Silicon nanowire optical Raman
line shapes at cryogenic and
elevated temperatures
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We report the Raman spectra of silicon nanowires
(SiNWs) in a wide temperature range, between 2 K and
850 K. At room temperature we ﬁnd a strong inﬂuence
on the spectrum from applied laser excitation powers.
These effects can be attributed a laser heated sample,
leading to an inhomogeneous temperature distribution
within the laser-spot. If the laser excitation power is
small (below 100 μW) such effects are negligible, and
we ﬁnd a temperature dependence governed by three-

phonon decay processes. The results from temperature
dependent measurements indicate a change of sample
morphology due to heating. Raman measurements on
SiNWs immersed in superﬂuid helium at ≈ 2 K show
very strong red-shifts, even though they still have the
perfect thermal contact via the superﬂuid helium. Considering anharmonic effects we ﬁnd massively increased
Si core temperatures.
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1 Introduction Nanometer sized semiconductor
structures have attracted large attention. Two, one or zerodimensional structures show very unique low-dimensional
properties, leading to enhanced device performances. The
research on carbon nanostructures like nanotubes [1] or
nano-ribbons [2] is continuously generating an impressive
variety of publications. The basic material of present information technology, however, is still silicon. While silicon
structures have been intensively investigated for some time
now, silicon nanowires (SiNWs) still face the lack of standard, non-destructive methods for their characterization.
500 nm

Here we report the large Raman shift and broadening
of the LO vibrational mode, due to a combination of quantum conﬁnement and laser heating [4]. Our detailed analysis of the Raman spectrum of SiNWs and its dependence
on the laser excitation power and sample temperature provides valuable information about the predominant effects
in SiNW samples, while the strong inﬂuence of the ambience on SiNWs, as published elsewhere [5], needs to be
suppressed to identify the effects intrinsic to SiNWs.

Figure 1 Typical SEM picture of SiNWs sample. The SiNW are
approximately 15 nm in diameter and up to a few microns long.
The sample consists of a large pile of SiNWs (up to 50 μm thick),
showing a strong porosity.

2 Experimental The SiNWs used for this study were
produced by vapor transport growth [6], which allows
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3 Results and discussion All SiNW Raman spectra in this study are red-shifted compared to bulk Si. This
is shown in Fig. 2, where the black and red spectrum represent bulk Si and SiNWs, respectively. Both spectra were
recorded under the same conditions with moderate laser
excitation powers (see legend). For higher laser powers
(above 4-5 mW) we also observe [3, 4] asymmetric lineshapes, where the asymmetry and amount of red-shift increase with laser power. For large excitation powers the
red-shifting ﬁnally saturates, as reported earlier (see for example Fig. 3 in Ref. [5]). The maximum red-shift observed
there was approximately 12 cm−1 , at room temperature irrespective of the ambient gas (He or Air). The critical laser
excitation power (Pc ), above which the saturation occurs,
on the other hand strongly depends on the gas i.e. its thermal conductivity.
As reported earlier [10], inhomogeneous temperature
proﬁles due to excessive laser heating, can lead to asymmetrically broadened Raman-spectra. In order to reduce
effects related to the intensity proﬁle of the laser spot
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Figure 2 Typical room temperature Raman spectrum of our
SiNW sample, illuminated by a moderate laser power of 1.4 mW
(red line). For comparison we also plot a bulk silicon reference
sample (black line).
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high-yield SiNWs production. Si/SiO2 powders are evaporated at 1200 ◦ C in a horizontal tube furnace. The Si
vapor then condenses at ≈ 800 ◦ C on a substrate (average
production ≈10 mg per run). The average wire diameter
is 15 nm, consisting of an outer SiO2 shell of 2-3 nm,
and a crystalline core [6, 7]. For Raman measurements the
SiNWs are sonicated in isopropanol and dispersed on Ag
coated Cu substrates. The SiNW sample-spots created by
this procedure are one to two mm in diameter and approximately 20-50 μm thick, as observed by atomic force
microscopy. Within the SiNW spot the wires are randomly
arranged, this can be clearly seen in Fig. 1, which shows
a scanning electron microscopy (SEM) image of wires,
several microns in length. These are in contact to other
wires, but well separated from the substrate. A cryostat
sample chamber was ﬂushed with He, air, or Ne to measure the SiNWs in different gases; we also performed low
temperature measurements in superﬂuid He.
Macro-Raman spectra were excited with the 514 nm
line of an Ar-ion laser, dispersed by a Dilor-XY800 Raman spectrometer, and detected with a charge coupled device. The exciting laser power P was measured in front of
the cryostat window; 25% laser power is lost at the windows. The temperature dependent measurements were performed using a heating stage (LINKAM THMS 600). The
nanowire Raman spectra were ﬁtted by a Lorentzian for
the main Raman feature plus a Gaussian for the low-energy
tail, possibly related to amorphous silicon [8, 9, 4]. For our
samples with an average diameter of 9 nm, phonon frequency shifts Δω were determined with respect to the TO
of a reference bulk Si sample, measured under the same experimental conditions. Note that our laser power densities
are one to two orders of magnitude smaller than in previous Raman studies [4] because of the larger laser spot (∼10
μm) in the macro-Raman setup.
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Figure 3 Raman intensity of SiNWs in air versus heating stage
temperature for increasing (black squares) and decreasing (red
squares) temperature. The inset shows the phonon frequencies of
the same spectra. Both of the measurements are carried out with
the laser power of ≈ 1 mW.
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Figure 4 a) SiNW Raman spectra for different laser excitation powers, immersed in superﬂuid He. The laser powers are indicated for
selected spectra. All spectra except for the 0.6 mW spectrum where shifted to allow for a better view. In b) the Raman peak positions
from a) are plotted versus laser excitation power.

(i.e. the local, inhomogeneous temperatures) we further
investigated the effect of saturation using a homogeneous
temperature proﬁle of a heating stage. The results are
shown in the inset of Fig. 3, where we plot the SiNW
phonon frequency as a function of heating stage temperature in air, under increasing (black squares) and decreasing temperatures (red squares). We observe an almost
linear dependence, as expected from anharmonic theory
[11,12]. Clearly, the heating and cooling process is reversible concerning the peak position, and no saturation
in the frequency-temperature diagram is detected. The
maximum red-shifts realized in the heating stage experiments (≈ 14 cm−1 ) are well above the maximum redshifts observed in the laser-heated experiments of Ref. [5]
(≈ 12 cm−1 ).
However, the high temperatures do have an effect on
the sample. Figure 3 shows the Raman intensity versus
SiNW sample temperature. Under increasing temperature
we observe a gradual decline of the Raman intensity, induced by the intense heating. Cooling down the sample
again the intensity stays nearly constant. Our measurements could be interpreted as if the morphology of the
SiNW sample changes due to the heating processes, i.e.
the sample surface is effectively lowered, moving out of
the focal position of the laser spot. This results in a reduction of the Raman intensity as observed in Fig. 3. The
initial room temperature Raman intensity can be regained
approximately by refocusing the laser spot on the new sample surface.
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The above observations are particularly instructive in
connection to the laser-heated experiments reported in
Ref. [5]. There the sample is heated by the laser and a balance between absorbed power and conduction through the
gas determines the steady state temperature. If we assume
the same temperature induced morphology changes, the
amount of absorbed laser power per unit volume is reduced
by the defocusing, i.e. the reduced laser power-density on
the sample. As a result the steady state temperature will
not increase in the same manner, and hence the slope in the
Δω vs. laser power plot will change.
Figure 4a shows a low-temperature (2 K) laser power
series of Raman spectra at moderate powers below 7 mW.
For selected spectra the individual powers are indicated in
the plot. The spectra are shifted along the ordinate in order to give a better view. The red vertical line marks the
low laser-power Raman peak position of approximately
522.7 cm−1 . Surprisingly, although surrounded by superﬂuid helium, the phonon mode also shifts to lower frequencies in the presented power range. The magnitude of the
red-shift at 2 K is smaller than the observed shift in room
temperature measurements. In Fig. 4b) the peak positions
of a) are plotted against laser power. In the range 0-6.4 mW
a red-shift of approximately 3 cm−1 is detected. The red
line represents the theoretical temperature dependence of
the LO phonon mode after Hart et al. [11], which considers three phonon processes. We excluded the extension to
four phonon processes by Balkanski et al. [12] as we are
only considering the low temperature limit. To ﬁt our ex-
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perimental results we assume proportionality between laser
power P and SiNW temperature T . In the limit of T approaching zero we ﬁnd a lower Raman frequency ω0 of
525.7 cm−1 the main reason is the phonon conﬁnement
in our SiNWs [4,13, 14] leading to a red-shift of approximately 1 cm−1 . With this procedure we can now provide
a temperature scale to the Raman shift versus laser power
plot, which is shown at the top of Fig. 4b).
From a spectroscopic point of view we believe that
the temperature at the surface of the SiO shell always remains at ≈2 K (below the lambda point of helium). Due
to the large thermal conductivity [15] of superﬂuid helium the heat dissipated by the SiNWs is effectively removed. A temperature increase to the normal state of helium (occurring at sufﬁciently higher laser powers) would
be visible by gaseous helium bubbles i.e. boiling [16].
However, if the temperature at the SiO/He interface is at
2 K, extremely large temperature gradients within the oxide shell and within the silicon core follow. For a rough
estimate we calculate the thermal conductivity by evaluating the approximate conducted heat H, which equals the
absorbed laser power in thermal equilibrium. By deﬁnition
of the thermal conductivity K, H = K · ΔT . The thermal conductivity of a SiO cylinder shell is given, in analogy to the electrical, radial resistivity of a cylinder shell by
R = ρ/(2π · l) · ln(router /rinner ), which is the result of a
simple integral and Ohm’s law. Here l is the length of the
cylinder, rinner and router are the inner and outer radii of
the cylinder shell, and ρ is the resistivity.
For a laser power of 5 mW we ﬁnd, according to
Fig. 4b, a core temperature of ≈ 250 K. Assuming perfect absorption of the laser light for an upper limit of the
thermal conductivity, we ﬁnd 0.16 mW/(K · m). This value
is well below the thermal conductivity of fused SiO2 of
250 mW/(K · m) [15] and also lower than the low temperature thermal conductivity of quartz of ≈ 270000 mW/(K
· m) [15]. These values do not include a possible contact
resistance at the solid-liquid He interface, the so called
Kapitza resistance [17].
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4 Conclusion In conclusion, we investigated the
temperature dependence of core-shell SiNWs in a wide
temperature range between room temperature and ≈ 900 K,
and also at low temperatures (2 K), by means of Raman
spectroscopy. Above room temperature we observe a linear
dependence showing no signs of a loss of crystallinity. The
Raman intensity decreases for increasing temperature indicating gradual changes in sample morphology, explaining
saturation effects in laser-heated Raman experiments. Immersed in superﬂuid helium (at 2 K) SiNWs show a strong
build up of heat leading to core temperatures on the order
of 300 K.
Acknowledgements ACF acknowledges funding from
The Royal Society and The Leverhulme Trust. TEM and SEM
images where recorded by D. Berger and U. Gernert in the
ZELMI at the TU Berlin.

www.pss-b.com

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

