O–Si–O) at the Si/SiO2 interface.  OPTP measurements showed that 

the carrier relaxation times of the Si NWs increased slightly with increasing oxidation time, 

indicating that τ1 and τ2 can be affected by the degree of stress and the surface states at the 

SiO2/Si interface, respectively, and showing that the control of the surface states in nanoscale 
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structures is an important factor in terms of improving carrier mobility in nanoscale devices.   

 

Appendix 

Two lines ‘ρ’ perpendicular to the sides X and Y can be drawn to meet point M on OF , 

and straight lines LM and MN  parallel to X and Y can then be drawn from M as expressed 

by a violet color in Fig. 4a.  The two right-angled congruent triangles ∆EFM and ∆GFM are 

formed with the common hypotenuse of FM , as depicted in the magnified image at the top of 

Fig. 4a.  Because EF and FG  have the same length, denoted hereafter as ‘δ’, δ has the range 

0 ≤ δ ≤ x (short side) and 0 ≤ δ ≤ y-x (long side), where X=2x and Y=2y.  The length δ 

increases to x and y as the point M moves from F to O. Two lines perpendicular to each side of 

X and Y at their center points are drawn, and they contact each other at the center of the 

hexagon, as displayed in the sky-blue region.  Using the geometry of a 3-fold symmetry 

hexagon, a regular triangle (dark grey) can be drawn at the center of the hexagon.  Considering 

that half of LM  is ‘x-δ’ and that half of MN  is ‘y-δ’, which are defined as xδ = x-δ and yδ = 

y-δ, respectively, one side of this regular triangle can be determined to have the length Y-X.  

Assuming that, after sufficient thermal oxidation, a SiO2 shell forms in the shape depicted by the 

black circle, having radius r, the lengths X and Y of the grey hexagon shrink to lengths Xδ and 

Yδ of the dark blue hexagon as shown in Fig. 4b.  The distance between the outermost two 

edges of the Si core is defined as Dδ.  The area of the Si core is Aδ, and the ratio Yδ/Xδ is 

defined as ηδ.  The area of the Si core before and after thermal oxidation can then expressed 

with the equations (1) and (2), respectively.  

A= 31/2(1+4η + η 2)x2  ---------- (1) 

Aδ=3
1/2

(1+4 ηδ + ηδ
2
)xδ

2
  ---------- (2) 

The Si atoms react with the O2 gas supplied during the oxidation process, resulting in Si/SiO2 
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core/shell NWs.  The molecular volume of the SiO2 shell is 2.2 times that of the Si core; 

considering this volume expansion, r can be obtained from the following equation.  

2.2(A-Aδ)=πr
2
-Aδ  -------- (3) 

D can be expressed in terms of x and η (eq. 4), and Dδ can be also related to xδ and ηδ (eq. 5) as 

follows. 

D = X+Y = 2(x+y) = 2x(1+η) ------ (4) 

Dδ = Xδ+Yδ = 2(xδ+yδ) = 2xδ(1+ηδ) ------ (5) 

By using the relations of Dδ=D-4δ, eq.(4) and eq. (5), the η and ηδ can be written as follows. 

ηδ = (x/(x-δ))( η-1)+1 -------- (6) 

Consequently, we can extract the initial diameter of the wire ‘D’ using the measured r, Dδ from 

the TEM images and η of 1.535. 
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Table 

Table 1. Carrier decay times from OPTP measurements of Si NWs subjected to various 

oxidation times 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Oxidation time [h] d2 τ
1
 [ps] τ

2
 [ps] 

0 6806 17.2 142.1 

0.5 2070 34.1 144.4 

1 784 34.0 152.0 

2 216 33.5 155.6 
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Figure captions 

 

Figure 1. (a) FE-SEM images of Au-etched Si NWs grown by the VLS method. (b) TEM 

images and the SAED pattern of as-grown Si NWs before removal of their Au tips. (c) 

Histogram of diameters of as-grown Si NWs. (d) TEM images of a Si NW oxidized for 2 h after 

removal of the Au tip. 

 

Figure 2. TEM images illustrating the evolution of the cross-sectional shape of Si-core NWs 

with increasing oxidation time. (a–d) Evolution of the shape if Si NWs for an initial diameter of 

approximately 96 nm, at oxidation times (a) 0 min, (b) 30 min, (c) 1 h, and (d) 2 h. (e–h) Shape 

evolution for Si NWs of initial diameter approximately 75 nm, at oxidation times (e) 0 min, (f) 

30 min, (g) 1 h, and (h) 2 h.  

 

Figure 3. (a) Initial deposition of Si atoms from the supersaturated Au-Si alloy, forming the 

hexagonal shape. (b) Illustration of the 3-fold symmetrical hexagonal cross section of the Si 

core. (c, d) Distribution charts of Y/X extracted from a lot of Si NWs; the mean value of Y/X 

was 1.535 and the standard deviation was 0.068. 

 

Figure 4. Illustration of the change in the cross-sectional shape of the Si core during the 

oxidation process, from (a) a 3-fold symmetrical hexagon into (b) a rounded triangle. After the 

thermal oxidation, the SiO2 shell assumed the shape of the black circle depicted in (b), and the 

Si core shrank to the dark blue region depicted in (b).  

 

Figure 5. Schematic diagram of changes in the cross-sectional shape of Si-core NWs for 
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oxidation times up to 2 h. When oxidation was continued up to 9 h, the Si core disappeared 

altogether, leaving an oxide-only NW.  

 

Figure 6. (a) Si core diameter and total diameter of Si/SiO2 core/shell NWs versus oxidation 

time. (b) Quantitative volume of the SiO2 shell and interfacial area between the Si core and the 

SiO2 shell versus oxidation time. 

 

Figure 7. (a) PL spectra measured at low-temperature of 7K  from the oxidized Si NWs as a 

function of oxidation time. (b) The changing tendency of PL peak intensity near 400 nm as a 

function of oxidation time. 

 

Figure 8. (a) Schematic diagram of the time-resolved THz spectrometer used in the optical-

pump THz-probe experiments. (b) Normalized ∆T/T0 measured from Si NWs versus oxidation 

time. 
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