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Dramatic Enhancement of Photoluminescence Quantum
Yields for Surface-Engineered Si Nanocrystals within the

Solar Spectrum

Vladimir Svrcek,* Katerina Dohnalova, Davide Mariotti, Minh Tuan Trinh, Rens Limpens,
Somak Mitra, Tom Gregorkiewicz, Koiji Matsubara, and Michio Kondo

Substantial improvements of the absolute photoluminescence quantum

yield (QY) for surfactant-free silicon nanocrystals (Si-ncs) by atmospheric
pressure microplasma 3-dimensional surface engineering are reported.

The effect of surface characteristics on carrier multiplication mechanisms

is explored using transient induced absorption and photoluminescence QY.
Surface engineering of Si-ncs is demonstrated to lead to more than 120 times
increase in the absolute QY (from 0.1% up to 12%) within an important
spectral range of the solar emission (2.3-3 eV). The Si-ncs QY is shown

to be stable when Si-ncs are stored in ethanol at ambient conditions for

three months.

1. Introduction

In the last decades, considerable progress has been made in the
synthesis, manipulation, and device integration of nanoscale
objects for a range of applications.'™! While experimental
research has given the opportunity to verify theoretical predictions,
nanoscale material engineering has also evolved into suggesting
an even wider range of exciting opportunities.*® Nanomaterials
and interface engineering at the nano- or atomic-scalel ! can
contribute to the development of advanced devices with new phys-
ical phenomena and superior performance for a variety of applica-
tions in medicine, electronics, or photovoltaics (PV), and so forth.

The use of nanostructured silicon, and in particular the use
of silicon nanocrystals (Si-ncs) with quantum confinement,
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offers important additional advantages
over other nanoscale materials. Firstly,
elemental silicon is non-toxic, with a
limited environmental footprint and an
established infrastructure for both the
supply of raw materials and for large scale
manufacturing.['?l Secondly, Si-ncs belong
to a class of materials that undergo key
changes when scaled down to dimensions
below the Bohr radius (e.g., quantum con-
finement!’3)). Furthermore, the interplay
between quantum confinement effects
and surface effects is particularly impor-
tant in covalent semiconductors, as Si,
with potential new opportunities for tai-
loring Si-ncs characteristics.'*15] Amongst the various resulting
nanoscale properties, enhanced carrier multiplication (CM)
has been the center of recent and vigorous research activities
and highly efficient CM in Si-ncs has been reported. It has
been demonstrated that PV devices could greatly benefit from
CM in Si-ncs.1*18 Therefore, the prospects offered by Si-ncs
are highly relevant for PVs, and could lead to highly efficient
solar cells exceeding Shockley-Queisser limit.'"?% However,
the understanding and control of CM mechanisms in Si-ncs
and the role of the surface states is still limited, and the related
experimental results are debated.[?2°]

In order to achieve a successful PV technology based on
Si-ncs with CM, high concentrations of closely-packed Si-ncs is
fundamentally important,[®2°! and the use of stable Si-ncs col-
loids could represent a potential methodology meeting the nec-
essary processing requirements,'” such as cheap “printing”,
“stamping”, “spraying”, or roll-to-roll technologies.

Given the crucial role played by the surface chemistry for
optical properties of Si-ncs??8 and for their successful inte-
gration in application devices, our recent work has focused on
viable methodologies for surface engineering without adding
lengthy surfactants. In particular, we have studied different
approaches that allow for three-dimensional surface engi-
neering of Si-ncs directly in solution: the first technique is
based on ns-laser processing and the second one on a direct-
current (DC) atmospheric-pressure plasma treatment through
plasma-induced liquid chemistry.l'%293% Both techniques have
produced promising results that allow tuning the surface chem-
istry, providing a uniform passivation layer without using any
lengthy surfactants that could hinder or complicate carrier dis-
sociation and transport, as required for PV devices.l%
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In this manuscript, we report on a dramatic improvement
of absolute photoluminescence (PL) quantum yields (QYs) for
surfactant-free Si-ncs due to surface engineering by atmospheric
pressure DC microplasma. Furthermore, given the critical role
predicted for the Si-ncs surface in CM mechanisms, presence
of CM is also investigated. Two different mechanisms, multiple
exciton generation (MEG)B!U and space separated quantum
cutting (SSQC),I'%! are considered. MEG refers to a process in
which multiple excitons are generated in the same nanocrystal
(NC), hence Auger recombination will take place,?!l and SSQC
refers to a process in which multiple excitons are generated in
adjacent NCs and, therefore, Auger recombination is absent.'8l
We report results of the investigations of the fast dynamics
(measured by transient induced absorption) and corresponding
measurements of the absolute PL-QY. We show that, for energy
photons (2.3-3 eV) within the solar spectrum, the QY of surface-
engineered Si-ncs is stabilized and improved by a factor of 120;
specifically, the QY increases from 0.1% to 12% compared to as-
prepared Si-ncs. Si-ncs properties remain stable with similar QY
when stored in ethanol at ambient conditions for three months.

2. Surfactant-Free 3D-Surface Engineered Si-ncs

We have previously studied in detail the effect of the micro-
plasma process on the surface characteristics of the Si-ncs,
including the chemical changes in Si-ncs dispersed in ethanol
and water.1%2% Here, we summarize our previous findings to
facilitate the discussion on QYs and CM mechanisms that will
follow. As largely reported in the literature, Si-ncs produced by
the electrochemical etching are mostly terminated by hydrogen
(Si-H,) and, at the same time, Si-dimers and dangling bonds
are also present. Exposure to air, and in particular to gas-phase
molecular oxygen and water vapors, causes Si-ncs oxidation.
Spontaneous room temperature oxidation in air is expected to
leave the Si—H bonds unaffected, as these would require high
temperature to desorb (>500 °C), and therefore oxidation pro-
ceeds through passivation of dangling bonds or by breaking
Si-Si bonds in Si-dimers or in silicon back-bonds. The effect of
the oxidation by the water included in air is reduced due to the
hydrophobic nature of the H-terminations, which also prevents
replacement of the Si—-H with the Si-OH. The result is a sur-
face dominantly terminated by hydrogen atoms, where about
a monolayer of oxide has been grown in the back-bonds of sur-
face silicon, that is, O,Si-H,_,.

The introduction of Si-ncs powder into ethanol accelerates
the oxidation process due to water (that dissolves in ethanol
from the atmosphere), which generally proceeds differently
from the oxidation in air, contributing to further inward oxide
growth. This is confirmed by the Fourier transform IR spectros-
copy (FTIR) transmission; specifically, in our samples we can
observe the peak at 465 cm™!, a small peak at 800 cm™, and
a broad strong signal around 1060 cm™ corresponding to the
rocking, bending, and stretching modes of the Si—~O-Si bonds,
respectively.'%  Another interesting observation on the as-
prepared Si-ncs is that Si-H, peaks with no oxygen back-bonds
are predominantly due to Si-H; terminations.

The surface chemistry activated by microplasma in ethanol
is to be due to multiple factors indeed mainly determined by
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the electrons injected from the microplasma into the colloidal
Si-ncs/ethanol solution.'%] Electrons from the microplasma
are injected through the plasma/colloid interface forming a
liquid volume with very high electron densities (=10 m™)
inducing highly non-equilibrium kinetically driven reactions
that would not be achievable in standard electro-chemistry or by
radiolysis techniques.3?l Then, enhanced density, together with
high kinetic energy of the electrons, induces surfactant-free
chemical reactions at Si-ncs surface.l'%2] After the microplasma
processing, all peaks corresponding to the H-related termina-
tions are drastically reduced or completely removed (862 cm™,
875 cm™, 935 cm™, and 2070-2250 cm™}). Importantly, the nar-
rowing and strengthening of the Si-O in-phase contribution
around 1050-1150 cm™ is a strong indication of the replace-
ment of H-terminations with Si-OR.?*34 This is because the
surface silicon atoms are now found within a complete set of
oxygen bonds between the back-bonds oxide monolayer and
the —OR terminations, and therefore, the surface arrange-
ment exhibits characteristics close to that of a stochiometric
oxide.'” The broad signal around 3000-3600 cm™! due to the
OH is changed after microplasma processing with the appear-
ance of a peak at 3740 cm™, attributed to the isolated non-
hydrogen bonded Si-OH.?% This may indicate that some of the
H-terminations are also replaced by the OH ions, or possibly
due to the OH present in the Si-OR compound. To complete
the analysis, it should be noted that the microplasma-treated
Si-ncs do not show any absorption related to the Si-C bonds
(<1258 cm™ and 1273 cm )5l or peaks attributed to C,H,
compounds of the Si—OR terminations (at 1350-1450 cm™ and
2900-3000 cm™1).35-37)

3. Multiple-Exciton Generation in Si-ncs

The CM phenomenon in the Si-ncs has been ascribed to
MEGBY and/or SSQC,' with each mechanism determined
by a different excitons dynamics.'®17) A widely used approach
to investigate MEG is based on the measurements of the fast
decay dynamics of the multiple exciton population in the
nanocrystals, caused by the Auger recombination. The genera-
tion and detection of the multiple excitons is achieved by the
time-resolved pump and probe measurements.’ As a result,
the evidence for the MEG comes from occurrence of ultrafast
dynamics at high pump photon energies and low fluxes. (6]
The Si-ncs used in this work exhibit a strong room tem-
perature PL, peaking around 2 eV, which is used here as the
average optical bandgap ~E, value.l'**% We note that during the
surface engineering by the DC microplasma treatment, the PL
intensity of the Si-ncs is considerably increased and stabilized.
At the same time, the PL maximum position red-shifts, prob-
ably due to changes in surface chemistry.'*1>3% To avoid strong
absorption from the solvent, the excitation photon energies
were chosen to be below 5 eV, where the ethanol absorption is
negligible (Figure 1). Both, the PL and the absorption analysis
allow us to determine the minimal MEG energy threshold
of 2E,, which is expected to be in our sample at =4 eV. The
MEG is therefore investigated at the excitation photon energy
Eexe = 4.66 eV, which is =2.3 E,. For the reference, we also
excite sample below the minimal MEG threshold at =1.55 E,
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Figure 1. Typical absorption spectrum of the microplasma surface-engi-
neered (for 90 min) Si-ncs in ethanol (circles). Both excitation and probe
photon energies used in the pump and probe experiments are indicated
by arrows. The absorbance for ethanol is also shown for comparison
(black line).

(Eexe = 3.1 eV). The probe photon energy is chosen as less than
By (Eprobe = 1.55 €V, i.e., =0.78 E), to avoid direct excitation of
carriers by the probe beam. In the transient induced absorption
measurements, the excitation photon energies and the probe
photon energy are indicated by arrows in the Figure 1.

In order to ensure a low-flux regime, that is, that no more
than a single photon is absorbed in each Si-nc, we measured
the decay dynamics at two different excitation powers. Figure 2a
shows the decay dynamics of the as-prepared Si-ncs dispersed
in ethanol at the excitation photon energy of 3.1 eV (1.55 E)
for two excitation powers of 2 and 4 mW. It has to be noted that
the data may look noisy because the induced absorption signal
is relatively low. The reasons for the low transient absorption
signal are multiple; low pump fluence, low absorption cross-
section and low concentration of the Si-ncs. In order to avoid
the absorption of multiphotons (that creates the trivial multiple
excitons per Si-ncs), we kept the number of absorbed photons
per Si-ncs at low fluence. As can be seen, the transient decay
dynamics are independent of the excitation power, that is, there
is no onset of the Auger recombination as an addition of a fast
decay at a short time scale. The lower pump power of 2 mW
can be therefore safely used as the single-exciton excitation
regime.?8 The overall decay at 1 ns time scale was attributed to
trapping and/or charge transfer.3'*! To find out, whether MEG
is present in our sample, we compare the induced absorp-
tion signals for excitation energies below and above the CM
threshold of 2E,. At the low pump flux regime.

The results are presented in Figure 2b, which shows the
same decay characteristics at photon energies below and above
the 2E, threshold, corresponding to 3.1 eV (1.55 Ey) and 4.66 eV
(2.3 E,), respectively. As can be seen, there is no fast component
appearing at the excitation energies above the CM threshold,
implying no Auger interaction of multiple excitons in a single
NC. We conclude that no signature of MEG has been observed
for 4.66 eV (2.3 E,) excitation photon energy. The rise in the
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Figure 2. a) Induced absorption dynamics of as-prepared silicon
nanocrystals in ethanol for two fluxes, at 2 mW and 4 mW. b) Comparison
of the induced absorption dynamics after excitation below and above the
MEG threshold (pump <2E, and >2E,) at 2 mW pump power.

first few picoseconds reflects the cross-correlation between
pump and probe pulses. This rising time is depending on the
difference in wavelengths of pump and probe pulses (different
speed of light in the solution) and the thickness of the sample
cuvette. It is clear to see that the rise for 4.66 eV excitation is
slower than that of 3.1 eV excitation, due to a larger difference
in pump and probe energy for 4.66 eV.

Subsequently, we have surface-treated the Si-ncs by DC
microplasma, as described in the experimental section.
Figure 3 shows the PL spectra of Si-ncs in ethanol before and
after microplasma treatment. A clear increase of PL intensity
(>12 times) is observed for the microplasma-treated Si-ncs with
an obvious red-shift of the PL maximum from 2.16 eV to 1.9 eV.
This is the result of multiple mechanisms induced by the
microplasma process and due to electron-driven non-equi-
librium liquid chemistry!!®2** that follows unique reaction
paths for termination and passivation of the Si-ncs surface. As
mentioned above, the analysis of the Si-ncs surface properties
by FTIR revealed that the microplasma surface engineering
produces the single-bonded Si-O terminations such as in
Si—OH that reduce the energy band gap and lead to a PL red-
shift.l'% On the other hand, the microplasma process induces a
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Figure 3. PL spectra of as-prepared (black line, lower intensity) Si-ncs
and for Si-ncs after microplasma processing in ethanol (grey line, higher
intensity).

surface-restricted modification without affecting the core of the
Si-ncs, so that the size distribution also remained unchanged
after surface engineering; this can be observed in the full width
at half maximum of the PL emission (1.1 eV) which is about
the same for both spectra in Figure 3.

We now analyze the effect of the surface chemistry on the
dynamics of the generation-recombination processes. The
induced absorption dynamics after microplasma-induced 3D
surface engineering (Figure 4) did not show significant differ-
ences compared to the measurements of as-prepared Si-ncs
(Figure 2). Figure 4a,b show the decay dynamics for micro-
plasma-treated Si-ncs in ethanol at different pump powers
for two different pump photon energies of 4.66 and 3.1 eV,
respectively. Probing energy was always set at 1.55 eV. As can
be seen, there is no difference in dynamics for different pump
powers, again indicating of sufficient low pump power to avoid
the absorption of multiple photons at these pump regimes.
Figure 4c presents the decay dynamics for two different pump
energies (below and above the MEG threshold of 2E,) at the low
pump powers. It is shown that the decay dynamics at 4.66 eV
excitation is not faster than that at 3.1 eV excitation, which
indicates that Auger recombination does not occur, even at the
high pump photon energy (2.45 E,).*) This confirms that no
CM through MEG processes occurs even after Si-ncs surface
engineering. On the other hand, the decay dynamics investiga-
tions within single Si-ncs also support the idea that the core of
the Si-ncs was not affected and that the chemistry induced by
microplasma processing was restricted to the Si-ncs surfaces.[?’!

4. Carrier Multiplication in Si-ncs Through the
Space Separated Quantum Cutting Effect

SSQC can be investigated by measurements of the QY as a func-
tion of pump photon energy. Since the PL can only be accounted
for a long-live excitons, all single-excited NCs are considered,
which can appear due to direct photon absorption or as a result
of the SSQC process. In SSQC, exciton separation occurs across
neighboring nanocrystals, suppressing interactions between
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Figure 4. a) Induced absorption dynamics of microplasma-engineered
silicon nanocrystals in ethanol for two powers (0.5 mW and 1 mW) of
pumping and probe photon energy of 1.55 eV. b) Induced absorption
dynamics for two powers (2 mW and 4 mW) of pumping power with
photon energy of 3.1 eV and probe photon energy of 1.55 eV. ¢) Com-
parison of induced absorption dynamics for excitation below and above
the multi-exciton generation threshold (<2E, and >2E,;) at the low pump
fluxes. All dynamics were probed at 1.55 eV.

multiple carriers.1*18] Since multiple excitons are excited
within separated Si-ncs, their lifetimes correspond to the single
exciton lifetime (us).">* In our case, the evaluation of the PL

Adv. Funct. Mater. 2013, 23, 6051-6058



s
Mot oS
www.MaterialsViews.com

1.0

0.8

QY (%)

(b) 2xPL

25 30 35 40 45 50
energy (eV)

PL intensity
(a.u.)

Figure 5. a) Dependence of the photoluminescence (PL) quantum
yield (QY) on the excitation photon energy for the as-prepared silicon
nanocrystals dispersed in ethanol (black circles); grey triangles corre-
spond to measurements on the same sample after three months. The
red curve represents theoretical model for the SSQC.'1 b) For reference,
the energy doubled PL spectrum of the same sample is also included (i.e.,
the energy axis is multiplied by 2).

decay constant reveals a characteristic lifetime of about =25 us.
Studies!'®#2 have shown that an increase of induced absorption
intensity (normalized to the number of absorbed photons), in
combination with the absence of Auger-related components in
the dynamics, can evidence that CM occurs at high pumping
photon energy, but however does not lead to interaction between
the generated carriers. Because the multiple carriers in Si-ncs,
as a result of SSQC, are not destroyed by the non-radiative
Auger recombination, they contribute to PL and can be moni-
tored by enhancement of PL QY.['74]

Figure 5a shows the dependence of the PL QY on the excita-
tion photon energy for the as-prepared Si-ncs in ethanol (black
circles). The corresponding lower panel (Figure 5b) shows the
PL spectrum with the doubled energy values for reference. The
increasing trend of the QY might be indication of presence of
the SSQC effect.'”] In principle, in our sample of as-prepared
Si-ncs this could occur within Si-ncs aggregates present in the
solution. However, CM onset is expected to occur at 2 E,, that is,
around 3.5 eV (see Figure 5a, red line), suggesting that increase
in QY might be of different origin. It is important to notice that
the Si-ncs are stable in ethanol and after three months the same
increase in QY is recorded (red triangles in Figure 5a). However,
when we compare our experimental results with the theoretical
model (red line in Figure 5a) the experimental data do not
follow the model curve. In fact, the experimental data show that
the increase in QY is observed for low energy values (=2.5 eV)
while the model and theory suggests that the threshold should
be at 2E,, that is, above 3.5 eV in our case (Figure 5b).

Figure 6a shows the PL QY for the microplasma-treated Si-ncs
in ethanol (black circles) and re-measured after three months
of aging in ethanol (red triangles). The lower panel (Figure 6D)

Adv. Funct. Mater. 2013, 23, 6051-6058
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Figure 6. a) Dependence of the photoluminescence (PL) quantum yield
on excitation photon energy for the microplasma-treated Si-ncs dispersed
in ethanol (black circles); the red triangles correspond to measurements
taken after three months. b) For reference, the PL spectra at multiples
of the PL peak is also included (i.e., the energy axis is multiplied by 2).

reports PL spectra at two times PL peak for reference. After
surface-engineering, the QY has drastically increased, com-
pared to as-prepared Si-ncs (Figure 5a) and in this case the QY
remains nearly constant around =12% across a large excitation
region (2.5-4.5 eV); this sample also shows long-term stability
(>3 months) with respect to the QY (red triangles in Figure 6a). The
constant trend of the QY as a function of photon excitation energy
indicates the absence of any SSQC evidence for these surface-
treated Si-ncs. The possible origin of the rise in the QY of as-
prepared sample could be cause by large amount of non-emitting
materials (such as bulk silicon pieces in mechanically scraped
porous Si aggregates) with spectrally shifted absorption spectrum
(with respect to the Si-ncs). This could also partially contribute to
the enhancement of the QY in plasma treated sample.

5. Quantum Yield of 3D Surface-Engineered
Si-ncs within the Solar Spectrum

The TEM image in Figure 7a shows a typical aggregated
structure of as-prepared Si-ncs which suggests that Si-ncs are
closely spaced. On the contrary, the TEM images of Figure 7b
show that the surface modification by microplasma treatment
induces Si-ncs separation. We can speculate that the Si-ncs
separation induced by the microplasma-treatment as seen in
Figure 8b may have contributed to the reduction of SSQC. This
is because the SSQC requires close proximity of neighboring
Si-ncs for efficient energy transfer and, therefore, nanostruc-
tured arrangements of closely packed Si-ncs are preferable.['’]
Figure 8 compares the solar spectrum intensity and the abso-
lute QY as a function of the excitation photon energy for as-
prepared Si-ncs dispersed in ethanol and microplasma-treated
Si-ncs in ethanol. Our results clearly show that the PL QY is
enhanced by =15 times (from 0.8% to 12%) for high-energy
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Figure 7. Transmission electron microscope images of a) as-prepared
and b) surface-engineered Si-ncs. Inset in (b) shows the Si-ncs in detail
(bar is 5 nm).

excitation (3.5-4.8 eV) while for low-energy photons (<2.7 eV)
the QY increase is considerable, from =0.1% to 12%, that is,
more than 120 times enhancement. We can also observe that
the energy ranges with QY enhancement overlap significantly
with a spectral region which has relevance for photovoltaic
applications. Overall our results (e.g., dynamics in single
Si-ncs) showed that the core structure was not modified by the
microplasma process. Therefore surface-engineered and sur-
factant-free Si-ncs with high QY could in principle be arranged
on substrates in close-packed structures that allow the Si-ncs to
be sufficiently close to each other for SSQC to occur (it should
be noted that our SSQC measurements were performed with

wileyonlinelibrary.com

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Mk

www.MaterialsViews.com

(o]

600 . ° 3 114
o
500 8§ 2380854 10
@5 3D surface %
i -4 10
400 o e.ngmeered 1
Si-ncs

300 1
200

100 +

(%) p121A wnjuenb ajnjosqe

spectral irradiance AM1.5 (Wm'zeV'1)

0 . : 400 L8 . 1 . 0
1 2 3 4 5
photon energy (eV)

Figure 8. Solar spectral irradiance for AM 1.5 (black line, left axis) and
absolute quantum yield (QY) as a function of excitation photon energy for
as-prepared Si-ncs dispersed in ethanol (full light-grey circles) and micro-
plasma-treated Si-ncs also in ethanol (full dark-grey circles). Open sym-
bols represent corresponding QY after aging in ethanol for three months.

the Si-ncs in low-density colloids). Furthermore, the absence of
long ligands in the microplasma-treated Si-ncs could be highly
beneficial for the carrier transport, required for the PV devices.

6. Summary

Dramatic improvements in the absolute PL QY of surfactant-
free 3D surface-engineered Si-ncs within an important spectral
region are demonstrated. The microplasma-induced 3D surface
engineering results in more than 120 times enhancement QY
for low energy photons (<2.7 eV) and =15 times higher for high
energy photons (3.5-4.8 eV). Furthermore, QY measurements
have confirmed that microplasma-treated Si-ncs present well-
passivated surface characteristics with a stable QY enhance-
ment for several months.

Since CM can considerably improve solar cells performance,
we have investigated CM mechanisms in both as-prepared and
surface-treated Si-ncs. Specifically, CM through MEG and SSQC
has been considered. In the current study, we could not confirm
the presence of CM either by MEG or SSQC, although some
indirect evidence of CM has been found, but with strongly red-
shifted onset of the step-like QY behavior for the as-prepared
Si-ncs. The excitation dependence of PL QY was strongly modi-
fied by the microplasma treatment, possibly due to improved
dispersion of the surface-treated Si-ncs. It is believed that the
formation of closely-packed microplasma-treated Si-ncs on sub-
strates could eventually lead to Si-ncs films with high QY and
where SSQC may be possible due to the closer proximity of
Si-ncs. Further work in this direction is necessary to provide val-
uable opportunities for integrating Si-ncs in solar cell devices.

7. Experimental Section

In this study, the Si-ncs were produced by electrochemical etching of a
silicon wafer (p-type boron doped, <100>, 0.1 Q cm, thickness 0.525 mm)
and subsequent mechanical pulverization.’l The process produces a
dry powder of Si-ncs with diameter of 3-5 nm which generally includes
Si-ncs aggregates of different sizes up to the micrometer range. The Si-ncs

Adv. Funct. Mater. 2013, 23, 6051-6058
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powder was then stored in glass containers in ambient conditions and
exposed to air. Afterwards, =3 mg of the powder was dispersed in 10 mL
of ethanol before being processed by a DC microplasma treatment. The
microplasma treatment was conducted similarly to our previous work:['%
a DC atmospheric-pressure microplasma was generated between a
Ni tubing (inner diameter 0.7 mm, outer 1 mm) and the surface of the
Si-ncs colloid. As a counter electrode, a carbon rod (5 mm diameter) was
immersed about 5 mm in the colloid at a distance of about 3 cm from
the nickel tubing. A positive voltage was applied to the carbon rod, while
the Ni tubing was connected to ground through a 100 k<2 resistor. Pure
argon was flown inside the Ni tubing at a rate of 25 sccm. The distance
between the Ni tubing and the liquid dispersion surface was initially
adjusted at 1 mm, however during processing the distance was observed
to increase to about 1.3-1.5 mm (about every =15 min of processing)
due to evaporation. The temperature of the colloids did not increase
above 38 °C within =15 min processing time. During the microplasma
treatment, the conductivity of the colloid was also observed to change.l'¥]
For this reason, the applied voltage was initially set at 2 kV until the current
reached 1.5 mA and later adjusted to keep the current constant at this
value. The Si-ncs is then dissolved in methanol in a quartz cuvette with
a path length of 1 cm for measurements. CM (refers to both MEG and
SSQC) was assessed in the Si-ncs utilizing a conventional pump-probe
setup that allowed MEG measurements. The experimental setup was
described in previous work,% which used a femtosecond pulse from a
chirped-pulse amplified Ti:sapphire laser system, which runs at 1 kHz and
delivers pulses of 60 fs, 2.2 m], at 795 nm wavelength. Dimensions of the
pump spot size were chosen to be considerably larger than probe size to
assure complete overlap during the entire experiment. The probe photon
energy was set at Ejqpe = 1.55 eV which is below the optical bandgap
of Si-ncs. The pump photon energies were 3.10 eV and 4.65 eV. All the
measurements were carried out at room temperature. For measurements
of PL QY, an integration sphere was used to collect the PL of the Si-ncs
colloida. For the excitation, a Xe lamp with a double monochromator
was used, and the PL was detected by a charge-coupled detector (CCD)
mounted on a spectrograph via coupled ultraviolet-grade optical fiber. The
excitation wavelength was selected through the monochromator. At each
step, both the emission spectra from the sample (Si-ncs in ethanol) and
the reference (ethanol only) were measured, and the number of emitted
photons was then calculated from spectral integration. The number
of absorbed photons was calculated using reduction of the excitation
spectrum comparing sample and reference. The absolute QY is obtained
as the ratio of the number of emitted photons to the number of absorbed
photons.'7#€l The PL spectra of the Si-ncs in colloidal were measured with
Spectrofluorometer (FluoroMax-4) at 400 nm excitation. Transmission
electron microscope (TEM) images were taken with a Hitachi S-4300
microscope at 20 kV after the colloid was drop-casted on TEM grids.
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