Du3suka v TexHuka nosynpoBoaHukoB, 2007, Tom 41, Bbir. 4

Cathodoluminescence investigation of silicon nanowires fabricated

by thermal evaporation of SiO

© G. Jia™9, T. Arguirovt*YY, M. Kittler'*, Z. Su*, D. Yang®, J. Sha*

T IHP microelectronics, Im Technologiepark 25,

15236 Frankfurt (Oder), Germany

*IHB/BTU Joint Lab, Postfach 101344,

03013 Cottbus, Germany

 Department of Physics, Zhejiang University,

Hangzhou 310027, P.R. China

¢ State Key Lab of Silicon Materials, Zhejiang University,
Hangzhou 310027, P.R. China

(MonyyeHa 12 ceHTAbps 2006 r. lNpuHATa k nedatu 3 okTAbps 2006 r.)

Silicon nanowire samples fabricated by thermal evaporation of SiO powder were investigated by
cathodoluminescence. Three main bands were found at low temperatures, namely peak / at about 620—650 nm
(2.0—191eV), peak 2 at 920nm (1.35¢V) and peak 3 at 1280nm (0.97 ¢V). An additional broad band (peak 4)
in the infrared region with its maximum at ~ 1570 nm (0.79 eV) appears at room temperature. The origins of the

emission bands are discussed.

PACS: 78.60.Hk, 78.67.Lt

1. Introduction

Light emission from bulk silicon is generally difficult
due to the indirect band gap. In the past few decades,
great efforts have been made to investigate luminescence of
silicon and to increase its quantum efficiency. The interest is
driven by the need for optoelectronics and its compatibility
with silicon technology. Infrared emission with energies
lower than the band gap of silicon attracted great attentions
for its transparent property in the silicon material, especially
at wavelength around 1550nm, the 1550 nm emission is
also in correspondence with the low loss of the silica based
glass fibers for optical communications.

Near-infrared emission around 1550nm was found in
silicon based materials, for example, in the dislocated
silicon [1], in erbium doped silicon [2]. B-FeSi, also shows
efficient emission in this spectral range [3]. In low-dimen-
sional silicon, which typically shows visible light emission,
the 1550 nm emission band was seldom reported.

Low-dimensional silicon structures, especially silicon
nanowires (SiNWs) belong to the most investigated ma-
terials due to their fascinating luminescence properties [4].
The rapid progress in nanowire technology [5-10] renders
SiNWs increasingly a potential use as building blocks of
nanoelectronics, although some problems such as repro-
ducibility and reliability ets. still remain. Recently, SINWs
based field effect transistors (FETs) have been realized with
parameters better than those of state-of-the-art planar silicon
devices [10,11].

2. Experimental

The SiNWs were fabricated by evaporating SiO powder
on p-type (111) silicon substrates with the resistivity of
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about 0.001 Q-cm. The details of the fabrication method
are described elsewhere [12].

With this method SiNWs with an average diameter of
about 20 nm were produced and they typically consist of a
crystalline silicon core covered by a Si oxide layer with a
thickness up to half of the wire diameter [13]. The core of
the SINWs was found to consist of crystalline silicon with
a high density of defects such as stacking faults as well as
micro-twins and the Si oxide shell to be amorphous [14].

The SiNW samples were investigated using a Zeiss
EVO 40 scanning electron microscope equipped with a
Gatan MonoCL system and a Hamamatsu IR photomulti-
plier with a sensitivity range from 250 to 1700nm. For
the cathodoluminescence (CL) measurements the samples
were fixed on the sample holder with a conductive adhesive
double side tape and silver paint. The measurements were
performed at an accelerating voltage of 7kV. The samples
were investigated between 77 and 300K using a cold stage
system. Special care was taken to correct the temperature-
related drift of the sample position. This ensured that the
CL spectra recorded at different temperatures originate from
the same area of the sample studied. The sampled area
during the CL measurements was typically 50x50 um and
the beam current was about 50nA. To keep electron beam
induced damage as low as possible, the beam was blanked
except for the time needed to record a spectrum or to
take a micrograph. In particular, this was done during the
time required to reach a new pre-set value of the sample
temperature.

3. Results

Three main bands were detected in all samples at 77K
(Fig. 1), with their maxima positioned at about 620—650 nm
(20—191eV) (named peak 1), 920nm (1.35eV) (peak 2)
and 1270 nm (0.97 eV) (peak 3). Moreover, there is a small
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Figure 1. CL spectrum at liquid nitrogen temperature.
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Figure 2. CL spectrum at room temperature.

shoulder at about 500 nm which is named peak 0, see Fig. 1.
At room temperature an additional peak around 1570 nm
(0.79eV) appears as shown in Fig. 2.

4. Discussion

Datails of these emission bands are shown in Fig. 3. The
band around 500 nm is in fact at about 470 nm due to low

band is a well known one from silica-based glass [15], but
was also found in Si oxide/Si systems [16]. Its nature is
related to oxygen deficient centers (ODCs) in the Si oxide
matrix [17], detailed investigations indicated that this band
may also have different origins [18]. The exact peak position
of this band depends on the charge states and the nature of
the defects [15]. The origin of the red emission of peak I
in silicon nanostructures is still under strong debate. Firstly,
there exists always a Si oxide film on the surface and this
emission may originate from the nonbridging oxygen-hole
centers (NBOHC) in the Si oxide matrix [19]. Secondly,
if the dimension of the nanostructure decreases down to a
few nanometers, the quantum confinement effect will play
an important role in the formation of the red emission [20].
In our case the diameter of the SiNWs is too large to expect
quantum confinement effect in this range. Other explanation
relates the line to defects in the Si oxide/Si interface [21,22].

Peak 2 is the second order diffraction of the peak 0
as evidenced by a 780 nm long-wave-pass edge filter, this
band disappeared if we used the filter. Band 2* reflects
the band—band recombination of crystalline silicon bulk
materials. Both the crystalline core of the SiNWs and the
substrate are able to give this emission. Peak 3 at 1270 nm
with its sharp shape was also observed in the carbon-
rich EFG (edge-defined film-fed growth) materials [23] and
could be correlated to G-centers (CiCs) near certain twin
boundaries. Indeed, twins and other extended defects have
been observed by TEM (transmission electron microscopy)
within SINWs [24]. However it should be noted that the
G-line is only observed at low temperatures and disappears
for temperature higher than 77 K. Peak 3* at about 1320 nm
is the second order diffraction of peak 1.

Additional peak 4 appears at higher temperatures. Its
intensity increases with increasing temperature. Fig. 4 shows
the spectra taken at room tempareture with normal inci-
dence of the beam to the sample (P) and cross section (X)
after cleaving the sample. The difference between the two
spectra may be due to the different area contributing to
the emission. Peak 4 can be deconvoluted by two peaks
positioned at 1420 and 1550nm. They agree relatively
well with the dislocation-related luminescence D2 and D1.
This explanation is confirmed by photoluminescence (PL)
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sensitivity of the system at lower wavelength side. This measurement at 80K shown in Fig. 5. The dislocation-
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Figure 3. Details of the emission bands by Gaussian fit.
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Figure 4. CL spectra taken at room temperature using normal
incidence of beam current (P) and cross section (X) after cleaving
of the sample. The dashed lines are the Gaussian fit of the

spectrum X.
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Figure 5. PL measurement of the SINW at 80K. The dashed
lines are the deconvolution of the spectrum.

related D3 and D4 lines are observed at the same energies
as in bulk material. D1 and D2 are shifted to higher
wavelengths. The origins of the other two components at
the higher wavelength side (see question marks) are not
quite clear so far.

The reason why peak 4 appearing in the CL spectrum
shown in Fig. 4 increases with increasing temperatures
(anomalous temperature behaviour) remains still open. In
dislocated bulk Si we observed an ordinary behaviour,
i.e. decrease of the Dl-line intensity with increasing
temperature, see e.g. [25,26]. The anomalous temperature
behaviour of peak 4 might be related to the fact that the
confinement of the excess carriers in the SiNWs affects
the efficiency of the different recombination channels as
compared to bulk material.

Infrared emission around 1550 nm was also reported for
nanocrystalline Si, namely for CVD grown nanocrystalline
Si films [27] and for Si nanocrystals fabricated by mechanical
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milling of Si [28]. Within the nanocrystals a high density
of extended defects was found by TEM in both types of
samples, which may cause the observed infrared emission.
Another possible factor, leading to enhanced D1 emission is
oxygen accommodation within the extended defects [25].

5. Conclusion

In summary, we have investigated SINWs by CL mea-
surements, visible and infrared emissions were found and
correlated to different mechanisms. Our results show that
SiNWs are able to emit light in infrared range if they contain
extended defects within the Si nanocrystalline core.

The author thanks Dr Winfried Seifert for his helpful
discussions and critical read of the paper.
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