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ABSTRACT

The influence of the degree of hexagonality on the
photoinduced second harmonic generation (PISHG) in SiC
large-sized nanocrystallites, with sizes ranging from 10 —
30 nm and incorporated into an oligoetheracrylate
photopolymer matrix was investigated. The PISHG
measurements were carried out using pulsed YAG:Nd laser
(A=1.06 pm, duration time 7= 15 - 50 ps, laser power
about 30 MW) as probing beam and a Q-switched nitrogen
pulse laser (P=10 MW, A=0.377 Mm, T1=5-15 ps) as
photoinducing beam. Molecular dynamics simulations and
band structure calculations enabled us to establish the
relation between nanocrystallite size, band structure and
degree of hexagonality (partial presence of the hexagonal
structural component). Quantum chemical simulations of
the PISHG versus temperature, pump-probe time delay and
degree of hexagonality were carried out.
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1 INTRODUCTION

Many studies have been made of changes in band
structure due to confinement-induced quantization of
continuous band states [1-9]. Main experimental
approaches when investigating  nanocrystallites have
traditionally focused on different optical methods,
particularly those based on fluorescence [10], Raman
scattering[11-12] photon echo[13-14], electroluminescence
and absorption [15-16] These works have shown that a
decrease in nanocrystallite size leads to  changes in
electronic structure and the relevant optical spectra [17,18].
They have established that this is due to the size scaling of
electron transitions and electron-phonon interactions [2-4],
including anharmonic electron-phonon interactions [9].

All the known theoretical methods may be divided into
two main groups. The first are based on a long-range
ordering solid state approach [19]. Most of the calculations
within the framework of this bulk-like approach are made
using semi-empirical band energy calculations. In the

second group, the nanocrystallites are constructed as a large
molecule, and a molecular cluster approach is applied [20].
Neither of these broad approaches make it possible to
correctly take into account the relation between long-
range order and local disordering, particularly near the
interfaces.

Quasi-Brillouin-zone, self-energy corrections, exciton
Coulomb energies, and optical gaps in quantum dots have
also been calculated [21] from first principles using a real
space pseudopotential method. The calculations  were
carried out on spherical clusters with up to 800 Siand H
atoms. It was demonstrated that self-energy corrections
improved the results of calculations for all nanocrystallites,
though most markedly for quantum dots. This
improvement was most significant when size and wave
function parameters were varied at the same time. Quantum
confinement and reduced electron screening were also found
to result in appreciable exciton Coulomb energies.

Of particular interest are so-called large-sized
nanocrystallites (larger than 10 nm)[7]. These are, on the
one hand, nanocrystallites which are, due to their small
size, affected by disturbances at interface regions. On the
other hand, they have properties typical for bulk-like
crystals. These latter properties make it possible to apply
the k-dispersion approach (Bloch theorem). Large-sized
nanocrystallites provide  promising potential for the
creation of materials with enhanced nonlinear optical
response  susceptibilities, because the smaller the
nanocrystallite, the larger the contribution originating from
interface electrostatic potential gradients. These gradients
determine enhanced dipole moments on the surface and are
important for inducing nonlinear optical effects at the
interface due to high gradients between the ordered and
disordered structural phases.

For the purposes of our investigation, we chose SiC
nanocrystallites with relatively large sizes (10 —30 nm).
The main reasons for this choice were as follows:

- the technology of SiC nanocrystallites with suitable
sizes  is better developed than that for other
semiconducting materials [22];

- the relatively large sizes (10 — 30 nm) make it
possible to use one-electron band energy calculation
methods in the Kk-space [21];

- the high mechanical and chemical stability of



nanocrystallites;

- the possibility of effective variation of energy gaps by
varying  the ratio between hexagonal-like and cubic
phase;

- expected high nonlinear optical response caused by a
high degree of hexagonality.

For our theoretical simulation, we extended an
approach developed for partially disordered materials, such
as glasses [23-24], organic molecules [25], disordered
crystals [26].

The main steps of our approach are as follows:

- band energy calculations within the framework of a
norm-conserving  pseudopotential ~ local  density
approximation (LDA) with different ratios of cubic and
hexagonal-like phases;

- molecular dynamics geometry optimization of the
interface (amorphous-like-nanocrystallite) region;

- simulation of electronic and optical properties of the
interface structural components;

- evaluation of the relation between interface geometry,
nanocrystallite sizes and the photoinduced nonlinear
optical response versus temperature and pump-probe
delaying time. Electron-phonon interactions were also
taken into account.

2 RESULTS AND DISCUSSIONS

The measured dependencies of photoinduced SHG as
a function of pump power I, are presented in Fig. 1.
Photoinduced fluorescence measurements show that the
main fluorescence maxima lie at 450-496 nm spectral range
and do not overlap with the green light PISHG signal
observed. The coherence length was found to be about 1.2
MUm which is comparable with the sizes of the
nanocrystallites investigated. The output PISHG signal was
equal to about 10* — 10 of the incident probe YAG-Nd
laser intensity. In order to calculate the PISHG values, we
also measured transparency and reflection spectra within
the 500 — 1100 nm spectral range. The corresponding
corrections were introduced into the expression for
appropriate calculations of the X« tensor. Here, direction
x is chosen parallel to the photoinducing UV-beam
polarization. The scattered background was measured
independently with the corresponding corrections taken
into account. The Kerr effect was measured using the
traditional Senarmont method, with precision of
birefringence  determination of about 10°. All the
measurements were made during UV- illumination. For
each I, value, we obtained PISHG values for more than
120 points. The (* parameter of Student statistics was better
than 4.5 %. The PISHG was determined with accuracy up
to 10” pm/V.

It is important to note that the oligoetheracrylate
photopolymer matrices make it possible to continuously
vary the refractive indices in order to minimize light
scattering losses. At the same time, these matrices have
relatively low nonlinear optical susceptibilities and, at the
border between the nanocrystallites and photopolymer
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Fig. 1. Experimental dependence of the PISHG versus the
UV-photoinducing beam power for different degrees of
hexagonality: ¢ - 0.75; h-0.66; 0 -0.34; g - 0.21.

background, the corresponding susceptibilities are at least
one order less than at the border between the
nanocrystallites and amorphous-like SiC background.

With increasing I,, the PISHG maximum output
signal increases and achieves its maximum at Q-switched
nitrogen-laser photoinducing power values lying within the
range 2.1 — 2.2 GW/cm’ per pulse (this corresponding to
electric field of between 10’ — 10° V/m). This field causes
significant redistribution of the birefringence due both to the
optical Kerr effect, as well as  to the charge carrier
redistribution.

The experimentally measured PISHG values were in
good agreement with those theoretically predicted. The
maximum output PISHG was observed for collinear
polarization of probe and pump light beams and incident
angles lying within 5 — 7° with respect to the surface. We
found also that the lowest scattered background was
obtained for a spot where the probe laser beam was about 52
— 64 pum. All the photoinduced changes were reversible,
with precision up to 0.036 % (from measurements of
photoabsorption and reflection). The maximum intensity of
the output PISHG was achieved for a time delay of about 20
ps and at low temperatures (below 15 K). The calculated
PISHG is presented versus the degree of hexagonality (H),
and one can clearly see that an increase in the (H) up to
0.75 enhances the output PISHG signal by at least 16 %.
The off-diagonal Xxxy, XyyxsXxyx tensor components were at
least half an order weaker than diagonal components. The
PISHG tensor components are very sensitive to
photoinduced birefringence. During evaluations of the
corresponding  tensor  components, we therefore
renormalized appropriate values under phase synchronism
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Fig. 2. Experimental time delay dependences of the

PISHG for different degrees of hexagonality: ¢ - 0.66; h -
0.42; 0 - 0.30; g - 0.22.

conditions which are largely dependent on the photoinduced
birefringence.

By continuously varying the time delay between the
pump and probe beams, we observed a PISHG maximum
for the pump-probe time delays of about 18 — 22 ps (see
Fig. 2). The pump-probe time positions of the PISHG
maxima are seen to be dependent on the hexagonality (H).
In agreement with theoretical predictions, one can see a
shift of the SHG maxima towards the higher time delays (t)
with an increase in (H). The experimental PISHG
dependencies observed are very similar to those
theoretically calculated. The differences which do occur are
independent of (H). The main discrepancies are found in
the values of the PISHG maxima. This is probably due to
the effect of specimen non-homogeneity, disturbances to
phase-matching conditions, as well as to light scattering.
The PISHG dependencies measured also show a weak
time-dependent asymmetry. For time delays higher than 36
ps, the output PISHG signal becomes very low (comparable
with the noise background). The PISHG values change
within the range 0.68 — 0.98 pm/V.

We carried out PISHG measurements versus
temperature (within the temperature range 4.2 — 50 K) at
different (H) (see Fig. 3). All the measurements were
conducted for a pump-probe time delay of about 20 ps.
The maximum PISHG signal was achieved within the
temperature range 4.2 — 18 K and the PISHG value is
increased up to 0.90 pm/V for the H = 0.75. This fact
indicates on an agreement between the theoretically
calculated and experimentally evaluated (see Fig. 3) PISHG
features.

It is necessary to add that at temperatures higher than
70 K, the PISHG signal is comparable to the light
scattering background (due to temperature reorientation).
One can also see several temperature-dependent steps in
the PISHG behavior observed. The photoinduced PISHG
signal relaxation time never exceeds 1.7 ps, and decreases
to 0.83 ps for temperatures higher than 42 K.

Picosecond relaxation times indicate on a substantial
contribution of electron-phonon interactions to the
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Fig. 3. Experimental temperature dependences of the
PISHG for different degrees of hexagonality: ¢ - 0.75; -
0.66; n - 0.42; 0 - 0.34; g-0.21. All the data has been
renormalised for the same photoinduced conditions.

observed photoinduced SHG changes.

The photoexcited phonons contribute additionally to the
temperature-dependent PISHG due to a high degree of
anharmonic electron-phonon interaction.

The performed work shows essential role of the surfaces and
hexagonality of the nanocrystallites and surrounding
amorphous-like background in appearance of the local non-
centrosymmetry. The latter causes hyperpolarizabilities
essentially higher than for the bulk-like crystals as well as
for the polymer-like molecule.

3 CONCLUSIONS

For the first time an essential photoinduced PISHG in
the SiC large-sized nanocrystallites (10 — 30 nm) has been
observed. The key role of the hexagonallike subsystem is
demonstrated.

With increasing optically-poled UV laser (A=337 nm)
power of the output PISHG signal increases and achieves
its maximum at the photoinducing power about 2.6
GW/cm” per pulse, temperature about 4.2 K and pump-
probe delaying time about 20 ps for the parallel light
polarisations between the pumping and probing beams.
The performed molecular geometry optimization and norm-
conserving PP self-consistent calculations unambiguously
show that the photoinduced charge density non-
centrosymmetry is originated from interfaces between the
crystallites and surrounded amorphous-like background.
Simultaneously significant role of the electron - phonon
anharmonic contribution is proved. The maximal values of
the obtained PISHG are equal about 1.02 pm/V and are
comparable with the traditional nonlinear optical crystals.
A good agreement between the experimental and theoretical
data (energy gap, size-dimension effects, temperature-
dependent pump-probe time kinetics and PISHG) indicates
on a possibility of using the proposed approach for
modeling of opto-electronics properties in such kinds of the



nanocrystallites. The existed discrepancies reflect a presence
of the macrogradients and complications originated from
phase-matching condition fulfilling.
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