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Abstract: Low-temperature photoluminescence (PL) spectra of electron-
hole systems in Si nanowires (NWs) prepared by thermal oxidization of Si
fin structures were studied. Mapping of PL reveals that NWs with uniform
width are formed over a large area. Annealing temperature dependence of
PL peak intensities was maximized at 400 °C for each NW type, which are
consistent with previous reports. Our results confirmed that the micro-PL
demonstrated here is one of the important methods for characterizations of
the interface defects in Si NWs.
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1. Introduction

Si nanowire (NW) field effect transistors (FETs) are one of the most promising devices for
next-generation CMOS nanodevices with high speed and low operation power [1-6]. The
characteristic feature of NWs that suppresses the short-channel-effect is expected to overcome
the down-scaling limitation due to a huge off-state leakage current and to provide a steep
inverse threshold. Moreover, achieving high-density integration of NWs enables the use of
less available silicon surface per device [1]. Si NW FETs are also used to fabricate sensors for
biological and chemical species [7,8]. The sensing mechanism is understood in terms of the
change in the charge density at the surface of Si NW FET. Large surface/volume ratio of NW
contributes to enhance the sensitivity. Another promising application of Si NWs is solar cells
[9,10] expected to serve as integrated power sources for nanoelectronic systems. For optical
interconnection, Si NW-based light-emitting diodes (LEDs) have attracted attentions for
fabricating nanometer-scale light sources [11].

High performance of these devices is provided by the geometrical factors and physical
properties inherent in confinement of carriers [12—15]. In quantum confined structures, the
degrees of freedom in free-electron motion are reduced, leading to a change in the electron
density of states. A peculiar feature of an ideal one-dimensional system is the inverse-square-
root divergence of the joint density of states at the band-gap. In a quasi-one dimensional
system with a finite NW cross-section, the cross-sectional shape of the quasi-one dimensional
structure plays a critical role for its physical properties. These characteristic features of one
dimensional system lead to peculiar optical properties such as an increase in the exciton
binding energy, a strong concentration of the oscillator strength to the lowest exciton state
[14,15] and higher gain for quantum wire lasers [13].

The interface properties between a Si NW and the surrounding SiO, layer are known to
affect the electrical conduction of Si NWFETs. The saturation current of a Si NW is limited
by, for example, the roughness of the interface, impurity levels, channel surface orientation
and the cross-sectional shapes of the channel [2]. Photoluminescence (PL) and optical
absorption of Si NWs are sensitive to the impurity levels, interface defect density, and the
band structure of the electron and the hole originating from NW width and cross-sectional
shapes of NWs. Hence, the microscopic spectroscopy is an important method for local
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characterization of the interface properties of NWs, and in particular, may also be applied to
characterize local properties of NW samples without electric conductance.

In this paper, we report on the results of the PL measurements of Si NWs. We investigate
how PL characteristics depend on the interface properties and the spatial distribution of the
properties of NWs, and show that optical measurements are useful for device characterization.
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Fig. 1. (a) Schematic SOI structure used in the experiment. (b) Schematic illustration of
intended Si NW structures surrounded by the thermal oxide SiO, layer. (¢) Si NW structures
with gap/width ratio of 1:1 (Type-A), 1:2 (Type-B) and 1:3 (Type-C). One hundred NWs with
varied widths are patterned in each type. (d) Si NW structures finished by thermal oxidation
from the state (c). (¢) Top-view optical microscope photograph of the resultant Si NW sets of
Type-A, -B and -C, as shown by the arrows. (f), (g) and (h) SEM images of Si NWs
corresponding to Type-A, Type-B and Type-C, respectively. Si widths in each-type of 150, 300
and 450 nm before thermal oxidation were reduced to 50, 219 and 386 nm after oxidation,
respectively.

2. Sample preparation

We used a (100)-oriented silicon-on-insulator (SOI) wafer with a silicon layer thickness of 70
nm obtained from SOITEC Company. Figure 1(a) shows a schematic SOI structure, while
Fig. 1(b) shows a schematic diagram of the Si NW surrounded by the thermal oxide SiO,
layer. Si NWs were prepared by the following two steps; the first step for Si fin structures
fabricated by photolithography followed by reactive ion etching, as shown schematically in
Fig. 1(c), and the second step for thermal oxidation of the Si fins to form the Si NWs, as
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shown schematically in Fig. 1(d). Before thermal oxidation, three types of Si fin structures
were patterned, that is, the structures with the gap-and-NW width ratios of 1:1 (hereinafter
referred to simply as Type-A), 1:2 (Type-B), and 1:3 (Type-C). Each type has one hundred
NWs with the varying Si NW widths. Table 1 shows summarized sets of structures. At the
lower columns, widths before and after thermal oxidation were shown by the figures out of
and within the parentheses. After thermal oxidation, Si NWs were annealed in forming gas
mixed with 3% hydrogen (H,) and 97% nitrogen (N,) at different temperatures between 325
and 500 °C.

Figure 1(e) shows a top-view optical microscope photograph indicating layout of the
resultant Si NW sets including Type-A, -B and -C, as shown by the arrows. On the other
hand, scanning electron microscopic (SEM) images of Si-NW cross-sections corresponding to
Type-A, Type-B and Type-C, are shown in Figs. 1(f)—1(h), respectively. The cross-section of
the Type-A Si NW is nearly square, while others are flat rectangular. From these photographs,
it is found that widths of Si NWs shown by rectangles in black are reduced to 50, 219 and 386
nm after thermal oxidation from initial 150, 300 and 450 nm before thermal oxidation,
respectively. It is also found that the thickness of the SiO, layer surrounding the Si NW is
about 50 nm.

Table 1. Summarized sets of Si NW structures categorized into Type-A, Type-B and

Type-C depending on the NW gap/width ratio. At the lower columns, widths before and
after thermal oxidation were shown by the figures out of and within the parentheses

Si0,/Si substrate

SiO,/Si substrate

Type-A Type-B Type-C
G:W 1:1 1:2 1: 3
PRI N O W, DU IR | E—

Si0,/Si substrate

150 nm (50 £ 5 nm)

300 nm (219 & 5 nm)

450 nm (386 * 5 nm)

140 nm (37 £ 5 nm)

280 nm (203 £ 5 nm)

420 nm (347 £ 5 nm)

130 nm (32 £ 5 nm)

260 nm (177 = 5 nm)

390 nm (314 & 5 nm)

120 nm (24 £ 5 nm)

240 nm (137 = 5 nm)

360 nm (284 + 5 nm)

3. Photoluminescence measurement

Si NWs were characterized by a micro-PL setup, as shown schematically in Fig. 2(a).
Samples were placed in a helium gas-flow cryostat at 12 K. A continuous wave He-Cd laser
light at the wavelength of 325 nm was introduced to a collimator lens using a multimode
optical fiber with a core diameter of 100 pm and was focused on the sample surface via a
beam splitter and % 10 objective lens at an N.A. of 0.25. An incidence laser power was set to
be about 280 Wem™ with a spot diameter of 31 um on the sample surface. The PL light was
collimated by the same objective lens and collected to a 0.5 m focal-length monochromator
via the beam splitter, mirror and multimode optical fiber with a core diameter of 100 pm.
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Fig. 2. (a) Schematic illustration of micro-PL setup. A continuous wave laser light at the
wavelength of 325 nm was focused on the surface of the samples in a helium gas-flow cryostat
at 12 K. The incidence laser power was about 280 Wem™ at the spot diameter of 31 pm on the
sample surface. (b), (¢) and (d) Optical microscope images of excitation spot on NWs at the
Type-A, Type-B and Type-C, respectively.

Finally, it was detected by a liquid-nitrogen cooled InGaAs multichannel detector. Optical
microscope images of excitation spots on the Si NWs for Type-A, Type-B and Type-C are
shown by white circles in Figs. 2(b)-2(d), respectively. Here, the designed gap widths (G) / Si
fin widths (W) were (b) 145 nm / 145 nm, (c¢) 145 nm /290 nm and (d) 145 nm /420 nm.

In the PL measurement, average PL emission intensity from several tens of NWs was
detected with the excitation spot which covers several tens of NWs. Although the excitation
spot size was set to 31 um on the sample surface, as mentioned above, the diameter of the
detection spot was set to be smaller value of 24 pum so that the uniformity of the optical
excitation density of the NWs was ensured. As a reference sample, a 2 x 2 mm” bulk Si was
placed beside the 5 x 2 mm? NW sample for measurement of the PL from the bulk Si. The PL
intensity of the Si NWs was normalized by the PL intensity from the bulk Si in order to avoid
the possible run-to-run variation in the P measurement due to fluctuation in alignment of the
optical setup and so on.

Finally, the excitation position was scanned with a PC-controlled stepping motor. The
scan direction was set to be both parallel and perpendicular to the axis of the NWs by
software.

4. Results and discussions
4.1 PL spectra from the Si NW chip

Figures 3(a)-3(c) show PL spectra obtained at 12 K from Si NWs with the Si width of 50 nm
in Type-A, 219 nm in Type-B and 386 nm in Type-C after thermal oxidation, respectively,
while Fig. 3(d) shows a PL spectrum observed from a bulk Si substrate located beside the Si
NW on the same sample. In Fig. 3(d), the narrow and sharp peak at 1.098 eV is considered to
originate from transverse optical (TO)-phonon assisted recombination of free excitons, while
small peaks at 1.137, 1.035 and 1.075 eV are originating from transverse acoustic (TA)
phonon-, TO/O" phonon- and TO/IV*-phonon assisted recombination of free excitons,
respectively [16, 17]. For the case of Si NWs in Figs. 3(a)-3(c), on the other hand, such an
exciton-related narrow peak at 1.098 eV appears only in Fig. 3(a), probably originating from
the Si substrate at the gap between the NWs, and is not observed in Figs. 3(b) and 3(c). As
shown schematically in Fig. 3(e), this is probably because coverage of the Si NW is larger, or
in other words, an exposed Si substrate is smaller, in Figs. 3(b) and 3(c) (in Type-C, for
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example, a ratio of NW/ Si substrate is 386nm/150nm) than in Fig. 3(a) (in Type-A, the ratio
is 50nm/150nm).
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Fig. 3. (a), (b) and (c) PL spectra at 12 K from the samples, Type-A, Type-B and Type-C,
respectively. (d) PL spectra from the Si substrate. The incidence laser power was about 280
Wem™. (e) Schematic pictures showing PL emission from Si NW (bold arrow) and Si substrate
at the gap between Si NWs (thin arrow). (f) Theoretical curve fitting to the measured PL
spectra in the Type-A sample.

In Figs. 3(a)-3(c), on the other hand, broad PL bands with full widths at half maximum
(FWHM) of 24, 20 and 13 meV were observed at around 1.076, 1.070, and 1.072 eV,
respectively. These broad PL bands, observed often in indirect band gap semiconductors at
high optical excitation under the low temperature of [18-20], are attributed to formation of
either electron-hole droplet (EHD) or electron-hole plasma (EHP) depending on the carrier
temperature and density. The line shape of the broad PL band is calculated and compared with

the measured spectra by the following convolution products of electron and hole density of
states (DOS) [20],

1(w)=1,[" D,(e)D,(h¥ ~ &) f(e.E}) f (h7 — €. EL)de . (1)
Here, I,is a constant, hv is the photon energy, D,(€)and D, (&) are DOS of electron and hole,
respectively, iV =hv—E, +he, E, is the reduced band-gap energy due to the interactions
between electrons and holes in the high-density state, Zwis the emitted phonon energy.
Fitting parameters are E, , the electron hole pair density, n, and carrier temperature 7,. We

use DOS in three dimensions for fitting spectra since the thickness and width of the NW are
much larger than the effective Bohr radius, 4.9 nm, of the exciton in the bulk Si. As an
example of curve fitting, the calculated line shape of the broad PL band is fit well to the
measured PL spectra in Type-A, as shown in Fig. 3(f). The carrier density and temperature in
our experiment is estimated to be n = 6.9 x 10" cm™ and T, =24 K in the Type-A Si NW

with a cross section of 50 x 50 nm?, n = 5.8 x 10'® cm™ and T, =26 K in the Type-B with a

cross section of 50 x 219 nm” and n = 3.6 x 10'® cm™ and 7, = 17 K in the Type-C with a

cross section of 50 x 386 nm®”. The transition between EHD and EHP in the bulk Si occurs
around 7, = 25 K [20]. It was previously reported in Si NWs obtained by copper catalyzed
chemical vapor deposition with a diameter in the 50-300 nm range that the EHP was present
in the Si NW with n = 3.3 x 10'® cm™ and 7, = 46 K [21]. This carrier temperature is higher
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than the estimated carrier temperatures of our Si NW samples. It is expected that carrier
confinement leads to increase in correlation energy and thus, the transition temperature may
increase from the bulk value of about 25 K.

4.2 One- and two-dimensional PL-spectra mapping on the Si NW chip
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Fig. 4. (a) Optical microscope image of PL-spectra mapping region in the Si NW sample.
Square dotted line shows an area of two-dimensional PL-spectra mapping, while vertical and
horizontal dotted arrows indicate scanning directions for mapping in (c), (d) and (e), (f),
respectively. (b) Mapping of integrated PL intensity between 1140 and 1180 nm at 12 K. (c)
Spatially resolved PL intensity and (d) PL spectra scanned along Si NW of the Si width of 50
nm. (e) Spatially resolved PL intensity and (f) PL spectra scanned perpendicular to the wire
direction.
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For the purpose of investigating the uniformity of the Si NWs, PL spectra mapping was
employed by using the Si NWs width the Type-A to Type-C structures, as shown by an SEM
plan-view photograph in Fig. 4(a). Here, a white square dotted line shows an area of two-
dimensional PL-spectra mapping, while a vertical and horizontal dotted lines show mapping
directions for obtaining vertical and horizontal PL-spectra uniformity of the Si NW,
respectively.

Figure 4(b) shows the resultant spatial distribution of the integrated PL intensity with the
spatial resolution of about 15 pm in the scanned area of 490 x 480 pm?”. Each spectrum
wavelength is ranging from 1140 to 1180 nm. In Fig. 4(b), two vertical zones showing the
intense PL peaks are observed. This corresponds to the Type-B NW, as shown by the arrows
in Fig. 4(b), taking into account that the Type-B NW shows more intense PL than Type-A and
Type-C, as shown in Figs. 3(a)-3(c). In addition, these two high-intense PL-zones are a little
tilted in Fig. 4(b). This is because the scanned squire area was not just in parallel to the
direction of the Si NW, as indicated in Fig. 4(a), and not as a result of non-uniform patterning
of the Si NW.

Uniformity of the Si NW is also shown by the following two PL intensity maps. Figures
4(c) and 4(d) show spatially resolved integrated PL intensity map and PL spectra,
respectively. Here, the scanning was employed along the vertical arrow in Fig. 4(a) by 32
steps from Y =0 to Y =490 pm in the Type-A sample. In Fig. 4(d), broad PL band PL peaks
at 1149 nm (1.077 eV) and narrow-band peaks at 1128 nm (1.098 eV) are specific to the Si
NW at high optical excitation density and the exciton in the Si substrate, as discussed in Figs.
3(a)-3(c). It should be noted that excellent vertical alignment of both broad PL band and
exciton-related PL peak lines indicates that Si NWs are formed with excellent uniformity over
a large area. Similarly, Figs. 4(e) and 4(f) show spatially resolved integrated PL intensity map
and PL spectra scanned along the horizontal arrow in Fig. 4(a) by 32 steps from X =0 to X =
480 um. In Fig. 4(f), each PL spectrum is obtained from either Type-A, -B or -C Si NW
group. Among them, the most intense PL spectra are originating from the Type-B NWs. In
Fig. 4(f), exciton-related narrow peaks from the Si substrate are also observed at 1128 nm in
several spectra. Uniformity of the Si NW structure is also confirmed by these PL intensity
maps as shown here.

4.3 Parameter- dependent PL spectra in the Si NW

In this section, parameter-dependent PL spectra in the Si NWs are investigated. Figures 5(a)
and 5(b) show Si NW-width dependence of PL peak energies with different annealing
temperatures for Type-A and Type-C samples, respectively. For both samples, peak energies
are increasing with decrease in Si width. The result reminds us of appearance of a quantum
confinement effect in the Si NW. Here, we look into the origin of the peak energy shift more
deeply. It is known that the exciton’s effective Bohr radius is 4.9 nm in the Si NW, while the
thickness (50 nm) as well as the width (24 ~386 nm for the Type-A and -C) of the Si NW
used in our experiment are one or two orders of magnitudes larger than the Bohr radius.
Accordingly, the quantum confinement effect is likely to be negligible qualitatively. Indeed,
according to the effective mass theory and assuming assumption of infinite potential barriers,
increase of the energy in changing the state from the bulk state to the quantum-confined state
within the thickness d in Si is given by

Ap =T [ 1 +i*j @)

2d? m, m,

where m_ and m, are the density-of-state effective mass of electron and hole, respectively
[22-24]. One finds AE = 0.4 meV from Eq. (2) for d =50 nm using m, = 1.062 m, and

m, =0.591m, at 4.2 K, resulting in that the value is much smaller than the measured energy
shifts, 2 ~8 meV in Figs. 5(a) and 5(b). Eventually the simplified quantum confinement model
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Fig. 5. (a) and (b) show Si NW width dependences of PL peak energies with different
annealing temperatures for the samples in Type-A and Type-B, respectively.
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Fig. 6. (a), (b) and (c) show annealing temperature dependences of PL peak intensities with
different widths for the samples in Type-A, Type-B and Type-C, respectively.

shown here is likely to be unsuitable for evaluating the origin of the energy shift in Fig. 5.
Another possible origin of the peak energy shift is an effect of the strain at the interface
between Si and SiO,. A molar volume mismatch between Si and SiO, causes stressed region
in both Si and SiO,. Simulations of a Si NW surrounded by SiO, revealed that Si lattice has
compressive stress near the interface between Si and SiO, [25,26] and, in addition, 1%
compressive strain in Si NW lowers the bottom of conduction band by about 0.1 eV [27,28].
The estimated strain-induced decrease in energy (0.1eV) might be comparable to the
measured energy shift (~8meV) depending on the strain amplitude. However, it is not
consistent with the experimental result that the energy increases with decrease of Si NW
width, as shown in Fig. 5. At the moment, single mechanism of either quantum confinement
or strain effect mentioned above is not enough for explaining the origin of the peak energy
shift in Fig. 5 and it is likely that more complex mechanism available for the NW structure
should be needed.

On the other hand, annealing temperature dependence of PL peak intensities of Si NWs in
Type-A, Type-B and Type-C are shown in Figs. 6(a)-6(c), respectively. Measurements were
employed for the samples with different NW widths, as indicated in insets. It is found that the
PL peak intensity is maximized at 400 °C for each NW type. It is reported that annealing in
H, forming gas introduces hydrogen into near-interfacial oxide region to passivate the
dangling Si bonds called P, centers [29-31]. Moreover, the amount of such H and resultant
density change in the interface defects are strongly affected by the annealing temperature. In
more detail, reduction of PL intensity at higher temperatures than 400 °C is reported as a
result of the H uptake and its desorption from the oxide region [29]. Our results in Fig. 6 are
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quite consistent with these previous reports. Therefore, the result means that the technique of
micro-PL measurement mentioned above is quite useful as a nondestructive method of
characterizing Si nanostructures like NW reported here.

5. Conclusion

Low-temperature PL spectra of electron-hole systems in Si NWs prepared by thermal
oxidization of Si fin structures were studied. Quite uniform Si NWs with thickness of 50nm
and widths ranging from 24nm to 386nm were successfully fabricated. A broad PL band was
observed at a peak energy (1.07 — 1.08 eV) lower than that (1.10 eV) for exciton-related
narrow band specific to the Si substrate. Mapping of PL reveals that NWs with uniform width
are formed over a large area. As a result of studying a parameter-dependent PL peak energy,
blue-shift in the PL peak energy with decrease in the Si NW width was observed in all the
samples. Annealing temperature dependence of PL peak intensities also confirmed that the
micro-PL demonstrated here is one of the important methods for characterizations of the
interface defects in Si NWs.
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