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We report the preparation of SiO;-embedded silicon nanocrystals (Si-NCs) from the thermal
processing of sol—gel polymers derived from trichlorosilane (HSiCl;). Straightforward addition of
water to HSiCl; generates a cross-linked (HSiO, 5),, sol—gel polymer suitable for the generation of
bulk quantities of SiO,-embedded Si-NCs. It is shown that structural differences between the present
(HSiO; 5),, polymer and hydrogen silsesquioxane (HSQ) result in controllable differences in the
resulting oxide-embedded Si-NCs produced from these precursors. A polymer structure/NC size
relationship is further delineated through the preparation and evaluation of methyl-modified
(HSi0 5),(CH3S10 5),,, (m <n, m +n = 1) sol—gel copolymers, in which a low concentration of
methyl groups acts as a polymer network modifier and influences the formation of Si-NCs during
thermal processing. Si-NC size is readily tailored by controlled variations to peak processing
temperature for (HSiO; 5), and composition (# and m) for (HSiO; 5),(CH3SiO; s),,. Furthermore,
the present Si-NCs exhibit size-dependent photoluminescence (PL) in accordance with the principles
of quantum confinement. Freestanding Si-NCs are obtained through chemical etching of the oxide

matrix and exhibit tunable PL throughout the visible spectrum.

Introduction

Silicon nanocrystals (Si-NCs) are the focus of intense
research because of their unique optical and electronic
characteristics. The discovery of intense room-tempera-
ture photoluminescence (PL) from porous Si (p-Si) by
Canham' almost two decades ago has not only challenged
bulk semiconductor band structure models*® but also
significantly expanded the potential applications of these
Si-based materials, including optoelectronics,* non-
volatile memory,®’ and biological fluorescence imaging.®
In the bulk, the electronic structure of Si provides an
indirect band gap, making the optical transition dipole-
forbidden and limiting practical optoelectronic applica-
tions because of the resulting low PL intensity and
slow carrier dynamics. However, these obstacles can be
effectively overcome by reducing the dimensions of the
semiconductor crystal to sizes approaching the Bohr
exciton radius (ca. 5 nm for Si). In this size regime,
quantum confinement effects emerge and PL intensity
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dramatically increases while blue shifting with decreasing
particle size.

We have demonstrated that reductive thermal processing
of hydrogen silsesquioxane (HSQ, HgSigO,) in 5% H»/95%
Ar is a straightforward method to produce well-defined,
luminescent Si-NCs embedded in a SiO, matrix.”'° Dur-
ing thermal processing, redistribution reactions that are
driven by the formation of thermodynamically stable
SiO, lead to Si atomic diffusion throughout the oxide
matrix, the clustering of Si-rich domains, and their crys-
tallization to form Si-NCs. In this HSQ-based prepara-
tion, control over Si-NC size is readily achieved through
variations to the peak thermal processing temperature.
The resulting oxide-embedded Si-NCs exhibit size-depen-
dent intense visible and near-infrared (NIR) PL in accor-
dance with the principles of quantum confinement. The
role of quantum confinement in governing the emission
process, as opposed to surface, oxide, or interface states,
has been confirmed through X-ray excited optical lumi-
nescence (XEOL) spectroscopy.'! In these same investi-
gations, it was also found that extended thermal
processing time resulted in a red-shift in PL emission
maxima with no change in Si-NC size. These observations
were attributed to nonresonant carrier tunnelling to
larger nanocrystals which form a minimum in the poten-
tial landscape of the system, and whose PL was activated
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by defect annealing with extended processing.'>!* Free-
standing Si-NCs are obtained from these composites
through HF etching of the SiO, matrix, which also
enables nanocrystal size control and the tuning of the
PL across the visible spectrum.

HSQ is predominantly used in the microelectronics
industry as a spin-on dielectric. It is solution processable
and has excellent planarization and gap-fill properties, and
thin films can be applied using straightforward methods
such as spin-coating.'*!> Furthermore, sub-10 nm features
can be patterned in HSQ films through electron-beam
(e-beam) lithography, in which HSQ acts as a negative
resist.'® We have recently demonstrated that these films
and patterns can yield luminescent oxide-embedded Si-
NCs on both flat and nonflat substrates after appropriate
thermal processing.'” In such a manner, the solution
processability of HSQ provides a synthetic approach to
Si-NCs with unparalleled versatility, from which addi-
tional applications can be derived, including the formation
of optical cavities containing Si-NCs that exhibit whisper-
ing gallery modes with high quality factors.'®

The preparation of silsesquioxanes (RSiO3, R = H,
alkyl, aryl) has been extensively studied. These useful
materials are typically produced by hydrolysis and con-
densation of an appropriate trialkoxy- or trichloro-silane
(i.e., RSi(OR')3, R’ = alkyl; RSiCls). It is well-established
that variations to synthetic conditions provides control
over the structure of the silsesquioxane, including forma-
tion of random, cage, ladder, and partial cage struc-
tures.'” It has also been reported that uncontrolled
syntheses can lead to insoluble random structures.®
Therefore, the solution processability of HSQ can be
ensured through structural optimization in controlled
syntheses,'”*! such as the “scarce-water” hydrolysis ori-
ginally reported by Frye and Collins.?* In such a manner,
HSQ cage structures and soluble resinous oligomers are
formed, and unwanted extended polymerization is mini-
mized. Many of these syntheses require the use of organic
solvents for solubility and appropriate precursor dilution,
strong acids to catalyze hydrolysis and condensation
reactions and inhibit Si—H bond cleavage, as well as slow
water addition (e.g., dropwise or bubbled into the reac-
tion mixture in an inert carrier gas).'’

For applications that do not require the solution
processability of HSQ, such as the preparation of bulk
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quantities of SiO,-embedded Si-NCs, it is straightfor-
ward to prepare suitable (HSiO; s), sol—gel polymers
using less extensive synthetic protocols. Sol—gel chemis-
try is an effective method to incorporate silicon hydride
(Si—H) functionalities into SiO,-based gels, ceramics,
and silicon oxicarbide glasses. Many investigations have
exploited the compositional versatility of sol—gel techni-
ques to introduce Si—H groups as a means of modifying
the composition, structure, and properties of the final
solids.>*”% The majority of these syntheses employed
acid-catalyzed sol—gel processing of organic solutions
of Si—H containing alkoxysilanes (HSi(OMe); or HSi-
(OEt)3). The preparation of (HSiO; s),, sol—gel homo-
polymers have also been evaluated as precursors for
Si-NC formation, usually exploiting the sol—gel behavior
of HSi(OEt)3.2~%® Similar to HSQ, appropriate thermal
processing of these gels gives rise to SiO»-embedded Si-
NCs which exhibit characteristic PL emission. The sensi-
tization of Er’" by the oxide-embedded Si-NCs in these
systems has also been reported.”®

Several of the reports describing the formation of Si-
NCs from HSiO; 5 sol—gel polymers have identified the
presence of uncondensed ethoxy (—OEt) groups in the
final gels,***” which undoubtedly modify the structure of
the oxide network and most certainly influence the for-
mation and growth of Si-NCs. For example, it was
reported that ca. 10 nm diameter Si-NCs were formed
after thermal processing at 700 °C.?® This comparatively
low temperature for NC formation is quite different from
our observations of Si-NCs formed from HSQ, in which
crystallization began at 1000 °C, and Si-NCs processed at
1100 °C exhibited average diameters of ca. 3.5 nm. Our
observations are supported by similar reports for the
onset of Si-NC crystallization from other (HSiO; s),
precursor systems.>’ In light of the retention of network
modifying —OEt functionalities in the gel resulting from
incomplete condensation, it is reasonable that this differ-
ence in behavior can be attributed to a decrease in the
energetic barrier to diffusion of Si atoms throughout the
oxide network. In this context, Si cluster nucleation and
crystallization would be facilitated, and larger Si-NCs
would form at lower temperatures. This has also recently
been reported for Si-NC formation in P-doped silicon-
rich oxide (SRO) films.>® Similar conclusions have
been made for oxide-embedded Ge-NC formation when
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processed under H,. The reduction of Ge oxides by
atmospheric hydrogen produces hydroxyl (Ge—OH)
groups which facilitate Ge atomic diffusion through the
modified oxide network, resulting in a lower energetic
barrier to crystallization.>'**> Therefore, controlled chan-
ges in the internal structure of the diffusion-mediating
oxide matrix should directly influence the formation and
growth of Si-NCs from (HSiO; s),, precursors.

Here, we present the preparation of SiO,-embedded
Si-NCs from (HSiO; s),-based sol—gel polymers produced
from the straightforward addition of water to HSiCls,
focusing on the influence of the polymer structure on
nanocrystal formation and growth. We demonstrate
that our (HSiO; 5),, polymer has greater network character
than HSQ arising from a higher cross-linking density, and
as such, smaller Si-NCs are produced under identical
processing conditions. This polymer structure/NC size rela-
tionship is further supported by the preparation of methyl-
modified (HSiO 5),(CH3SiOy 5),,, (m<<n,m+n = 1) sol—gel
copolymers, in which a low concentration of methyl
groups act as network modifiers and facilitate diffusion
of Si atoms through the oxide network by decreasing the
cross-linking density. Si-NCs formed from these copoly-
mers are larger than those obtained from the (HSiOy s),,
homopolymer when processed under identical condi-
tions. All but the largest oxide-embedded Si-NCs de-
scribed herein exhibit intense PL in accordance with the
principles of quantum confinement. Additionally, free-
standing Si-NCs are liberated from the oxide matrix
through HF etching. Materials in this investigation were
characterized using Fourier transform infrared (FTIR)
spectroscopy, X-ray diffraction (XRD), and photolumi-
nescence (PL) spectroscopy.

Experimental Details

Reagents and Materials. HSQ was purchased from Dow
Corning (trade name FOx) as a solution in methyl isobutyl
ketone (MIBK). This stock solution was used as received, stored
in subdued light and an inert atmosphere prior to use, and solid
HSQ was obtained by solvent evacuation in vacuo. Trichloro-
silane (HSiCl;, 99%) and methyl trichlorosilane (CH;SiCl;,
99%7) were purchased from Sigma Aldrich, stored in a nitrogen
glovebox in subdued light, and used as received. Electronic
grade hydrofluoric acid (49% aqueous solution, J. T. Baker),
sodium chloride (caledon, 99%), hexanes (Sigma-Aldrich, ACS
grade), and ethanol (95%, Sigma-Aldrich) were used as received.
High-purity water (18.2 MQ/cm) was obtained from a Barn-
stead Nanopure Diamond purification system.

(HSiO1 5),, Condensation Polymer Preparation. In a typical
synthesis, 4.5 mL of HSiCl; (6.0 g, 45 mmol) was added to a
round-bottom flask equipped with a magnetic stir bar and
stirred in a Ar atmosphere while cooling in a water/ice bath
(0 °C) using standard Schlenk techniques. The reaction mixture
was cooled to minimize vapor-phase hydrolysis and condensa-
tion reactions owing to the high vapor pressure of HSiCl; (bp =
32—34 °C). Deionized (DI) water (1.59 mL, 90 mmol) was
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rapidly injected in one aliquot with vigorous stirring into the
cooled HSIiCl; through a septum. The volume of water used
corresponds to a H,O:HSiCl; molar ratio of 2:1. As the reaction
produces HCl,), an exhaust vent was connected to the reaction
flask prior to injection of water to prevent overpressurization.
Upon addition of water, the clear and colorless HSiCl; imme-
diately reacted, forming a white precipitate. Hydrolysis of the
precursor was confirmed by monitoring the pH of the reaction
mixture (pH < 1). The precipitate remained immersed in the
acidic aqueous mixture for 30 min to ensure complete hydrolysis
and condensation and was subsequently isolated and dried in
vacuo. The resulting white solid (HSiO, s), polymer was ob-
tained in yields greater than 95% and was maintained in inert
atmosphere to prevent oxidation.

(HSiOy 5),(CH3Si0 5),, (m < n) Condensation Copolymer
Preparation. The synthetic conditions for copolymers of HSiCl3
and CH;SiCl; were identical to those described for the prepara-
tion of the (HSiO; 5), homopolymer from HSiCl; (vide supra).
Three copolymers were synthesized with varying compositions,
in which the mole percent of CH3SiCl; relative to HSiCl; was
2.5%, 5%, and 10%. In addition, a (CH;SiO, s),, homopolymer
was also prepared. In all cases, the volume of water was modified
to maintain a H,O:silane ratio of 2:1.

Si-NC/SiO, Composite Preparation. Si-NC/SiO, precursor
(i.e., HSQy), (HSIO; s),,, or (HSIO; 5),(CH;SiO; 5),, (m<n)) were
processed similar to previous reports.” In brief, the white solid
precursor was placed in a quartz reaction boat and transferred
to a high-temperature tube furnace. During transfer, exposure
to air was minimized. Samples were thermally processed in a
slightly reducing (5% H,/95% Ar) atmosphere to defined peak
processing temperatures (1100—1400 °C) at 18 °C/min and
maintained there for predetermined times (1 or 10 h). After cool-
ing to room temperature, the resulting dark brown solid pro-
ducts were mechanically ground in an agate mortar and pestle to
yield fine, free-flowing powders.

Liberation of Hydride Surface Terminated Freestanding
Si-NCs. Prior to etching, additional salt grinding of the compo-
site (2:1 mass ratio of NaCl: composite) in a mortar and pestle
was performed to produce a very fine powder and to maximize
particle homogeneity. Sodium chloride was subsequently re-
moved by repeated washing and centrifugation with water, and
the recovered brown powders were fully dried in an Ar stream.
A representative etching procedure involved transferring 50 mg
of salt-ground composite to a Teflon beaker containing 5 mL of
a 1:1:1 solution of 49% HF,q):H>O0:CH3CH,OH. The mixture
was stirred for a predetermined time to etch the SiO, matrix and
gradually decrease the size of the Si-NCs. Aliquots were taken at
35, 50, and 65 min, at which point hydrophobic, hydride-
terminated freestanding Si-NCs were isolated by extraction
from the aqueous solution into hexanes.

Fourier Transform Infrared Spectroscopy (FTIR). FTIR spec-
troscopy was performed on powder samples using a Nicolet
Magna 750 IR spectrophotometer.

X-ray Powder Diffraction (XRD). XRD was performed using
an INEL XRG 3000 X-ray diffractometer equipped with a Cu
Ka radiation source (4 = 1.54 A). Bulk crystallinity for all sam-
ples was evaluated on finely ground samples mounted on a low-
intensity background silicon (100) sample holder.

Photoluminescence (PL) spectroscopy. PL spectra of finely
powdered composites drop-coated from an ethanol suspension
onto optical-grade quartz were evaluated at room temperature
using the 325 nm line of a He—Cd laser excitation source.
PL emission was detected with a fiber optic digital charge-
coupled device (CCD) spectrometer whose spectral response
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Scheme 1. Hydrolysis and Condensation Reactions That Form (HSiO, s),, Polymers from H-SiCl;*

Hydrolysis

——Si—Cl + Hy0

P> ——Si—OH + HCI

Condensation

——Si—OH + HO—Si——

P ——Si—O0——Si——= + Hy0
l Polycondensation
H

O

E

(HSIO15)n

“In this representation, = refers to a Si atom bonded to 3 other atoms, and ~~ refers to an extended three-dimensional network with Si—H centers

bridged by siloxane linkages (Si—O—Si).

was normalized using a standard blackbody radiator. PL spec-
tra of hexane suspensions of freestanding Si-NCs were obtained
using a Cary Eclipse Fluorimeter.

Results and Discussion

(HSiO1 5),, Condensation Polymer. The preparation of
SiO>-embedded Si-NCs from reductive thermal proces-
sing of sol—gel polymers derived from HSiCls is presen-
ted. The reactions that lead to the formation of (HSiO; 5),,
polymers from the addition of water to HSiCl; are pre-
sented in Scheme 1. Hydrolysis results from nucleophilic
attack of H,O molecules at the electron-deficient Si
center, and the HCI reaction byproduct catalyzes the
condensation of silanol (Si—OH) groups into siloxane
(Si—O—Si) linkages. The hydrolysis and subsequent poly-
condensation reactions form an extended three-dimen-
sional (HSiO; s),, network, with a net Si:O ratio of 1:1.5
maintained in the final polymer. The 1:2 molar ratio of
HSiCl;:H,O (45 mmol:90 mmol) used in the present
synthesis provides a slight excess of H,O to facilitate
mass transport and promote acid catalyzed condensation
reactions. Furthermore, in light of the equilibrium nature
of hydrolysis and condensation processes, the relatively
low water concentration may also facilitate a shift in the
equilibria promoting formation of siloxane linkages and
water as products.

The structure and composition of (HSiO, s), were
investigated using FTIR spectroscopy (Figure 1A). The
spectrum is characterized by a sharp Si—H stretching
vibration atca. 2255 cm™ !, intense Si—O—Si vibrations at
ca. 1000—1300 cm ™', and H—Si—O hybrid vibrations at
800—900 cm . Similar FTIR spectra have been reported
for HSQ and other (HSiO; s), networks.'*'>** The ab-
sence of hydroxyl (—OH) stretching at ca. 3400 cm ™' is
an indication of complete condensation reactions. It is
interesting to consider the structure of the Si—O—Si and
H—Si—O0 vibrational bands, which consist of two sepa-
rate components. Previous reports outlining the thermal
transformations of HSQ have identified the high fre-
quency component of these bands (ca. 1160 cm™' for
Si—O—Si and ca. 875 cm™ ! for H—Si—0) as vibrations in

Si-0-Si
H-Si-0

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 1. Fourier transform infrared (FTIR) spectrum of (A) (HSiO; ),
polymer prepared by hydrolysis and condensation of HSiCl; and (B)
HSQ, showing Si—H stretching, Si—O—Si stretching, and H—Si—O
hybrid stretching. The structure of the Si—O—Si and H—Si—O stretching
bands in the FTIR spectrum of (HSiO; 5),, polymer is indicative of a
greater extended network structure relative to HSQ.

the cagelike structure of HSQ, while the lower frequency
components (ca. 1075 cm ™' for Si—O—Si and ca. 830 cm ™!
for H—Si—O0) have been identified with vibrations of an
extended network structure.'*** These assignments were
attributed to slightly smaller bond angles expected for the
extended network structure, in light of observations from
single crystal X-ray diffraction analysis of molecular
polyhedral silsesquioxanes.** Compared to the FTIR
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spectrum of HSQ (Figure 1B), which exhibits a greater
intensity for vibrations associated with a cagelike struc-
ture, the (HSiO; s), polymer prepared herein shows a
greater network character. This observation indicates the
preparation of an extended cross-linked network in the
present synthesis and is reasonable given no deliberate
experimental strategies were employed to favor the cage
structure.

A further comparison of the FTIR spectra of the
(HSiO; 5),, polymer and HSQ (Figures 1A and B) reveals
that the intensity of the Si—H vibration in HSQ is greater
for the (HSiO; 5),, polymer. Although a decrease in in-
tensity of Si—H absorbance in FTIR spectroscopy is often
interpreted as a decrease in the Si—H concentration
resulting from oxidation and a shift in the SiO; 5 compo-
sition toward SiO5, this is not always the case. In the study
of the Stacbler—Wronski effect in amorphous Si:H
photovoltaics, it is well understood that reversible photo-
induced dangling bond formation decreases the perfor-
mance of the amorphous Si devices, often described by
the hydrogen bond switching model.>> However, recent
advancements in the understanding of this effect have
identified deficiencies in this theory, leading to several
proposals to account for them. In particular, it has been
proposed that photoinduced structural changes in the Si
network could play a significant role.*> >’ In the context
of the present investigation, it was proposed that such
structural changes increase the “effective bond charge” of
the Si—H bond due to local field changes, increasing
the oscillator strength of the stretching vibration as a
result.>’* Consequently, an increase in the intensity of
the Si—H stretching mode was observed, without a
corresponding increase in the concentration of Si—H
species. Similar considerations are well-established in
the study of hydrogenated SiN.:H.* Given the stability
of Si—H bonds in acidic aqueous environments, it is
reasonable the SiO; s composition was maintained in
the present (HSiO; s),, polymer, and the difference in the
relative intensity of the Si—H stretching compared to
HSQ arises from the aforementioned siloxane network
structural differences.

The formation and growth of Si-NCs from (HSiO 5),,
was monitored using XRD. Figure 2 shows XRD pat-
terns of (HSiO; s),, processed at 1100, 1200, and 1400 °C
for 1 h along with samples of HSQ processed under
identical conditions. For (HSiO; 5),, processed at 1100 °C,
the appearance of broad reflections at ca. 28°, 47°, and 56°
that are readily indexed to the (111), (220), and (311) crys-
tal planes of diamond structure Si is indicative of the for-
mation of Si-NCs. Increasing the processing temperature
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Figure 2. X-ray diffraction (XRD) patterns of (HSiO; s),, and HSQ
thermally processed at 1100, 1200, and 1400 °C for 1 h in 5% H,/95%
Ar showing the influence of processing temperature on Si-NC growth. An
XRD pattern of a Si standard is included for comparison.

to 1400 °C leads to an increased intensity and narrowing
of these reflections as well as the emergence of higher
order crystal planes—all indicative of nanocrystal growth.
These observations demonstrate that SiO,-embedded
Si-NCs are readily formed from (HSiO; 5),, sol—gel poly-
mers, and variations to peak processing temperature is a
convenient method for nanocrystal size tuning.

In comparison to Si-NC/SiO, composite samples ob-
tained from HSQ under identical conditions (Figure 2), it
is evident that (HSiO; s), derived samples show broader
lower intensity reflections. This observation indicates
smaller Si-NCs form upon processing (HSiO 5),,. Scher-
rer analysis of XRD peak broadening for samples pro-
cessed at 1200 °C gave estimated average diameters of ca.
4 and 4.5 nm for (HSiO, 5),, and HSQ, respectively. Similar
analyses of samples processed at 1400 °C gave estimated
average nanocrystal diameters of ca. 10 and 13 nm for
(HSiO 5),, and HSQ, respectively. Comparative Scherrer
analyses for samples processed at 1100 °C was not pos-
sible due to the low intensity of the crystalline Si reflec-
tions relative to the amorphous oxide background.

While the disparity in Si-NC size obtained from
(HSiO; 5),, and HSQ could result from differences in both
the composition and structure of these precursors, sub-
stantial compositional differences are unlikely given the
stability of Si—H in acidic aqueous environments and the
identical handling of the precursors. As previously de-
scribed, analysis of FTIR spectra (vide supra) revealed
that (HSiO 5),, possesses more network character than
HSQ. Asaresult, itis reasonable that Si diffusion through
the more cross-linked network of (HSiO; s5), is more
energetically demanding and would thus hinder the for-
mation and growth of Si-NCs. Similar conclusions re-
garding diffusion effects on the formation and growth of
semiconductor nanocrystals in network-modified ma-
trices have been reported.>* ™32

Similar to size-controlled Si-NCs prepared by the
thermal processing of HSQ, those formed from the pre-
sent (HSiO; 5),, condensation polymers also exhibit size-
dependent PL in accordance with the principles of quan-
tum confinement (Figure 3A). As the peak thermal
processing temperature is increased from 1100 to 1200 °C,
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Figure 3. (A) Normalized photoluminescence (PL) spectra of SiO,-em-
bedded Si-NCs produced from (HSiO; 5), showing the effect of peak
thermal processing temperature in 5% H,/95% Ar. (B) Normalized
photoluminescence (PL) spectra of SiO,-embedded Si-NCs produced
from (HSIiO; 5), showing the effect of extended thermal processing at
1100 °C in 5% H/95% Ar.

the PL. maximum red shifts from ca. 810 to 830 nm. This is
expected in light of the observed trend in XRD peak
broadening with increased processing temperature (vide
supra). Samples processed at 1400 °C did not exhibit PL,
likely a result of their relatively large diameters (10 nm)
which are greater than the Bohr exciton radius. In con-
trast, Si-NCs produced from HSQ under identical condi-
tions exhibit PL centered at ca. 825 and 840 nm for 1100
and 1200 °C, respectively.'” In quantum confined emis-
sion, longer wavelength (i.e., lower energy) PL is indica-
tive of larger nanocrystal size, consistent with the present
XRD observations (vide supra).

The effect of extended thermal processing time on the PL
behavior of Si-NCs produced from (HSiO; 5),, polymer was
also investigated (Figure 3B). As processing time is in-
creased from 1 to 10 h at 1100 °C, the PL red shifts from
ca. 810 to 870 nm. This observation has previously been
attributed to nonresonant carrier tunneling to larger nano-
crystals upon defect passivation during thermal annealing. '
However, the larger Si-NCs produced from HSQ under
identical conditions exhibit longer wavelength emission.'®

It has been shown that (HSiO; s), sol—gel polymers
produced by the straightforward addition of water to HSiCl;
are efficient cost-effective precursors for the synthesis of
SiO,-embedded and freestanding Si-NCs. Dimensional
differences of Si-NCs obtained from HSQ under identical
processing conditions have been attributed to the greater
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Figure 4. Fourier transform infrared (FTIR) spectra of compositionally
tuned (HSiO 5),(CH;SiO; 5),,, condensation copolymers (m = 2.5, 5, 10%),
showing a monotonic increase in —CH5 bending (ca. 1260 cm™ ') and
C—H stretching (ca. 2900 cm ™) as the concentration of methyl groups in
the copolymers increases. Spectra for (HSiO, 5),, (0%) and (CH;SiO; s),
(100%) homopolymers are included for comparison.

network character of (HSiO, s),. This higher degree of
cross-linking imparts a larger diffusion barrier to Si atoms
during thermally induced redistribution reactions. As a
result, smaller nanocrystals are produced, and their PL is
slightly blue-shifted in accordance with quantum confine-
ment. To verify this proposal, analogous sol—gel copoly-
mers were investigated in which small concentrations of
network modifying Si—CHj; groups were included. It is our
proposal that these methyl groups act to decrease the overall
sol—gel cross-linking density, opening the network, and
facilitating Si atomic mobility during thermal processing.
Consequently, larger Si-NCs should be formed in compa-
rison to the (HSiO; 5),, homopolymer.

(HSiO 5),(CH3Si0 5),, (m<<n) Condensation Copoly-
mers. To further investigate the role of the (HSiO; 5),
polymeric network internal structure in the formation of
Si-NCs upon thermal processing, a series of condensation
copolymers were prepared containing defined concentra-
tions of Si—CHj3; groups. We expect the greater steric bulk
of the methyl-substituents (Si—CH3) to decrease the
overall cross-linking density of the polymeric network.
Copolymers with CH3/H molar ratios of 2.5% (i.e.,
[(HSiO1 5)0.975(CH38101 5)0.025.), 5% (i.€., [(HSIO1 5)0.95-
(CH3Si01 5)0.05)4), and 10% (i.e., [(HSiOy.5)9.90(CH;3Si-
O1.5)0.10]n) Were prepared by varying the relative concen-
trations of HSiCl; and CH3SiCl; in the hydrolysis and
condensation mixtures prior to addition of water.

The FTIR spectra of the as-prepared (HSiOs),-
(CH5Si0; 5),, condensation copolymers are presented in
Figure 4. Spectra of (HSiO; 5),, and (CH3Si0; 5),, homo-
polymers are included for comparison. All copolymers
investigated here retain Si—H groups during hydrolysis
and condensation, as evidenced by the strong Si—H
stretching vibration at ca. 2255 cm™'. The increase in Si—
CHj; concentration in the compositionally tuned copoly-
mers is manifested in the monotonic increase of the —CHj;
symmetric bending vibration (ca. 1260 cm™") and C—H
stretching (ca. 2900 cm ™ ') intensities.*' These observations

(41) Xiao, D.; Zhang, H.; Wirth, M. Langmuir 2002, 18, 9971.
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indicate that the relative concentrations of the HSiCl; and
CH;SiCl; precursors in the reaction mixture were main-
tained in the condensation copolymers.

Recall, structural differences between HSQ and (HSi-
0O, 5),, were extracted from the structure of the Si—O—Si
and H—Si—O vibrational bands in their FTIR spectra
(vide supra), with the higher energy component of each
band associated with cagelike character, and the lower
energy component with network character. Comparisons
of these two materials are possible because both precur-
sors possess the same composition. Similar analyses have
been reported for the structural evolution of methyl
silsesquioxane systems.*> However, for the present co-
polymers, compositional differences make similar inter-
pretations nontrivial, with overlapping absorption bands
and the possibility of phase segregation complicating the
analysis.”!

The effect of methyl concentration on the formation of
Si-NCs during thermal processing of compositionally
tuned (HSiO; 5),(CH;3Si0O; 5),, copolymers was evaluated
by heating all precursors at 1100 °C for 1 hin 5% H;/95%
Ar. The XRD patterns of Si-NC/SiO, composites ob-
tained from these copolymers differ from those obtained
from the (HSiO s5),, homopolymer (Figure 5). All samples
contain Si-NCs, as evidenced by the broad reflections
characteristic of diamond structure Si. As the methyl
concentration in the (HSiO 5),(CH3SiO; 5),, copolymers
is increased from 0 to 5%, these reflections narrow and
intensify, indicative of larger Si-NCs. Scherrer analysis of
XRD peak broadening of the sample prepared from
[(HSiO 5)0.95(CH3S10 5)0.05], (i.e., 5% CH3/H) yielded
an estimated average nanocrystal diameter of ca. 4.5 nm.
In fact, these Si-NCs are larger than those obtained from
processing the (HSiO; 5),, homopolymer at 1200 °C (vide
supra). Since these samples were processed under iden-
tical conditions, this increased nanocrystal growth is a
direct result of —CHj group incorporation into the poly-
meric network.

PL spectra (Figure 6) exhibit a red shift in the emission
maximum with higher methyl concentration in the co-
polymers, with a peak maximum centered at ca. 875 nm
for [(HSi01.5)0A95(CH3Si01A5)0.05]n (i.e., 5% CH3/H) This
behavior agrees with our interpretation of the present
XRD data—Si-NC size increases with greater methyl
concentration in the copolymer precursor (vide supra).

Clearly, incorporating low concentrations of network-
modifying methyl substituents into (HSiO 5),(CH3SiO; s),,,
condensation copolymers influences the formation of
SiO,-embedded Si-NCs upon reductive thermal proces-
sing. In agreement with our conclusions regarding the
difference in nanocrystal formation from HSQ and (HSi-
01 5),, the structure of the polymer network and the over-
all cross-linking density plays an important role in the
evolution of the Si-NCs. “Opening up” the siloxane net-
work through —CHj; incorporation facilitates Si atomic
diffusion, and more atoms can contribute to nanocrystal

(42) Lee, L. H.; Chen, W. C.; Liu, W. C. J. Polym. Sci., Part A: Polym.
Chem. 2002, 40, 1560.
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Figure 5. X-ray diffraction (XRD) patterns of compositionally tuned
(HSiO 5),(CH3Si0; 5),, condensation copolymers (m = 0, 2.5, 5%) ther-
mally processed at 1100 °C for 1 h in 5% H»/95% Ar, showing the rela-
tionship between Si-NC size and methyl concentration in the copolymer.
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Figure 6. Normalized photoluminescence (PL) spectra of composition-
ally tuned (HSiO; 5),(CH3SiO; 5),, condensation copolymers (m = 0, 2.5,
5%) thermally processed at 1100 °C for 1 hin 5% H,/95% Ar, showing
the relationship between PL maximum and methyl concentration in the
copolymers.

formation and growth. Thisis directly supported by XRD
observations that showed reflection narrowing attributed
to increased Si-NC size as the methyl concentration in the
copolymers was increased from 0 to 5%. Further evidence
was obtained by PL spectroscopy that showed a red shift
in the emission with greater methyl content, in agreement
with quantum confined emission in Si-NCs of increasing
size.

Although the data presented here does not directly
demonstrate structural control due to the limitations
previously mentioned regarding the interpretation of
FTIR spectra of (HSiOj 5),(CH3SiO; 5),, copolymers
(vide supra), additional support for the present conclu-
sions can be obtained by considering compositional
effects. During thermal processing of organically modi-
fied siloxane polymers, including the (HSiO; s),(CHjs-
SiO; 5),, condensation copolymers presented here, car-
bon atoms are retained in the final oxide network, bonded
to silicon in oxycarbide phases.?® As a result, these silicon
atoms are unavailable to participate in the formation and
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growth of Si-NCs. This can be described as a depletion of
Si in the SRO and a shift from the original SiO; 5
composition of (HSiO; s),, toward SiO,. Consequently,
this compositional shift is expected to lead to smaller
Si-NCs and a blue shift in their PL emission.** This is
opposite to what is observed for the present composition-
ally tuned (HSiO;j 5),(CH3SiO;g 5),, copolymers. There-
fore, even though compositional changes brought about
by —CHj; incorporation would be expected to produce
smaller Si-NCs, the effects of these methyl substituents on
the internal structure of the polymer network and the
diffusion of Si atoms through the matrix dominate,
leading to an increase in Si-NC size.

Thermal processing of the [(HSiO 5)g.9o(CH3SiO 5)0.10],x
copolymer (i.e., 10% CH;3/H), however, did not result in
the expected increase in Si-NC size and PL red-shift.
Instead, the XRD pattern and PL spectrum (not shown)
were very similar to analogous samples prepared from the
(HSiO; 5),, homopolymer, although the intensity of the
XRD reflections was slightly lower. Additionally, ther-
mal processing of the (CH;SiO s), homopolymer re-
sulted in no evident Si-NC formation by XRD and PL
characterization, as expected with the formation of sili-
con oxycarbide phases. Therefore, at 10% CH3/H, com-
positional effects become more important than structural
effects, and the associated decrease in available Si atoms
leads to smaller Si-NCs. This balance between composi-
tional and structural effects on the formation of SiO,-
embedded Si-NCs suggests that a limit exists for the
applicability of methyl-modified copolymers in obtaining
the largest possible nanocrystals at the lowest possible
temperature. To this end, we are currently extending this
investigation into other copolymer systems, including the
incorporation of bulkier substituents and the use of
dichlorosilanes (SiClL,RR’; R, R’ = H, alkyl, aryl) as
network modifiers.

Freestanding Si-NCs from (HSiO;s), Sol—Gel Poly-
mers. Si-NCs produced from thermal processing of
(HSiO; 5),, are also suitable for applications where free-
standing nanocrystals are required. Etching of SiO»-
embedded Si-NCs with aqueous HF solutions is an
effective method for liberating the nanocrystals from
the encapsulating oxide. Furthermore, the etching proce-
dure provides a straightforward method to further con-
trol the diameter of the freestanding Si-NCs. The etching
time dependence of the PL spectra of hydride-surface
terminated Si-NCs is shown in Figure 7. All freestanding
Si-NCs were liberated from (HSiO 5),-derived compo-
sites processed at 1100 °C for 1 h in 5% H,/95% Ar.
Freestanding Si-NCs produced by this method exhibit
intense room-temperature visible PL. Prolonged expo-
sure to HF leads to a gradual decrease in Si-NC size and a
blue shift in PL emission, as expected from quantum
confinement.

A representative FTIR spectrum of fully etched,
hydride-terminated Si-NCs is shown in Figure 8. The
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Figure 7. Normalized photoluminescence (PL) spectra of size-controlled
freestanding Si-NCs produced from (HSiO s), processed at 1100 °C for
1 hin 5% H»/95% Ar as a function of HF etching time (35, 50, and
65 min). The blue-shift with decreasing Si-NC diameter is in accordance
with quantum confinement.
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Figure 8. FTIR spectrum of freestanding Si-NCs produced from (HSi-
0O, 5), clearly showing Si—H surface termination resulting from HF
etching (65 min).

freestanding Si-NCs have Si—H surface termination, as
evidenced by the characteristic stretching and scissoring
frequencies at ca. 2100 and 910 cm ™!, respectively. Hy-
dride-surface termination is a versatile reaction platform
for subsequent derivatization via hydrosilylation reac-
tions with terminal alkenes.*** Weak Si—O—Si stretch-
ing at ca. 1100 cm ™' and O—H stretching centered at ca.
3400 cm ™! arise due to limited postetching surface oxida-
tion. Residual hexane from the extraction of Si-NCs from
the aqueous etching mixture gives rise to minor C—H
stretching. The impact of structural and compositional
effects in these (HSiO; 5),, and [(HSiO; 5),(CH;3Si0; 5),,.]
sol—gel polymers on the etching of the resulting Si-NC/
SiO, composites is a topic of ongoing investigation in our
laboratory.

Conclusion

We have shown that (HSiO; ), sol—gel polymers,
produced by the straightforward addition of water to

(43) Meldrum, A.; Hryciw, A.; MacDonald, A. N.; Blois, C.; Marsh, K.;
Wang, J.; Li, Q. J. Vac. Sci. Tech. A 2006, 24, 713.

(44) Buriak, J. M. Chem. Rev. 2002, 102, 1271.
(45) Veinot, J. G. C. Chem. Commun. 2006, 4160.
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HSiCl;, are efficient cost-effective precursors for the
formation of SiO,-embedded and freestanding Si-NCs.
The influence of polymer structure and cross-linking
density on the formation of Si-NCs was investigated by
comparing samples produced from (HSiO, s),, and HSQ
processed under identical conditions. It was concluded
that the greater network character and cross-linking
density of (HSiO; s),, as opposed to the cage structure
characteristic of HSQ, increased the energetic require-
ments for Si diffusion through the oxide matrix, thereby
forming smaller Si-NCs. This proposal was supported
through an investigation into the formation of Si-NCs
from (HSiO; 5),(CH3SiO; s),, condensation copolymers,
in which methyl substituents act as network modifiers and
increase Si diffusion. As such, copolymers with greater

Henderson et al.

methyl concentration produced larger Si-NCs. This pre-
sents an additional method to Si-NC size control and may
eventually offer the possibility of preparing larger Si-NCs
at lower processing temperatures.
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