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Abstract

A cubic-to-hexagonal phase transition in Si nanocrystals (NCs) is observed
in situ by recording their Raman and photoluminescence (PL) spectra simulta-
neously. The formation of the hexagonal structure is concluded from the
appearance of characteristic Raman peaks and intense PL with spectral positions
reported previously for hexagonal Si. The phase transition occurs due to heating
of the NCs by the laser beam, but it is supposed to be a photo-induced effect, as
it does not occur as a consequence of solely thermal heating. Both the structural
transition and concomitant switching of the bright PL emission are reversible
and are supposed to be of interest from the viewpoint of application.

Keywords: silicon, nanocrystals,  hexagonal, transition, Raman,
photoluminescence

1. Introduction

Silicon nanocrystals (NCs) have shown great potential in a range of applications [1-4]. Like
other semiconductor materials, when Si crystallites are made smaller than the exciton Bohr
radius, their electronic and light emission properties can be tuned via size-dependent quantum
confinement and further modified by surface chemistry [4, 5]. The photoluminescence (PL)
emission of Si NCs has been the matter of a long-standing discussion [1, 4, 6-8]. Usually Si
crystallizes in the cubic diamond structure [2, 3, 6]. However, several other Si polytypes are
known, which are stable in bulk only at high pressures [9], but can be stabilized at ambient
pressure in Si nanowires [10]. Among these polytypes, hexagonal Si (h-Si) is the most often
reported one and promising for novel optoelectronic applications due to its linear and nonlinear
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Figure 1. SEM images of sample 1(a) and sample 2(b).

optical properties [11-17]. The formation of the h-Si phase was observed in stressed amorphous
Si (a-Si) [18], in Si nanowires [19-24], or in SiC matrices [16]. In most cases the formation of
h-Si is induced by stress. The hexagonal structure of Si can be distinguished from the cubic one
by Raman spectroscopy, because its characteristic optical phonon frequencies are shifted
downwards from the phonon mode of cubic Si, peaked at 520cm™" [16, 25]. However, in some
studies, the Raman features appearing well below 520cm™' and observed at intense
illumination of Si nanostructures were explained as surface modes [27-30] or ‘forbidden’
optical phonon modes of the cubic phase [23]. Thus, the nature of these Raman features still
needs to be clarified.

Here we report the results of a Raman/PL study of Si NCs, where we observe splitting of
the Raman peak at certain power of the laser excitation (P.x.) accompanied by the appearance
of an intense red PL. Based on the spectral positions of the appearing Raman and PL bands, we
conclude that a structural transition from cubic to h-Si occurs. This transition can be monitored
in situ by Raman and PL spectra simultaneously and reversibly controlled by adjusting Peyc.

2. Experimental

Two kinds of Si samples were studied. Sample 1 was obtained by grinding of silicon plates in a
ball mill resulting in a rather quasi-continuous distribution of crystallite sizes in the nano- and
micrometer range, as can be seen from the scanning electron microscopy (SEM) image
(figure 1). Sample 2 was commercially available ‘NanoAmor’ Si NCs with an average size of
100 nm.

The SEM images were acquired in this work using Mira 3 Tescan microscope. The
Raman/PL spectra were excited with A =488.0 or 514.5nm of an Ar" laser or 632.8 nm of a
He—Ne laser and recorded using a LabRam HR800 micro-Raman system (100x objective). The
power of the laser excitation, P.,., as measured under the objective was varied in the range of
0.001-2.0mW. For Raman/PL measurements, the Si NCs were deposited onto the glass
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Figure 2. Normalized Raman spectra in the range of first-order optical phonons for
sample 1 at varied Pey. Of Aexc=514.5nm. Three phonon bands distinguished in the
range of the TO phonon are marked as I, II, III (see text for details). The spectra were
recorded in the direction from bottom to up.

substrate. The x-ray diffraction (XRD) measurements were performed at 24, 500, and 1000 °C
using the Cu K line of an ARL X’tra instrument (Thermo scientific) equipped with a high-
temperature chamber HTK 1200N (Anton Paar). The voltage in the tube was 45 kV, the current
was 30mA. The diffraction patterns were obtained by 6—0-scanning (the tube and detector
being rotated by the same angle).

3. Results and discussion

Figure 2 shows the representative evolution of the Raman spectra for sample 1 at varying Pey..
At P <0.01 mW, a single sharp peak at about 520cm™" is observed (peak I) which is
characteristic for cubic Si crystals at room temperature [26]. With increasing laser power,
another peak (peak II) starts to appear slightly below 520 cm™, which can be well distinguished
at P.,.=0.1 mW (figure 2).

Increasing P.,. by another order of magnitude leads to appearance of one more feature
denoted as peak III.

Peak I shifts downwards and broadens with increasing the P.,. (figure 2), indicating that
heating of the Si crystallites with the laser beam takes place [25]. A similar behavior can be
tracked, in general, for peak I, though it cannot be resolved at P.y. =2 mW, probably due to the
overlap with peak III which first appears at about P.,. =1 mW. At a power of 20 mW a single
and much broader (FWHM ~30cm™") band is observed with its maximum slightly below
500cm™ (figure 2). With the subsequent decrease of the laser power, qualitatively reversible
changes in the spectrum occur, and finally it returns to the single-peak lineshape, with the
position of peak I coinciding rather well with the initial spectrum at the same power of 0.01 mW
but a bit larder bandwidth (figure 2). Qualitatively the same behavior as in figure 2 was also
observed at Aex. =488 and 632.8 nm. At maximum powers P...>2mW the changes in the
spectra were not reversible any more.
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Figure 3. Raman spectra of sample 2 at varied Py Of Aexc =632.8 nm, normalized to the
maximum of the optical phonon peak. The ranges of 2TA (a), TO (b), and 2TO (c)
phonons are scaled by a different constant for a better visibility of the spectral changes
in all three regions simultaneously.

From the evolution of the Raman spectra as in figure 2 one can make a preliminary
conclusion that a part of the crystallites, most probably the fraction of nanosized ones,
undergoes some structural changes in response to illumination, leading to the appearance of
new peaks (I and III) in the Raman spectra. Another part, presumably microcrystallites, does
not contribute to this transformation and are responsible for the peak 1. The behavior of the
latter peak with the laser power can be related to a temperature dependence expected from
heating the Si crystallites with the laser beam. We will address the temperature issue
quantitatively later in the text. At this point we only note that the observed changes in the
Raman spectra in figure 2 can hardly be accounted for by a size-dependent heating of the
crystallites, because this would result in additional broadening of the Raman peaks rather than
in additional discrete bands. Therefore, we obviously deal with a structural transformation of
the Si NCs subject to intense laser illumination.

In order to check this assumption and the role of crystallite size in the effect observed in
the Raman spectra, the same P.,.-dependent measurements were performed on sample 2
containing solely NCs (and no microcrystals). The behavior of the Raman spectra of this sample
in the region of the TO mode (figure 3(b)) is similar to that of the sample 1 (figure 2), but peak I
is absent (except for the initial spectrum, at 0.01 mW).

As far as sample 2 does not contain crystallites in micrometer size range, the spectral
changes for this sample confirm the above made assumption about the assignment of peak I to
larger crystallites which do not undergo the tentative structural transition. The difference in the
spectra of samples 1 and 2 is additionally illustrated in figure 4 by representative curve fitting.

Based on the previous works on the Raman spectra of various Si polytypes [11-15, 18—
22], we can assume that the new peaks in the Raman spectra indicate the transformation of
cubic Si NCs into other structural polytype. The spectral position of the new Raman peaks
agrees well with previous experimental and theoretical works on h-Si [16, 25, 31, 32, 34]. In
particular, the reported frequencies of the Raman-active h-Si phonons are at 494-506 cm™" and
516-518cm™! [11-15, 18-22, 34]. The scatter of these values can be due to different heating or
stress magnitudes in different studies, or due to the overlap of phonon peaks of hexagonal and
cubic phases. In some studies both Raman peaks assigned to the hexagonal structure were
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Figure 4. An example fitting of the Raman spectra of samples 1 and 2 at Pe,.=1mW.

observed simultaneously, at 495-503 and 514-518 cm™, correspondingly [14], in agreement
with theory prediction of Raman active modes at 516 (A;,), 507 (E;,) and 493 cm™! (E»g) [33].

Therefore, the evolution of the peak II in figures 2 and 3(b) we can relate with a combined
effect of the laser-induced heating of the initially cubic NCs and their transformation into the
hexagonal phase. The scale of the phase transformation becomes significant when the second h-
Si Raman band—peak III—appears in the spectrum.

Due to its large bandwidth and spectral position the peak III may resemble the Raman
feature of a-Si [32] and thus indicate some amorphization at an intermediate stage of structural
transformation of Si between the cubic and hexagonal phases. However, the Raman bandwidth
of a-Si is typically larger than 50 cm™ [32, 35], the width of peak III is only 20—25 cm™". The
proximity of the frequency positions of the a-Si band and the one of the characteristic h-Si
modes can be related to the structural similarity of the short-range atomic configuration in a-Si
and in h-Si structure [18, 36—38]. On the other hand, the close formation energies of the a-Si
and h-Si phases [37] can be a reason for a partial amorphization of the NCs before or even after
their transformation into h-Si.

Additional arguments in favor of the h-Si formation is the change of the Raman lineshape
and intensity in the range of second-order scattering due to acoustical (figure 3(a)) and optical
phonons (figure 3(c)). In the spectra obtained at 0.01 mW, the intensity ratio of the 2TA and
2TO bands to the TO one are equal to Ir1a/lIto0=0.05 and Ir1o/Ito0=0.14 in good agreement
with values measured for cubic Si at room temperature [39]. For the spectra measured at
1.0-2.0mW, i.e. where the peaks II and III are very pronounced and the strong PL appears,
values of Irra/lto=0.2-0.3 and Lrro/Ito=0.3-0.35 are much higher than the corresponding
ratios measured for cubic Si at temperature as high as 600 °C [23, 24]. An extrapolation of the
dependences obtained in [39] to Irta/lto =0.2-0.3 and Irro/lIto=0.3-0.35 yields temperatures
around or even larger than the melting point of Si at 1300 °C. The latter fact indicates that the
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Figure 5. Photoluminescence spectra of sample 1 for Aoy =514.5 nm and varied P, (a)
and for different A.,. (488.0, 514.5, and 632.8 nm) at a fixed P.,.=2 mW (b). The inset
in (a) shows the corresponding Raman spectra recorded simultaneously as a part of the
PL spectrum.

ratios of Lra/lto and Lto/lIto are not related with the cubic Si phase, but with some other
modification having larger relative intensities of second order phonon peaks compared to cubic
Si. Exactly this situation was observed for h-Si in [39]—the room temperature intensity of the
2TA features of h-Si nanowires was observed to be much stronger than those of cubic Si. This is
supported by the fact that the local temperatures determined in our study from the peak shifts
and antistokes/stokes intensity ratios gives much more reasonable values, namely 100-200 °C
for peak I and 200-400°C for peak II at P.y.=1.0-2.0mW (for sample 1). Note, that the
estimate based on the antistokes/stokes intensity ratio implies the applicability of the
temperature dependence of the ratio derived for cubic Si earlier [25, 26, 40, 41] to h-Si. We can
make the assumption of such applicability based on the room temperature value reported for h-
Si in [18].

Evidence for the transformation, as well as of the particular structure resulting from it, also
results from PL spectra.

Upon appearance of the additional phonon peak(s) in the Raman spectra at certain
excitation power, we simultaneously observed strong PL in the red-IR spectral region
(figure 5(a)). The maximum PL intensity is correlated with the most pronounced changes in the
Raman spectra, that is when the downward shifts are maximum and the relative intensity of the
peaks II and IIT is maximum. The Raman peak shown in the inset to figure 5, a recorded as a
part of the PL spectrum confirms this correlation, even though the spectral resolution in the PL
measurement does not allow the structure of the Raman peak in the PL spectrum to be resolved
as good as in the Raman spectra of figures 2 and 3. Nevertheless, the correlation between the
evolution of the PL intensity and that of the new Raman peaks is obvious.

The photoluminescent nature of the spectral features observed in figure 5(a) is confirmed
by measuring the spectra with different excitation wavelengths (figure 5(b)). The spectral
position of the PL bands is in good agreement with those reported for h-Si nanowires [14, 16],
indicating that the additional peaks in the Raman spectra (figure 2), appearing simultaneously
with the PL bands, are also related to hexagonal phase. The interplay between the PL
components at ~700 and ~900 nm can be specific to the excitation wavelength, but this effect
needs additional investigations, because a similar interplay was observed by changing the
excitation power in [14]. Therefore, a power effect may not be excluded here as well, because
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Figure 6. XRD patterns of sample 1 at different temperatures, namely 24, 500, and
1000 °C. The inset shows the region around one of the reflections in detail.

the observed transformations are highly sensitive to the degree of focusing of the laser beam.
This means that the same spectral changes as in figures 2—4 can be observed by focusing—
defocusing the laser spot at constant laser power of 1.0-2.0 mW.

Therefore, based on the results obtained, we can conclude that a reversible cubic-
hexagonal structural transition in nanocrystalline Si takes place due to laser-induced heating.
This transition is supposed to be not purely thermally induced but photo-induced, because we
observed no comparable behavior in the Raman spectra at low laser power (<0.01 mW) and
thermal heating up to 600 °C. As the in situ Raman/PL measurements during heating the sample
were limited to 600 °C by the instrumental characteristics of the Linkam stage, we additionally
studied Si NC samples after annealing to 1000 °C. Qualitatively the same effects were observed
as for unannealed NCs. As the hexagonal phase is obviously metastable, because it transforms
back to cubic one upon the reducing the laser power (figure 2), we performed an in situ
temperature-dependent XRD study in the range of 20-1000 °C (figure 6), which revealed no
structural changes in the samples even in this broader temperatures range. The temperature
increase only leads to a shift of reflexes towards smaller angles and decrease of their integral
intensity, as well as growth of a diffuse background (figure 6). These effects are evidence for
the normal temperature-dependent behavior of the crystal lattice.

Therefore, we can conclude that the structural transformations observed in the in situ
Raman/PL experiments are, at least partially, photo-induced. No principal difference of these
transformations was noticed when excited with 488, 514, or 633 nm and comparable values of
P.... This observation does not appear surprising, because a number of various structural
transformations in solids are known which occur due to excitation of electronic system by
absorbed electromagnetic radiation. The excitation can be either interband [42, 43], as in the
case of Si NCs studied in this work, or intra-center absorption by defects or impurities, as in the
case of re-orienting defects, in particular FA-centers in alkali-halide crystals [44]. Another
example of well-known photo-induced transformation of crystal structures widely applied in
technology is the crystallization by light-induced thermal annealing of silicon strongly
disordered by high-dose ion implantation [45].
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4. Conclusions

The cubic-to-hexagonal structural transformation is observed in sifu, by increasing the power
density of the laser light used for the excitation of Raman/PL spectra. The formation of the
hexagonal structure is proved by the simultaneous appearance of characteristic Raman peaks
near 500 cm™' and intense red-IR PL. The high PL intensity indicates that the new phase formed
has a direct bandgap and the spectral position of the PL band is in good agreement with that
reported previously for h-Si. The phase transition is supposed to be photo-induced, as it does
not occur as a consequence of solely thermal heating. The indirect-direct gap transition and
concomitant PL. emission observed here is reversible and is supposed to be of interest from the
viewpoint of application.
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