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Silicon quantum dots (SiQDs) are a promising class of functional nanomaterials combining non-toxicity,
in comparison with their binary counterparts, and tunable optoelectronic properties. However, reaching
their full potential in applications requires scalable fabrication and fast and simpler modification methods,
enabling bonding of a broad variety of ligands and control over the photoluminescence efficiency. Here,
we advance a versatile synthesis—modification methodology based on non-thermal plasma. In particular,
we complement synthesis in non-thermal plasma allowing for extensive size tuning of SiQDs with uncon-
ventional air-free plasma-induced in-liquid reactions (PILRs) which enable rapid attachment of diverse
ligands, using 3D-printed components for atmospheric control. Our approach yields brightly luminescent
SiQDs with diameters starting from 2.4 nm with quantum yields of up to 20% and excellent colloidal stabi-
lity across solvents of varying polarity. Spectrally resolved lifetime analysis uncovers a near-unity internal
quantum yield for bright SiQDs and reveals how surface chemistry and aggregation govern dark-to-bright
QD population ratios and photoluminescence quenching. Additionally, we simplify the well-established
protocols of thermal hydrosilylation, showing that controlled-atmosphere sample collection without any
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further purification steps is a necessary condition for obtaining monodispersions with good optical pro-
perties. These results define a simple route to functionally engineered SiQDs, providing new insight into
emission dynamics and establishing a strong foundation for their integration into advanced photonic, bio-

rsc.li/nanoscale imaging, and energy-harvesting devices.
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1. Introduction

Silicon quantum dots (SiQDs) have gained significant interest
due to their optoelectronic properties and chemical
versatility." Silicon’s natural abundance, biocompatibility,
and environmentally friendly form make it attractive for a wide
variety of applications ranging from solar cells and solar
concentrators®® to light-emitting diodes and sensors,”*° bio-
imaging,"" theranostics'> and batteries."***

The most common approaches for the synthesis of photo-
luminescence (PL)-emitting SiQDs are: (i) low-">""" or atmos-
pheric-pressure'®'® plasma synthesis from the gaseous (e.g.
silane) or even liquid precursors, (cyclohexasilane®®) and (ii)
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the thermal disproportionation of silicon-rich silicon oxide
such as hydrogen silsesquioxane®! (HSQ), triethoxysilane** or
in layered plasma-deposited superlattices.>® Both the methods
are capable of producing SiQDs with a relatively narrow (+30%)
size distribution. Other synthesis methods include solution
synthesis from e.g. halide salts or alkali silicides,** some of
which have been recently critiqued due to the potential pro-
duction of light-emitting carbon QDs.?*™>” Surprisingly, SiQDs
can even be synthesized from rice husks."

The advantage of the disproportionation approach is the
low initial cost of the precursor material and good control over
the size of the resulting SiQDs. Its main drawback is a combi-
nation of energy-extensive (e.g. high temperature annealing at
1100 °C) and time-consuming (e.g. grinding) steps and the use
of dangerous chemicals (hydrofluoric acid, silanes formed
during the annealing steps®“?®). In contrast to that, low-
pressure non-thermal plasma synthesis (LP-NTP) is faster with
fewer steps and lower energy consumption, even though it
requires rather expensive vacuum equipment. The precursor
mixture of 1% silane in argon is not flammable and can be
bought pre-mixed in a cylinder.'”? The good control over the
size and structure of the resulting SiQDs can be achieved by
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adjusting the precursor flow, residence time (time spent in the
plasma discharge) and plasma geometry.*® Both plasma syn-
thesis and thermal disproportionation lead to hydrogen-termi-
nated surfaces (SiH,, x = 1, 2, and 3), even though they can
potentially lead to structurally different surfaces with different
surface reactivities.>’ Hydrogen-terminated H:SiQDs are
strongly prone to oxidative processes when exposed to atmos-
pheric oxygen and water vapor. Thus, strict control of air
exposure is required if other than oxide-based termination is
sought.

The state-of-the-art surface modification is hydrosilylation
using long-chain alkyls.>**> The original thermal hydrosilyl-
ation method, based on the homolytic cleavage of Si-H occur-
ring at #150 °C, limits the ligand choices only to high temp-
erature boiling liquids.**?* As an alternative, a radically
initiated (using e.g. 2,2'-azobis(2-methylpropionitrile) (AIBN)
or 1,1-azobis(cyclohexanecarbonitrile) (ABCN)),***® photoini-
tiated,’” or microwave assisted hydrosilylation reaction®® can
be employed. Interestingly, even room-temperature hydrosilyl-
ation was introduced for specific molecules (e.g. styrene).*
The disadvantages of these processes include the usage of
expensive and persistent catalysts, expensive mediator chemi-
cals, the potential size dependent reactivity®™” and a long
reaction time, ranging from several hours to days.*® Due to the
sensitivity of the reactants to atmospheric oxygen and humid-
ity, the hydrosilylation process is typically carried out under an
inert atmosphere (commonly in glove boxes) and several
freeze-pump-thaw cycles of the solvents using the Schlenk
line are necessary.*® Therefore, there is still room for improve-
ment if these methods were to be broadly used.

An important aspect of the modification process is the
need to expand the variety of termination molecules to achieve
dispersions of SiQDs in environments of different polarities,
from highly polar such as water and ethanol to non-polar such
as toluene. As of now, water-based dispersions achieved
through polar terminal groups are problematic despite their
importance for bioapplications.'"*"*> Here, a possible alterna-
tive to the hydrosilylation process is the employment of non-
thermal plasma (NTP) discharge to initiate the plasma-
induced in-liquid reactions (PILRs). The discharge provides a
highly reactive and reactant-dense medium, leading to fast
kinetics of the initiated chemical reactions while keeping the
process temperature low. Moreover, NTP can provide a wider
range of ligands because the need for the terminal double
bond in a hydrosilylation process is replaced with the gene-
ration of highly energetic electrons that can dissociate weaker
bonds.**** The NTP-based surface modification is also
tunable by experimental geometry, employing a spark, a jet, or
a corona discharge in the gas phase® or point-to-plane
microplasma®>*® in a liquid-to-gas interface. The PILR method
is also easily up-scalable, e.g. by deploying parallelly connected
reactors. Recently, the point-to-plane microplasma geometry
was used to enrich oxidized SiQDs with nitrogen-based species
using only air and water as the source of chemicals*” with a
fast reaction time from 30 to 40 minutes if the geometry of the
experiment was optimized to restrict the air flow to the reac-
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tion vessel.”® The potential of the PILR is supported by other
published pioneering works, which focused on reactions
induced in a water environment and attachment of short alkyl
molecules (e.g. ethanol) using a mixture of the alkyl liquid and
water for the plasma initiated reactions,***>*° or on the prepa-
ration of oxidized water dispersible SiQDs with photo-
luminescence quantum yields (QY) reaching 50% using a
mixture of ethanol and water and an argon plasma jet.**> As
PILR does not proceed in a completely water- and oxygen-free
environment, the expected modification outcome if organic
groups are used as the prospective ligand is alkoxylation com-
bined with a degree of oxidation of the surface. Even if alterna-
tive approaches to alkoxylation exist,’> > PILR represents a
promising alternative or extension to hydrosilylation, broaden-
ing the variety of terminating groups, offering up-scalability
and significantly decreased reaction times.

Apart from preventing the uncontrolled oxidation process
and tuning the dispersibility in different polar environments,
modification techniques are commonly employed to impart
stability and enhance PL properties. Even though more PL
channels exist,>*™>® PL is typically represented by a broad PL
band tunable between the red visible spectral region and the
near infrared region (size ranging from ca. 2 to 7 nm), with
photoluminescence QYs often close to 5%, but sometimes
reaching®**®>”°® 209% or even 60%.>° Also, as has been shown
recently,’” due to long radiative lifetimes of this PL channel,
dark QDs are often responsible for the lower QYs, while the
quenching mechanism in dark SiQDs still remains uncertain.

Therefore, finding a trade-off between dispersibility in
environments with different polarities, tunability of sizes,
stability and emission properties using a fast, technically non-
demanding and up-scalable process is still a substantial and
challenging task. In this regard, this article represents a com-
prehensive overview of the LP-NTP synthesis and basic modifi-
cation procedures in SiQDs. In addition to a detailed discus-
sion of the standard fabrication and characterization methods,
we put emphasis on simplifying the modification and reaching
good dispersability in environments with a broad range of
polarities. Specifically, using our synthesis protocols, we were
able to tune the sizes of the produced SiQDs in a broad range
(2.4-6 nm) predominantly by increasing the hydrogen flow in
the synthesis gas mixture. Moreover, we showed that it is poss-
ible to reach excellent dispersibility, a low degree of oligomeri-
zation of surface ligands and good optical performance in
comparison with typical samples utilizing basic thermal
hydrosilylation. In particular, PL quantum yields reach 20%
and lifetimes of the emitting QDs are fully radiative. We used a
simple collect-and-cook approach, where the collection in a
protective atmosphere and heating in argon-filled closed con-
tainers were the only protective and purification steps necess-
ary in the procedure. Additionally, we introduced a modifi-
cation method based on pulsed NTP-microplasma-initiated
reactions (PILRs). The PILR-based air-free surface modification
offered much shorter reaction times than hydrosilation
(45 minutes vs. tens of hours). It also removed the requirement
for the terminal double bond in the ligand to be attached,

This journal is © The Royal Society of Chemistry 2025
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leading to mostly alkoxylated surfaces and dispersibilities in
more polar environments. Last but not least, we applied a
dedicated optical characterization method that we recently
introduced,®® which confirmed a similar PL dynamics in
hydrosilylated, carbon-linked and PILR-produced alkoxylated
samples. This similarity in PL dynamics underscores the
importance of identifying the mechanisms behind dark QDs
which then determine the overall PL performance. Our quanti-
fication of the fraction of dark SiQDs allowed us to identify
aggregation as one factor contributing to PL quenching
through dark SiQDs.

This paper is structured as follows. Section 2 contains the
details of the applied methods. Section 3.1 describes the syn-
thesis and PILR surface modification. Section 3.2 introduces
our approach to thermal hydrosilylation. The two following
sections, sections 3.3 and 3.4, are devoted to the structural,
chemical and optical characterization of the fabricated SiQDs.
The paper closes with conclusions in section 4.

2. Experimental

2.1. Used chemicals and gases

Synthesis gases: argon (Linde, Ar 6.0), diluted silane (Linde, 1%
in argon, Ar 5.7, SiH, 5.0) and hydrogen (Linde, H, 7.0). Gases
in Synth-box and PILR-Box: argon (Linde, Ar 4.7) and nitrogen
(central institutional distribution, N, 5.0). Used chemicals are:
1-dodecene (Sigma-Aldrich, 95%); octan-1-ol (Penta, p.a.);
ethanol (Penta, absolute for UV); acetic acid (Penta, 99%),
phenol (Sigma-Aldrich, 99%), toluene (Sigma-Aldrich, HPLC
Plus and residue analysis, >99.9%); propan-2-ol (Penta, isopro-
pyl acohol for UV, >99.5%); acetonitrile (Sigma-Aldrich, suit-
able for HPLC, >99.9%), and hydrofluoric acid (Penta, 50%,
p-a.). All non-polar reactants were stored over molecular sieves
(4A, beads, Sigma-Aldrich).

2.2. Synthesis of H:SiQDs from silane gas

SiQDs were synthesized in a noncommercial flow-through
reactor with low-pressure non-thermal plasma. The reactor was
made up of a one-meter-long glass tube with an inner dia-
meter of 0.8 cm, attached with copper planar electrodes
(dimensions: 5 cm by 12 cm). The electrodes were placed paral-
lel to the glass tube with the distance slightly exceeding
10 mm so they almost touched the glass tube walls. One of the
electrodes was grounded while the other one was powered by
the RF generator. In this glass tube reactor, capacitively
coupled plasma was generated using an RF power source
RFG-600W from Coaxial Power Systems operating at the fre-
quency of 13.56 MHz, coupled to the high efficiency automatic
matching network AMN-600 (Coaxial Power Systems). The
output source power was set to 150 W. The system was oper-
ated under low pressure; thus, the tubing after the sample col-
lector was vacuum ready and the setup was pumped by the
fore vacuum pump (the pressure in standby is within 10 Pa, in
the synthesis mode, the pressure was lower than 500 Pa).
Synthesis gases were argon as the carrier gas, diluted silane
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and hydrogen. The collector part of the apparatus is placed
directly under the tube and the reactor and collector area can
be filled with inert gas up to the atmospheric pressure for
sample extraction. The size and the PL wavelength of the
samples were tuned by changing the composition of the syn-
thesis gases as detailed in Table 1. The estimated residence
time of the forming nanoparticles in the plasma was about
15 ms. The synthesis times were 3 minutes for 2.5 mg and
10 minutes for 10 mg of H:SiQDs.

2.3. Preparation of H:SiQDs and reactant mixture under an
inert atmosphere

For the subsequent reactions (hydrosilylation or plasma-
induced in-liquid reactions) under an inert atmosphere, a non-
commercial inert atmosphere (flow-box gases) flow box (Synth-
box, 3D printed) was attached to the synthesis system (working
pressure 200 kPa, set to prevent exposure to ambient con-
ditions). In the Synth-box, a 20 ml glass vial filled with 5 ml of
a given ligand liquid was purged with argon for 5 minutes
using a Shenzen PINYA mini pump (max. voltage 5 V, max.
flow 3 1 min™") set to a flow of 1.5 1 min~" powered by a DC
power source (Tesla BK 127 stabilized source). The as-syn-
thesized SiQDs were transferred to the vials and purged again
for 5 minutes. The vials were then sealed with a Teflon coated
cap and ultrasonicated for 15 minutes. No other purification
steps were taken. This procedure is further referred to as ‘inert
atmosphere synthesis’ (IAS).

2.4. Preparation of H:SiQDs and reactant mixture under
ambient conditions

The procedure, further designated as ‘air exposure synthesis’
(AES), was carried out without the Synth-box. The manipu-
lation with the liquid reactants was the same as for the inert
atmosphere conditions. The crucial difference is that H:SiQDs
were extracted under ambient conditions, minimizing contact
with air; therefore, the estimated air exposure is 30-90
seconds.

2.5. Surface modification using plasma-induced in-liquid
reactions

The plasma-induced in-liquid reactions (PILRs) were carried
out using our home-built system containing an electrode
system (two electrodes, the submerged electrode: Pt wire, the
upper electrode: MEDOJECT needle 1.2 x 40 mm (‘diameter’ x
‘length’)), a reactor (5 ml glass beaker) for the liquid mixture
and a 3D printed protection box (PILR-Box) flushed with argon
to sustain stable conditions without oxygen. For modification,
the reactor was filled with 3 ml of the reaction mixture. The
used geometry of the plasma discharge, for the induction of
the reactions, is point-to-plane, with one submerged electrode
and a second one 2.5 mm above the liquid. The discharge is
operated in the pulse regime, due to the usage of ballast impe-
dance, which contains parallel connection of a 10 MQ resistor
and a capacitor system of an overall capacity of 250 pF, generat-
ing transient spark discharge. Plasma discharge was generated
using a high voltage DC power supply (MCP M10-HV10000A)
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Table 1 Parameters of the synthesized SiQDs (nominal RF source power was set to 150 W in all samples). Sample labeling reflects their sizes.
Residence times (t), the flows of the precursor gases (1% SiH4 in the Ar mixture, H,, Ar), sizes as determined by different methods, XRD-derived
lattice parameter a, PL maxima and QYs are listed. The sizes are shown as mean size +FWHM/2 to represent the width of the distributions.

Label t (ms) Mixture (scem) H, (scem) Ar (scem) XRD size (nm)  a®’ (A) Size®? (nm) dpes (nm)  PL pos. (eV) QY (%)
EL-SiQDs 28 80 0 0 4.0+1.2 5.426 + 0.002 6.3/4.8 25.0+1.5° 1.25 —
L-SiQDs 23 80 10 0 34+1.1 5.427 £0.002 5.5+0.6 19+5 1.32 9.6 £ 0.7
M-SiQDs 17 80 40 0 2.8+0.9 5.429 £0.004 4.0+0.6 12.0+2.5 1.43 19+3
S-SiQDs 12 40 100 40 1.9+0.8 — 2.44 +0.22 8.7+0.8 1.76 5.2+0.5

@ NIST standard Si standard reference material a = 5.43102 A. ” The lattice parameter for the S sample could not be precisely refined due to extre-
mely broad diffraction peaks. ° Measured for dodecyl:5iQDs.  Derived from HRTEM measurements. ¢ Derived from the first DLS band.

and the used voltage ranged from 3 to 9.5 kV. To ignite and
maintain stable plasma discharge and conditions, the flow of
the inert argon gas was set to 1 ml min~" (using the Shenzen
PINYA mini pump). For successful modification of the surface
of H:SiQDs, the overall reaction time was set to 35 minutes.
The 35 minutes were divided into two intervals: (i) initiation
(5 minutes), the voltage was set for 3 kV and less energetic dis-
charge was ignited to generate ions and a more conductive
environment; (ii) propagation (30 minutes), the voltage was set
to 9 kv and highly energetic discharge was ignited. The reac-
tion mixture was not mechanically stirred; the mixing during
the reaction was caused by the plasma pulses, which generate
flows in the liquid. The reaction was monitored through the
quartz PILR-Box windows by visual detection of PL excited
with a laser pointer at 405 nm, 50 mW. As liquid reactants
octan-1-ol, ethanol, acetic acid and phenol were used, leading
to bonding of the corresponding alkoxy groups: octoxy, ethoxy,
acetate and phenoxy. The SiQDs reacted with octan-1-ol were
purified as the low volatility of octan-1-ol prevented further
characterization. The purification was carried out using an
ultracentrifuge; propan-2-ol/acetonitrile were used as the
solvent/antisolvent pair. The ultracentrifuge was set for all
samples to 195500 x g for 120 minutes due to the high vis-
cosity of octanol. The purified SiQDs were stored in 1-propanol
(isopropyl alcohol (IPA)). The remaining SiQDs were kept in
the original liquid (not purified). The purification process was
performed three days after the reaction process, as the macera-
tion of the SiQDs in the reaction mixture in an argon filled vial
under sealed conditions was observed to lead to a better purifi-
cation material yield and better optical properties. The argon
atmosphere and sealed conditions prevent the exposure to air
and humidity, and therefore prevent oxidation.

2.6. Thermal surface modification by dodecyl groups

The glass reaction vial with the reaction mixture (H:SiQDs with
1-dodecene) was placed on a hot plate with an aluminum
heating nest. The temperature was set to 190 °C and the reac-
tion was carried out for 12 hours while stirring. The tempera-
ture of the samples was monitored using an FLIR camera
(FLIR E4). After the reaction, the samples were purified using
two centrifugation/precipitation cycles in an ethanol/hexane
solvent/antisolvent pair in a 3: 1 ratio. The used centrifuge was
a Beckman Coulter Optima Max-XP with a TLA-110 fixed-angle
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rotor equipped with 3.2 ml open-top thick-wall polypropylene
centrifuge tubes. The centrifugation parameters varied based
on the SiQD size from 48900 x g for 35 min for the largest
SiQDs to 195500 x g for 45 min for the smallest SiQDs. The
purified samples with dodecyl capping (dodecyl:SiQDs) were
then dispersed and kept in toluene. The purification process
was done three days after the reaction process, the same as in
the case of the PILR samples, as the maceration of the SiQDs
in the reactant mixture was observed to lead to a higher
material yield of the purification and better optical properties.
The maceration process was done in the sealed reaction vial
filled with argon without the extraction of the dispersion of
SiQDs in 1-dodecene to prevent air and humidity contact with
the dispersion.

2.7. Etching of SiQDs

For etching of the synthesized SiQDs, 2.5 mg of the dry SiQD
powder was mixed with 1 ml of ethanol. 5 ml of HF was added
and the mixture was stirred for 45 minutes under standard lab-
oratory conditions. Then SiQDs were extracted into toluene.
Specifically, 4 ml of toluene were added and the mixture was
vigorously stirred for 5 minutes. After another 5 minutes
without stirring, the ethanol and water-based phases separated
with SiQDs dispersed in the toluene phase. The toluene phase
was collected.

2.8. Structural and chemical characterization of SiQDs

A Nicolet (Thermo Scientific) iS50 FTIR spectrometer was used
for the infrared absorption analysis of the surfaces. The acqui-
sitions were carried out using the attenuated total reflectance
(ATR) diamond crystal. The collection conditions were set for
256 scans with 2 cm™" resolution. The OMNIC software was
used for data recording, baseline subtraction and signal
processing.

The sizes and their distributions of the SiQDs were deter-
mined using XRD and high-resolution transmission
microscopy (HRTEM). The used HRTEM is a JEOL 2200 FS
using a ZrO/W FEG operated at 200 kV. The data from the
HRTEM were analysed manually using the Image] software (we
verified that the extracted histograms are independent of the
person carrying out the analysis). X-ray diffraction (XRD)
experiments were conducted using a SmartLab X-ray diffract-
ometer (Rigaku, Japan) equipped with a 9 kW rotating Cu

This journal is © The Royal Society of Chemistry 2025
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anode, Johansson monochromator (producing monochro-
matic radiation with wavelength 1 = 1.5406 A), and 5° Soller
slits to eliminate axial divergence in both primary and diffr-
acted beams. The diffracted intensity was measured using a
2D hybrid pixel, single photon counting HyPix 3000 detector.
The measurements were performed in a para-focusing Bragg—
Brentano geometry with constant irradiated area mode, cover-
ing the 20 range of 15°-150° with a step size of A20 = 0.05°
and a scan speed of 2° min~'. The XRD data were analyzed
using the whole powder pattern fitting technique (Rietveld
method) to derive structural parameters such as crystallite
sizes, lattice strain, and lattice defects of the nanocrystalline Si
phase. The computer program MStruct®' was employed for the
fitting. The size distribution of coherently diffracting domains
(crystallite modeled using the lognormal
distribution.

size) was

2.9. Characterization of dispersions

The dispersion was characterized using the Zetasizer Nano ZS
(Malvern Panalytical) dynamic light scattering (DLS) apparatus
equipped with a helium-neon laser (633 nm). The scattering
angle of 173° was used. The colloidal SiQDs were filtered using
450 nm PTFE syringe filters (diameter 25 mm, FiltraTECH)
and pipetted into a quartz cuvette for colloids in toluene or a
disposable polystyrene cuvette for other solvents. Every colloid
was analysed 3 times for 50 runs (duration of one run: 10 s).
The refractive index of SiQDs (3.50), toluene (1.496), ethanol
(1.360), octan-1-ol (1.427) and propan-2-ol (1.390) and the vis-
cosity for the solvents were used (0.56 mPa s (298.15 K),
1.1 mPa s (298.15 K), 7.36 mPa s (293.15 K), and 2.32 mPa s
(298.15 K)). The number-weighted sizes were acquired using
the fitting of the autocorrelation function by the in-built soft-
ware running in the size measuring option.

2.10. Optical characterization

Steady-state photoluminescence (PL) spectroscopy was carried
out using non-commercial systems operated in a 90° geometry
with the SiQD colloids in the liquid form in a quartz cuvette.
As an excitation source a continuous laser beam at 325 nm
with a power of 2.3 mW of a He-Cd laser system (KIMMON IK
series) was used. The optical signal from the sample was
coupled into UV optical fibers connected to the spectrograph
Shamrock 300i (Andor, Oxford Instruments) equipped with
the EMCCD camera Newton 971 (Andor, Oxford Instruments).
The collection conditions were 200 accumulations with a 0.2 s
acquisition time. To prevent the reabsorption, the colloids
were diluted to 40% transmission. All presented spectra are
corrected for the spectral response of the whole system (correc-
tion based on the Ocean Optics HL3 Plus calibration lamp).
QY measurements were carried out using the absolute
method on a non-commercial setup, based on the Energetiq
Laser Driven Light Source EQ99-X as the excitation light source
and a Thorlabs IS200-4 integrating sphere. The white light
excitation was fed through an MSH 150 monochromator to set
the excitation wavelength and then it was coupled to the
Thorlabs M28L01 optical fiber (a diameter of 400 pm, 0.39 N.
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A.) using a pair of planoconvex lenses. The chosen excitation
wavelength was 400 nm. For the QY measurements of the col-
loids, a micro-cuvette (Hellma Micro-cuvette 111.057-QS, 5 x
5 mm) with a round Teflon stopper was used. The collected
signal was coupled by an optical fiber into the monochromator
and detector (Shamrock 300 and a Newton 971 EM-CCD
camera). The detailed acquisition protocol has been published
elsewhere.®

The photoluminescence dynamics was measured using the
Hamamatsu C10627 streak camera (reaching a temporal
resolution of 15 ps) coupled with an imaging spectrometer.
The SiQD colloids were excited using a femtosecond laser
PHAROS (150 fs pulses, Light Conversion) coupled with a har-
monics generator HiRO (Light Conversion, excitation wave-
length 343 nm, and repetition rate 1 kHz). The optical signal
was collected at a 90° angle. All the optical measurements
were performed under room temperature conditions. The
spectra were corrected for the spectral sensitivity of the whole
setup.

The measured lifetimes were analyzed using a home-built
Matlab code.®® Typically, the decays were well-described by a

p
t
stretched-exponential curve® I(¢; 1) = I;(A) exp{ - <m> (1) },

7sg being the stretched-exponential lifetime and f the stretched-
exponential parameter. The corresponding average lifetimes r were
then calculated as®

r@/p)

t(A) = S Tse(4), (1)

r/pA)
where I() stands for the gamma function. The integrated life-
times from Table 2 were calculated by integrating the tem-
porally resolved PL signal over photon energies and fitting the
resulting PL decay curve in the same way as above.

3. Results and discussion

3.1. Plasma-driven SiQDs

3.1.1. Nonthermal plasma synthesis. SiQDs were syn-
thesized in non-commercial flow-through apparatus in non-
thermal plasma based on protocols introduced by Kortshagen
et al.®* In our apparatus, Fig. 1A, we introduce a tapered mid-
section into the reaction glass tube, with planar electrodes
placed in the tapered part. The tapered part ensures a higher
density of the plasma discharge, locally increasing the energy
density to ensure faster crystallization. Moreover, our system is
equipped with a non-commercial 3D printed flow box (Synth-
Box) filled with inert gas (nitrogen 5.0 or argon 4.7) to ensure
the collection of the synthesized sample with minimal
exposure to air-originating contaminants such as oxygen and
water. The 3D printed design of the flow box is advantageous
due to its modifiable design, compact dimensions, low manu-
facturing and operational costs, and easy maintenance and
implementation, making it a good alternative to conventional
gloveboxes.
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Table 2 Optical properties of the PILR-modified SiQDs. Blue shift and PL enhancement accompanying the modification and the g parameters of
the stretch-exponential fit from Fig. S7B, C and S6 are listed, together with the dark-to-bright ratios and the lifetime of the spectrally integrated PL.
Simply the stretched-exponential lifetime zsg is shown, for the average lifetime 7, see Table S3

Label Surface type (solvent) PL blue shift (eV) PL rel. enh. B Dark-to-bright QDS (Ngark/Noright) 7gg Of int. PL (ps)
L-SiQDs  Dodecyl (in TOL) 0.07 22.5 0.6 9.4:1 34.4+0.8
Octoxy (in OCT) 0.16 18.9 0.7-0.8 4.5:1 43+1
Ethoxy (in EtOH) 0.12 3.4 0.65-0.75 49:1 48.1 £ 0.7
M-SiQDs  Dodecyl (in TOL) 0.17 6.4 0.8 4.2:1 56 +1
Octoxy (in OCT) 0.13 12.5 0.7-0.8 5.9:1 30.3 +0.7
Ethoxy (in EtOH) 0.10 5.8 0.7-0.8 6.9:1 30.9+0.5
5-8iQDs  Dodecyl (in TOL) 0.13 7.2 0.7 18:1 20.6 + 0.4
Octoxy (in OCT) 0.29 1.8 0.75 27:1 30.3 +0.7
Ethoxy (in EtOH) 0.11 2.5 0.65-085  <30:1 30.9+0.5
A B

[ :4_4 Ar, SiH,, H,

Tapered glass
tube reactor

—

RF source

Planar
electrodes

Extraction gas

Pump
el L (NyAn)
%E? Synth-Box

Synth-Box gas
(N2)

Il

:

DC High Voltage

Source )

PILR-Box Ballast

Impedance

Ignited
Plasma
Discharge

Two needle §

electrodes

Fig. 1 All-plasma SiQDs: (A) simplified scheme of the synthesis procedure: the gas precursors (silane, hydrogen and argon) were flown into the
glass tube reactor, where SiQDs were formed using an RF-powered plasma discharge. SiQDs were collected on a glass substrate and extracted into
solvents in a custom-designed nitrogen flow box. (B) Simplified scheme of the PILR procedure; using a high-voltage DC source, ballast impedance
and a custom 3D printed argon flow box. (C) Photographs of the working PILR system with two needle electrodes (one submerged, point-to-plane

design) and burning discharge in a glass reactor.

Moreover, we optimized our system and synthesis protocols
for material yield. The conversion rate of SiH, in the reactor
reaches more than 75% based on the ratio of total weights of
the precursor gases to collected SiQDs, leading to an overall
yield of more than 60 mg per hour. To avoid overheating, in a
high-material-yield synthesis, the generation of nanoparticles
(plasma discharge ON) step is alternated with a cooling step
(plasma discharge OFF) in a 3:1 duration ratio. The sequence
can be repeated to achieve an overall process time of up to
60 minutes. With the decrease in the diameter of the syn-
thesized SiQDs, the material yield decreases and the duration
of one sequence is reduced to 5 minutes, to ensure the syn-
thesis of SiQDs without surface burning or any other damage.

3.1.2. Size tuning. In our synthesis protocols, we intro-
duced extensive size tuning, which is later reflected in the
shifts of the maxima of the photoluminescence wavelength
(see section 3.4 thereafter). The size of the synthesized nano-

27324 | Nanoscale, 2025,17, 27319-27336

particles can be tuned by the composition of the precursor gas
mixture, flow rate and residence time,*®°° see Table 1, in a
wide size range between approximately 6 and 2.45 nm. Four
samples, denoted as EL-, L-, M- and S-SiQDs with decreasing
size, were prepared for this study.

The general model for the growth of Si nanoparticles in
non-thermal plasma involves three stages of nucleation, coagu-
lation and surface growth while maintaining sufficiently ener-
getic conditions in the plasma to ensure crystallization."” In
our protocols, while keeping the power setting constant to
ensure high crystalline quality, the size of the produced QDs is
primarily tuned by adding H, to the synthesis gas mixture.
The increased overall flow decreases the residence time for the
nanoparticles to form. At the same time, it introduces an
etching-like mechanism® to the surface-growth phase of the
nanoparticle formation, effectively competing or interfering
with the growth in size. Consequently, the SiQDs synthesized

This journal is © The Royal Society of Chemistry 2025
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with an additional H, flow have a different chemical compo-
sition of terminating surface hydrides and different surface
facets, as shown in our previous work.?!

Plasma conditions for the smallest S-SiQDs are the most
difficult to fine-tune as the right balance between conditions
energetically ensuring crystallization, a sufficiently short resi-
dence time and chemical processes during the synthesis need
to be reached. The S-SiQD sample was optimized for reason-
able optical performance, which is typically poor in very small
SiQDs. Even though the small size was primarily reached by
the same mechanisms as for the larger QDs, i.e. by using the
highest H, flow rate, in this sample, half of the flow of the 1%
SiH, mixture was replaced with pure Ar. This setting slightly
increased the amount of energy-supplying argon in the syn-
thesis gas at the expense of silicon available for nanoparticle
formation. Potentially, such fine-tuning might also influence
the coagulation phase during the formation of nanoparticles
and act as a selection mechanism for sufficiently crystalline
small SiQDs. Therefore, by increasing the H, flow
accompanied by potential fine-tuning of the synthesis gas
composition, we can obtain a broad range of core sizes
(2.45-6 nm), while keeping a reasonable degree of crystallinity
(see section 3.3.2 thereafter) and optical performance (see
section 3.4 thereafter) even for the smallest QDs. However, size
tuning also influences the material yield, which is ~3x lower
for the S-SiQD than for the L-SiQD sample.

3.1.3. Plasma-induced in-liquid surface modification.
Plasma synthesis produces hydride-terminated SiQDs (H:
SiQDs), which are unstable in air. The most common surface-
modification procedure for SiQDs to ensure stability, dispersi-
bility and photoluminescence is hydrosilylation. Here, we
introduce plasma induced in-liquid reactions (PILRs) as an
alternative approach. PILRs have so far been only scarcely
studied and are therefore much less understood, but they
have the potential to (i) broaden the range of available
ligands, which are limited by the requirement of the
initial double bond in the case of hydrosilylation, and (ii) sig-
nificantly shorten the reaction times. During a PILR treatment,
the nature of the generated reactive species to be attached to
the surface depends significantly on the surrounding atmo-
sphere,"”” which interacts with and thus influences the
treating liquid even more than in the conventional hydrosilyl-
ation. Therefore, unlike in previous studies,*>**™*° we carry out
the PILR modifications under a controlled atmosphere. This
technical modification ensures better repeatability and the
possibility of using less polar liquids as the source of
reactants.

Therefore, our setup consisted of a minimalistically
designed 3D printed protection reactor box with a screw-
attached and sealed lid (PILR-Box), see Fig. 1B. The box con-
tained one 5 ml reactor and was flushed throughout the entire
reaction process with Ar gas. The as-synthesized SiQDs were
collected in a Synth-Box attached to the synthesis system,
placed in a 20 ml glass vial filled with an argon-purged reac-
tant liquid and a Teflon cap was screwed on the top of the vial.
Then, the dispersion in the glass vial was taken out of the

This journal is © The Royal Society of Chemistry 2025
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Synth-Box and 3 ml of the dispersion were pipetted into a 5 ml
glass reactor placed in the PILR-Box. The PILR-Box was sealed,
with the electrodes in place in the glass reactor, and flushed
with argon (flow: 1 1 min™"). After the flushing cycle, the
plasma discharged was ignited, see Fig. 1C. The overall reac-
tion process time for all ligands was 35 minutes. Next, the
PILR-Box was flushed with argon, unsealed and the dispersion
of the modified SiQDs was extracted. The after-reaction disper-
sions for M- and L-SiQDs in reactants are shown in Fig. S1A
and S1B, respectively.

We tested a set of liquids to cover the interval from polar to
non-polar molecules to achieve dispersions in different
environments, in particular ethanol (EtOH), acetic acid, octan-
1-ol (OCT), the toluene-phenol mixture and 1-dodecene. The
molecules were also chosen to be conductive, so the plasma
discharge can burn towards them. While PILR modification
occurred in all the liquids, the best results ensuring surface
stabilization and photoluminescence were achieved using
EtOH and OCT as a reactant and therefore, these two types,
labeled as etoxy:SiQDs and octoxy:SiQDs, will be discussed in
more detail. The summary of the influence of other passivants
is provided in Table S1.

In short, acetate derived from acetic acid was tested as a
highly polar ligand. Significant PL enhancement (14x) was
achieved, but the extraction from the reactant turned out to be
difficult. As for the toluene/phenol mixture, where toluene was
used to dissolve solid phenol, a non-polar environment and
aromatic termination were targeted. However, the PILR treat-
ment of this mixture was problematic due to low conductivity
resulting from the non-polar nature and led to a mere 1.5x PL
enhancement. Actually, a larger PL enhancement was achieved
when the SiQDs were solely left to macerate in the mixture.
Also, the purification process was problematic due to the solid
state form of phenol. Lastly, non-polar 1-dodecene was also
used as a PILR reactant. In this way, a moderate 2x PL
enhancement was achieved. Once again, the PILR procedure
was complicated by the instability of the discharge because the
non-conductive nature of 1-dodecene and PILR-treated
dodecyl:SiQDs exhibited similar PL properties as H:SiQDs
simply left to macerate in 1-dodecene. In this regard, the con-
ventional hydrosilylation (see section 3.2) was clearly superior.
Therefore, our experiments demonstrate that the PILR pro-
cedure is not ideal for non-polar ligands. However, as non-
polar termination is easily achievable through well-established
hydrosilylation techniques, PILR can serve as an important
additional tool to cover the spectrum of more polar ligands, if
the protocols are further developed into a more matured state.

As a sidenote, when the octan-1-ol (OCT) liquid was used as
the reactant, the sample needed to be purified for the FTIR
analysis, which would otherwise be complicated in a low vola-
tile liquid. The purification process was carried out via one
centrifugation/precipitation cycle in a propan-2-ol/acetonitrile
solvent/antisolvent pair with propan-2-ol (IPA) as a final
(storage) solvent. IPA was chosen as the storage solvent due to
its mildly polar nature; however, the modified octoxy:SiQDs do
not disperse in IPA ideally.

Nanoscale, 2025,17, 27319-27336 | 27325
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3.2. Thermal hydrosilylation

To serve as a reference, conventional thermal hydrosilylation
with dodecyl groups (dodecyl:SiQDs) was carried out for all
sizes of SiQDs in this study. Notably, in contrast to synthetic
approaches involving HF etching,>®” in NTP synthesis the
QDs are produced in the form of dry powder which needs to
be mixed with the reactant liquid. With the aim of keeping the
procedure as simple as possible, we chose the thermally-
initiated hydrosilylation over the radically- and photochemi-
cally-initiated hydrosilylation, due to its versatility to all SiQD
sizes and lower sensitivity to air and humidity. Moreover, we
tested the effect of short exposure to normal atmosphere on
the outcome of the hydrosilylation-based modification. The
simplicity of the process involved only the storage of the
reagents over molecular sieves and purging of the reaction
vials and liquids with argon prior to the introduction of
SiQDs.

Therefore, we compared two approaches, namely SiQDs
transferred to liquid-containing vials in the protected atmo-
sphere in Synth-Box (‘inert atmosphere synthesis’ or IAS, see
section 2.3) with those undergoing a short air exposure of
approx. 30-90 seconds necessary for the dry powder to be dis-
persed in the reactant liquid outside of the Synth-Box (‘air
exposure synthesis’ or AES, see section 2.4). The hydrosilyl-
ation reaction was than performed under standard laboratory
conditions without any additional atmosphere control equip-
ment (see section 2.3) in contrast to the traditionally employed
Schlenk line-based systems."®*°

Even naked-eye observation of the dispersion of modified
SiQDs revealed notable differences between the two
approaches. Whereas the IAS approach led to transparent
orange-yellow dispersions, see Fig. S1A for the corresponding
photos, the dispersions of AES-modified SiQDs were much
more opalescent (for photos, see Fig. S1A), implying that non-
negligible oxidation-induced agglomeration occurred despite
the short air exposure.

Thus, we put forward a slightly simplified version of
thermal hydrosilylation carried out in an argon-filled closed
container using pure 1-dodecene purged with argon as the
reactant, without the freeze-pump-thaw degassing cycles or
any other protective-atmosphere equipment (inert atmosphere,
Schlenk lines) or purification processes while reaching reason-
able optical performance (see section 3.4 thereafter). As a con-
trast to this simplification step, we show that even a very short-
term exposure of the dry SiQD powder to air and humidity
needs to be avoided if hydrosilylation is to proceed successfully
and a protective-atmosphere Synth-Box filled with non-dried
5.0 purity nitrogen is a necessary minimal requirement for the
collection of the sample.

3.3. Structural and chemical characterization

3.3.1. HRTEM analysis. HRTEM measurements were per-
formed as a primary probe to the size of the synthesized QDs,
using purified dodecyl:SiQDs to ensure dispersibility critical
for HRTEM imaging.®® Bright-field TEM images were acquired
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for all sizes of dodecyl:SiQDs from Table 1, see Fig. 2A for a
representative example and Fig. S3 for other measurements.
These HRTEM images were used to determine the histograms
of sizes with mean values ranging from 2.4 to 6.3 nm and
FWHM/2 of ~10-15%, see Fig. 2B. Due to their high symmetry
along the mean value, the histograms of L-, M- and S-dodecyl:
SiQDs were fitted with one Gaussian curve. In contrast, the dis-
tribution of EL-dodecyl:SiQDs seems bimodal and was thus
fitted with two Gaussian bands. The ratio of integrated areas
of these two bands is 3 : 1 in favor of the larger SiQD size.

The presence of a symmetrical distribution of sizes is an
atypical, although possible,®® feature, because sizes of nano-
particles often exhibit asymmetry with a larger-size tail, com-
monly approximated by a log-normal distribution.®®
Potentially, the symmetrical size distribution can be tied to the
extremely short times needed for particle formation (residence
times 10-30 ms) and the suppression of agglomeration of the
forming QDs due to negative charging in the plasma.®*
Another notable feature here is the bimodal distribution of the
largest SiQDs synthesized without an additional H, flow. This
qualitative difference between the largest SiQDs and the
smaller ones suggests that the additional H, flow might in fact
promote the coagulation of the forming QDs, consequently
yielding a single-size distribution. Lastly, we want to highlight
the wide range of sizes accessible with our protocols. The
smallest S-SiQDs are among the smallest SiQDs fabricated by
the LP-NTP.>'>?°

For the purposes of the comparison with XRD (see section
3.3.2 thereafter), where the change of the underlying shape of
the size distribution for the analysis is non-trivial, the
HRTEM-derived size histograms were refitted with a lognormal
distribution, see Fig. S4 and Table S2. The Gaussian fit gives a
consistently higher R?, implying a better agreement with the
fitted data, and therefore, the size distribution of the studied
samples is represented by these Gaussian fits in the following
text. However, realistically, the difference between the
Gaussian and lognormal distributions both in terms of the
shape and the determined values is marginal. Therefore, the
parameters of the HRTEM distributions can be directly com-
pared with the XRD-derived ones.

3.3.2. Xray diffraction. The as-synthesized SiQDs with
minimized air exposure underwent X-ray diffraction (XRD)
measurements to characterize their crystalline quality and
sizes as displayed in Fig. 2C. Based on the analysis using the
MStruct package’® assuming a lognormal crystallite size distri-
bution, the samples contain a nanocrystalline silicon phase
(space group Fd3m, no. 227). Additionally, a fraction of an
amorphous phase (or disorganized atoms) is also present, as
indicated by the broad peak between the diffraction angles of
15-40°. The refined, number-weighted crystallite size distri-
butions are shown in Fig. 2D, their mean values and lattice
constants are listed in Table 1. Lattice strain increases with
decreasing crystallite sizes, accompanied by an increase in
stacking faults. Across all samples, the lattice parameter is
slightly smaller than the tabulated value for bulk Si. The differ-
ence ranges between 0.04 and 0.09%, getting closer to the bulk

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 SiQDs' size and structure: (A) a representative example of a bright-field HRTEM image of L-dodecyl:SiQDs produced using the non-thermal
plasma system for the synthesis and the IAS hydrosilylation approach. (B) Histograms of sizes of dodecyl-terminated samples from Table 1 derived
from HRTEM images. (C) Measured (open circles), calculated (solid lines) and difference (yellow line at the bottom) X-ray diffraction patterns of the
studied samples. For the quantification of the size and lattice constant, see Table 1. (D) Lognormal fit of the diameter distribution acquired from XRD
measurements for the studied SiQDs. (E) Comparison of the difference of SiQDs’ mean sizes derived from XRD and HRTEM measurements, compari-

son with the dependency observed by Thiessen, A. et al.®® is included.

value for smaller QDs. As XRD probes a macroscopic amount
of QDs, the perfect agreement between the measured diffracto-
gram and the fit shown in Fig. 2C implies that the XRD-
derived size distribution in Fig. 2D represents the volumetri-
cally dominant fraction, and no significantly larger nano-
particles are present.

Sometimes, the Scherrer formula is used to determine the
mean size®® instead of the whole powder pattern fitting
(WPPF) method applied here. In general, in nanocrystalline
materials, WPPF is more reliable for crystallite size determination
than the Scherrer method because it accounts for the full com-
plexity of peak broadening effects. The Scherrer method, while
simple, assumes that broadening arises solely from the small
crystallite size and typically uses a single peak, ignoring contri-
butions from microstrain and peak asymmetry, all of which are
significant in nanomaterials. In contrast, WPPF fits the entire
diffraction pattern using a physically meaningful model that sim-
ultaneously considers size, strain, and instrumental effects across
multiple peaks. This holistic approach provides a more accurate
and representative measurement of crystallite size in nanocrystal-
line materials, where line broadening is often substantial and
affected by several overlapping factors. A comparison of the appli-
cation of WPFF and the Scherrer formula to our samples is
shown in Table S2, where the Scherrer formula systematically
yields somewhat larger sizes, however, the difference is not sig-
nificant in our case, usually around 10%. This relatively small
difference is caused by the well-defined size distribution in our
samples; a potential presence of, e.g., larger particles resulting in
a bimodal distribution would lead to a more significant disagree-
ment between the WPPF- and Scherrer-derived size distributions.

To further confirm the crystalline quality of the produced
SiQDs, we tested if they can withstand HF etching in ethanoic,
~40% HF (see section 2.7). The procedure was carried out in

This journal is © The Royal Society of Chemistry 2025

both freshly synthesized H-terminated and slightly pre-oxi-
dized SiQDs. After 45 minutes of etching, a highly murky dis-
persion of toluene-dispersed SiQDs was collected for all the
produced sizes of QDs. An exception was the pre-oxidized
S-SiQD sample, which dissolved in the etching mixture and
the QDs were retrieved. The dissolution of this sample was
most likely due to very small size exacerbated by the oxidation
(freshly synthesized S-SiQDs withstood the procedure). This re-
sistance to HF confirms the high crystalline quality of the pro-
duced SiQDs.

3.3.3. HRTEM vs. XRD. The XRD-derived size distributions
systematically yield smaller mean sizes. In general, a difference
in the two techniques is to be expected, as XRD probes only
the coherently diffracting domains, whereas HRTEM provides
a more direct measurement of the QD’s outer dimensions.””
This difference is often attributed to an “amorphous” or “dis-
ordered” surface layer or shell.®*®” In our study, though, the
surface layer is significantly thinner, see Fig. 2E, and its rela-
tive thickness decreases with decreasing size. The thinner
surface layer in our samples might suggest QDs of higher
structural quality, even though such a comparison is poten-
tially sensitive to the detail of the applied XRD analysis. Also,
at least the EL- and L-SiQDs investigated here were shown to
support surface faceting.*' Thus, we do not attribute the differ-
ence between XRD- and HRTEM-derived sizes simply to an
“amorphous” surface layer, but to a surface layer with a lower
degree of crystalline order as the structural ordering in QDs
can be expected to change gradually rather than switching
between two states defined for a macroscopic crystal (crystal-
line vs. amorphous).”*

The comparison of HRTEM- and XRD-derived size distri-
butions then gives evidence of much more pronounced asym-
metry and larger width detected by XRD (approx. 10 and 30%
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with respect to the mean size for the HRTEM and XRD,
respectively). In principle, the differences between the shapes
of the XRD- and HRTEM-derived size distributions could be
connected to the size-dependent shape thickness as plotted in
Fig. 2E, but the corresponding discussion is beyond the scope
of this article.

3.3.4. FTIR analysis. FTIR spectroscopy was carried out to
analyze the chemical composition of the attached ligands.
These measurements were performed for all sizes with the
same result; therefore, we present one representative spectrum
of one SiQD size.

Hydrogen-terminated and oxidized SiQDs reference. In the
FTIR spectra of the as-synthesized H:SiQDs, see Fig. 3A, the
typical broad SiH, (x = 1, 2, and 3) stretching vibration appears
with three well-resolved main bands located at 2085, 2105 and
2140 cm™, assigned to the SiH;, SiH, and SiH stretching
modes,*"””>7> respectively. These bands are accompanied by
weaker ones in the same region corresponding to SiH and
SiH, stretching (see Fig. 3A). Moreover, the well-resolved bands
in the 600 to 700 cm ™" region correspond to the deformation
and wagging vibration of SiH,.>"””®”” The two strong peaks at
905 and 857 cm ™" are also typical of the plasma-synthesized H:
SiQDs.*" The weak round broad signal with a maximum”®®® at
1080 cm™" can be attributed to the stretching of the Si-O-Si
bridge, implying weak oxidation of the surface caused by the
exposure to atmospheric oxygen during the FTIR measure-
ment. As a reference, an air-oxidized O:SiQD sample is also
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included (Fig. 3A). The O:SiQD sample exhibits a fully oxidized
surface, with a missing signal in the SiH, stretching region at
2000-2200 cm™* as well as the missing SiH, deformation
vibrations in the 600 to 700 cm™" region. The fully oxidized
surface is characterized by the broad band in the interval from
1200 to 900 em™' corresponding to the Si-O-Si stretching
vibrations,®" with a maximum at 1050 and a shoulder at
1160 cm™".7%7%°

Hydrosilylated SiQDs. In the FTIR spectra of dodecyl:SiQDs
after both AES and IAS hydrosilylation with 1-dodecene, the
SiH, stretching vibrations were no longer detected, implying
that the hydrides on the surface were substituted with organic
ligands. The presence of the long alkyl chains was evidenced
by the vibrational signals from the CH, groups, represented by
the asymmetric and symmetric CH, stretching vibrations®* at
2920 and 2850 cm™', respectively, as well as by the defor-
mation at 1440 cm™" and the rocking vibration at 720 em™.
The terminal CH; presented as symmetric and asymmetric
valence stretching vibrations at 2960 and 2865 c¢cm™',*>%%
accompanied by the degenerated deformation mode at
1460 cm™ ' and the symmetric umbrella deformation of the
terminal CH; at 1375 cm™'. The symmetric and asymmetric
stretching vibrations were present as shoulders to the CH,
stretching vibrations due to the ratio of 1 to 11 of CH; to CH,
groups in the chain. The successful bonding of the 12C alkyl
chain to the SiQDs’ surface was evidenced by the absence of
the asymmetric vibration of the non-attached 1-dodecene
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Fig. 3 Modified SiQD surface: (A) comparison of the SiQDs’ surfaces of the as-synthesized, naturally oxidized and dodecyl:SiQDs prepared by both
the inert atmosphere synthesis (/AS) and air exposure synthesis (AES) approaches (see section 3.2 for details). (B) Comparison of the SiQDs’ surfaces
modified by conventional hydrosilylation (dodecyl:SiQDs), the PILR method using the ethanol (ethoxy:SiQDs) and octanol liquids (octoxy:SiQDs).
The detailed area from 1400 to 600 cm™ was expanded for an easier comparison with the FTIR spectra of Si: H and Si: O (color corresponds to (A)).
(C) DLS measurements of dodecyl:SiQDs from Table 1, including the comparison of the ILS and AES methods for the M sized sample. (D) Schematic
illustration of the dodecyl bonding to the SiQDs’ surface (see eqn (2)). (E) DLS measurements of M-dodecyl:SiQDs, M-etoxy:SiQDs and M-octoxy:
SiQDs showing the dispersibility potential of selected surface terminations.
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terminal CH, group on a double bond at 3080 cm™" and the
stretching of the C=C bond at 1675 cm™, see the corres-
ponding dodecyl:SiQDs IAS spectrum (Fig. 3A).

FTIR spectroscopy also revealed subtle differences between
the AES and IES protocols (section 3.2), see again Fig. 3A. First,
the AES approach led to a slightly more intensive signal from
the Si~O-Si vibration (around 1070 cm™"), implying a more oxi-
dized surface. Although the oxidation level in the AES- and IAS-
hydrosilylated SiQDs was, according to the FTIR spectra, min-
uscule, it was sufficient to induce interparticle aggregation, in
agreement with the less transparent and more opalescent
liquid obtained by the AES hydrosilylation process. The second
difference was represented by the two weak peaks at 3080 cm ™
and 1675 cm™" in the dodecyl:SiQDs (AES) samples, originat-
ing from the asymmetric vibration of the terminal CH, group
on a double bond and the stretching of the C=C bond,
respectively. We tentatively attribute these peaks to a dodecene
capsule around the agglomerates of QDs in the AES samples.
This could imply that the thermal hydrosilylation using the
AES procedure was carried out partially, due to the oxidized
surface, resulting in aggregation and a smaller number of reac-
tive sites.

Octoxy-modified SiQDs. The PILR-modified octoxy:SiQDs
underwent FTIR analysis after purification and redispersion in
IPA, see Fig. 3B. In octoxy:SiQDs, the absence of the
2000-2200 cm™" SiH, (x = 1, 2, 3) stretching vibrations con-
firmed that all the surface SiH, reacted. The dry surface of the
octoxy:SiQDs is terminated with the long alkoxy chains rep-
resented by the strong signal at 2920 and 2850 cm™" from CH,
vibrations, accompanied by a weaker signal at 2960 and
2860 cm™" from the terminal CH; groups.®” The relatively high
intensity of the FTIR bands of the internal carbons in the
alkoxy chain is due to the length of the carbon chain, being
comparable to the corresponding signal in hydrosilylated
dodecyl:SiQDs. The bonding of the octoxy (alkoxy) group
occurs via an Si-O-C bridge and typically manifests from 1060
to 1160 cm~'. Unfortunately, in this region, the Si-O-Si
vibrations are also present,*’ complicating the analysis. A shift
of the 1060 to 1160 cm™* FTIR band in octoxy:SiQDs when
compared to a reference sample of fully oxidized SiQDs likely
indicates bonding to a lighter atom and thus the Si-O-C
bridge. The lack of any alcohol-related signal indicates that the
purification process was successful and confirms that the
detected alkoxy chains are indeed attached to SiQDs through
Si-O-C bridges, as supported by the signal in the
1200-950 cm ™" range.®*® The 1200-950 cm™" spectral region
is likely a mixture of Si-O-Si and Si-O-C bridge vibrations,
indicating partial oxidation and thus a mixed octoxy-termi-
nated and oxidized surface of octoxy:SiQDs.

Ethoxy-modified SiQDs. The PILR-modified etoxy:SiQDs were
characterized in the original solvent. Again, the absence of the
2000-2200 cm™* SiH, (x =1, 2, and 3) stretching vibrations in
the etoxy:SiQD spectra confirmed that all the surface SiH,
reacted, see Fig. 3B. Furthermore, the weak signal at 2920 and
2850 cm ™" originating from the symmetrical and asymmetrical
vibrations of the CH, and CH; groups, together with a weak

1
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signal at 13807 from the terminal CH; group, can be attribu-
ted to alkoxy chains. Similar to octoxy:SiQDs, the bonding of
the ethoxy (alkoxy) group occurs via an Si-O-C bridge as is
indicated by the slight shift of the 1060 to 1160 cm™' FTIR
band. However, when compared to octoxy:SiQDs, the contri-
bution of surface oxide is higher, as the 1060-1160 cm™" band
in etoxy:SiQDs has a shape typical of surface oxide on SiQDs.
Additionally, a weak signal at 1720 cm™" from the stretching
vibration of C=0 in combination with a broad signal at 3250
and around 1340 cm™" from CO-O- groups can be attributed
to acetic acid, which can be produced in the interaction of
plasma with EtOH.**® The weak signal from 3400 to
3100 cm™" from the O-H stretching is assigned to the residues
of the acetic acid and not evaporated ethanol. Therefore, the
PILR-modified etoxy:SiQDs are terminated with a mixture of
Si-O-C-bonded ethoxy group, surface oxide and acetate
groups.

3.3.5. DLS analysis and discussion of size distributions. In
contrast to HRTEM, DLS measurements (represented by
number weighted distribution), if carried out diligently,®®
provide ensemble-averaged information inspecting a very large
number of nanoparticles. Our DLS measurements (Fig. 3C)
show that the hydrodynamical diameter (dp;s) obtained by
DLS is larger than the HRTEM derived size. The larger dps is
caused by the surface bonding of the ligands undetectable
with HRTEM, which form a solvation shell around the QD in
the liquid. The size of the solvation shell in general depends
on many parameters, most notably on the chain length and
structure of the surface ligand. Therefore, by comparing
HRTEM- and DLS-derived sizes, we can obtain a quantitative
estimation of the thickness of the ligand shell. The analysis we
provide here aims to characterize potential ligand polymeriz-
ation and inter-particle agglomeration.*®*”:®® Quantitatively
speaking, the very simple analysis we put forward is inevitably
linked to a margin of error as it does not explicitly account for
solvent-particle interactions or a potential formation of irre-
versible aggregates due to incomplete surface functionalization
and subsequent partial oxidation. However, our quantitative
estimates explicitly take into account this margin of error by
providing a range of values. Moreover, our conclusions are not
solely based on the simple quantitative estimate, but are
drawn based on a discussion taking into account both the
shapes of the HRTEM- and DLS-derived size distributions and
the polarity of the solvent, which is closely linked to the sol-
vation shell thickness.®® Consequently, our conclusions regard-
ing the degree of oligomerization and agglomeration are valid
despite the simplifications assumed in our quantitative
analysis.

Hydrosilylated SiQDs. Hydrophobic ligands in non-polar sol-
vents, such as dodecyl groups in toluene, tend to be fully
extended,® therefore, we can simply assume the geometrically
derived ligand chain length in our analysis. The overall
bonded length for the termination with a single layer of fully
extended dodecyl groups on each side of the QD is around
1.5 nm. Due to the thermal mechanism of the hydrosilylation
process, oligomerization of the ligand can occur.*®®”% The
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mechanism of oligomerization is based on branching of the
first bonded dodecyl group due to the formation of a radical
after the opening of the terminal double bond on 1-dodecene
and the subsequent bonding onto the SiQD surface.
Oligomerization can then gradually proceed on the 4™, 6™, 8™
and 10™ carbon on the dodecyl ligand. On the 12 C, the
second layer of the dodecyl ligand can be attached.’®®” The
branching process can be stopped by a silyl radical,®® there-
fore, branching can reach various degrees even in one QD. The
existence of the branching process also implies that a solvation
shell with a size non-multiple of the alkyl chain length is fully
feasible. The schematic illustration of the interpretation of the
branching and further layer bonding is presented in Fig. 3D.
Therefore, dprs for dodecyl:SiQDs can be determined as

dDLS - n(dDLS-min + leigandN + lC—C—CM)7 (2)

where dprs.min Stands for a minimal DLS-derived size and
lLigana denotes the chain length of the attached terminating
group (1.5 nm for the dodecyl groups). N is included to
describe a higher degree of oligomerization (N = 0 for a mono-
layer coverage). The I ¢ M factor addresses potential branch-
ing without a priori assuming two-sided symmetry, which
elongates the attached alkyl by M times the length of two
carbon bonds (I/c_c-¢ = 0.25 nm). Lastly, dprs can be influenced
by potential agglomeration involving n QDs. The minimal size
dprs-min Of @ monolayer covered QD with fully extended ligands
can then be written as

dDLS-min =d + 2lligand~ (3)

where d stands for the diameter of the QD core.

Eqn (2) and (3) help us interpret the results of the DLS
measurements in Fig. 3C. Starting with the IAS samples, which
exhibit better dispersibility, the S- and M-dodecyl:SiQDs
narrow DLS-derived size distributions peak at around 9 and

12 nm, respectively. Taking into account the corresponding
S—dodecyl

minimal hydrodynamical diameters (dpq .. = 5.5 nm,
a4 = 7.0 nm), we expect monodispersion (n = 1) with a

low degree of oligomerization and branching(n=1,N=1, M =
2-6). The maximum size distribution of L-dodecyl:SiQDs at
around 19 nm (d5,2°%" = 8.5 nm) could imply agglomeration

(n = 2). However, the lack of a tail in the size distribution

towards ds, 229 rather signifies a higher degree of oligomeri-
zation (n = 1, N = 4). The EL-dodecyl:SiQDs (dbhr %% =

9.3 nm) then exhibit a bimodal size distribution with maxima
at 25 and 127 nm, respectively. In line with the reasoning
offered for the L-dodecyl:SiQD sample, we interpret the first
peak as monodisperse QDs with oligomerized and likely
branched surface ligands (n = 1, N % 10, M > 0). The second
broader peak can then be attributed to agglomeration (n =
15-20), possibly induced by the bimodal distribution of the
QDs before hydrosilylation (see Fig. 3C). This interpretation
tentatively implies that the less reactive surface® of the larger
QDs leads to a higher degree of oligomerization. This trend is
to be expected, because a lower number of reactive sites pro-
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motes reactivity on the chains. Notably, solely based on DLS,
the potential aggregation due to improperly passivated par-
tially oxidized surface cannot be ruled out, but we do not
expect aggregation to be dominant in this case due to the
small oxide-related signal observed in FTIR (Fig. 3A).

To study the difference between the two approaches to
hydrosilylation (see section 3.2), DLS measurements of AES- and
IAS-modified M-dodecyl:SiQDs are compared in Fig. 3C. The AES
hydrosilylation with short air exposure leads to a broader size
distribution with a maximum at around 35 nm. Thus, even the
minuscule difference in surface oxidation detected by FTIR in
the AES procedures (see Fig. 3A) increases the QDs’ tendency to
oxidize and form larger aggregates with partially oxidized oligo-
merized surface ligands (n = 3-12, N up to 7), as confirmed by
the increased oxide-related FTIR signal in Fig. 3A.

PILR-modified SiQDs. Fig. 3E presents the comparison of the
dprs of M-octoxy:SiQDs and M-etoxy:SiQDs compared to the
hydrosilylated M-dodecyl:SiQDs, acquired using DLS. In this
case, oligomerization or branching is not expected (N = M = 0),
therefore, a simple estimate based on the DLS data can be

made directly using eqn (3) with lfltgha‘ilxg =0.45 nm and [0 =
1.2 nm. However, since polar solvents promote stronger
solvent—nanoparticle interactions, somewhat longer-range
solvent restructuring can be expected than in non-polar sol-
vents where the interaction with the hydrophobic surface
groups is weaker. On the other hand, the degree of extension
of the ligand groups clearly depends on the interplay between
the polarity of the environment and the hydrophobicity/hydro-
philicity of the ligands.

For M-etoxy:SiQDs, we obtained a narrow size distribution
with a maximum at 7 nm compared to dprsmin = 4.9 nm.
However, in this case, due to the extremely short length of the
terminating groups, solvent restructuring and thus the thick-
ness of the solvation shell detected by DLS are expected to
exceed the simple chain length,’® and therefore, a 1.5 nm sol-
vation shell thickness derived from the difference of the
HRTEM- and DLS-derived mean sizes is fully consistent with a
monodispersion of ethoxy:SiQDs. For M-octoxy:SiQDs, we
obtained a narrow size distribution, a maximum close to
M-dodecyl:SiQDs at 15 nm (day 0¥ iQPs
unless oligomerization occurs also in octoxy groups, M-octoxy:
SiQDs form clusters or partially functionalized aggregates of
2-3 QDs after surface modification. In contrast, after purifi-
cation and redispersion in IPA, the size distribution maximum
at 52 nm points towards a higher degree of aggregation. For
other sizes of the SiQDs (L- and S-), we found a similar behav-
ior in the case of the octoxy terminated surface, leading to a
narrow dispersion in the interval from 12 to 15 nm for the
octoxy:SiQDs in OCT, see Fig. S5. This implies that the S- and
L-octoxy:SiQDs formed agglomerates or aggregates of 4 or 2
QDs, respectively. For octoxy:SiQDs in IPA, high tendency
towards aggregation was detected with distributions for L- and
S$-SiQDs around 100 nm. Similarly, etoxy:SiQDs were more
aggregated for the L- and S-sizes with DLS dispersion maxima
of 110 and 55 nm (~20 QDs), respectively.

= 6.4 nm). Therefore,

This journal is © The Royal Society of Chemistry 2025
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3.4. Optical properties

3.4.1. Steady-state photoluminescence and quantum
yields. The H:SiQDs synthesized in our non-thermal plasma
setup exhibit detectable luminescence even in the as-syn-
thesized form, likely due to a degree of oxidation occurring
before the PL measurement. With the surface termination, the
PL properties are enhanced and a blue-shift of its maxima was
reported, as shown in Fig. 4, where octoxy:SiQDs, ethoxy:SiQDs
and hydrosilylated dodecyl:SiQDs are compared using M-SiQD
sizes. In M-dodecyl:SiQDs, an immediate 6 times increase of
the PL intensity followed by a slower further increase to
around 9 times the original value was observed after the
dodecyl surface termination (the intensities are comparable as
the measurements were carried out using the same con-
ditions), see Fig. S6. This increase was accompanied by a
100 nm blue shift, resulting in brightly red luminescent SiQDs
with long-term stability, see Fig. 4C. An analogical, albeit
slower trend was observed in octoxy:SiQDs, see Fig. 4A, where
a blue-shift of ca. 90 nm was accompanied by a PL intensity
increase of about 10x. As a reference, M-SiQDs dispersed in
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OCT without any plasma treatment were also studied, see
Fig. 4A, with detectable, but much lower PL intensity increase,
confirming the decisive influence of the plasma treatment on
a successful surface modification. A similar temporal evolution
of PL occurred in ethoxy:SiQDs with a lower PL enhancement.
Therefore, in all cases, we obtained surface-modified SiQDs
with comparable PL spectra, see Fig. 4B, and high optical
quality, see Fig. 4C. The PL properties of all the different sizes
are compared in Table 2.

To quantitatively compare the optical properties, photo-
luminescence quantum yield (QY) measurements were carried
out,®® see Fig. 5A. The $-SiQD samples have the lowest PLQY
overall, but the values are very similar for all the surface modi-
fications (~5%). The QYs of the M and L-SiQD samples vary
between 10 and 20%, with the highest QY for the M sample
achieved with dodecyl termination (20%), and the highest QY
for the L sample achieved with octoxy termination (18%).
However, the purification and IPA redispersion of octoxy:
SiQDs systematically lower the QY. The QY values of the etoxy:
SiQDs are consistently lower despite low agglomeration, the
best QY is observed with the ethoxy surface ligand in M-etoxy:

A B C
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Fig. 4 Optical properties of the PILR-modified SiQDs: (A) long-term evolution of the PL properties of M-octoxy:SiQDs and (B) a comparison of the
PILR-OCT processed SiQDs with those simply dispersed in OCT. (C) Comparison of the PL spectra of M-dodecyl:SiQDs, M-etoxy:SiQDs and
M-octoxy:SiQDs accompanied by photos of PL of selected M-SiQDs (cw excitation at 325 nm).

A B C
33F N dodecy!:Si (in TOL) dodecyl:SiQDs octoxy:SiQDs
- i ® inTOL, p=0.75 v . in OCT, g=0.75
o (in OCT) 3 P in IPA, $=0.7-0.8
27F (in IPA) - Pil'\ulkm min‘% 71‘7(v M e inTOL, p=0.75 - ot P - IEES, P01
Si ifetime: ~ 114.7 s ) _ 4 inOCT, p=0.75
24 I etoxy:Si (in EtOH) 2 L & InTOL, p=075 = M o iniPA, p=0.7.08
$ 100} $ 100} L in OCT, 5
£ £ in IPA, 3=0.7-0.8
= =
& &
[ ]
o o
g “Wavetangih (3w s
> | —— Radiative lifetimes > | —— Radiative lifetimes
< 10 66% prediction bands < 10 66% prediction bands
pRoman | . . A L e . A . .
Small Medium Large 1.4 1.6 1.8 2.0 2.2 24 1.4 1.6 1.8 2.0 2.2 24

SiQD size

Photon energy (eV)

Photon energy (eV)

Fig. 5 Photoluminescence properties of the studied SiQDs. (A) Measured photoluminescence quantum yield for different sample sizes and types of
surface modifications. (B and C) Average photoluminescence lifetimes (data points) deduced from single stretched-exponential fits are compared
with the values of fully radiative lifetimes®® (black curves and gray bordered area) in SiQDs for the dodecyl (B) and octoxy (C) surface modification
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that one data point refers to the average lifetime for the selected wavelength.
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SiQDs (12%). The overall trend of QY values peaking for SiQD
samples emitting at around 850 nm is analogous to other
publications.”*™*

3.4.2. Photoluminescence dynamics and dark QDs.
Further insight into the photoluminescence properties of the
studied SiQDs can be gained by characterizing their PL decays.
Unlike in other studies, our dedicated analysis®*®* allows us to
quantify the emission-wavelength-resolved radiative lifetimes,
a fundamental optical characteristic of an emitting sample.
(Please note that radiative lifetimes are sometimes reported
incorrectly®*®* using an assumption that all the QDs in the
studied ensemble have the same QY.°°) In contrast to our
approach, many studies lack the spectral resolution or report
solely the fitted lifetime values without the necessary
analysis,”>*' which is crucial if a physically meaningful
interpretation is to be obtained because of the strong depen-
dence of PL lifetimes on the emission photon energy in
SiQDs.®® Moreover, when the ensemble QY is taken into
account, we can also calculate the fraction of dark QDs, which
are almost never reported. For a comparison of the difference
in the parameters obtained from spectrally resolved and spec-
trally integrated PL, as well as the difference between the types
of lifetimes used for the analysis, see Table 2 and Fig. 5B, C.

To carry out the analysis, a set of emission-photon-wave-
length dependent PL decays was collected for each sample and
these decays were subsequently characterized®® using the
corresponding average lifetimes 7 (see eqn (1) in section 2.10),
which allow for a meaningful comparison among independent
measurements.®°

In dodecyl:SiQDs, the PL decays were well-characterized
using a single stretched-exponential curve (see section 2.10).
As follows from the reasoning explained in ref. 60, the
obtained average photoluminescence lifetimes in dodecyl:
SiQDs are very close to the fully radiative values, see Fig. 5B,

implying that the emitting dodecyl:SiQDs have internal QY®°

724N close to 1. The emitting subset of SiQDs will be referred

to as “bright”. The decrease of the measured ensemble-aver-
aged QY 7 from the ideal 100% values as seen in Fig. 5A is
then caused by the presence of non-emitting, or “dark” QDs,

Ndark

whose fraction D = can be easily estimated as®°

bright

m—=n
D pat (4)

The estimated ratios of dark-to-bright dodecyl:SiQDs,
ranging between 4 and 20: 1, are listed in Table 2.

In octoxy:SiQDs, PL decays differed for samples prior to
and after the purification procedure. The PL decays of octoxy:
SiQDs stored in octanol were practically identical to those of
dodecyl:SiQDs, including the fully radiative values and the
consequent close-to-unity #;. In contrast, the PL decays of puri-
fied octoxy:SiQDs in isopropanol consist of two components,
as a much faster, resolution-limited component appeared in
addition to the traditional long-lived one, see Fig. S7C. The
average lifetimes 7 calculated solely for the long-lived com-
ponent (Fig. 5C) again well correspond to the fully radiative
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values, with the exception of purified L-octoxy:SiQDs, where
the measured 7 is systematically shorter. Based on the method-
ology introduced in ref. 60 (see eqn (7) therein), we can easily
calculate, using the data from Fig. 5C, the scaling factor C of
the experimental average lifetimes 7“°" SIS o the ideal
fully radiative ones r,,q as C = XSS/ = (0.866 +
0.006). This scaling factor immediately yields the estimated
internal QY of 5r SIS - ¢ & 0.85. Thus, unlike the
remaining samples, the purified L-octoxy:SiQDs emitting the
long-lived PL are not ideally bright with a clear presence of a
long-lived non-radiative channel.

Moreover, in addition to the long-lived PL channel, all the
purified octoxy:SiQD samples exhibit an additional faster com-
ponent with only a weak emission-photon-energy dependence,
see Fig. S7D. The most straightforward interpretation of this
faster component is emission strongly damped by relatively
fast non-radiative processes, resulting in the weak emission-
photon-energy dependence. Therefore, this component can be
tentatively ascribed to “gray” QDs, most likely originating from
the agglomeration of QDs observed in IPA. The complex
makeup of these samples, containing “bright”, “gray” and
“dark” sub-populations of QDs, prevents us from applying the
simple methodology®® for the estimation of the ratios of the
individual sub-populations. Nevertheless, the proposed
interpretation is fully consistent with the trends observed in
the measured ensemble-averaged QY values in Fig. 5A, where
(i) a ~2x decrease in QY is observed between non-purified and
purified samples, due to the presence of “gray” QDs in the
latter, and (ii) an additional QY decrease is detected between
the purified M- and L-octoxy:SiQDs as a result of the long-lived
non-radiative channel in the L sample. This can be correlated
with the higher degree of agglomeration for the L-octoxy:SiQDs
in IPA, ca. 100 nm (see Fig. S5) and a lower degree of agglom-
eration in M-octoxy:SiQDs in IPA (ca. 52 nm, see Fig. 2D).

Additionally a fast yellow PL component appears in octoxy:
SiQDs, especially in the M-octoxy:SiQD sample, see Fig. S8A.
We note that this component persists in the sample even after
the centrifugation-based purification procedure. We verified
that it is not present in the reference sample of plasma-
initiated octanol without SiQDs, see Fig. S8B. Without an in-
depth discussion, we hypothesize that the PILR treatment of
octanol-dispersed SiQDs might produce luminescent carbon
dots, which are known to arise from a solvothermal
treatment.>>°°

The PL decays of the ethoxy:SiQDs were then similar to the
purified octoxy:SiQDs in IPA, being a combination of a resolu-
tion-limited single exponential corresponding to “gray” SiQDs
and a long-lived stretched-exponential function with measured
lifetimes well matching the fully radiative ones, representing
bright SiQDs (see Fig. S9). The contribution of “gray” SiQDs is
pronounced in S-ethoxy:SiQDs and relatively marginal in M-
and L-ethoxy:SiQDs, see Fig. S10. Because of the marginal con-
tribution of the “gray” QDs, we believe that the calculation of
the ratio of dark SiQDs using eqn (4) is still a very reasonable
estimate for both the M- and L-ethoxy:SiQDs, see Table 2,
while for S-etoxy:SiQDs, it can serve only as an upper limit.

This journal is © The Royal Society of Chemistry 2025
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Overall, our results confirm that the main radiative pathway
in carbon-linked hydrosilylated and alkoxylated SiQDs is
mostly the same, including the same radiative lifetimes of the
recombination process. The same conclusion of mostly similar
excited state dynamics in these two systems has recently been
published elsewhere including extensive transient-absorption
data.>® Consequently, the main difference seems to lie in dark
QDs, which makes them an important problem to focus on.

Dark SiQDs have so far been systematically studied only in
oxide-passivated matrix-embedded samples,”>®” where the
application of the Purcell effect to directly determine the
internal quantum yield is possible.®”®® Limpens et al®’
deduced the fraction of dark QDs D using an approach similar
to ours, in particular from a comparison of literature-based
radiative rates with measured lifetimes. Their relatively crude
analysis of PL decays disregarding the clearly present faster
initial term very likely contributes to a larger margin of error,
but their deduced D values are close to ours, ranging between
5 and 2.2 before and after a passivation treatment for samples
nominally closest to our M-SiQDs. Valenta et al®® directly
measured the internal quantum yield using the Purcell effect
and their reported emission-wavelength-resolved D’s range
between 0.25 and 20 with the lowest values at an emission
wavelength of around 860 nm and a systematic rise towards
shorter emission wavelengths. Thus, the dark-to-bright QD
ratio D in their samples is smaller than in the ones studied
here, but at a cost of producing their SiQDs by fabricating a
complex multilayer structure by a two-step annealing process.

Our optical studies allow us to directly compare the ratio of
dark-to-bright QDs and the number of QDs in agglomerates
and, in this way, to assess the influence of agglomeration on
QY, see Fig. 6. The trend of PL quenching with increasing
agglomeration independent of size or type of surface passiva-
tion is clearly observable. Monodispersed SiQDs showed the
lowest number of dark QDs, reaching the maximal QY for our

Qv O 0o
60 |- 3.0 L M S
o 35
7.2 L-etoxy:SiQDs
] 11.0 \'
O 45} 14.0 .
£ | —
S 20.0 2
S 30f . °
.9 s. SiQD:
1 -etoxy:SiQDs
‘E 15 @ . > 5-SiaDs
Q A D) Y\ M i
S o) Mono SiQDs
(.‘ d T Qv (&: 19)I% 1 1 1

2 4 6 8 10 12 14 16 18 20
Number of QDs in agglomerates

Fig. 6 Schematic summary of the dependency of the dark-to-bright
QD ratio on the agglomeration of SiQDs. Strong agglomeration-induced
quenching occurs in L- and M-SiQDs. A weaker trend is observed for
S-SiQDs (2.4 nm) due to their size and the initially higher number of
dark QDs.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

samples. Agglomeration-induced PL quenching is further sup-
ported by the difference between IAS and AES hydrosilylation
approaches, where in the AES-modified SiQDs the agglomera-
tion was higher, and their PL performance was worse. The
same phenomenon was also encountered in octoxy:SiQDs.
After redispersion in IPA, the agglomeration was higher and
the PLQY was significantly lower. As for the smallest S-SiQDs,
they also showed a similar trend of PL quenching with higher
agglomeration, with a somewhat weaker dependency of the
dark QD ratio on the agglomeration, but with consistently the
worst PL performance (the best QY for the monoQDs around
5%). The trend of lower QY at the smallest SiQD sizes agrees
with previous observations.*®*”

However, even without agglomeration, we are currently
unable to reach QYs higher than 20% using both hydrosilyl-
ation and PILR, implying that an additional effect is the limit-
ing factor here. Therefore, to reach higher PL QYs and lower
the number of dark SiQDs, two approaches are possible: (i)
tuning the as-synthesized surface with respect to our previous
work® and (ii) selecting the right ligand and termination
method for the given surface and size of the QDs.

4. Conclusion

In this article, we focus on the synthesis and surface modifi-
cation of luminescent SiQDs. Using synthesis in non-thermal
plasma, we are able to quickly synthesize crystalline SiQDs of
desired sizes ranging from 6 down to 2.4 nm, which represents
one of the smallest sizes reported for plasma synthesis, with a
narrow and symmetric size distribution and reactive surface.
In the synthesis step, we employ a home-built 3D printed flow-
box for sample extraction, which simplifies future develop-
ment of the apparatus and combines versatility and scalability
while keeping the costs low. Subsequently, we also simplified
the surface modification process by omitting the freeze-
pump-thaw cycles in the conventional thermal hydrosilylation
with 1-dodecene and by advancing the scalable and cheap
plasma-induced in-liquid reactions (PILRs) for organic
capping ligands of different lengths and polarities. The PILR-
modified SiQDs are mainly characterized by a mixed capping
of oxide and the semi-polar octoxy- and polar ethoxy-groups,
respectively. Both hydrosilylated and PILR-modified SiQDs
were brightly luminescent (PLQY reaching up to 20%) with
comparable optical performance. Both methods also report
good dispersibility, achieving monodispersed SiQDs in specific
environments. Detailed discussion of the determination of the
distribution of sizes including the difference between the
XRD- and HRTEM-derived sizes and the oligomerization of
surface ligands and agglomeration is provided. Using a dedi-
cated optical characterization method, we show that we can
produce ideally bright SiQDs with close-to-unity internal QY,
implying that dark QDs, present in the range of 4:1-30:1
with respect to the bright QDs, cause the measured lower-
than-unity external QYs. By comparing the fundamental
sample properties of the number of dark QDs with the
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number of QDs in an agglomerate, we observe a clear corre-
lation between agglomeration and PL quenching via dark QDs.
Thus, our study provides essential guidelines regarding the
synthesis, surface modification, and optical and dispersive
properties of SiQDs. Our results are of particular importance
for developing up-scalable and non-demanding synthesis and
surface modification processes for future optical and opto-
electronic applications, as well as for understanding the funda-
mental properties of SiQDs and their colloidal dispersions.
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