View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Repository of the Academy's Library

THE JOURNAL OF

PHYSICAL CHEMISTRY

Subscriber access provided by UNIV OF NEW ENGLAND ARMIDALE

C: Physical Processes in Nanomaterials and Nanostructures

Direct Observation of Transition from Solid-State to Molecular-
Like Optical Properties in Ultrasmall Silicon Carbide Nanoparticles

David Beke, Anna Fucikova, Tibor Z. JAnosi, Gyula Karolyhazy, Balint Somogyi, Sandor Lenk,
Olga Krafcsik, Zsolt Czigany, Janos Erostyak, Katalin Kamaras, Jan Valenta, and Adam Gali

J. Phys. Chem. C, Just Accepted Manuscript « DOI: 10.1021/acs.jpcc.8b07826 « Publication Date (Web): 25 Oct 2018
Downloaded from http://pubs.acs.org on October 30, 2018

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

N4 ACS Publications


https://core.ac.uk/display/185270029?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Page 1 of 10

oNOYTULT D WN =

The Journal of Physical Chemistry

Direct Observation of Transition from Solid-State to Molecular-Like
Optical Properties in Ultrasmall Silicon Carbide Nanoparticles

David Beke™, Anna Fu¢ikova¥, Tibor Z. Janosi®l, Gyula Karolyhazy', Béalint Somogyi', Sandor Lenk?,
Olga Krafcsikt, Zsolt Czigany*, Janos Erostyak!s, Katalin Kamaras', Jan Valenta*, and Adam Gali*"+

t Institute for Solid State Physics and Optics, Wigner Research Centre for Physics, Hungarian Academy of Sciences,
Konkoly-Thege Miklés Gt 29-33., H-1121, Budapest, Hungary

¥ Charles University, Faculty of Mathematics and Physics, Department of Chemical Physics & Optics, Ke Karlovu 3, Prague
2, Czechia

€ MTA-PTE High-Field Terahertz Research Group, University of Pécs, Ifjlsag Utja 6., 7624 Pécs, Hungary

[l University of Pécs, Szentédgothai Research Center, Spectroscopy Research Group, Ifjusdg utja 20., H-7624 Pécs, Hun-
gary

8§ University of Pécs, Institute of Physics, Ifjusag Utja 6., H-7624 Pécs, Hungary

1 Department of Atomic Physics, Budapest University of Technology and Economics, Budafoki t 8., H-1111 Budapest,
Hungary

1 Institute for Technical Physics and Materials Science, Centre for Energy Research, Hungarian Academy of Sciences,
Konkoly-Thege Miklés Gt 29-33., H-1121, Budapest, Hungary

*beke.david@wigner.mta.hu, gali.adam@wigner.mta.hu

ABSTRACT: We employ time-dependent photoluminescence (PL) and steady-state PL excitation (PLE) measurements to study the
size dependent optical properties of ultrasmall silicon carbide (SiC) nanoparticles (NP). We find that the nature of the optical transition
transforms from solid-state indirect gap to molecular-like as the diameter of spherical SiC NPs is reduced from 4-6 nm to 1-3 nm
with a smooth transition in between. We deduce the radiative lifetimes of SiC NPs that are well supported by ab initio time-dependent
density functional theory calculations on realistically large SiC NPs with realistic surface terminations, including the solvation effects.

Introduction

Silicon carbide (SiC) is a wide band gap indirect semicon-
ductor known for its chemical resistance and hardness. It is
used in a number of applications including abrasives?, high-
power electronics?, and MEMS devices®. Its remarkable opti-
cal properties originating from bright optically active point de-
fects can be utilized for quantum information processing*®.
Besides these properties, SiC is also a bioinert and hemocom-
patible material®, and it is likely to keep these properties even
on the nanoscale’. Indeed, SiC nanoparticles (NPs) are promis-
ing candidates for bioimaging and sensing as NPs smaller than
10 nm in size have enhanced luminescence properties™®, while
their various surface moieties make them readily dispersible in
polar solvents and biologically relevant media without the
need of any surfactant or capping layer®®, which would in-
crease their diameter. Despite these outstanding properties, the
fundamental photophysics of SiC NPs is currently not as well
understood as that of direct gap semiconductors such as CdSe.
SiC NPs under 4 nm are easily prepared. However, such small

nanoparticles show rather surface-dependent'*!2 than size-de-
pendent optical properties'® despite their semiconducting na-
ture. Nevertheless, excitation dependent photoluminescence
was demonstrated on SiC NPs solutions with broad size distri-
bution® as a first experimental evidence of quantum confine-
ment. However, that study did not describe the optical proper-
ties as a function of particle size.

It is hard to elucidate the quantum confinement effect for in-
direct semiconductors as the indirect transitions are forbidden
and only the direct transitions are allowed in the first order.
However, decreasing the nanoparticle size the selection rules
can be changed and surface states cannot be neglected any-
more. As a result, the observed spectrum may originate from
various indistinguishable processes. The same difficulties with
interpretation of the origin of luminescence have been found
for silicon (Si) nanocrystals as well. Those nanocrystals are
also made from an indirect band gap material. The difficulty
of the analysis of the optical spectrum also arises from the lim-
ited synthetic capabilities for both materials. The Si NP sur-
face is more reactive than a SiC NP, and it can be argued that
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the surface effects in Si NPs have a stronger impact on the
overall properties when compared with NPs made of direct
band gap semiconductors'®!6, Even though the interplay of
quantum confinement with surface effects for Si NPs has seen
considerable progress both theoretically and experimentally'?,
it is still in the center of intense research®-2!. Among surface
states, for example, the manifestation of quantum confinement
determines the optical properties which implies the possibility
of indirect to direct transitions?2? that determine the size inde-
pendent optical behavior of small Si NPs24%,

All of these phenomena may occur in SiC NPs, as SiC is a
covalent indirect semiconductor akin to Si. On the other hand,
SiC NPs prepared by various techniques exhibit broad particle
size distributions making the experimental observation of such
effects — surfaces and sizes — to be more difficult while no sig-
nificant effort has been made to determine the optical proper-
ties of this material. SiC NPs are chemically stable that simpli-
fies the evaluation of the system and helps the generalization
of size and surface dependent properties for indirect semicon-
ductor nanoparticles.

Here we describe the size dependent optical properties of
SiC NPs with various surface terminations by analyzing ob-
served spectroscopic data. The results are also supported by ab
initio time-dependent density functional theory calculations.
From the excitation emission matrices and size distributions
we explore the impact of size reduction and surface states on
the electronic structure and optoelectronic properties of SiC
NPs. We recently showed that SiC NPs with diameter around
twice the exciton Bohr radius can be prepared by the same
stain etching method used for SiC NPs below 4 nm when the
concentration of hexagonal inclusions in the bulk cubic SiC
matrix is engineered?®. The SiC NPs are in the size range of 3-
6 nm and show red-shifted luminescence compared to smaller
NPs reported earlier. The possibility to synthesize NPs with
various sizes by the same method eliminates the necessity of
the use of various techniques, and allows us to study the opti-
cal properties in a broad size range.

Methods

Cubic SiC powder was synthesized by bottom-up technique
from its elements?” (see the Supplementary Information for
more details). SiC NPs were then fabricated from the SiC
powder by the well described stain etching method.?* Briefly,
bulk cubic SiC is etched in a hot mixture of hydrofluoric acid
and nitric acid solution. The thin porous layer, which is the re-
sult of the stain etching, was broken into SiC NPs by ultrasoni-
cation. Size distribution of SiC NPs was controlled through the
density of hexagonal inclusions, or stacking faults (SF) in the
cubic SiC powder as the applied acids are selective to the cu-
bic polytype. We used aluminum as an additive to the mixture
of silicon and carbon during SiC powder synthesis to vary the
stacking fault concentration?. SiC NPs prepared from cubic
SiC with low SF concentration are usually smaller than 4 nm.
Increasing SF concentration increases the number of SiC NPs
between 3-6 nm. In the case of the studied samples 5 m/m%
Al is used to achieve ca. 15% SF concentration. Solutions that
contain NPs between 1-4 nm are labeled as SiC-I while solu-
tions that contain an additional fraction of 3-6 nm particles are
labeled as SiC-11. Small particles were removed by using Pall
Macrosep centrifuge filter with 1 kDa cutoff size to prepare
unimodal 3-6 nm SiC NPs too (SiC-I1I).
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As-prepared samples are carboxyl terminated**?%. Hydrox-
ylated nanoparticles were obtained by reduction of SiC-1 and
SiC-Il and are labeled as redSiC-I and redSiC-II, respectively.
We used NaBH, to prepare hydroxylated samples. The
method is described in Ref. 11. After the reduction, samples
were filtered through an 1 kDa Pall Macrosep centrifuge filter
and washed with high purity deionized water several times, in
order to remove the added salts. The filtrate contains the aque-
ous solution of the aggregated NPs that were sonicated after
washing to obtain single particles in solution.

Table 1 contains the studied samples and the corresponding
properties.

Table 1. Sizes and surface termination of the studied SiC
NPs solutions

Sample Mean size (range) Surface termination
SiC-I 2.8nm (0.8 — 4.2 nm) carboxyl
redSiC-1 2.8nm (0.8 — 4.2 nm) hydroxyl
SiC-Il 4.1nm (0.8 - 6.4 nm) carboxyl
redSiC-1l | 4.1 nm (0.8 — 6.4 nm) hydroxyl
SiC-1l 4.8nm (3.8 - 6.4 nm) carboxyl

We used aqueous solutions for all the experiment. The parti-
cle concentration was kept in ca. 0.5 mg/ml.

High resolution transmission electron microscopy (HRTEM
— JEOL JEM 3010) equipped with an electron energy loss
spectrometer was used for size distribution characterization,
material identification and elemental analysis. At least 300
particles were measured from several different TEM images
for size distributions. Fast Fourier transform method was used
to determine the lattice spacing of the nanoparticles and that
was further confirmed by measuring the lattice distances of in-
dividual particles on TEM images. Attenuated total reflection
infrared spectroscopy (ATR-IRIR — Bruker Tensor37 Fourier
transform infrared spectrometer equipped with a zinc selenide
horizontal multi-bounce attenuated total internal reflection ac-
cessory) was used for surface chemistry analysis. The chemi-
cal composition and the bonding state of the SiC sources were
studied by X-ray photoelectron spectroscopy (XPS). The XPS
spectra were obtained using an XR3E2 twin anode X-ray
source (300W, VG Microtech) and a Clam2 truncated hemi-
spherical electron energy analyzer (VG Microtech). The base
pressure of the analysis chamber was around 4x10° mbar.
Samples were analyzed using a MgKa (1253.6 eV) anode,
without monochromatization. Peak fitting was carried out us-
ing CasaXPS software. Atomic absorption spectroscopy (AAS
— Con-trAA-700 tandem spectrometer, Analytik Jena) and
electron dispersive spectroscopy (EDS - Philips CM20 TEM
instrument equipped with NORAN Voyager analyser) was
used for precise chemical analysis®. UV-VIS spectoscopy
(Ocean Optics, DH-2000-BAL light source and QE5000 spec-
trometer) and fluorescence spectroscopy (PL — Horiba Jobin-
Yvon NanoLog FL3-2iHR spectrophotometer equipped with
450 W Xenon lamp for static measurements and NanoLED la-
ser sources for time correlated single photon counting) were
used to determine the optical properties of the NPs in the UV -
VIS spectral range. All the absorption and fluorescence meas-
urements were carried out in a 10 mm quartz cuvette (Hellma
110-QS). Excitation emission matrices (EEM) were measured
using a xenon lamp for excitation, and double

ACS Paragon Plus Environment



Page 30of 10

oNOYTULT D WN =

monochromators at the excitation and the emission sides for
wavelength selection. 0.2 nm slit sizes and 0.1 s integration
times were applied during the measurements.

Size distribution was further analyzed with atomic force mi-
croscopy (AFM). A droplet of colloidal suspension of SiC NPs
was placed on a Si wafer and then the excess material was re-
moved after a few minutes. Size distributions of the SiC NPs
were determined by AFM measurements, carried out by a Di-
mension Icon atomic force microscope (Bruker, Palaiseau,
France) using tapping mode and Bruker MPP-11100-10 probe.

Time-correlated single photon counting (TCSPC) method
was applied to obtain the fluorescence decay curves with time
resolution of 55 ps. NanoLED-320,-455 pulsed LEDs served
as excitation source, the emission wavelength maxima of the
nanLEDs were 321 nm and 453 nm. The pulse duration was
below 1.0 ns. The spectral ranges for Time Emission Matrix
measurements varied with samples and with the excitation
wave-length. This spectral range was 370-570 nm for SiC-I
and 350-560 nm for redSiC-I, while 370-620 nm and 460-630
nm ranges were applied for SiC-1I at the 321-nm and 453-nm
excitation, respectively. The decay curves were recorded in
these ranges with a spectral increment of 10 nm. The instru-
ment response function was determined using Ludox as scat-
tering medium. The real decay curves were extracted from the
recorded data by deconvolution. The parameters of five-expo-
nential decay model were calculated using a least-squares fit-
ting technique for each emission wavelength. Global analysis
with the five-exponential decay model using the same lifetime
values for every single emission wavelength were achieved in
order to create Decay Associated Spectra (DAS).

Quantum yield measurements were carried out with the
Nanolog spectrophotometer in an F-3029 Quanta-¢ integrating
sphere, connected through an optical fiber interface.

Single nanoparticle luminescence spectroscopy was per-
formed on samples formed by diluted suspensions drop-casted
on cleaned Si wafers and dried. The micro-spectroscopy setup
is based on an inverted microscope (Olympus IX-71) with a
wide-field excitation in the epifluorescence configuration. Ei-
ther 405-nm or 510-nm diode lasers were applied (beams are
switchable using a folding mirror and the focal plane of excita-
tion is shifted by a lens from the sample plane, in order to illu-
minate a broad spot of a sample and detect many emitting dots
at once). The emitted signal is coupled to a 30-cm imaging
spectrograph (Acton SpectraPro-2300i) with a back-thinned
LN-cooled CCD camera (Princeton Instruments Spec-
10:400B). Images are obtained using spectrograph gratings
turned to zero-order. The area for spectral detection is selected
by introducing a slit at the input image plane of a spectrometer
and detected with a grating turned to a desired central wave-
length position®. The spatial resolution of wide-field images is
given by the diffraction limit to about 300 nm. The spectral
sensitivity of the whole apparatus was calibrated using a radia-
tion standard (45 W tungsten halogen lamp).

We also performed first-principles simulations for small
sized SiC nanocrystals to validate the experimental results.
The core of our model nanocrystal is built up from either 79 Si
and 68 C atoms, or 68 Si and 79 C atoms, resulting in a spheri-
cal nanocrystal with a diameter of approximately 1.5 nm. For
surface termination, we used the combination of the following
surface groups (R)-OH, (R)-COOH, Si-O-Si, where R is Si or
C. These results in spin singlet ground state configurations.
The structures were relaxed utilizing density functional theory
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and the projector-augmented wave method®! as implemented
in the VASP code®*2%, We utilized the PBE exchange-correla-
tion functional®, and applied 10 A separation between the pe-
riodic images. The atoms were relaxed until all forces were
smaller than 0.02 eV/A. During the relaxation, solvation ef-
fects were taken into consideration utilizing the VASPsol solv-
ation model®. The electronic structure, excitation energies and
transition dipole moments were calculated utilizing time-de-
pendent DFT (TD-DFT), using the Turbomole code.*® For
these calculations, the PBEOQ hybrid-functional®” was applied
with DZP atomic basis-set, and the core electrons were taken
into account with electron core potentials. Regarding the con-
vergence in the Turbomole DZP basis set vs. VASP plane
wave basis set, it provides relatively accurate Kohn-Sham en-
ergies for occupied and low energy unoccupied orbitals within
about 0.1 eV by PBE functional. Previous test Turbomole cal-
culations on the post relaxation from VASP geometries re-
sulted in minor changes. We successfully applied this strategy
on various systems previously.!*- For the TD-DFT calcula-
tions, solvation effects were considered using the COSMO
model.*?

The radiative lifetimes were calculated according to the

Weisskopf-Wigner theory:
nw?|ul? nE3|ul?
= 3meghc3 = 3meghc3’ @

where n is the refractive index, o and u are the energy and
transition dipole moment of the first optical excitation and A is
the decay rate of the excited state and the inverse of it is the
radiative lifetime ==1/A. The ultrasmall nanoparticles do not
alter the refractive index of the medium, thus we applied the
refractive index of unity and water for gas phase and in-water
simulations, respectively.

We approximate the emission energy by the calculated opti-
cal gaps, i.e. the Stokes shift is neglected in our calculations.
We also omitted the thermal averaging of radiative transition
rates as it would require the calculation of higher energy exci-
tations. This choice can be justified by the relatively large en-
ergy gaps between the first and second lowest energy excita-
tion energies compared to the thermal energy (AE ~ 50-100
meV vs. kg T =~ 26 meV at room temperature) implying that
our results are sufficiently accurate for the experimental spec-
tra observed at room temperature.

Results and discussion

We already reported the size dependent emission properties
of SiC NPs?. Even though the different size distribution is
evident for the two samples, other factors than the size can be
the reason for the red-shifted luminescence. A variety of meas-
urements were carried out to determine the real source of the
red shift. Fig. S2 shows the HRTEM images of SiC-I and SiC-
I, respectively, both samples were crystalline with 2.4 nm lat-
tice spacing corresponding to SiC. ATR-IRIR spectra show no
differences in the surface terminations of the samples (Fig. S2
B). XPS, EDS, AAS were used for chemical analysis. We
found that aluminum, applied for the regulation of stacking
fault density in the SiC precursor, is not present in the SiC ma-
trix or the final NPs. These measurements ruled out those dif-
ferences in crystallinity, surface chemistry or doping would
cause the distinction in the optical properties between SiC-I
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and SiC-1I (see the Supplemental Information (SI) for more
details).

Fig. 1 shows the optical properties and size distributions of
the studied samples. (The corresponding HRTEM images are
shown in Fig. S2 in Sl). Photoluminescence spectroscopy re-
sults (PL — Fig 1A) are in agreement with size distributions
(Fig 1. B) showing unimodal and bimodal characteristics*4
for SiC-1 and SiC-I1 samples, respectively. We also observe
unimodal distribution after the small particles were filtered out
from the SiC-1l sample (Fig 1C, labeled as SiC-I1lI). We con-
clude that only the size distribution shows consistent differ-
ences between SiC-1 and SiC-II, therefore the red shift in the
emission of SiC-Il is caused by the increased size of nanopar-
ticles in the SiC-I1 batch with respect to the SiC-I batch. Ab-
sorption spectra of SiC-I, SiC-I1, redSiC-I, and redSiC-1l sam-
ples (Fig. 1D) show broad shoulders very similar to the first
transition bands of QDs with broad size distribution®. It is
also shown that this shoulder is red-shifted for SiC-Il com-
pared to SiC-I. The shoulders are more visible after the
subtraction of the exponential tail (Fig. 1E). These spectra
show that the SiC-1 sample contains one main absorption band
while SiC-I1 contains an additional peak at longer wave-
lengths. The SiC-111 sample, on the other hand, contains only
the green band. This aspect of the absorption profile is similar
to the measured size distribution and emission spectra con-
firming that shoulder positions in the absorption spectra are
also size dependent. However, SiC is an indirect band gap
semiconductor in its bulk form with nearly featureless absorp-
tion®. Even though direct-like transitions for Si NPs have
been already reported® suggesting that these shoulders can be
the results of quantum confinement, they can be connected to
the surface moieties as well. Indeed, changing the surface ter-
mination also causes changes in the absorption spectra unrav-
eling surface contribution to the absorption processes. After
the reduction, absorbance is reduced, and the first maximum at
340 nm is shifted to 320 nm for both samples while the second
peak of redSiC-II at 440 nm does not shift (Fig. 1E). We pro-
pose that the absorption peak centered at 290 nm is due to the
presence of SiOy related surface defects that are eliminated
upon reduction***® (see SI for more details).
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Figure 1.: (A) Photoluminescence emission spectra of SiC-I and
SiC-Il under different excitations. (B) Size distributions of SiC-I
and SiC-I11. (C) Photoluminescence emission spectra and size dis-
tribution of SiC-1ll under different excitations. (D) Absorption
spectra of SiC-I, SiC-Il, and redSiC-I, redSiC-II. Vertical lines
highlight the exponential tail that is subtracted to construct figure
E. (E) The extracted transition bands from the absorption spectra.
(F) Decay associated spectra (DAS) of SiC-I and SiC-11 under 321-
nm excitation. The inset shows DAS of SiC-Il under 453-nm exci-
tation.

We showed that constructing DAS can help distinct overlap-
ping emission pathways even in a colloid solution®!. In Fig.
1F, the result of DAS for SiC-I and SiC-Il samples can be
seen. DAS shows two emission bands for SiC-I. These are the
emission from SiC (the peak at ~450 nm) and an optically ac-
tive center in the surface Si-O-Si bonds. In the case of SiC-II,
we have three emitters. Two of them are similar to SiC-I, and
an additional peak occurs at 530 nm.

As a result, absorption, steady state and time resolved emis-
sion measurements clearly show size dependent properties for
SiC NPs in the size range of 1-6 nm. To further clarify the ef-
fects, we carried out single particle spectroscopy on the SiC-11
sample. Representative spectra and the distribution of peak
maxima can be seen in Fig. 2.
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Figure 2.: (A) Distribution of peak maxima measured on 124 nano-

particles from the SiC-1l sample. (B) Representative spectra from

the 124 recorded emissions. Spectra were normalized and
smoothed for the sake of visualization.

It should be noted that 405-nm excitation was used for
single particle spectroscopy, therefore not all of the particles
could be excited. Nevertheless, single particle spectroscopy
reveals variations of spectra. When plotting the peak
wavelength distribution (Fig. 2A), the result is very similar to
the measured size distribution (Fig. 1B). It can be seen in Fig.
2B that some spectra have a distinguishable shoulder that can
be explained with the aggregates as well.

Both the luminescence spectra of the examined solutions
and single particle spectra suggest size dependent optical
properties for SiC NPs. Because such dependency does not
occur in ultrasmall particles, we monitored the threshold
where the size dependent optical properties dissappear. To de-
scribe the dependencies, we compared the absorption and
emission properties of the colloidal samples before and after
surface modification. We recorded the excitation-emission
matrices (EEM) of the samples, and we used the positions and
the intensities of the PLE peak maxima at different excitation
energies, together with the absorption spectra to study the ef-
fect of the size and the surface modifications. The position of
PL peak maxima reflects the excitation dependent shift that is
usually related to the quantum confinement, while PLE here is
the position of the highest peak intensity as a function of exci-
tation energy. We shall use the photon energy scale instead of
wavelength in the rest of the paper. All curves are plotted as a
function of excitation photon energy and can be found in Fig.
3.

If the colloid solution that contains NPs with different sizes
is illuminated and the optical properties are size dependent,
then different fractions are sampled by changing the excitation
energy. If the excitation energy is low then only the largest
particles are excited, and smaller particles stay dark — because
smaller particles have larger band gap according to quantum
confinement. When the excitation energy increases, the size of
the smallest excited particle decreases and we sample larger
and larger amounts of particles. At high excitation energy, all
of the particles are excited. That results in a monotonous blue
shift in the emission spectra. If the emission of SiC NPs is size
dependent and there is no surface contribution, peak maxima
of the carboxyl terminated and hydroxyl terminated samples
should be at the same position, and they should shift with the
excitation energy. Fig. 3 shows that this occurs for SiC-11 and
redSiC-11 samples between 2.3-2.95-eV excitation energies
and SiC-1 samples between 2.7-2.95-eV excitation energies.
We sample the largest particles in such an excitation range.

The Journal of Physical Chemistry

Above 2.95-eV excitation, the peak positions of the car-
boxyl and hydroxyl terminated samples are not identical any-
more. The differences between peak positions for SiC-I and
redSiC-1 are increasing between 2.95-eV and 3.3.-3.5-eV exci-
tation energies which implies an increasing contribution of
surface states in the emission spectra. There are plateaus above
3.3-eV and 3.5-eV excitations for SiC-I and redSiC-I samples,
respectively, showing size independent excitation that imme-
diately implies size independent emission properties, even
though the PLE maxima are at 3.87 eV and 3.95 eV for SiC-I
and redSiC-I, respectively, suggesting that we still do not sam-
ple the mean sizes at 3.3-eV or 3.5-eV excitation that could be
another explanation for the plateau.

The PLE and absorbance of such samples unravel the differ-
ences between the recombination processes as well. The
emission intensities of SiC-1 and redSiC-1 decrease above 4.5-
eV excitation energy. However, the PLE intensity of SiC-11
and redSiC-I1 samples increases as the excitation energy
increases just like the absorbance, implying that larger
particles have continuous excitation spectra above the onset,
similar to direct band gap semiconductor quantum dots*49,
while small particles in SiC-I show narrow excitation spectra,
similar to fluorescent organic molecules®®.,

Excitation energy (eV)
25 30 35 40 45 50
29 T 1 ‘ 11 \: | I 1 I | ‘ 1 IEI ‘\ | 111 | | 111 | ‘ 1}

1 emission
2.87 maxima

Emission energy (eV)
N
o
%o

Intensity (a.u)

diameter (nm)

Figure 3.: Position of peak maxima as a function of excitation en-
ergy (scattered line), PLE (line) and absorption spectra (dashed
line) of SiC-I (dark green), redSiC-I (light green), SiC-I1 (red) and
redSiC-11 (yellow).

All of these experimental observations demonstrate three
distinct types of fluorescence from SiC NPs as the size of
these particles changes. Large particles exhibit quantum
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confinement while small particles show surface related, size
independent emission, and there is a transition between the
two.

These experimental data agree with the experimental results
and theoretical calculations on Si NPs'"1952-%4 |ndeed, it has
been concluded that as the size of the particle decreases, con-
tributions of the surface states increase flattening the enlarge-
ment of the band gap energy upon reduction of the crystal size,
and surface states dominate the excitation and relaxation pro-
cesses below 2 nm. A very similar effect was calculated for
4H-SiC NPs as well®®. We also tried to estimate the
relationship between the particle size and optical properties to
give a comparable result for SiC NPs.

Both the absorption and the PLE spectra show size depend-
ent behavior, however, it is likely that PLE consistently de-
scribes the size dependence because the presence of dark
states influences the absorption spectra. We chose unique
points in size distribution and PLE that we labeled in Fig. 3
with different symbols. SiC-11 samples have two maxima and
a minimum in the PLE spectra and the size distribution, and
we used these three extrema. The SiC-1 sample can be excited
up to 2.7 eV (open blue circle in Fig 3) indicating that we ex-
cite here the largest particles present in the solution and it has
only one PLE maximum that can be connected to its mean
size. Then, we added more points from other samples with
various size distributions from Refs. 11, 13, 55, 56, for the
sake of accuracy (Fig. 4A). Indeed, the PLE maximum shifts
with the mean size between 2.8 and 5 nm, and there is no shift
below 2.8 nm.

The connection between the band gap energy and the parti-
cle size can be described with the effective mass approxima-
tion,

E(R)=E, + ;iz )

where E(R) is the size dependent band gap, Eg is the band
gap of the bulk material, a is a constant, and R is the particle
radius. We applied the effective mass approximation to the
particles when there is a size dependent relation, allowing Eg
to be a parameter in eq. 2, yielding 2.03 eV for the bulk band
gap.

The effective mass approximation adequately describes the
size dependence for particle sizes above 3.5 nm, however,
most of the synthesized particles are smaller than that. As the
surface contribution increases, the deviation from the effective
mass theory also increases and below a certain size, the band
gap is constant. Such behavior can be described by modifica-
tion of eq. 2. with linear combination of a constant and the ra-
dius dependent function,

2Rd)2

ER) =€~ (B, +%)e (& ?)

where the parameter C is the size independent excitation en-
ergy, and Ry is the particle size, above which surface states de-
termine the emission spectra. Eq. 3 gives 3.87 eV for the C
value, which is the measured PLE maximum for SiC-1 samples
and the corresponding particle size is 2.85 nm. Below the par-
ticle sizes of 2.85 nm, the quantum confinement effect van-
ishes and transforms into the size-independent molecular be-
havior (see Fig. 4A), and the size dependent semiconductor

NP behavior between 2.8 and 3.75 nm. Egs. (2) and (3) meet
at the particle size of 3.75 nm, and for larger particles, the ef-
fective mass approximation is valid.

It can be seen in Fig 4A that the selected points from the
two samples under consideration fit well to the curve demon-
strating that the comparison of the mean sizes and the PLE
maxima is sufficient to approximate the band gap of SiC NPs,
if the mean particle size is larger than 3.75 nm.

The size above which the quantum confinement is not effec-
tive can also be estimated by extrapolation of the fitted curve.
The emission of SiC-11 NPs does not change for excitation
photon energy below 2.6 eV and the emission maximum is at
~2.34 eV, which is the indirect band gap of 3C-SiC. Based on
the extrapolation, we propose that quantum confinement dis-
appears above the size of 5.8 nm. Larger particles have emis-
sion very close to the bulk material and do not change signifi-
cantly anymore.
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Figure 4.: (A) Size vs. excitation energy based on the PLEs and size
distributions. Different symbols label reference points in Fig 2.,
while yellow symbols are from Refs. 11, 13, 55, 56. (B) Schematic
representation of the band gap variation and properties change as a
function of particle size, where QC stands for quantum confine-
ment, SE for surface state related emission, VB for valence band
energy, CB for conduction band energy, HOMO for the highest oc-
cupied molecular orbital and LUMO for the lowest unoccupied mo-
lecular orbital.

As we mentioned previously, PLE is not the only signal that
reveals size dependency. Despite its indirect band gap, the ab-
sorption spectra of SiC NPs are not featureless. Size dependent
shoulders in absorption spectra of Si NPs are often interpreted
as a direct characteristic of the band gap and several reports
give an account of such transition?224°, We further analyzed
our data together with the results from density functional
theory calculations, in order to study the change of indirect to
direct transition upon reduction of the particle size.

Luminescence lifetime is a versatile tool for studying the re-
combination processes?. Indirect optical transitions are much
less probable than the direct ones, because the participation of
the third quasiparticle, the phonon, is required in order to ful-
fill the quasi-momentum conservation law. Therefore, the
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radiative lifetime is an indicator of the band gap character. Ra-
diative lifetime can be calculated from the measured quantum
yield and luminescence lifetime.

QY = —, (4)

T
Tr

where QY is the quantum yield, t is the measured lifetime
and t, is the radiative lifetime. The measured decay times for
SiC-I, redSiC-1 and SiC-I1 with the calculated radiative life-
times can be found in Table 2.

Table 2. External quantum yields and lifetimes. QY is the
observed external quantum yield. Exc. is the excitation wave-
length and Em. is the emission wavelength where quantum
yield and lifetime were measured. 7 is the observed lumines-
cence lifetime whereas 7, is the deduced radiative lifetime from
the observed QY and z. t.* is the calculated radiative lifetime
from TD-DFT simulations in aqueous solution.
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phenomena in a system with relatively broad size and surface
distribution.

Tauc plots from the measured absorptions of redSiC-1 and
redSiC-11 were also constructed (see Fig. S4 in SI). Even
though this method is often used to characterize nanoparticle
solutions, it is not suitable alone to determine the band gap and
band structure®. Nevertheless an indirect fitting method gives
reasonably good match for redSiC-11 samples, while redSiC-I
samples have very short linear part at both direct and indirect
representation.

The lack of indirect to direct transition upon reduction of the
size requires an alternative explanation on the observed shoul-
ders in absorption spectra. Our results suggest that the shoul-
ders are caused by surface states. The high energy shoulder
shows the same shift during surface modification as the sur-
face state originated DAS band. We also demonstrated that
small SiC NPs have molecular like excitation spectra. Our cal-
culations showed that the electronic states originated from the
surface termination are connected to the HOMO of the nano-
crystal. While there is no direct computational evidence but
we think that this HOMO state is a subject of size dependence
of the nanocrystals. We speculate that as the particle size in-
creases-andthe band gap decreases, the conduction band and

sample QY (%) <(ns) zr(ns) Exc/Em 7 (NS)
(nm)

SiC-I 0.3 4.5 1500 300/450 1260

redSiC-I 0.4 8.1 2025 300/440 12270

SiC-ll 12 6.1 505 440/530

The microsecond radiative lifetimes indicate that the band
gap of SiC NPs has indirect nature even at small sizes. We
confirm the latter by our ab initio calculations on various SiC
clusters (see Table S1). The calculated optical gaps, optical
transition dipole moments and radiative lifetimes are listed in
Table S2. We note that the radiative lifetimes simulated in wa-
ter are predominantly shorter than the lifetimes simulated in
vacuum that we tentatively attribute to the stronger confine-
ment of the HOMO and LUMO orbitals in solvated molecules
than in vacuum (gas phase). The radiative lifetimes simulated
in water can be directly compared to experimental data that we
show in Table 2. As we already published™, the C-OH groups
introduce the highest occupied molecular orbital (HOMO) in
hydroxyl terminated SiC nanocrystal. We note that SiC
nanocrystals with more C atoms than Si atoms generally
exhibit a slightly higher gap (40 meV) compared to the
opposite case. This small difference contributes to the
inhomogeneous broadening in the observed
photoluminescence spectrum. The substitution of Si-OH
groups by Si-COOH groups on the surface leads to a redshift
in the luminescence. According to the calculations, these sur-
face related states contribute to the emission process and de-
termine the radiation lifetime as well. In agueous solution, the
calculated lifetime for fully hydroxyl terminated nanocrystals
is about 12 ps, while for carboxyl terminated ones, it is about
1-3 us, in good agreement with the estimated radiative lifetime
deduced from the experimental data..

We would like to mention here, that Eq.4 is strictly valid
only for those emitters that are identical and there are no other
are absorbing centers, which means that the external and inter-
nal quantum yields are the same. Also we neglected the possi-
bility of intersystem-crossing that is reported for Si nanostruc-
tures®® as the contribution of the triplet states to the emission is
low at room temperature, and it is difficult to study this

the valence band energies approximate the surface-related
lowest unoccupied molecular orbital (LUMO) and HOMO en-
ergies, respectively, shrinking the differences between differ-
ent surface states and forcing them to shift with the HOMO of
the nanocrystal because of exchange interaction between the
electrons. It means that the optical properties of SiC NPs, ab-
sorption and emission, are always influenced by surface states.

Conclusion

In conclusion, we showed that SiC NPs below 6 nm show
size dependent optical properties. Bulk size effects dominate
between 3.7-5.8 nm. Below 3.7 nm, the influence of surface
states arises and becomes significant below 2.8 nm. With the
increase of the relative number of surface atoms contributing
to the surface states, the number of Si and C atoms contrib-
uting to the crystal core decreases rapidly which results in
transformation from solid state to molecular behavior. Never-
theless, strength of optical transition is still relatively weak, in
the order what is typical for indirect semiconductors.

SUPPORTING INFORMATION

Supporting Information accompanies this paper about TD-
DFT results in detail, HRTEM images, XPS results, AAS
results, ATR-IR spectra,, fitted curves on DAS spectra, Tauc
plot.
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