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Silicon quantum dots (SiQDs) are of great interest because they are believed to be harmless to living
organisms, mainly due to their low toxicity. They have great potential for various applications such as in
optoelectronics, photonics, and photodynamic therapy. As the Si core is susceptible to oxidation, efforts
are needed to protect the core or to passivate it. This passivation/functionalization is aimed at both
the protection of the core and the enhancement of the light emission. The importance of surface
modification of SiQDs concerning the effect of quantum confinement and ligand type on their
photoluminescence quantum yield is discussed in this review. Different functionalization reactions are
described along with the precursors used. Among these are hydrosilylation reactions between the silicon
core and the carbon of alkyl ligands and chromophoric ligands. Alkyl ligands protect the silicon core and
provide chemical and light stability to the silicon. Ligands containing chromophoric groups also play a
role in increasing the absorption of light, which in turn can increase the emission of PL light. These
chromophoric ligands can also be used for optoelectronic, photonic, energy conversion, and biological
purposes to enhance photophysical properties through energy transfer mechanisms. The energy transfer
between the SiQDs and the ligands allows the triplet—triplet annihilation to enhance the emission and
the generation of singlet oxygen. Finally, a brief description is given of the opportunities that SiQDs can
offer and the progress made in recent years in the potential applications of SiQDs. They can be used as
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bioimaging, luminescent solar concentrators, LEDs, and

A. Introduction

The functionalization of silicon quantum dots (SiQDs) signifi-
cantly improves their resulting physical and chemical
properties.’” The synthesis of SiQDs begins with the formation
of hydrogen-terminated SiQDs (H-SiQDs), which is a metastable
state before passivation with more inert species such as alkyl,
amine, carboxyl, et cetera. It is well known that H-SiQDs are
highly susceptible to oxidation that destroys their ability to
emit light, as the band gap of silicon dioxide (SiO,) is much
more extensive than SiQDs functionalized with, e.g., alkyl
groups.”” When H-SiQDs undergo oxidation, the emission
properties of SiQDs will slowly blue shift along with the
formation of a SiO, layer - as a QDs envelope - continues to
expand inward until the SiQDs lose their emission intensity,
and the emission ultimately vanishes.® Finally, the SiQDs
experience instability as the reaction with oxygen makes the
core size smaller due to the formation of the SiO, layer on the
surface. It is eventually followed by a significant reduction of
the core size, resulting in particles losing their ability to emit
light - due to the formation of a trap state at the boundary of
the Si-core and SiO, layers. Experimental data shows that the
light intensity generated fades over time until it disappears
thoroughly after a few hours or days of storage.’

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

(@) FT-IR spectra of prolonged exposure of hydrogen functionalized SiQDs in the air. Adapted with permission from ref. 10. Copyright (2023)

American Physical Society. (b) PL-Emission of long-time exposure H-SiQDs in the air, in the inset: PL-shift. Adapted with permission from ref. 12.
Copyright (2014) John Wiley and Sons. (c) PLQY vs. PL-spectra maximum fresh and an aged sample of allyl phenyl sulphide-SiNCs. Adapted with
permission from ref. 12. Copyright (2014) John Wiley and Sons, and (d) cartoon representation of SiO, shell formation after oxidation, Adapted with

permission from ref. 10. Copyright (2023) American Physical Society.

The FT-IR data in Fig. 1a shows that the vibrational bands at v:
950-1250 cm ™" and 2250 em™ ' - the characteristic vibrational
peaks for Si-O stretching — gradually increased when H-SiQDs were
kept under room/air atmosphere. Simultaneously the enhance-
ment in these vibrational peaks is followed by the fading of the
SiH, vibration peaks at 0: 2100 cm ™. So it is reasonable to suggest
that the formation of Si-OH, Si-O-Si, and Si=—O0 occurs to replace
hydrogen in Si-H, (at the surface of SiQDs). Fig. 1b depicts the
emission quenching due to oxidation. Freshly hydrogen-
terminated SiQDs perform high photoluminescence (PL) and
gradually fade due to oxidation. The insert in Fig. 1b shows the
normalized PL spectrum blue shift due to oxidation.'*"*

In Fig. 1c, the Photoluminescence Quantum Yields (PLQY)
of the six samples in the allylsulfide-SiQDs ensembles show
emission quenching after prolonged storage in an ambient
atmosphere.'> PLQY measurements for each ensemble were
measured at maximum PL. After aging, each ensemble shows a
similar trend, i.e., blue-shift and quenching. This tendency is
well described in the cartoon representations in Fig. 1d.
Hydrogen-terminated SiQDs react with oxygen and water vapor
in the air to form Si-O bonds (e.g., SiO,).

Furthermore, long-term oxidation makes the core of SiQDs
stiffen due to the formation of a SiO, shell on the outer layer of

© 2023 The Author(s). Published by the Royal Society of Chemistry

the quantum dot. The formation reaction (oxidation) at the
surface results in SiQDs shrinking and the emission blue shift.
The construction of the SiO, shell could explain the gradual
fading of the PL, i.e., the formation of the trapping site.

The SiQDs produce two types of emission depending on
the origin of the emission. The first type is called fast band
(F-band) emission. It is a typical emission that spans around A
250-600 nm. Some authors have reported resulting synthesis
SiQDs that emit blue (e, ~ 450 nm), green (Aey, ~ 530 nm),
and yellow/orange (Aem ~ 580 nm). The resulting emission
does not correspond to quantum confinement theory but the
ligand attached to the synthesized SiQD core. Among these
emission characteristics is that the PL-decay (tp) is so fast, on
the order of nanoseconds instead of micro - to milliseconds as
typical alkyl-SiQD.">**

Fujimoto et al. (2022)" elaborated on the difference between
the F-band and S-band. The authors synthesized three types
of SiQDs based on their emission.’® In short, the emission
produced is in the RGB colors of red (Ze, 670 nm), green
(Zem 530 nm), and blue (e, 400 nm) for the manufacture
of light-emitting displays (LEDs). Alkyl-functionalized SiQDs
(R-SiQDs) perform the red emission (den, 670 nm)—the green
emission (lem 530 nm) served by carbazole-functionalized

Mater. Adv., 2023, 4, 3380-3398 | 3381
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SiQDs (Ca-SiQDs). At the same time, the blue emission
(Aem 400 nm) was performed by siloxane-functionalized SiQDs
(Si-SiQDs). The conventional knowledge in quantum confine-
ment dictates that the emission produced by carbazole-SiQDs
and siloxane-SiQDs should not be green and blue since the
particle sizes are ¢ 6.8 and ¢ 3.0 nm, respectively. However, due
to the influence of the ligand, the emission produced is green
(Zem 530 nm) and blue (Zem 430 nm). PL-decay measurements
show that carbazole and siloxane functionalized SiQDs give a
value of 5 ns independent of particle size as opposed to alkyl-
SiQDs which are highly dependent on particle size. It should be
underlined here that this F-band or fast decay hardly obeys the
quantum confinement but is solely influenced by the nature of
the ligand that binds to the SiQD core."®

In contrast, the second emission type is called the slow band
(S-band). S-Band is typical emission that spans from orange/red
to near-infrared electromagnetic radiation (590-1200 nm). The
name slow is attributed to the PL-decay of the materials.
Instead of the nanoseconds, the PL-emission of the materials
is 10° magnitudes slower than the F-band. In short, materials
belonging to the S-band have PL-decay in the order of micro - to

View Article Online
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the millisecond and are highly dependent on the quantum dot
particle size. Generally, the larger the particle size, the slower
the PL-decay. This S-band emission behavior fully complies
with the rules of quantum confinement theory.

Fig. 2a shows the relationship between the PLQY measure-
ment value of alkyl functionalized SiQDs (R-SiQDs) and the
resulting particle size. PLQY measurements were performed on
particle sizes from ¢ ~ 1-10 nm."*'® The alkyls used by the
authors essentially have carbon chains length ranging from six
(C6), eight (C8), ten (C10), twelve (C12), fourteen (C14), and
sixteen (16). There is no separation for each alkyl based on
chain length in the graph. The synthesis methods used in
the charting are also diverse, such as plasma synthesis,”**°
Tilley method with silicon-rich precursors,>”"*® disproportiona-
tion reactions of silicon-rich precursors (e.g., SiO, HSQ, and
TES)» 111213172970 followed by chemical etching, electro-
chemical synthesis, electrodeposition, chemical vapor deposition,
and physical vapor deposition. Hydrosilylation reactions may vary,
e.g., by thermal reactions in microwave reactors,>>>>%%° organo-
metallic catalysts, and radical initiator reactions.***"*$! It is
worth noting that there are no differentiated R-SiQDs based on

a M Hessel, etal, (2012) Chem Mat. [} Dohnalova, etal (2013)LightSci&App
B Mastronardi, etal. (2012), NanoLett 5 Marinis, et al (2017), AppMat&Int
80 1 Sun, et al, (2014) AdvMat Mangolini, et al(2006)MatResSocSymProc
[] Limpens, et al, (2016)SciRep [Tl Jurgberg, etal, (2006) APL )
.E = E Hori, etal, (2016)NanoLet —{l}- Weissker, et al(2004) PhysRevB
Qh [ Yu, etal, (2017)ACSIPCC 0.1 ~ll-Leung, etal, (1997) PhysRev B
.60 H L Beri, etal, (2018)RSCAdv —- Nicola, et al(1995)PhysRevLet
3 ) a M Sefannaser, etal (2021)AcSJpcc  0.014 ~[- Garcia et al(2003), APL
< = & B W Pringe eta (2020)ACSNano [ Yupet al(2017)ACSIPCC
Py LmD Kusova, etal (2021) ACSIPCC 0.0014 - Beri, et al(2018) RSC Adv
G 40 - B Jakob, etal (2019) ChemEurJ » —B- Mastronardiet al(2012), NanoLett
™ % M Furey, et al(2022), ACS Nano — 1E44 1
' ® [ B Abdelh 3 ot GoTeISaR = - Wen, et al (2015) SciRep
- Jj o0 delhameed, etal (2018)SciRep —J- Sefannaser, et al(2021)ACSJPCC
L = Fujimoto, et al(2022),SusChem&Engqs 1E-5 3
(] —-Pringle, et al(2020)ACSNano
| ] = 3] [ Xu, etal(2022) ACSAppNanoMat
20 B Wu,et al(2015)RSCAY £ 1E6] B Kusoua, etal2021ACSJPCC
[ ] X ™ Botas, et al(2016) OPNanotech "~ - Jakob, et al(2019)ChemEur)
B a M Brown, etal (2016)ACSJPC = 1E71 ~{ |- Abdehameed, et al(2018)SciRep
[ Brown, etal(2017)ACSNano o —B-Fujimoto, et al(2022)ACSSC&E
0 B B8 E ! B E N [ Mazzaro, et al (2019)ACS Photonics 1E-8 ~|~Botas, et al(2016)Nanotech
: T = T T a etal(2015)ACSNano () 11— Brown, et al(2016)ACSJPCC
0 2 4 6 8 10 [J Pevere, etal(2018)ACSPhotonic 1E9 @ 8- Brown, et al(2017)ACSNano
5 Islam, et al(2017)Langmuir —{l}- Sangghaleh, et al(2015)ACS Nano
Diameter (nm) Comol, stai0iBNanaLet 1E-10 . . . . - Pevere, et al2018)ACSPhotonic
van Dam, et al(2018)ACSPhotonic 0 2 4 6 8 10 M- Islam, etal2018)Langmuir

%, % 2,
G % e
17% %, i %, 2 % % % .
&, 9 % %%, 4, Y%, %, %,
R, Ry Ty, By, Ry, e T,
C % % % % % % e o B e e
M Mazzaro, etal (2019)ACSPhotonic
80 M Romano, et al (2020)Nanoscale
B B Sengghaleh, et al(2015)ACSNano
M Romano, et al(2020)Faraday Dis
Py u B Islam, et al(2018)Langmuir
o 60 B Carroll(2018)NanoLett
o~ ] B Mastronardi et al(2014)ACSJPCC
= [ ] B W, et al(2015)RSCAdv
> B Beri, etal(2018)RSCAdv
40 | | I Erobogbo, et al(2008)ACSNano
g 0 [ Dohnalova, et al(2013)LightSci&Ap!
—l 7] = @ L etal(2013)JACS
o EI.I " [ Abdelhameed, et al(2018)SciRep
20 ] -D ] [ Han,et al(2017)AnalChem
] [ Fujimoto,et al(2022)SusChem&Eng
mE B EUDD [J| O Shirahata et al(2022)SciRep
mE OO | O Kusova, et al(2021)ACSJPCC
0 O
&,
0‘37 %‘o /;dyo% % /))%%% % 6%%' % O%
. 2, B, T, Ty R, e Yo %
%% 23 % %, é@o % %, v
I %
%,
= £
Ligands

Fig. 2

—l- Carroll, et al(2018)NanoLet

Diameter (nm) 8 VanDam, et al(2018)ACSPhotonic

o

- M- Mazzaro, et al (2019)ACSPhotonic
~l-Romano, et al (2020)Nanoscale
-l- Sangghaleh, et al(2015)ACSNano
-Hl-Romano, et al(2020)Faraday Dis
~[l- Islam, et al(2018)Langmuir
-[l-Caroll(2018)NanoLett

-l - Mastronardi, et al(2014)ACSJPCC
- M- Beri, et al(2018)RSCAdv

- - Dohnalova, et al(2013)LightSci&Apl
-[-Lj, etal(2013)JACS
~[-Abdelhameed, et al(2018)SciRep

1 ~-[J-Fujimoto,et al(2022)SusChem&Eng

0 2 4 6 8 10
Diameter (nm)

o
o
=

—
m
S~

EDipl—l—l

Decay time, 1 (sec)

(a) The relationship between PLQY and diameter for alkyl-functionalised SiQDs reported by various authors in recent years. It can be seen that

most papers report PLQY for particles between 1-10 nm with distribution patterns mostly concentrated between 2.5-6 nm. The imaginary distribution
curve in the centre of the figure provides insight that most authors are working within this range. (b) The relationship between PL decay and the diameter
of SiQDs reported by the authors in graph (a). It can be seen that the PL decay of alkyl-functionalised SiQDs is size dependence (107° to 107° s). (c) The
relationship between PLQY and ligand for non-alkyl functionalized SiQDs reported by various authors in recent years. As in (a), the particle size is in the

same range but the PLQY value can be very much different depending on

the type of ligand connected to the SiQDs core. Finally (d) is a graph of

the relationship between PL decay and diameter as supporting (c). The PL decay reported by these authors is in the nano second range regardless of

particle size, however there are also reports that it depends on particle size.
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alkyl chain length, precursors, and reaction methods to design
Fig. 2.

The relationship between PLQY and the diameter of alkyl
functionalized SiQDs is shown in Fig. 2a. It can be seen that the
PLQY tends to increase as the particle size increases from ¢
1.0 nm to ¢ 3.0-6.0 nm. It then decreases when the particle size
exceeds ¢ ~ 6.0 nm. In other words, it resembles a bell curve.
The maximum is distributed between ¢ 3.0-6.0 nm. This
phenomenon has been reported before and is in line with the
quantum confinement theory that has been the subject of
many authors.®>”" As reported by many authors,'®?*%7273
the maximum height of PLQY so far is in the 70% range for
alkyl-functionalized SiQDs. For example, recently Sefannaser
et al. (2021)"* reported PLQY is ~70% for dodecane (C12)-
SiQDs colloids dispersion. It was worth noting that although
the colloidal dispersion was encapsulated in the OSTE polymer,
the PLQY of the SiQDs could be maintained.”” Previously,
Pringle et al (2020)'® also reported PLQY ~70% for C12-
SiQDs for ¢ ~ 5 nm particle size.'® Previous reports have also
shown the measured PLQY with a range of >40% for R-SiQDs
having a particle size of ¢ ~ 3-6 nm.”'921,>426:38,44,73,74 hjg
PLQY is very size dependent, as when the particle size is less
than ¢ 2 nm, the measurement value tends to be small due to
strong light absorption at the particle size ¢ < 2 nm. As a
result, the fraction of light emitted divided by the light
absorbed is also tiny (hence, PLQY becomes small).”® On the
other hand, when the particle size is larger than ¢ ~ 6 nm, the
fraction of light emitted is small, so the PLQY also gets
smaller.®*7°

Fig. 2b shows the relationship between PL-decay time and
particle diameter reported by previous authors. Generally, there
is a strong trend between the PL-decay behavior of R-SiQDs and
their core size. For particles ¢ ~ 1 to 2 nm in size, the PL-decay
is in the order of nanoseconds (ns). The smaller the particle,
the faster the PL-decays (i.e.,, only in a few ns). When the
particle size is ¢ ~ 3 to 4 nm, the PL-decay is tens to several
hundred microseconds (us). Then the curve becomes sloping
for particles of ¢ ~ 4 to 10 nm, even for particles ¢ > 7 nm,
data shows that the PL-decay rate is in milliseconds (ms).
PL-Decay data from R-SiQDs is fully in agreement with the
quantum confinement theory. For instance, Pringle et al. (2020)
synthesized different diameter sizes of C12-SiQDs (i.e., ¢ ~ 3 to
~8 nm), and PL-decay measurements gave values from tp;, ~
45 to 200 ps."® Similarly, Sefannaser et al. (2021) also synthe-
sized different sizes of C12-SiQDs (i.e., ¢ ~ 2.8 to 7.0 nm), and
the resulting PL-decay measurements were Tp;, ~ 10 to 120 us.”?
Of the dozens of articles on R-SiQDs that the authors analyzed,
their PL-decay is in the order of (us to ms), and it is worth
noting that almost all of them the quantum confinement
theory.7,19—21,24,26,38,44,73—75

Fig. 2c shows the relationship between the PLQYs as a
function of the type of ligand attached to the SiQDs. Contrary
to our previous discussion, it turns out that the PLQY measure-
ments deviate from quantum confinement theory for the
ligands that are not derived from alkyl groups.’”””®”7® Reports
from various authors”?”?%3375%627479°81 indjcate that the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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attachment of more electronegative ligands causes a shift in
the emission of SiQDs.*” For example, SiQDs attached to
carbazole (Ca) shows a blue emission shift from ., 780 nm
for an average ¢ 3.0 nm diameter of R-SiQDS t0 Amayx
530 nm."® It is noteworthy that this green emission is also
very characteristic, with a PLQY of ~80%, as Li et al. (2013)%*
previously reported.

Interestingly, by pairing different ligands, the emission can
be shifted without changing the diameter of the QDs particles.
Ideally, simply swapping the ligands could produce a full
emission spectrum at the visible range. For example, to fabri-
cate LEDs capable of emitting red, green, and blue light,
Fujimoto et al. (2022)"* performed ligand tuning of ¢ ~ 3 to
6 nm diameter SiQDs. As a result, red emission (Amax 780 nm)
was produced by R-SiQDs, green emission (4max 530 nm) by
Ca-SiQDs, and blue emission (Amax 400 nm) by siloxane SiQDs.
The PL-emission is quite stable with a relatively high PLQY and
does not lose much of its PLQY when encapsulated in a
polymer matrix. As it produces emissions in a wide range of
wavelengths, the resulting PLQY values are pretty variable.
Without considering the position of the PL-emission, the
author’s analysis shows that the resulting PLQY varies from
1% to close to 90%,** depending on the ligand, PL-emission,
and Z-excitation. It should be noted that the attachment of
more electronegative ligands to SiQDs causes energy transfer
and electron transfer to and from SiQDs. This transfer process
can have positive and negative effects on the PLQY, depending
on the direction in which the transfer occurs. There are still
very open possibilities for further research into the photo-
physical properties of ligand tuning on SiQDs.*”"**

Fig. 2d shows the relationship between the PL-emission
decay time as a function of SiQD diameter. A more detailed
analysis of the relationship between PLQY results as a func-
tion of diameter can be seen from the PL-emission decay
time measurement. For the results reported in Fig. 2c, the PL-
emission decay time might be in ps and can fulfill the quantum
confinement rule as written by Romano et al. (2020),”® Mazzaro
et al. (2019),** and Beri et al. (2020).>® In their research, the
authors report the PL-decay in the order of ps and rely heavily
on the quantum confinement rule. It is worth noting that the
ligands attached to SiQDs are alkyl ligands alternating
with electronegative ligands (dyes). It might explain why the
PL-decay is at ps.

In contrast, for SiQDs attached to electronegative ligands
(i.e., carbazole and siloxane), one might study the research
conducted by Fujimoto et al. (2022)."® The measurement results
of PL-decay were in the order of ns (i.e., tp;, 5 ns). The authors
measured for two different particle sizes (¢ 3.0 and 6.0 nm)
and ligands (carbazole and siloxane) and concluded that the
PL-decay of SiQDs binding to carbazole and siloxane ligands
is on the order of ns and does not follow the quantum
confinement rules.

To get a more comprehensive study on how the ligands play
an essential role in the photophysical properties of SiQDs, Beri
et al. (2018)°* conducted a systematic study of the effect of
carbon length in ligands on the photophysical properties of

Mater. Adv,, 2023, 4, 3380-3398 | 3383
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SiQDs and found that the size of the alkyl chain length affects
the PL-emission properties of SiQDs.>® The findings show a
negative trend in the PLQY value against the alkyl chain length.
In short, the longer the alkyl chain, the lower the PLQY
value (Fig. 3a). The authors suspect that the surface coverage
area significantly affects light emission. The conjecture is that
SiQDs with less coverage tend to absorb more water vapor
and oxygen from the environment, so they will be oxidized,
resulting in these SiQDs emitting less intensity than SiQDs with
more coverage. According to the authors,> longer alkyl chains
will find it challenging to find reaction points on the surface of
the QDs due to the head’s low flexibility and the tail’s curling,
which significantly reduces the effectiveness of the reaction.
Thus, according to the authors, instead of bonding in a 1:1
ratio (one alkene head to one Si atom on the surface), the curled
tail will reduce the chance of the alkene head on the long ligand
reacting with the SiQDs core. As a result, this surface is not
covered and will be oxidized. Lifetime measurements and PLQY
measurements during storage support this claim.’® In addition
to improving photoluminescent properties, ligand passivation
has another function to maintain environmental and photo-
stability. The second term is closely related to oxygen, water
(hydrolytic), thermal, and photochemical reactions.>®* Fig. 3b
depicts the long-term stability of difference alkyl-SiQDs in
ambient.

Research conducted by Sieval et al. (2000)*® demonstrated
that monolayer alkyl functionalized SiQDs protect against
oxidation for four months.®® X-ray photoelectron spectroscopy
(XPS) measurements were performed to investigate the for-
mation of SiO, on the surface of alkyl-SiQDs. The results show
that under ambient atmospheric storage conditions, proper
alkyl-functionalized SiQDs showed almost no sign of SiO,
formation. Bhairamadgi et al. (2014)*” conducted a systematic
study on hydrolytic ability (pH resistance) and thermal stability for
monolayer functionalization of alkyl chain ligands with 6 (six)
different sets of functional groups, namely -alkene, -alkynes,
-chloro-silane, -thiol, -amine, and -phosphine (—C-R, C-R, -SiCl;,
-S0;, -NH3, and PO*7) on Si(111) and Si(100) surfaces.®” Hydro-
lytic stability was monitored using a static contact angle and XPS
measurement. Silicon functionalized with an alkene and alkyne
demonstrated good stability against acid (pH = 3.0) and base
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(a) PLQY trends as a function of alkyl chain length. (b) Photophysical stability of alkyl functionalized SiQDs as a function of storage. Adapted with

(pH = 11) for at least 30 days. In addition, thermal stability was
conducted with XPS at elevated temperatures from room tem-
perature (25 °C) up to 600 °C. The result shows that covalent
bonding of alkene and alkyne functionalized Si demonstrated
good stability from room temperature until Si-C bonding was
degraded at 260 °C.*”

Finally, photostability studies of SiQDs after being functio-
nalized with alkyl(dodecyl) were performed by Wu et al. (2015).”
The results showed that PLQY SiQDs degraded by ~20% (from
the initial ~60%) after four hours of illumination using UV
light with a wavelength of 365 nm (power density similar to AM
1.5G of the Sun). It is suspected that the breaking of Si-H
dangling bonds causes the degradation of PLQY due to illumi-
nation. The formation of dangling bonds creates electron traps,
resulting in reduced emission. To prove this hypothesis about
photostability, the author re-functionalized the degraded
SiQDs, and the result was that the photo-degraded PLQY SiQDs
could be fully recovered, which showed that his hypothesis was
proven.”

B. Hydrogen terminated
SiQD synthesis

There are many methods have been developed to produce
hydrogen-terminated SiQDs. It is worth to mentions: silane
gas plasma synthesis (SiH,),>>**?>%%%%  electrochemical
etching,’®°> halosilane reduction reaction,’>** oxide-rich sili-
con thermal synthesis,**> hydrogen silsesquioxane thermal
synthesis,»®111729737:39752.95 tetraethoxysilane (TES) thermal
synthesis, pulsed laser ablation, and recently also the green
synthesis of rice husk thermal pyrolysis.*> In general, the
photoluminescence of the resulting material depends on the
type of synthesis carried out. Because the photoluminescence
properties of the synthesized SiQDs are strongly influenced by
the particle size (that represents the quantum confinement
effect) and the chemical characteristics of the species that cover
its surface. As an illustration for the quantum confinement
effect, SiQD particles with decyl functionalization (C10) with a
particle size of ¢ ~ 3.0 nm will provide PL-max at around Apayx
600 nm, while SiQD particles with the same functionalization

96,97
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and size of ¢ ~ 5.0 nm will provide PL-max at about Amax
800 nm. So it is very noticeable when we tune the particle size from
¢ ~ 2.5 nm to ¢ ~ 15 nm; PL-max is redshift gradually from
/lmax 590 nm to /lmax 1100 nm.4,6,11,12,17,29—37,39—52,56—71,77,95,98—107

Sychugov’s group (2021)°° researched the synthesis of silicon
quantum dots from three kinds of commonly used precursors,
namely: silicon monoxide (SiO), silicon silsesquioxane (HSQ),
and tetraethoxysilane (TES). In terms of cost, HSQ is ranked the
highest because it is produced in limited quantities at a high
price, so commercialization of this material in the future is quite
limited. On the other hand, TES and SiO have competitive prices,
so both precursors will have economic value in the future. The
three precursors technically have almost the same synthesis
treatment, namely heated in an Ar/H; 95%/5% atmosphere at a
relatively high temperature of 600-1200 °C and then chemically
etched with concentrated hydrogen fluoride (48-49% v/v) to
deliberate H-SiQD from SiO,. The synthesis results show that
among the three precursors, SiO shows the worst performance in
terms of the solidity of the results. The particle size interval of
SiQD spans from ¢ ~ 3-6 nm, with a broad distribution, as seen
in the TEM results. The PL-max is Ayq 835 nm, with the PLQY
value of the resulting SiQD also the lowest (~15% in toluene) for
the same treatment. The non-uniformity of the Si/SiO, material
present in the material and the tendency to oxidize, as well as the
instability of the material itself, makes the resulting SiQD tend to
produce non-emissive materials.”®

In comparison, HSQ gives more brilliant results because of
the almost monodisperse particles (¢ 4.0-5.0 nm) with a
relatively narrow distribution. Its PLQY performance is also
very good at 35% in toluene and ~50% when embedded in
the polymer (OSTE) with a PL-max of Ay 810 nm. In the
meantime, the TES precursor gave the best performance, as the
synthesis results showed that alkyl functionalized SiQDs
derived from this TES precursor produced quantum dot parti-
cles that were nearly monodisperse, with a standard distribu-
tion spanned from ¢ 3.5-6.0 nm. The PL-max is A,ax 810 nm
with PLQY values of 40% in toluene and 55% when embedded
in the polymer. The performance shown by TES is remarkable
because, with a retail price of only ~10% of the retail price of
HSQ, it offered an awe-inspiring result, so in the future, TES is a
precursor worth developing.®®®”

C. Hydrosilylation reaction

Surface modification of nanocrystals or QDs has been a key
factor in the development of nanotechnology. Surface modifi-
cation has become possible by covalently attaching functiona-
lized monolayers to silicon surfaces.?® The hydrosilylation
reaction could be tailored to the creation of a functionalized
monolayer. Hydrosilylation is an addition reaction of the
unsaturated chemical group to hydrosilane. The reaction
could be carried out by thermal induction or by the use of
photochemistry. Thermally-induced hydrosilylation is carried
out at elevated temperatures under a controlled atmosphere,
while photochemical hydrosilylation is carried out at low
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heat or UV

Fig. 4 Proposed mechanism of functionalization reaction of SiQDs under
thermal and radical hydrosilylations. Successful hydrosilylation marked
by substitution of hydrogen-terminated SiQDs demonstrated with alkyl-
terminated SiQDs. Adapted with permission from ref. 111. Copyright (1993)
American Chemical Society.

temperatures using high-energy photons."®® Thermally-induced

hydrosilylation requires relatively more energy and time than
photochemical hydrosilylation. It also requires advanced chem-
istry and experienced scientists to carry out the experiments.
To overcome these limitations, a different approach has been
developed. The catalytic hydrosilylation using the metal complex
catalyst and the radical-initiated hydrosilylation using radical
initiators have been developed to reduce energy consumption.'®
Another approach is by using microwave-assisted hydrosilyla-
tion. The microwave-assisted hydrosilylation reaction could be
performed at a higher temperature in the bench-top reactor for
less experienced chemists.>”*'%”'1° Fig, 4 depicts the proposed
hydrosilylation reaction of SiQDs and alkene.

The first work on thermally induced hydrosilylation was
carried out by pyrolysis of diacyl peroxide in the presence of a
hydride-terminated Si film. The introduction of alkene in the
presence of radical diacyl peroxide results in a monolayer of
alkyl-terminated silicon."’" The formation of alkyl radicals
from the homolytic cleavage of diacyl peroxide initiated the
proposed mechanism. The alkyl radical then abstracts H®* from
a surface Si-H group to form a silicon radical. Silyl radicals
react rapidly with the olefins and perform a chain reaction
on the propagation step. The termination step was performed
when carbon-based radicals abstracted a hydrogen atom. The
proposed mechanism of the hydrosilylation reaction of alkyl
functionalized SiQDs by pyrolysis of diacyl peroxide is illu-
strated in Fig. 5.

The hydrosilylation reaction could be tailored endothermi-
cally by thermal decomposition without a diacyl peroxide
initiator at temperatures above 150 °C. At this temperature,
the homolytic cleavage of Si-H proceeds independently accord-
ing to the Si-H — Si* + H® reaction mechanism.""> The silicon
radicals reacting with alkene yields correspond to the mecha-
nism shown in Fig. 6. Based on the thermodynamic calculation,

R R
H H

R H R R
H : H —

Fig. 5 Proposed mechanism of thermal functionalization reaction of alkyl
functionalized SiQDs. Adapted with permission from ref. 112. Copyright
(2002) American Chemical Society.
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Fig. 6 Schematic of (a). 1-Alkene and 1-alkyne hydrosilylation reaction of hydrogen-terminated SiQDs, (b). Radical-based hydrosilylation reaction, and
(c). A fluoride-assisted hydrosilylation reaction mechanism. Adapted with permission from ref. 113. Copyright (2006) American Chemical Society.

the bond formation of Si-H is thermodynamically stable with a
bond energy of 80-90 kcal mol~%; therefore, this reaction will be
prolonged at a temperature of 150 °C.""* However, the functio-
nalization reaction at that temperature is much faster in the
experiment. So, there must be another mechanism driving the
reaction. A study by Coletti et al (2006) proposed a new
mechanism that could explain the high rate of reactions.'*
The idea is that fluoride molecules left over from the etching
step could act as promoters - in reaction, the F~ works to
acidify the silicon by forming intermediates. These inter-
mediates help Si to capture alkene or alkyne molecules. The
reaction mechanism is similar to nucleophilic substitution,
and thermodynamically this reaction can occur at a significant
rate at temperatures below 200 °C.""* The description of the
hydrosilylation reaction is shown schematically in Fig. 6.

The other reaction is called photochemical hydrosilylation.
High thermal exposure should be avoided in certain cases to
maintain the expected results. Photochemical hydrosilylation
was developed to minimize the use of thermal energy. High
energy UV light has been used to induce homolytic cleavage
of the Si-H bond to form a silyl radical and hydrogen radical.
Silyl radicals will react with alkene or alkyne to form alkyl-
functionalized silicon."> The brief mechanism of photochemi-
cal hydrosilylation is shown schematically in Fig. 7.

In addition to thermal efficiency, photochemical hydrosily-
lation is also advantageous for forming monolayer surface
functionalization.>®***' The drawbacks of the photochemical
reaction are the limited number of reagents that can be used
and that the reaction is only effective on SiQDs of ~5 nm or
less.”®

Catalytic hydrosilylation could be performed using metal-
complex catalysts such as platinum (Pt),"** rhodium (Rh),'*?

Fig. 7 Proposed mechanism of photochemical hydrosilylation of alkyl
functionalized SiQDs. Adapted with permission from ref. 112. Copyright
(2002) American Chemical Society.

3386 | Mater. Adv, 2023, 4, 3380-3398

palladium (Pd),"** copper (Cu),"*> boron (B),** phosphor(P),*”
and aluminum (Al).>"**°*'1¢ The main advantage of using
metal-complex catalysts is that they significantly reduce the
temperature reactions. However, the deposit metal complex on
the surface of silicon is the problem so far. The catalyst deposit
tends to reduce luminescent properties because it pronounces
to absorb oxygen.'"?

Organolithium-mediated functionalization reactions are a
type of chemical reaction that has been carried out for a long
time. Since the pioneering work of Wilhelm Schlenk and
Joanna Holtz in 1917, organolithium compounds have made
a significant contribution to the development of chemical
reactions. Nowadays, the widespread use of organo-alkali
metal catalysts makes it possible to carry out functionalization
reactions exclusively with organolithium, sodium, potassium,
rubidium, and cesium. Recent findings show that organo-Na
and organo-K have capabilities that are sometimes even better
than organo-Li. The advantage is that Na and K are much more
abundant and more evenly distributed on the surface of the
earth than Li."

An example of an organolithium-mediated functionalization
reaction on SiQDs is an attachment of hexyl ligands on the
surface of SiQDs cores. Because of its high volatility, hexene
(Ce6) is very difficult to be functionalized to SiQDs by thermal
functionalization. The use of an organolithium-mediated func-
tionalization reaction is a very reasonable choice. Cheong et al.
(2022) used hexyl-Li precursor in the functionalization reaction
to obtain the results, as shown in Fig. 8.°° There is another
method of functionalizing SiQDs called radical-initiated hydro-
silylation. The reaction could be carried out at relatively low
temperatures using materials called radical initiators. Moran &
Carter (2009)''” conducted a functionalization reaction of

M - E
RH’)\RZ R%Rz

R R

R1\’Z\R2 *

Fig. 8 Proposed mechanism of organoalkali metals-mediated functiona-
lization reaction to unsaturated substrates. Adapted with permission from
ref. 1. Copyright (2020) Royal Society of Chemistry.
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hydride-terminated silicon using 2,2’-azobis(2-methylpropio-
nitrile) (AIBN) as a radical precursor. The reactions were
completed after 24 h at 60 °C and 30 min at 90 °C. The graft
polymer layer formed on the surface of the silicon was inves-
tigated using XPS and contact angle measurements. The poly-
mer layer was intended to guarantee surface passivation and
coverage.'"” Later, Yang et al. (2015)°" conducted a systematic
study on the functionalization reaction of hydride-terminated
SiQDs using radical AIBN initiators and benzoyl peroxide
(BP).”* The significant results were that the hydrosilylation
reaction could be performed at a slightly lower temperature
of 60 °C for AIBN and 85 °C for BP. A radical initiator for
different functional groups (i.e., alkene, alkyne, carboxylic acid,
and ester) could be successfully performed, and the resulting
functionalization was monolayer surface passivation.'’*"”®
Meanwhile, Yu et al. (2015)'°” used an undecanoic acid initiator
to produce styrene-functionalized SiQDs.'”” The main advan-
tage of using undecanoic acid is that the reaction could
be tailored at room temperature with promising results.®”
PL-Emission of (undecanoic acid-promoted hydrosilylation)
styrene-functionalized SiQDs was comparable to that of classi-
cal decyl-functionalized SiQDs."®” Fig. 9 depicts the proposed
mechanism of a radical-initiated hydrosilylation reaction.

Beri et al. (2018) conducted alkyl functionalization using
microwave-assisted hydrosilylation. In principle, the reaction is
another type of thermally induced hydrosilylation by molecular
heating stimulation.>® The reactant is irradiated with micro-
wave radiation to stimulate vibration at the molecular level.
Heat is generated by dipolar polarization and ionic conduction,
where the first term is attributed to molecules having dipoles
gradient (permanent or induced dipoles), and the second term
is mainly attributed to charged particles (ions).''®* When a
microwave frequency is applied, the dipoles of the samples
align in the applied field—the oscillation frequency of the
microwave radiation forces the molecule to oscillate to com-
pensate for the applied frequency. Molecular re-alignment
across the applied field creates friction and dielectric loss,
leading to elevated temperature (dielectric heating). The
amount of heat generated by this method depends on the
ability of the molecule to re-align itself against the frequency
of the applied field. If the molecules can re-align faster than the
applied field, no heating occurs.'*® Similarly, ionic particles
oscillate to a microwave frequency. Oscillation causes colli-
sions with neighboring particles and excites a chaotic system
to produce heat.™*°

Boukherroub et al. (2003) described the functionalization
reaction of hydrogen-terminated porous silicon with 1-alkene

o —_— 3
Initiator * =——==2In

2

Bto_ ptes Vit e L

Fig. 9 Proposed mechanism of radical initiated hydrosilylation of alkyl
functionalized SiQDs. Adapted with permission from ref. 51. Copyright
(2013) American Chemical Society.
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Fig. 10 Proposed mechanism of microwave hydrosilylation reaction
of alkyl functionalized SiQDs. Adapted with permission from ref. 120.
Copyright (2003) American Chemical Society.

under microwave irradiation to give monolayer alkyl functiona-
lized porous silicon."”® The reaction rate was increased signifi-
cantly, and the result was monolayer alkyl functionalized of porous
silicon. By using a microwave reactor, there are opportunities to
perform functionalization using a wide range of functional group
materials. The functionalized product was robust, highly stable,
and had higher surface coverage.'*® The proposed mechanism of
the microwave reactor depicts in Fig. 10.

There is a dispute regarding the role of microwave radiation
in hydrosilylation. Some people believe that the increase in
reaction rate is due to a microwave energy stimulating reaction
process, whereas others believe that microwave radiation does
not have any role in the reaction process. The second opinion
argues that the reaction rate increases because it proceeds at a
higher temperature. To study the effect of microwave radiation
on a hydrosilylation reaction, Sun et al. (2013) conducted a
kinetic study to understand the process by comparing the rate
and extent of the reaction.®® Both reactions were tailored in
the same condition except for hydrosilylation methods. One
sample was functionalized using conventional thermal hydro-
silylation, and the other was functionalized using a microwave
reactor. However, the temperature and time were adjusted
similarly at 170 °C for 60 minutes. The extent of the reaction
was monitored by FT-infrared spectroscopy to see the number
of Si-C formations as a function of time. The rate constant for
both hydrosilylation methods was deduced from the quantita-
tive measurement of Si-H replacement during the functionali-
zation of decyl-SiQDs as a function of time relative to the
original Si-H hydrogen-terminated SiQDs. In the result, both
functionalization methods presented relatively similar rate
constants: k = (15 £ 1) x 107> minutes " for conventional
thermal functionalization, and & = (12.3 + 0.6) x 10> minutes '
for microwave reactor. Hence, microwave radiation does not
influence a hydrosilylation reaction.*®

The advantage of microwave hydrosilylation is the homo-
geneity of the internal heat, as the heating caused by molecular
resonance towards microwave frequency intramolecularly, the
heat efficiency is maximum, and heat loss is minimum. This
also results in higher surface coverage of alkyl functionalization
because every single bond is affected by vibrations and tends to
be involved in the reaction. Because some reactions must be
conducted for hours with conventional thermal hydrosilylation,
the period could be compressed into minutes in a microwave
reactor at higher temperatures. The reaction in a microwave
reactor is, therefore, time-efficient.'’®*'° Reactions in the
microwave reactor could proceed above the reactants’ boiling
point under so-called solvothermal conditions, so the reactants’
volatility is not an issue. Likewise, the reaction is easy to handle
because it is performed in the safety-proof bench-top reactor.
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Last but not least, monolayer alkyl functionalized SiQDs can
be achieved by strictly controlling the reaction conditions.
However, the main drawback of using a microwave reactor so
much depends on a relatively expensive instrument. Also,
the reaction was conducted at a slightly higher temperature,
~200-270 °C, and the grafted polymer layer is most likely to
form outside the surface of SiQDs. Multilayer (corona) guaran-
tees the ligand-to-surface ratio but also enhances the hydro-
dynamic ratio of individual SiQDs.

Nevertheless, the hydrosilylation reaction is conducted to
complete the surface modification. The reaction could be per-
formed using thermally induced hydrosilylation, metal-complex
catalysts, and photochemical hydrosilylation. Thermally-induced
hydrosilylation could be performed above 150 °C. However, the
high reaction temperature tends to form multilayer passivation
that negatively impacts photophysics. Therefore, some meth-
ods have been developed to lower the reaction temperature,
including metal-complex catalysts or introducing initiators.
Some metal ion complexes have been used as a catalyst
and initiators, but the deposit of metal ions on the surface of
SiQDs could create another problem. Hence, radical initiators,
e.g., AIBN, AIBCN, BP, and undecanoic acid, have been devel-
oped as promising candidates for (room-temperature) thermal-
initiated hydrosilylation.

D. Synthesis of dye-functionalized
SiQDs

Chromophore-assisted photoluminescent SiQDs

One of the simple chromophores functionalized SiQDs is
styrene terminated SiQDs, synthesized by Yu & Korgel (2015).""
The synthesis started from the annealing of silicon-rich oxide,
HSQ (Fox-16 from Dow Corning), under an inert atmosphere and
then followed by wet chemical etching using hydrogen fluoride
and hydrochloric acid to form hydrogen-terminated SiQDs.
Functionalization with styrene was performed at room tem-
perature using undecanoic acids as a catalyst. The result was a
monolayer styrene passivation with photophysical properties
similar to the general alkyl passivation of SiQDs. PL-Spectra
demonstrated a typical broadband emission with a maximum
at Amax 615 nm under 295 nm A-excitation. PLQY measurements
gave a 12% yield for PL-emissions in the 490-1100 nm range.
Compared to typical alkyl functionalized SiQDs (i.e., decyl-
SiQDs), the absorption and the emission spectra have similar
shapes, but the PL-maximum of styrene-SiQDs underwent a
slight blue shift of ~20 nm. Indeed, that subtle blue shift is
because room temperature hydrosilylation is more efficient in
forming a monolayer, whereas thermally induced hydrosilyla-
tion tends to embed SiQDs in the polystyrene layer, resulting in
particle size enlargement. The PL lifetime measurements of
styrene-SiQDs correspond to the PL lifetime of typical decyl or
dodecyl-SiQDs. Therefore, the covalent attachment of styrene
molecules to the surface of SiQDs does not change the photo-
physical properties of SiQDs.""”
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The author compares his findings with their previous research
group on SiQDs capped with polystyrene.**'®” The synthesis
process was the same but was conducted thermally at 140 °C.
For the same SiQDs core, the PLQY value is also the same, but
the difference is that the PL-emission is redshifted by 20 nm.
The authors proposed that due to the formation of multilayers
on polystyrene encapsulated SiQDs, causing the dimensions
of the QD’s size are much more extensive. Redshift data on PL-
emission and PL-decay fully support the conclusion. Herein,
styrene-functionalized SiQDs have similar characteristics as
typical monolayer alkene-functionalized SiQDs, while on the
other hand, polystyrene-functionalized SiQDs have features
relevant to typical multilayer capped SiQDs. Thermal Gravime-
try Analysis (TGA) measurement data fully support the conclu-
sion, where for octene functionalized SiQDs, the number of
bound ligands is comparable to styrene functionalized SiQDs.
Meanwhile, in terms of oxidation resistance, the authors
showed that polystyrene functionalization is much more resis-
tant than styrene functionalization. Since the formation of
multilayers greatly helps to prevent oxidation of polystyrene
functionalized SiQDs.*"'%”

Romano et al. (2020), Mazzaro et al. (2019), and Beri et al.
(2020) show that organic dyes conjugated with SiQDs can
enhance light absorption and PL-emission.’”>*'®® The intense
light absorption of the dye molecules can donate excitons to the
SiQD core through energy transfer.*®%*'>17123 The results show
that the additional absorption from the ligand can enhance
light absorption. PL-Emission of dye-SiQDs might be increased
by excitons transfer. Locritani et al. (2014) demonstrated that
SiQDs functionalized with pyrene groups can enhance the
absorption of light-harvesting devices. The synthesis was car-
ried out using the thermal decomposition of hydrogen silses-
quioxane (HSQ) under an inert atmosphere and followed by wet
chemical etching using hydrofluoric acid to produce H-SiQDs.
The functionalization was carried out thermally at 170 °C
utilizing a mixture of 1-(allylmethoxy) pyrene (py) and
1-dodecane (C12) given to two particle size classes of H-SiQDs
(¢ 2.6 and ¢ 5.0 nm). The resulting materials are ¢ 2.6 nm
(C12)-py-SiQDs with a PL-spectra range of 600-900 nm and ¢
5.0 nm (C12)-py-SiQDs with a PL-spectra range of 700-1200 nm.
The absorption spectra show a significant increase at 300-
400 nm due to the 3-fold light absorption of the pyrene group.
PL-emission shows at A,.x 400 nm and A, 680 nm for a
particle size of ¢ 2.6 nm and /. 970 nm for ¢ 5.0 nm.
Meanwhile, (C12)-SiQDs showed PL-emission at Ay, 635 nm
for a particle size of ¢ 2.6 nm and PL-emission at Ay 970 nm
for ¢ 5.0 nm. Thus, the attachment of pyrene molecules is
redshifted PL-emission of (C12)-SiQDs by ~45 nm for a particle
size of ¢ 2.6 nm but none for a particle size of ¢ 5.0 nm. The
PLQY of ¢ 2.6 nm (C12)-SiQDs at Anax 635 nm is 11%,
compared with the PLQY of ¢ 2.6 nm (C12)-py-SiQDs at Amax
680 nm is 8%. While the PLQY of ¢ 5.0 nm (C12)-SiQDs at Apax
970 nm is 45%, compared with the PLQY of ¢ 5.0 nm (C12)-py-
SiQDS Amax 970 nm is 40%. Comparing the PLQY values of
pyrene moieties attached and not attached to (C12)-SiQDs, the
authors claim ~95% energy transfer from the pyrene moieties
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to the ¢ 2.6 nm particle size SiQDs leading to a significant
brightness increase of 300% in the visible range and an addi-
tional 78% in the near-infrared."*®

Hence, the experiment demonstrated that pyrene (a chro-
mophore) could enhance the light absorption and PL-emission
of SiQDs. The light absorption enhancement was performed by
additional strong absorption from the pyrene molecule at Aay
300-400 nm, whereas PL-emission enhancement was per-
formed by energy transfer from the pyrene molecule to the
core of SiQDs. Overall, a factor of 300% enhanced the bright-
ness of conjugate materials due to the contributions of pyrene
and (C12)-SiQDs.

Fermi et al. (2015) conducted a slightly similar experiment to
enhance the absorption of SiQDs at a visible range of electro-
magnetic radiation.’® The chromophore of tetraphenyl-
porphyrin Zn(u) (TPP-Zn) was used because it has a strong
absorption at Amax 426 nm and Amax 560 nm. The SiQDs were
synthesized using thermal decomposition of the hydrogen
silsesquioxane (HSQ) and followed by wet chemical etching
using hydrofluoric acid to yield two classes of H-SiQDs materials
having particle sizes of ¢» 3 nm and ¢ 5 nm. The functionalization
reactions were performed under thermal hydrosilylation by
adding the given mixture of dodecene (C12) and tetraphenyl
porphyrin Zn(u) (TPP-Zn) to the dispersion of H-SiQDs at a
temperature of 170 °C. The resulting materials of ¢ 3 nm
size (C12)-(TPP-Zn)-SiQDs exhibited two sorts of PL-emission
maximumy; at 4,4, 605 nm attributed to TPP-Zn emissions, and
Amax 670 nm attributed to (C12)-SiQDs and some energy trans-
fer from TPP-Zn. Whereas the resulting materials of ¢ 5 nm size
(C12)(TPP-Zn)-SiQDs also exhibited two sorts of PL-emission
maximum at A« 608 nm attributed to TPP-Zn emissions and
PL-emission at A, 905 nm attributed to (C12)-SiQDs and some
energy transfer from TPP-Zn. PLQY of ¢ 3 nm size (C12)-(TPP-
Zn)-SiQDs exhibited 7%, a reduction of 6% from the original
13% from (C12)-SiQDs. Whereas PLQY of ¢ 5 nm size (C12)-
(TPP-Zn)-SiQDs exhibited 8%, which was significantly reduced
from the original 42% of (C12)-SiQDs. Nanosecond lifetimes of
dye molecules were quenched from tp;, 2.3 ns to 7p;, 1.2 ns.
Likewise, microsecond lifetimes of chromophore TPP-Zn
attached to SiQDs were quenched from tp;, 110 ps to tp, 70 ps
for ¢ 3 nm particle size and from tpy, 140 ps to tpg, 100 ps for ¢
5 nm particle size. Quenching PLQY and PL-decay demon-
strated energy transfer from TPP-Zn to SiQDs. The calculation
of efficient energy transfer leads to a 50% light synthesized
process from TPP-Zn to SiQDs.% In the experiment, the energy
transfer efficiency of 50% was improved by covalently anchor-
ing other chromophores such as perylene, phenanthrene, and
other organic chromophores.

Beri et al (2020)* conducted a synthesis on dye-
functionalized SiQDs. 3-Ethynyl perylene (p1) and ethylene-m-
phenyl BODIPY (p2) were used in this experiment. The experi-
ment was started by annealing SiO at a temperature of 900 °C to
stimulate a disproportionation reaction. The optimized annea-
ling conditions successfully produce hydrogen-terminated
SiQDs (H-SiQDs) particles of ¢ ~ 3.0 nm. Next, an etching
process using 48% v/v HF was performed to eliminate the SiO,.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The H-SiQDs were then functionalized in a microwave reactor
using dyes as ligands. The resulting material showed that a low
amount of dyes (2 mg) was used in the reaction to achieve
12-fold absorption enhancement at /,,,,x 440 nm for the product
of the reaction between 3-ethynyl perylene and H-SiQDs
(i.e., C6-p1-SiQDs), and 3-fold enhancement at Ay.x 515 nm
for the product of the reaction between ethylene-m-phenyl
BODIPY and H-SiQDs (i.e., C6-p2-SiQDs). The efficient direct
energy transfer (npgr & 99%) was measured from perylene and
BODIPY chromophores to SiQDs. Notice PL enhancement of
~270% and ~140% was demonstrated for blue- and green-
light excitation of the modified SiQDs (i.e., C6-p1-SiQDs and
C6-p2-SiQDs). The absorption and PL-emission enhancement
are summarised in Fig. 11.°°

Nevertheless, it is possible to enhance the light absorption
and PL emission of SiQDs by energy transfer from chromo-
phores (dyes) to SiQDs. The synthesis method could be started
from H-SiQDs, followed by the functionalization of chromo-
phores via hydrosilylations. The synthesis of H-SiQDs could be
performed by thermal annealing of silicon-rich oxide followed
by wet chemical etching or Tilley’s method using precursors
SiCl, and TOAB reaction with reducing agent LiAlH,. This was
followed by hydrosilylation using thermal hydrosilylation at
170 °C, radical-initiated hydrosilylation, and catalytic hydro-
silylation. The resulting materials showed the redshift of PL
spectra after functionalization with chromophores, except for one
experiment carried out for styrene SiQDs. PLQY after chromo-
phore attachments is generally down except for investigations
conducted by Abdelhameed et al. (2018) that show up®® or remain
constant.'”” Hence, energy transfers from chromophore mole-
cules to the core of SiQDs lead to PL enhancement.

Energy transfer mechanism in dye-functionalized SiQDs

As demonstrated by Mongin et al. (2016), the possibility of
exciton transfer in semiconductor QDs may open up new
opportunities in physical and chemical sciences.'** Transient
absorption spectroscopy was used to investigate the Dexter-like
energy transfer from the QDs to the surface-anchored organic
dyes. In addition, there is a possibility of triplet-triplet energy
transfer from surface acceptor to dissolved organic dyestuff.
There are indications that surface-anchored QDs or covalently
anchored QDs could be used as organic sensitizers and that the
sensitization process could be the result of a triplet-triplet
energy transfer from the surface acceptor to free organic dyes
(solutes). The sensitization process could lead to triplet-triplet
annihilation upconversion (TTA-UC) and generate singlet
oxygen.'**'?* Singlet oxygen (*0,) was indicated by strong PL
spectra at Amax 1270 nm.

Xia et al. (2020)"*° demonstrated that conjugated 9-ethyl
anthracene (9EA)-functionalized SiQDs carry out the TTA-UC
mechanism when dispersed in 9,10-diphenyl anthracene (DPA)
The experiment was conducted under an inert nitrogen atmo-
sphere using (9-EA)-SiQDs as a sensitizer and DPA as an
emitter. The efficient Dexter-energy transfer was investigated
by femtosecond transient absorption spectroscopy. Photoexcit-
ing sensitizer materials drove spin-triplet exciton transfer from
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(a) Absorbance of C6-SiQDs; C6-(p1)-SiQDs; C6-(p2)-SiQDs, (b) PL-emission of C6-SiQDs; C6-(p1)-SiQDs; C6-(p2)-SiQDs, under broadband

excitation (Amax 435—-550 nm). (c) Cartoon representation of attributed C6-SiQDs; C6-(p1)-SiQDs; C6-(p2)-SiQDs particles, and (d) PLQY values of
C6-SiQDs; C6-(p1)-SiQDs; C6-(p2)-SiQDs measured at different excitation wavelengths. The PLQY values are the result of averaging for five
independent synthetic batches. The error bars indicate the maximum and minimum values for five independent synthetic batches. Adapted with

permission from ref. 55. Copyright (2020) Royal Society of Chemistry.

silicon to anthracene through Dexter-like energy transfer with
nearly 50% efficiency. With an excess of DPA molecules, these
particles readily upconverted 488 nm photons to 420 nm photons
with TTA-UC quantum yields exceeding ~7%. The upconverting
process occurred for (9EA)-SiQDs sensitizer only, whereas octade-
cene (C18)-SiQDs sensitizer with similar treatment did not show
any upconverting phenomenon. The plotting of upconversion
intensity as a function of excitation rate demonstrated that
excitation rate threshold power fell from 0.95 W cm™> for
488 nm excitation to 2 W cm > for 532 nm excitation. It was
because the absorption of low-energy photons was significantly
lower than that of high-energy photons. Another significant result
was that the upconversion process depended on the particle size
of SiQDs. SiQDs upconversion quantum yields increased from
~0 to ~7% as the particle size decreased from ¢ 3.6 to 3.1 nm.
Authors described it as being due to reducing particle size, the
bandgap energy laid above 9EA triplet state (~1.8 eV), and the
energy barrier was reduced for nanocrystals to molecule energy
transfer and led to increasing upconversion quantum yields.'*®
One example of a TTA-UC mechanism illustrates in Fig. 12.

E. Applications of dye-functionalized
SiQDs
As light-harvesting antenna

Research conducted by Locritani et al. (2014)'® attempted
to attach chromophores (i.e., pyrene) to functionalized SiQDs.
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Fig. 12 (a) Triplet—triplet annihilation process of Perylene-functionalized
SiQDs. (b). Triplet—triplet annihilation upconversion schematics by dye
functionalized SiQDs immersed in the dye solvents. Adapted with permis-
sion from ref. 153. Copyright (2021) Royal Society of Chemistry.

The pyrene group is tethered by (-C3H¢—O-CH,-) to guarantee
the long distance between SiQDs-core and pyrene groups. The
authors investigated efficient energy transfers from chromo-
phore to the SiQDs with two distinct particle sizes, ¢ 2.6 nm
and ¢ 5.0 nm. The actual results of this experiment are efficient
energy transfer from chromophore. For ¢ 2.6 nm particle size,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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it was ~95%, leading to 300% brightness enhancement in the
visible range, whereas for ¢ 5.0 nm particle size, it was ~65%,
leading to 78% brightness enhancement in near-infrared
spectra.'®?

Nevertheless, this experiment demonstrated that SiQDs
could be used as a viable scaffold in light-harvesting antenna
because chromophore enables the enhancement of molar
absorption of SiQDs and leads to PL-emission or brightness
enhancement.'®*"?” Besides pyrene, other chromophores could
also be attached to SiQDs to get strong absorption at visible
ranges. Ruthenium(u) bipyridine and Zinc(u) tetraphenyl-
porphyrin were synthesized to manipulate SiQDs with strong
absorption at visible ranges.”®””'?8

In bioimaging

As light-harvesting materials, dye-functionalized SiQDs could
be used as probe materials in photo imaging. Due to UV-
excitation potentially damaging the biological tissues, other
excitation methods must be developed in SiQDs probe-based
bioimaging. One attractive method was a near-infrared photo-
excitation via two-photon excitation (2P). Herein, 2P excitation
was done by exciting dye-SiQDs using near-infrared radiation to
produce emission at a PL-emission of SiQDs. Ravotto et al.
(2017)'*® conducted a systematic study on two-photon excita-
tions of dye-SiQDs. SiQDs with particle size ¢ ~ 5.0 nm were
functionalized with 4,7-di(2-thienyl)-2,1,3-benzothiadiazole
chromophores (TBT) and dodecyl chains exhibited PL-
emission at near-infrared radiation (4,.x 900 nm). The authors
claimed that PL-emission could be obtained from 2P absorp-
tion by 960 nm excitations."*®

Furey et al. (2022)'° conducted two-photon excitation
experiments in the near-infra-red (NIR) regions. The result in
strong photoluminescence also at NIR gave a strong indication
for potential applications in bioimaging. Two-photon excited
photoluminescence spectra of dodecyl SiQDs with diameters ¢
1.8 £ 0.2 nm and ¢ 2.3 £+ 0.3 nm and dispersed in toluene. The
cross-section is observed to be smaller for the smaller diameter
SiQDs. SiQDs for bioimaging efficiency compared with other quan-
tum dots and molecular fluorophores and found comparable.'®
Later, Sarwat et al. (2022) conducted experiments to synthesize
metal-functionalized SiQDs for bioimaging applications.
Sc-SiQDs, Cu-SiQDs, and Zn-SiQDs were successfully synthe-
sized, and their optimal PL and cytotoxicity were investigated.
The Cu-SiQDs and Sc-SiQDs showed brighter PL and a lesser
reduction in cell viability than the Zn-SiQDs. Notably, The
Cu-SiQDs and Zn-SiQDs showed aggregation behavior. Hence,
Sc-SiQDs appeared to be a better option for the future in vivo
bioimaging of tear film.'*® Although the PL and cytotoxicity
of the materials seem promising, the hydrophobicity of the
resulting compounds might be challenging.

Last but not least, Wei et al. (2022) conducted a synthesis of
sulfhydryl-SiQD. The strong PL-emission might indicate that
the material was suitable for photoimaging. The resulting
emission was the characteristics of that long-lived photolumi-
nescence of SiQDs and was completely different from the
excitation wavelength."*® This invention might be useful as a

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 PL image of zebrafish after sulfhydryl-SiQD injections. Adapted
with permission from ref. 130. Copyright (2022) Springer Nature.

probe in photo imaging.'®® PL-Emission from 2P absorption
demonstrated that dye-functionalized SiQDs could be used as a
bioimaging probe.>”!31132

Fig. 13 shows PL images of zebrafish that have been treated
with S-SiQD. The bright illumination of the zebrafish after
treatment suggests that SiQDs have the potential for bioima-
ging. The authors report that these QDs have good photostabil-
ity and biocompatibility in long-term measurements.'*°

In luminescent solar concentrator

The SiQDs show similar behavior in luminescence properties
compared with other direct semiconductors QDs. SiQDs
demonstrate some advantages in toxicity and large Stokes shift
compared to other semiconductors QDs. The significant Stokes
shift makes it possible to design a semi-transparent solar
luminescence concentrator (LSC) and aesthetically attractive.'*?
However, the main drawback is the relatively low absorption of
SiQDs in the ultraviolet-A (UVA) (315-400 nm) region. Meinardi
et al. (2017)*® demonstrated that an LCS device fabricated using
alkyl functionalized SiQDs could exhibit power conversion effi-
ciencies as high as 2.85% and 70% transmittance.”® Mazzaro et al.
(2019) used 9,10-diphenylanthracene (DPA) functionalized SiQDs
embedded in methyl methacrylate (MMA) polymer to enhance the
absorption in the UVA range. The authors found that LSC’s
absorption was significantly enhanced due to dye attachment,
and optical efficiency was enhanced as high as 4.25%, almost
without sacrificing transparency.®” This remarkable result shows
the possibility of dye-functionalized SiQDs as a lumiphore in LSC.

One recent work was conducted by Ren et al. (2021)"** on
tandem solar cells. Herein, a four-terminal tandem solar cell
consisting of a luminescent solar concentrator (LSC) based on
silicon quantum dots (SiQDs) in front of a perovskite solar cell
(PSC). The LSC was covered with PMMA antireflection coating,
which enhanced the transmission by up to 3% from the visible
to the near-infrared range. The colloidal SiQDs in the LSC
absorb the UV light and re-emit red PL, which propagates to
the waveguide edges to generate electricity while allowing the
rest of the incident sunlight to be absorbed in the back of the
PSC. Notably, at 1.08 mg mL ", although the tandem solar cell
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Fig. 14 Tandem perovskite solar cell-LSC-based SiQD, (a) arrangement,
and (b) PCE vs. Irradiation times. Reprinted with permission from ref. 134.
Copyright (2021) American Chemical Society.

has about the same PCE as the bare PSC, the front SiQD-LSC
absorbs 69% of the solar UV, making the back PSC more stable
than the bare PSC."** The arrangement of LSC-based SiQDs and
Perovskite tandem solar cells illustrates in Fig. 14.

In biosensors

Terbium-amine functionalized SiQDs was used as a biomarker
to detect dipicolinic acid (DPA) as one constituent in Bacillus
anthracis spores. By utilizing a biomarker made of terbium-
amine-functionalized SiQDs, the detection of anthrax disease
could be performed much more efficiently compared with
polymerase chain reaction, which is a standard detection
method today. The detection method compared the PL inten-
sity of terbium-amine functionalized SiQDs in the interaction
with DPA and PL intensity without interaction with DPA. The
detection limit was about 24 nM, four orders of magnitude
lower than the spores’ infectious dosage (6 x 10~> M required)."*

Zhou et al. (2021)"*® conducted a synthesis on acetic func-
tionalized SiQDs to detect the imbalance of Zn*'/Cd*** The
imbalance reaction might lead to many severe diseases because
antibiotics are deposited in animal products. Developing a
functional material for detecting is challenging and attractive.
The COOH-functionalized SiQDs were chelated with Eu(NOs);
to form Eu*'-SiQDs and used as a PL probe. The emission
wavelength of A,.x 450 nm can be used sequentially to detect
tetracycline (TCs) and Zn>*/Cd*" by the PL resonance energy
transfer (FRET) principle. The detection limit of TCs and Zn**/
Cd*" are 0.2 x 10"°m and 3 x 10~ ® m, respectively, when the
pH of the solution is 7.4. The result in Eu*'-SiQDs exhibited
good stability (from 94.9% to 103.1%)."%°

Ma et al. (2021)"*” synthesized water-dispersible silicon
quantum dots (SiQDs) to quantify ascorbic acids in soda drinks.
The synthesis was started with precursor 3-aminopropyltriethoxy-
silane (APTES) as a silicon source. MnO, nanosheets (NS) are used
as the quencher, while SiQDs is PL unit. The PL “switch-on” was
attributed to ascorbic acid (AA) determination. MnO, NS can
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Fig. 15 |Illustration of APTES functionalized SiQDs to detect ascorbic
acids. Reproduced with permission from ref. 137. Copyright (2021) Elsevier.

effectively quench the PL of SiQDs because of the internal
filtration effect. In the presence of AA, MnO, is reduced to
Mn®>*, so the PL of SiQDs is partially recovered. The recovered
PL intensity was related to the concentration of AA. Under the
optimal experimental conditions, the linear response range of
the assay to AA is 1-80 uM, and the detection limit is 0.48 uM.
The method for determining AA has the advantages of simpli-
city, low cost, good selectivity, and sensitivity. The assay has
been successfully applied to quantifying AA in beverage
(mizone) samples, proving the assay’s practicability.>” The
illustrative model for SiQDs to detect ascorbic acids depicts
in Fig. 15.

Another example of using SiQDs in bioimaging was done by
Liu et al. (2022)."*® The authors proposed a dual-signal fluoro-
metric and colorimetric system based on silicon quantum dots
(SiQDs) and 4-nitrophenol (4-NP) for pH and urease sensing.
The SiQDs with PL-emission of Z,,.x 460 nm were prepared in
an aqueous phase. The absorption band of 4-NP at A, 400 nm
increased, and a color reaction from colorless to yellow
occurred as the pH increased. The absorption of 4-NP over-
lapped quite well with the PL excitation spectrum of SiQDs,
which can effectively quench the PL of SiQDs. The fluorometric
and colorimetric pH-sensing systems exhibited a linear
response to pH ranging from 6.0 to 7.8 with an interval of
0.2 pH. Urease could specifically hydrolyze urea to generate
carbon dioxide and ammonia, causing a noticeable increase in
the pH value. Thus, urease could also be detected quantitatively
by the above dual-signal pH sensing system. The fluorometric
and colorimetric methods’ linear ranges for urease detection
were 2-40 U L™, The limits of detection were 1.67 and 1.07 UL},
respectively."*®

In light emitting diode

Yamada et al. (2020)"*° aim at enhancing the electrolumines-
cence of silicon quantum dot light emitting diode (SiQD-LED).
The authors show that the LED emission can be adjusted from
red to yellow by changing the particle size of SiQDs placed on
the sandwich layer of the LED device. The SiQD particle sizes
placed on the device are ¢ 2.7 nm, ¢ 2.2 nm, ¢ 1.9 nm,
¢ 1.7 nm, and ¢ 1.3 nm, giving a maximum PL-emission of
Amax 755 M, Apax 722 DM, Ao 670 DM, 4.k 635 nm, and Ay
590 nm, respectively. At the same time, the peak external
quantum efficiencies (EQE) for each particle size are 1.15%,
1.18%, 0.89%, and 0.12%, respectively."*® A schematic repre-
sentation of the LED arrangement is depicted in Fig. 16.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 (a) Toluene dispersion of decane: SiQDs synthesized from dis-
proportionation reaction of TES under 365 nm UV light irradiation, (b) PL-
emission of toluene dispersion of different size SiQDs, and (c) potential
arrangements of SiIQD-LED and TEM image of sandwich layers. Adapted
with permission from ref. 139. Copyright (2020) American Chemical
Society.

The synthesis of SiQDs begins with the disproportionation
reaction of (HSiO; 5),, derived from triethoxysilane (TES) at high
temperatures in an inert atmosphere. Separation of SiQDs from
the SiO, matrix was carried out by chemical etching using
concentrated HF to obtain H-SiQDs. Functionalization with
1-decene was carried out through thermal hydrosilylation at
180 °C to obtain polydisperse decane-SiQD. Ensembles of
various sample sizes were prepared through sedimentation
using centrifuges. The results of sedimentation separation
obtained ensemble samples with dimensions in order ¢
2.7 nm, ¢ 2.2 nm, ¢ 1.9 nm, ¢ 1.7 nm, and ¢ 1.3 nm. PLQY
measurements of the samples gave values of 37% for ¢ 2.7 nm,
26% for ¢ 2.2 nm, 23% for ¢ 1.9 nm, 10% for ¢ 1.7 nm, and 5%
for ¢ 1.3 nm, respectively. The fabrication of the SiQDs layer on
the equipment is done by spin coating with a thickness of
~15 nm, which applies equally to each quantum dot size.
Interestingly, the authors claimed that the wavelength of the
LED produced could be adjusted by varying the size of the SiQD
particles contained in the sandwich layer of the device.

In contrast, Cheong et al (2022)°° recently demonstrated
that the electroluminescence of colloidal SiQD particles with
narrow emission in the range of ~100-23 nm at visible light
wavelengths (yellow, orange, red to infrared) could be tuned
without changing the dimensions of the SiQD particles.”®
Emission narrowing was achieved solely by adjusting the
Fabry-Pérot cavities, and the voltage applied. The results show
that the visual and spectral stability is remarkable at different
voltages. The authors also showed that a wavelength interval in
the visible (yellow to near-infrared) region could be achieved for
the same SiQDs by adjusting the thickness of the SiO, fill in the
device array. This emission interval can then also be achieved
by adjusting the Ag thickness. This arrangement in the LED
configuration is a novelty that may be developed in the future.
The SiQDs used in this study is hexyl-SiQDs synthesized by high
annealing temperature of hydrogen silsesquioxane (HSQ) in an
inert atmosphere to trigger the formation of SiQDs embedded
in a silica matrix. Chemical etching using concentrated HF
was required to separate the H-SiQDs from their SiO, matrix to
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obtain SiQDs with a size of ¢ 2.78 4+ 0.37 nm. The functiona-
lization reaction was carried out using a technique called
organolithium-mediated functionalization reaction. As a result,
hexyl-SiQD was obtained, which gave significant emission with
PLQY of 26% and Ay, 726 nm. The thickness of the SiO, and
Ag layers in the device can be adjusted to optimize the emission
according to the voltage used.’

Photothermal and nanotherapy (theranostics)

There was a report of carboxy-terminated silicon quantum dots
(SiQDs) synthesized by Ozbilgin et al. (2022)"*° that exhibited
high water solubility, luminescent light emission with high
PLQYs, long-term stability of PL properties for cell monitoring,
lower toxicity to cells and high photothermal response due to
the high molecular coverage of the surface monolayer. Water-
soluble SiQDs were prepared by thermal hydroxylation of
10-undecenoic acid as ligand, which was ensured by thermal
disproportionation of TES hydrolyzed at pH 3 and subsequent
etching with hydrogen fluoride. Functionalized SiQDs with
10-undecanoic acid (UA-SiQDs) were stable over time in hydro-
philic solvents, including ethanol and water (pH 7). Their
interaction with living cells was assessed by cell uptake,
short-term toxicity, and long-term cytotoxicity for the first time.
The results showed that UA-SiQDs are potential candidates for
therapeutic products because they have good optical properties,
allowing imaging over 18 days and a photothermal response
with a photothermal conversion efficiency of 25.1% and direct
detection of cell death by laser irradiation. UA-SiQDs have low
cytotoxicity with full viability up to 400 ug mL™" in the short
term and 50% cell viability after 14 days of incubation at
50 pg mL~ """ The illustrative photodynamic nanotherapy of
10-undecanoic acid functionalized SiQDs depicts in Fig. 17.

Fig. 17a shows a cartoon illustration of photothermal
nanotherapy. The UA-SiQDs absorb intense light so that the
energy gained by the particles is partly converted into photons
and heat. As a result of the irradiation, the temperature inside
the cell rises above 41 °C, killing the cell internally. Fig. 17b-d
show the PL of UA-SiQDs exposed to light. While Fig. 17e and f
show the display of UA-SiQDs in room light and their emission
when exposed to the laser.

As photosensitizer.

In triplet-triplet annihilation upconversion (TTA-UC)

Xia et al. (2021)"*' demonstrated that hexadecane (C18) +9-ethyl
anthracene (9EA) or C18 + 9EA-SiQDs are capable of performing
triplet-triplet annihilation upconversion (TTA-UC) with upcon-
version quantum yields (QYy.) QYu. ~ 7.5%. This photon
upconversion could be sustained for a long time, even reaching
4 days with DPA ligand and methyl oleate solvent. The authors
functionalized SiQDs with C18 and 9EA, which acts as a photon
absorber (sensitizer), and then dispersed them in DPA emitters,
resulting in photon upconversion from A,,x 488 nm and Apay
532 nm to Amax 432 nm, with QY. reaching a maximum of 7.5%
when excited with a 1.0 W em ™' CW laser at A, 488 nm. The
upconversion decay (t,.) has a different range depending
on the solvent used. In toluene, mesitylene, and octadecene
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Fig. 17 Photothermal nano therapy of 10-undecanoic acid functionalized
SiQD. (a) Cartoon representation of Photothermal nanotherapy of SiQDs
photoimaging. (b)-(d) fresh and aged SiQDs fluorescences. (e) and (f)
Colloidal SiQDs under visible and UV light. Adapted with permission from
ref. 140. Copyright (2022) American Chemical Society.

solvents, t,. is of the order of minutes, while in methyl oleate
and oleic acid solvents, the 7, is of the order of days. The core
size of the SiQDs was ¢ ~ 3.0 nm, then became ¢ ~ 9.0 nm
after functionalization with C18 and 9EA. It is then aggregated
into micelles so that the particle size becomes ¢$370 + 70 nm
after polymerization. The triplet-triplet annihilation process
occurs when photons are absorbed by the photon absorber
(i.e., SiQDs), then transferred to the 9EA triplet state and
resonances with the DPA triplet state to undergo triplet anni-
hilation to a higher energy state to be emitted via photon
upconversion. Thus, the absorbed energy of . 488 nm and
Jmax 532 Nm is upconverted to Amax 432 nm. '

Previously, Xia et al. (2016)'** also described the process
of spin-triplet exciton transfer between silicon and acceptor
molecules for photon upconversion. According to the authors,
photoexcitation of chemically functionalized silicon with
anthracene ligand will lead to spin-triplet exciton transfer from
silicon to anthracene through a single Dexter energy transfer
step 15 ns with yields of nearly 50%. When coupled with the
9,10-diphenylantracene emitter, photon upconversion from
Jmax 488-640 nm to Amax 425 nm is possible with QY. ~ 7%.
QY,. measurements were performed in a nitrogen environ-
ment. The authors also showed the relationship between QY.
and the particle size ¢ of SiQDs, where the smaller the particle
size, the higher QY. for the same J-excitation.'*®

In singlet oxygen generation (*0,)

Singlet oxygen ('0,) is one of the key ingredients for photo-
dynamic therapy (PDT) to treat oncological diseases. A suitable
photosensitizer could be applied to form 'O, if the following
requirements are fulfilled: (1) having low toxicity in the absence
of irradiation, (2) working specifically to the target cancer cells,
(3) having relatively highly efficient energy transfer, (4) short
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retention time in the body, (5) having stability against coagula-
tion/aggregation, and (6) exhibiting excellent photostability."**
Porous silicon has long been known to have the ability to
generate singlet oxygen. Some reports from old articles mention
singlet oxygen generation from non-passivated SiQDs.'**™"” Due
to the instability of non-passivated SiQDs, it is not very likely to
implement the materials for long-term diagnostics. Therefore, it is
challenging to generate singlet oxygen from completed functio-
nalized SiQDs. Owing to the excellent behavior of SiQDs as a
photosensitizer, it has the potential to be developed for nano-
theranostics. Nano-theranostics is a term introduced for the
comprehensive effort that integrates diagnostics and therapy in
a single platform using nanomaterials. Dye-functionalized SiQDs
is one of the potential nano-theranostics agents which could be
applied in this platform. Applying dye-functionalized SiQDs as PS
in vivo, the image of cancer and another disease could be resolved
(photo imaging); simultaneously, 'O, is released to cure and
heal.148_150

Osminkina et al. (2011)"' demonstrated that SiQDs with
particle sizes ¢ ~ 2 to 5 nm can act as photosensitizers for
singlet oxygen generation. The luminescence detected at Apax
1270 nm is attributed to singlet oxygen emission and is
dedicated to the presence of 'O,. The synthesis of SiQDs was
done by grinding silicon wafers followed by electrochemical
etching to obtain particles with sizes between ¢ 2-10 nm. PL
measurements in the vacuum showed the presence of 1270 nm
emission.'™'

Beri et al. (2020)>* have synthesized perylene-functionalized
SiQDs to study singlet oxygen generation. The synthesis
was done by annealing SiO at a relatively high temperature
(i.e., 900-1100 °C), then H-SiQDs were deliberated by chemical
etching using concentrated HF. The hydrosilylation reaction
was carried out in a microwave reactor at 250 °C by mixing
H-SiQDs, n-hexene, and 3-perylene to produce C6-p1-SiQDs.
The resulting ¢ 3.0-8.0 nm diameter C6-p1-SiQDs were ready
for direct singlet-oxygen quantum yield (QYsog) measurements.
Two excitation lasers were used, i.e., 317.5 nm and 405 nm, to hit
the core of the SiQDs. The data show that although the PLQY of
hexyl (C6) SiQDs is relatively high in the near-infrared, direct
measurements of singlet oxygen emission at Ay, 1270 nm show

T S:1('02 "Ay)

HWWW\/wns nm

—Y__T,(30,, %)

O,

v

Relative coordinate (£)>

Fig. 18 Singlet oxygen generation production via energy transfer from
dye-functionalized SiQDs to Oxygen. Reproduced with permission from
ref. 54. Copyright (2020) Frontier in Chemistry.
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null emission. However, when the SiQDs surface was decorated
with a mixture of hexyl (C6) and perylene, the A 1270 nm
emission was detected. The singlet oxygen quantum yield for
C6-p1-SiQDs relative to phenalenone is QYsog ~ 27%. The
process of singlet oxygen generation is shown schematically in
Fig. 18. Briefly, light is absorbed by the SiQDs core, a light
absorber, and photons are transferred to the triplet state of
perylene via the Dexter energy transfer mechanism. Photons in
this triplet state then exchange energy with oxygen in the air to
form singlet oxygen, which then decays to emit energy at Amax
1270 nm.>»'*?

F. Conclusions

Reaction with oxygen causes the photophysics of H-SiQDs to lose
their uniqueness. Reaction with oxygen causes the SiO, layer to
envelop the SiQDs surface, causing the SiQDs core to shrink and
lose its emission properties due to forming an electron-trapping
layer of SiO,. Functionalization reactions or hydrosilylation with
organic ligand groups is one solution to maintain the emission of
SiQDs so that they can emit light in the long term. The hydro-
silylation reaction can be performed thermally using conventional
heat (reflux) or a microwave reactor. The advantage of this method
is that it is relatively simple, but the disadvantage is the possibility
of forming multilayers on the surface of the SiQDs, which reduces
the emission. Another disadvantage is that it is almost impossible
to do with highly volatile solvents using conventional thermal
reaction methods. In addition to thermal reactions, hydrosilyla-
tion reactions can also use metal or organometallic catalysts, but
the disadvantage is that the residual metal can interfere with the
PL of the resulting SiQDs. Also, photochemical and radical
initiation reactions can be carried out at low temperatures so that
the ligand layer formed is a monolayer. The hydrosilylation
reaction can also be carried out using dyes. Dyes can aid in the
absorption of photons, which in turn can increase PL-emission.
Because they have a large cross-section, dyes can act as an
antenna that emits photons via the Dexter energy transfer mecha-
nism from SiQDs to dyes. This energy transfer mechanism
reaches the triplet state of the dyes, ready to be transferred to
the nearest dye triplet state to perform triplet-triplet annihilation
upconversion (TTA-UC) or to the closest oxygen triplet state to
generate singlet oxygen ('0,). Due to their great potential, dye-
functionalized SiQDs can be used as light-harvesting antennas,
bioimaging, luminescence solar concentrators, biosensors, light
emitting diodes, photothermal monotherapy (theranostics) and as
sensitizers in TTA-UC and singlet oxygen generation (*0,).
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