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Size-dependent chemical reactivity of silicon nanocrystals with water and
oxygen

Abstract

A detailed investigation examines how the size of allylbenzene-capped silicon nanocrystals (ncSi:AB) affects
their chemical reactivity with gaseous O, HyO, and O2/H;O as probed by in situ luminescence
spectroscopy. Specifically, changes in the photoluminescence (PL) of size-separated ncSi: AB are monitored
through alterations of their PL absolute quantum yield (AQY) as well as the wavelength and intensity of their
PL spectra over time. These experiments, conducted under both continuous and intermittent illumination,
help elucidate the roles of O, HyO, and mixtures of O,/H,O, with respect to oxidation of ncSi:AB as a
function of their size, providing vital information for any perceived application in advanced materials and
biomedical devices.
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Size-Dependent Chemical Reactivity of Silicon Nanocrystals

Melanie L. Mastronardi,” Kenneth K. Chen,' Kristine Liao," Gilberto Casillas,* Geoffrey A.
Ozint*

fDepartment of Chemistry, University of Toronto, 80 St. George Street, Toronto, Ontario, Canada, M5S 3H6
aUOW Electron Microscopy Centre, University of Wollongong, New South Wales 2500, Australia
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face oxidation, chemical reactivity

ABSTRACT: The effects of exposure to dry and controlled humidity oxygenated atmospheres in the dark and light
were examined in situ for monodisperse allylbenzene-capped silicon nanocrystals (ncSi:AB). Changes in photolumines-
cence (PL) intensity as measured by alterations of the PL absolute quantum yields (AQY) and blue shifting of PL spectra
were measured over time under continuous and intermittent illumination to help elucidate the roles of O2 and H20 as
well as UV irradiation in the oxidation of the ncSi surface. Size-dependent trends were observed for both PL blue shift-
ing and changes in the PL AQY indicating that nanocrystal size plays an important role in how oxygen species react at

the nanocrystal

surface.

Introduction

Silicon nanocrystals (ncSi) were found to exhibit in-
tense room temperature photoluminescence in 1990,!
and subsequent study has identified that they possess
size-dependant optical and electronic properties,2a-¢ simi-
lar to other semiconductor nanocrystals composed of
heavy metal materials. In particular, quantum and spa-
tial confinement effects result in a widening of the elec-
tronic band gap and a blue shift in photoluminescence
(PL) as the ncSi particle size decreases.22¢3 Recent stud-
ies also report that ncSi show size-dependent PL abso-
lute quantum yields (AQY).2ac4ab These size-dependent
properties as well as a wide PL range that spans the visi-
ble to near infrared region,2c have established ncSi as a
promising candidate in optoelectronic and biological
imaging applications.5a¢

Currently, there are a variety of methods that exist for
the synthesis of ncSi, including the annealing of SiOx
powders followed by etching with HF,® plasma synthe-
sis,” and solution reduction of SiCls.8 Colloidal stability of
ncSi is easily achieved through a hydrosilylation reaction
between surface Si-H groups and terminal alkenes.%-< It
is well established that surface capping with organic lig-
ands helps to prevent unwanted oxidation of the nano-
crystal surface;®10 however, overtime even capped ncSi
have been shown to oxidize under ambient conditions.
Exposure to air overtime, resulting in surface oxidation,
is known to quench the PL of ncSi as well as blue shift its
emission wavelength.40t The blue shifting of PL has
been attributed to the shrinking of the nanocrystalline
core due from the formation of an oxide layer.32 The
formation of dangling bonds and defect sites in the oxide
layer create surface states in the band gap that effectively
guench the PL.13ab

To date little is known regarding the role Oz and H20
plays in oxidation processes for ligand capped ncSi, but
there are a variety of reports outlining different process-
es through which unfunctionalized or hydride-capped
ncSi interact with H20 and O3.13a14a-¢c |nvestigation of the
oxidation of ncSi:H nanocrystals by electron spin reso-
nance was reported to be consistent with the Cabrera-
Mott theory of oxidation in ambient-air.132 The process is
proposed to involve an induction period where the pref-
erential adsorption of H20 near surface silanol (Si-OH)
groups aids the cleavage of an adjacent Si-Si bond, which
transfers an electron to an adsorbed O: and attracts it to
the cleaved bond. Reaction of the O2 at this site then
leads to the formation of two Si-O-Si groups. Studies of
bulk-Si surfaces indicated that the duration of the induc-
tion period is inversely proportional to humidity and
density of Si—OH groups.!5ab

Hydride-terminated ncSi (ncSi:H) have been shown to
be efficient photosensitizers of singlet oxygen due to
their highly developed surfaces and long radiative life-
times.14ab This process quenches the PL of ncSi as energy
is transferred from optically excited excitons to O2 mole-
cules adsorbed on the ncSi surface and is most efficient
at a PL wavelength of 760nm (1.63 eV), which corre-
sponds to the energy transition energy from the O2 tri-
plet state to excited singlet state.!*t PL quenching has
been shown to be a reversible effect provided that the
ncSi:H have not been exposed to O: under prolonged
illumination, which leads to an irreversible photooxida-
tion process that degrades the PL permanently.t4c Singlet
O2 energy is not enough to break a Si-Si bond, therefore
thermal energy is also required for the formation of Si-O-
Si, which has been reported to form quicker at higher
temperatures.t4c

While oxide formation at the ncSi surface tends to re-
sult in PL quenching, in some cases PL enhancement has



also been observed; this is attributed to oxidation-
induced passivation of dangling bonds.3162b It has been
proposed that the apparent discrepancy between differ-
ent studies may result from variations in initial surface
passivation and oxidation conditions.’32 Overall the con-
sensus is that interfacial defects and Si dangling bonds
strongly influence the optoelectronic properties of
ncSi, %2 which means that understanding the surface
structure of ncSi and how it oxidizes is of utmost im-
portance for developing functional ncSi materials, par-
ticularly for colloidally-stable ligand-capped ncSi of vary-
ing size.

In order to probe the effects of oxidation on different
sizes of organic capped ncSi, we report the results of
chemical reactivity studies performed on allybenzene-
capped ncSi that have been size-separated into relatively
monodisperse fractions using size-selective precipita-
tion.2a

Experimental

Reagents and Materials. Trichlorosilane (HSICI3,
99%) was purchased from Sigma Aldrich, stored in a
refrigerator, and used as received. Hydrofluoric acid
(ACS reagent 48%, Sigma Aldrich), ethanol (anhydrous,
Commercial Alcohols), methanol (ACS reagent, Sigma
Aldrich), toluene (anhydrous, Sigma Aldrich), isopropa-
nol (ACS, EMD), potassium hydroxide (technical grade,
ACF), hexanes (ACS reagent, Caledon Laboratories), and
phenyltriethoxysilane (98%, Aldrich) were used as re-
ceived. Allylbenzene (98%, Aldrich) was filtered through
activated neutral alumina (type WN-3, Sigma Aldrich)
and a 0.2 um PTFE syringe filter before use to remove
any peroxide impurities.’” Argon compressed gas (ultra-
high purity, Praxair) and 49.9% oxygen balance argon
compressed gas (certified standard, Praxair) were
purged through deionized water or Drierite.

Synthesis of Size-Separated ncSi:AB.  Size-
separated allylbenzene-capped ncSi were synthesized
using a previously reported method with some modifica-
tions.22 This method involves the high temperature
thermal processing of sol-gel hydridosilicate (HSiOus)
glasses derived from trichlorosilane (HSiClz), followed by
etching with HF to liberate the ncSi from the encapsulat-
ing SiO2 matrix. The hydride-terminated ncSi were func-
tionalized with allylbenzene groups using a thermally-
initiated hydrosilylation reaction in neat allylbenzene to
produce a stable, concentrated colloidal dispersion. The
ncSi that were too large to be stabilized with allylbenzene
caps were removed from the reaction mixture by centrif-
ugation and the ncSi:AB were isolated from the excess
un-reacted allylbenzene by vacuum distillation followed
by heating under vacuum at 155°C for 5.5 hours to re-
moved excess alkenes.’® The purified polydisperse
ncSi:AB were re-dispersed in toluene, resulting in a clear
orange solution that displayed bright orange-red photo-
luminescence (PL) under photoexcitation (Aexx = 365
nm). Size-selective precipitation was performed on the
toluene dispersion of polydisperse ncSi:AB, using meth-
anol as the anti-solvent to isolate fractions of relatively
monodisperse ncSi:AB.  Following each addition of
methanol, the cloudy solution was briefly sonicated then
centrifuged for 10 mins at 6461 rpm. The clear superna-
tant was decanted and the solid was immediately redis-

persed in toluene. In order to ensure sample purity, each
fraction was precipitated a second time. Immediately
after the supernatant was decanted after the second pre-
cipitation the solid precipitate was transferred into a
glove box in order to minimize surface oxidation from
exposure to air. In the glove box, the solid precipitate for
each fraction was dispersed in anhydrous toluene and
stored until used.

Preparation of ncSi:AB Films. Glass slide sub-
strates were treated in a mixture of KOH and isopropa-
nol (sonicated for one hour and left overnight), then
rinsed with distilled water and dried in an oven. Dried
substrates were then coated with phenyltriethoxysilane
and heated in an oven at around 120°C for 3 days. The
substrates were then rinsed with hexanes, dried and
transferred to a glove box. 40ul of a toluene dispersion
of ncSi:AB was then drop-coated onto the hydrophobic
glass substrates, and allowed to dry.

Characterization. Scanning transmission electron
microscopy (STEM) images were acquired in a probe-
corrected JEOL ARM200F operated at 80 kV equipped
with a cold field emission gun and a high resolution pole-
piece. Middle angle annular dark field (MAADF) images
were acquired with 45 and 180 mrad inner and outer
collection angles respectively, while bright field images
used 11 mrad collection angles. Both images were rec-
orded with a dwell time of 38 s, and convergence semi-
angle of 25 mrad resulting in a probe current of 40 pA.
Samples were drop-cast onto Graphene-Cu grids (Gra-
phene Supermarket) to ensure an ultra-thin support film
of less than 2 nm. At least 500 particles were measured
by hand to determine the average particle diameter and
standard deviation values of the ncSi:AB from microsco-
py images. The photoluminescence of the ncSi:AB frac-
tions was obtained using the absolute quantum yield set-
up described below. The absolute quantum yield was
determined using a previously reported integrating
sphere method.?® Samples were excited in an integrating
sphere (Gigahertz Optik, custom made) with light from a
365nm LED (Thorlabs M365L2), and photolumines-
cence was collected by a 1 mm diameter optical fibre
(Ocean Optics) and detected by an Ocean Optics Maya
2000 spectrometer. The continuous absolute quantum
yield was measured by taking appropriate ratios of the
excitation and emission peak areas of spectra recorded
for the empty sphere and sample holder, and the excita-
tion focused directly onto the sample.2° The accuracy of
the system was verified against literature values for rho-
damine 6G and MEH-PPV. Solution samples were
measured in cuvettes that were filled and sealed in the
glove box. Film samples were sealed into a custom made
sample holder in the glove box that was then inserted
into the integrating sphere. The continuous AQY of each
film sample was measured over a period of 300 seconds
(5 minutes), and intermitted illumination was achieved
by blocking the LED light from hitting the sample over
short periods of time throughout the 5 minute measure-
ment. During each measurement, the film samples were
exposed to different atmospheres. Dry argon and dry
50% oxygen in argon were created by flowing gas
through a tube containing Drierite. Wet argon and wet
50% oxygen in argon were created by flowing gas
through a bubbler filled with deionized water. The hu-



midity of the atmospheres was monitored using a rela-
tive humidity probe (RH-USB, Omega Engineering,
Inc.). All AQY and PL film experiments were conducted
in duplicate, and the extracted AQY and PL values were
averaged wherever possible. PL spectra were smoothed
and baseline corrected using Origin Pro 8 software. Fou-
rier transform infrared (FTIR) spectroscopy was per-
formed on a Perkin Elmer Spectrum One FTIR spec-
trometer and peak areas were determined using Spec-
trum software. For pristine samples, films of ncSi:AB
were drop-cast onto an IR transparent KBr substrate in
the glove box, covered with a second KBr substrate, and
sealed with Teflon tape. For samples exposed to differ-
ent atmospheres, films of ncSi:AB were drop-cast onto
6mm by Imm KBr plates, loaded into the resealable con-
tinuous AQY sample holder in the glove box, and ex-
posed to the gas flow as above, under illumination in the
integrating sphere or in the dark. The plates were then
removed and run immediately under ambient condi-
tions. X-ray photoelectron spectra (XPS) were obtained
using a Thermo Scientific Theta Probe utilizing mono-
chromatic Al K a radiation, and spectra were calibrated
to the Cls emission arising from adventitious hydrocar-
bons (284.8 eV). The high-resolution Si 2p region of the
XPS was fit for the dominant Si species (Si°, Si*!, Si*2,
Si*3, and Si*4). The atomic % determined from the area
of the Cls, Ols and Si2p° peaks were used to compare the
extent of surface oxidation of pristine and air exposed
samples of varying sizes.

Results and Discussion

The polydisperse ensemble and select size-separated
ncSi:AB samples were characterized by scanning trans-
mission electron microscopy (STEM). Particle size analy-
sis confirms the expected decreasing particle size with
increasing size-selective precipitation step (SI Figure
1). The average diameter values were measured as 2.79 +
1.7 nm for the ensemble, 2.22 + 0.5 nm for fraction 11,
2.14 + 0.4 nm for fraction 13, 2.01 = 0.4 nm for fraction
16, and 1.81 = 0.4 nm for fraction 18. All fractions con-
tain some degree of crystallinity, with crystal lattice lines
appearing in the images of all samples examined. How-
ever, lattice fringes are not observed for all particles,
which may be due to random orientation of the particles
and beam damage that causes the particles to amorphise
before an image can be acquired. It is not possible to say
if all particles were crystalline to begin with, but there
are certainly some crystalline particles observed for all
fractions including fraction 18, which contains the small-
est particles (S Figure 2).
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Figure 1. Characterization of Size-Separated

ncSi:AB. A) Ratios of FTIR peak areas plotted for select
size-separated ncSi:AB fractions. Inset, denotes peak area
regions examined on the FTIR spectrum of fraction 11. B)
Photoluminescence (PL) maximum and PL absolute quan-
tum yield (AQY) plotted versus fraction number for both
film and solution samples show the variation of values for
each fraction in different forms. The difference in PL maxi-
mum value decreases while the difference in AQY increases
with decreasing size.

Select pristine samples of size-separated ncSi:AB were
analyzed using Fourier Transform infrared (FTIR) spec-
troscopy. The FTIR spectrum shown for fraction 11
(Figure 1A, inset) shows the characteristic stretching
modes associated with allybenzene capped ncSi, con-
sistent with previous work.22 To compare the surface
species present for fractions of different size, ratios of the
areas associated with Si-H, C-H, and Si-O-Si or Si-OR
stretching modes are plotted in Figure 1A. The ratio of
C-H to Si-H areas increases slightly with decreasing size,
indicating that there is a higher proportion of allylben-
zene ligands to Si-H species at the surface of smaller
ncSi:AB. This can be explained by the increasing surface
curvature of particles with decreasing size. Complete
surface coverage of ncSi with any alkyl ligand is not pos-
sible due to the disparity between the diameter of an al-
kyl chain carbon (4.2 A) and the spacing between silicon
atoms on the Si surface (3.85 A for 111).2! Ligand cone
models have been reported and used to estimate the sur-
face coverage of ligands on nanoparticle surfaces.2?2 For
allylbenzene, which has a higher ligand cone angle com-
pared to a linear alkyl group, a higher surface curvature



will allow more room for ligands to spread out from the
nanocrystal surface, allowing more Si-H species to be
converted to Si-AB with decreasing particle size. The
presence of adventitious surface oxidation has been re-
ported in previous syntheses of organic capped ncSi,5¢23
and the results here show the ratio of the peak associated
with Si-O-Si or Si-OR to Si-H increasing with decreasing
size, indicating that a greater proportion of oxide species
exist at the ncSi:AB surface of smaller particles. This
size-dependent adventitious surface oxidation trend is
also observed in comparing the atomic % of core Si, O
and C species determined by XPS for particles of varying
size (SI Figure 3A). The Si-H species that remain at the
ncSi:AB surface likely react with residual oxygen dis-
solved in the toluene or methanol itself, which was used
as the anti-solvent in the size-separation step. The size-
dependence of the adventitious surface oxidation can be
explained by the increasing spacing between the ligand
tails that make it easier for oxide species to reach the
surface with increasing curvature,24 as well as the fact
that smaller sized particles were exposed to methanol for
longer time periods due to the nature of the size-
separation process. Despite the presence of oxide surface
species, there is still a significant peak associated with Si-
H for all fractions, indicating the presence of sites with
which oxygen species in the oxygen and water rich envi-
ronments used can react for this chemical reactivity
study.

The PL spectra and PL AQY were measured for select
pristine fractions of ncSi:AB both dispersed in toluene
and drop-coated onto treated hydrophobic glass slide
substrates. The AQY shows a decreasing trend with de-
creasing particle size for both film and solution samples
(Figure 1B), which is consistent with previous reports
of similarly sized ncSi.224 In previous work, the AQY
decrease has been attributed to a decrease in ncSi core
crystallinity with decreasing particle size, as well as an
increase in the competing non-radiative relaxation sur-
face trap and defect pathways that become more preva-
lent with decreasing ncSi size.22 The microscopy and
FTIR results presented here tend to favor the later ex-
planation, since some crystallinity is observed for even
the smallest particles imaged and the ratio of oxide spe-
cies, likely to contribute to surface traps and defect sites,
is shown to increase with decreasing particle size.

Consistent with the effects of quantum confinement,
the PL maximum blue shifts with decreasing particle size
for both film and solution samples (Figure 1B).4a13b A
slight red shift in PL peak emission for film versus solu-
tions samples is attributed to greater particle interac-
tions in the solid state film samples, resulting in in-
terparticle coupling or efficient energy transfer from the
smaller particles to the larger particles.252.0
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Figure 2. Continuous Absolute Quantum Yield
Measurements. A) Photoluminescence (PL) absolute
guantum yield (AQY) curves for fraction 16 measured under
different atmospheres, showing representative relative hu-
midity curves for dry and wet atmospheres. The AQY curves
have been normalized to the average initial AQY value. After
300s the atmospheres containing H20 and/or Oz were
purged for 300s with dry Ar flow through the system. The
dotted lines shown following the switch to dry Ar are guides
to help visualize the changes in AQY. B) PL spectra for frac-
tion 16 measured before (dashed line) and after exposure
(solid line) to each atmospheres for 300s. PL spectra have
been smoothed for clarity. PL blue shift from the initial val-
ue for each atmosphere is denoted in eV.

In order to probe the effect different oxygen species
have on the optical properties of ncSi:AB, the AQY was
measured continuously while film samples of select frac-
tions were exposed to different atmospheres. Initially
each sample was prepared and sealed under nitrogen;
the samples were then exposed to one of the following
atmospheres: dry argon, wet argon, dry 50% oxygen in
argon (referred to as dry Oz), and wet 50% oxygen in
argon (referred to as wet O2). PL spectra were measured
initially and after exposure to each atmosphere for 300s.
To help elucidate the extent of non-chemical quenching
observed select films were subsequently purged with dry
Ar following exposure to Oz and H20 containing atmos-
pheres. The relative humidity was monitored during all



continuous AQY measurements using a relative humidity
sensor. In addition to the continuous AQY measure-
ments outlined above, film samples were run under all
atmospheres with intermittent illumination to study the
effect of light on the reactivity of H2O and/or O2 species
at the ncSi:AB surface.

AQY curves and relative humidity curves representa-
tive of wet and dry conditions under continuous illumi-
nation are shown for fraction 16 in Figure 2A and the
corresponding PL spectra are shown in Figure 2B. In
the analysis of Figure 2, it is useful to assume a baseline
with the results of inert dry Ar exposure at 300s where
the signals have stabilized in order to measure and un-
derstand the effects of H20 and O2. Despite efforts to
purge and eliminate air from the testing apparatus, it is
likely that some residual ambient air remained; this is
demonstrated by a slight decrease in AQY (from 22 to
20%) and slight blue shift in PL maximum (0.005eV)
observed for the P16 dry Ar sample. Recent work suggest
that exposure to UV light under inert conditions results
in a decrease in AQY due to non-oxidative photobleach-
ing,26 which may also be contributing to the decrease in
AQY we observe. However, the work presented here was
performed on much a shorter timescale and in our case
we observe a blue shift in PL indicating that oxidation
from residual air is the dominant effect at play.

Upon exposure to atmospheres containing Oz (both
wet and dry) a significant decrease in AQY was observed.
At 300s, AQY values were 7% and 4.5% for samples ex-
posed to wet Oz and dry Oz, respectively. Additionally,
we see that the PL has blue-shifted for both dry
(0.019eV) and wet Oz (0.025eV). Since blue shifting of
ncSi emission energy has been attributed to shrinking of
the nanocrystalline core due to the formation of an oxide
layer for ncSi exposed to air overtime, it can be inferred
that some form of irreversible oxidation is occurring for
samples in all atmospheres. This oxidation would also
result in some PL quenching (decrease in AQY) due to
the emergence of intermediate states caused by the for-
mation of dangling bonds and defect sites.132b The large
AQY decrease and PL blue shift observed for both sam-
ples exposed to O: indicate that surface oxidation is re-
sponsible for a large extent of the optoelectronic chang-
es.

Purging with dry Ar beginning at 300s, results in an in-
crease of the AQY of dry Oz treated ncSi:AB from 4.5 to 6%
and an increase from 7 to 8% for wet Oz treated samples by
600s. Based on this increase in AQY we propose that the
AQY decrease observed at 300s is due to a combination of
defect states formed from irreversible surface oxidation as
well as photosensitization, which would give some reversi-
ble PL quenching. Photosensitization in this case describes
the process where photogenerated singlet oxygen molecules
cause photodegradation in silicon.!*c Molecular oxygen ad-
sorbed to ncSi surfaces act as a competing mechanism
through which photogenerated excitons within the ncSi may
transfer its energy, leading to the generation of singlet oxy-
gen. The reactive photogenerated singlet oxygen may then
react with the ncSi surface, leading to irreversible photooxi-
dation. It is likely that the dry Ar purge at 300s removed
some of the adsorbed oxygen to reduce its depressing effect
on the AQY.
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Figure 3. A) Absolute quantum yield (AQY) curves for
fraction 16 measured under different atmospheres with con-
tinuous and intermittent illumination. B) Ratio of the Si-O-
Si/Si-OR to Si-H peak areas for fraction 10 initially and af-
ter exposure to different conditions under illumination and
in the dark for 300s.

The contribution of H20 on irreversible surface oxida-
tion and photosensitization is difficult to quantify, but by
comparing the results of wet and dry Oz exposure in
Figure 2, we begin to see a few trends. The larger initial
AQY decrease and lower AQY increase with dry Ar purg-
ing for wet O2 compared to dry Oz (Figure 2A), suggests
that a greater extent of irreversible surface oxidation
versus photosensitization is contributing to the AQY
changes in the wet Oz atmosphere. Additionally, we ob-
serve a larger blue shift for wet Oz (0.025eV) compared
to dry Oz (0.019eV) (Figure 2B). These results are con-
sistent with reports where H2O passivates dangling
bonds generated by oxidation by forming Si-OH
groups,i32 and higher humidity with higher density of Si-
OH groups helps shorten the induction period for sur-
face oxidation of Si.15ab

In Figure 2, ncSi:AB exposed to wet Ar shows an in-
crease in AQY up to 4% above the dry Ar baseline, with a
PL blue shift (0.016eV) that is 3 times greater than that
of ncSi:AB exposed dry Ar after 300s. The larger blue
shift compared to dry Ar is likely the result of residual air
in the system, as previously described, that in the pres-
ence of H20 would be much more likely to oxidize the



surface. It has been proposed that physisorbed H20 may
be responsible for air-induced PL degradation of ncSi;26
however, the results presented here indicate that this is
not the case when ncSi:AB is exposed to pure H20. The
increase in AQY is likely due to H20 passivation of de-
fects states and dangling bonds present on the ncSi:AB
surface.t32 With dry Ar purging after 300s, the AQY con-
tinues to increase slightly then begins to decline after
about 450s. Assuming the interaction between ncSi:AB
and pure H20 to passivate defects takes place as both a
chemical reaction and physical adsorption, removing
some of the excess H20 with dry Ar purging could result
in reducing the passivation effect thereby decreasing the
AQY.

Since a source of photogenerated excitons is a key to
photosensitization of Oz and subsequent photooxidation,
an experiment with intermittent, rather than continuous
illumination and AQY measurement was conducted as
shown in Figure 3A. The results show that when inter-
mittent illumination is used the overall effect of each
atmosphere on the AQY is not as severe as with continu-
ous illumination, indicating the strong role of light in the
interaction between H20 and Oz with the ncSi:AB sur-
face. At 300s exposure, despite the presence of some
residual air, the AQY for ncSi:AB exposed to dry Ar re-
mains stable at approximately 20.5%. Intermittent illu-
mination results in minimizing the AQY decrease for
ncSi:AB in dry O, reaching only about 8.5% instead of
4.5% under continuous illumination after 300s. In wet
O2 the ncSi:AB AQY decrease is minimized as well but to
a slightly lower extent, reaching only about 10% instead
of 7% under continuous illumination. The lower decreas-
es observed for Oz exposed samples are consistent with
previously reported work of polydisperse ncSi exposed to
air and with and without UV illumination.2é The ncSi:AB
exposed to wet Ar increases to about 22%, which is
slightly lower than the value of 24% achieved under con-
tinuous illumination, indicating that the passivation of
surface defects is promoted with additional energy.

To confirm the effect of photosensitization on surface
oxidation and ultimately the AQY and PL maximum, film
samples of fraction 10 drop-coated on KBr windows were
subject to the four atmospheres and FTIR measurement
of the samples were taken. The area ratios of peaks as-
signed to Si-H stretch (2100 cm-) and Si-O-Si/Si-OR
stretch (1090 cm-) were plotted in Figure 3B. Com-
pared to the initial value, all samples show a slightly
higher ratio due to oxidation attributed to residual air
prior to the experiment. While there is almost no differ-
ence in the ratio for wet and dry Ar, both dry and wet O2
exposed samples show a significantly higher ratio under
continuous illumination, which is evidence of the extent
photooxidation contributes to the formation of Si-O-Si
species and the optoelectronic changes observed. Unfor-
tunately, the extent of Si-OH on the ncSi:AB surface

cannot be probed using FTIR under wet and dry condi-
tions as the Si-OH peak overlaps with the peak associat-
ed with adsorbed H20 in the region between 3200-
3600cm-L.

A)
< 5.
A e
o g s -
2
S R "
2 T T .-—-.
8 -54
'-.: .
= 1 -
= 10 SR
s "
& 15 i
ag’-, p B Dry Ar “\‘\ T )
E -20 - B Dry O, ¥.-8
%) - Wet O, n
2= ne9 B Wet Ar
(¢}
< 30l 1 , .
1.75 2.00 2.25
B) Average Diameter (nm)
< 0.05
) ]
[ B Dry Ar
=2 0.04 ® DO, T
T
> Wet O, 1
©
o 0.03 B Wet Ar
i ]
£ = ]
g 0.02 - *
£ ] s & e 1
o 0.014 T g
x 1 i - -
g mti®
=, 0.00 ;
o

. . .
1.75 2.00 2.25
Average Diameter (nm)

Figure 4. Size-Dependence of AQY and PL Maxi-
mum Shifts. A) The value by which the PL AQY changes
after exposure to various atmospheres compared to its ini-
tial AQY is plotted for several different sized fractions.
Dashed lines are shown to visually illustrate the size-
dependent trends. B) The value by which the PL maximum
shifts after exposure to various atmospheres compared to its
initial PL maximum is plotted for several different sized
fractions. Dashed lines are shown to visually illustrate the
size-dependent trends. In figure A) and B), where error bars
are not visible, the associated error value falls within the
range of the symbol size.
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Scheme 1. Summary of proposed interactions occurring at the ncSi:AB surface under each atmos-

phere.

Continuous AQY curves and PL spectra (similar to
those described above for fraction 16) were measured for
film samples of four different sized fractions (11, 13, 16,
and 18). The difference in PL AQY value (AQY final —
AQY initial) for each fraction exposed to each atmos-
phere is plotted in Figure 4A. Similar results as previ-
ously outlined for fraction 16 are observed for all sizes
examined, where the decrease in AQY is greatest for
samples exposed to dry Oz, followed by wet Oz, then dry
Ar, and samples exposed to wet Ar show an increase in
AQY. Size-dependent trends can also be extracted from
these results, where the AQY shift increases in magni-
tude as the particle size increases for films exposed to
dry Ar, dry Oz, and wet Oz. Work examining photosensi-
tization of porous silicon suggests that larger particles
show the greatest PL degradation due to their larger sur-
face region, which would increase the probability of O2
interacting at the surface.l“c Despite the presence of lig-
ands at the ncSi surface this effect may also occur in our
case, such that more PL quenching is possible for the
largest particles. This trend may also be explained by the
fact that quenching by photosensitization is most effi-
cient when the PL energy occurs at 1.63 eV (760nm).14b
The PL spectra of all fractions have some intensity at this
energy but as the particle size decreases the PL maxi-
mum blue shifts away from this value so the smaller par-
ticles have less overlap with this photosensitization
wavelength compared to the largest particles.

In the case where the films are exposed to wet Ar, the
magnitude of the AQY increase, increases with increas-
ing size. This trend may also be explained by larger par-
ticles having larger surfaces, which likely result in a
higher number of surface defects with which H20 is able
to interact and passivate.

The PL blue shift (final PL maximum — initial PL max-
imum) in eV for fractions exposed to all atmospheres

(Figure 4B), shows a size-dependent trend in which a
larger PL blue shift is observed for larger particles for all
conditions except wet Ar. Since blue shifting of ncSi
emission energy has been attributed to shrinking of the
nanocrystalline core due to the formation of an oxide
layer for ncSi exposed to air overtime,'2 it makes sense
that the larger particles have the ability to blue shift
more than the smaller particles, which contain less core
Si. Additionally, it has been reported that particles that
have less initial surface oxidation show greater PL blue
shifting upon further oxidation,?” which fits with the
FTIR (Figure 1A) and XPS (Sl Figure 3A) measure-
ments of pristine ncSi:AB presented here. XPS meas-
urements of size-separated ncSi:AB after exposure to air
overtime also indicate that the atomic % of oxygen is
greatest for larger particles (SI Figure 3B), which is
consistent with the observed size-dependent PL blue
shifting trends. The PL shift magnitude and slope of each
trend follows the order where wet Oz > dry Oz > dry Ar,
which is consistent with the results previously explained
for fraction 16, where the presence of H20 with O helps
promote the irreversible oxidation of the ncSi:AB sur-
face. Under exposure to wet Ar, the interaction of
ncSi:AB with H20 has a significant effect on the PL max-
imum, resulting in a shift of about 0.015eV for all sizes.
While PL shifting is likely to occur from surface oxida-
tion from residual air in the system, the lack of size-
dependence observed for wet Ar on the PL maximum of
ncSi:AB indicates that there may be size-independent
surface effects that are responsible for PL blue shift ob-
served. More extensive study, however, is required to
confirm and identify the effects responsible for the ob-
servations in wet Ar.

In this study, we have shown that by quantitatively
monitoring the effects Oz, H20 and O2-H20 environ-
ments have on the PL wavelength, intensity and absolute



guantum yield of ncSi:AB one can obtain valuable insight
into the effect of the size of the silicon core on their
chemical reactivity. With the collected results of this in-
vestigation it behooves one to think about the molecules
and materials effects that most likely contribute to the
trends observed for the size-dependent reactivity of
ncSi:AB with Oz, H20 and O2-H20.

It is clear from the results presented in this paper that
both O2 and H20 and mixtures thereof can oxidize the
silicon core of ncSi:AB. The contributing effects include
size-dependent steric effects relating to the curvature of
the silicon core and its effect on packing of covalently
bound surface allylbenzene groups, and quantum size
effects of the silicon core and how these affect valence
and conduction band energies and gaps. The smaller the
silicon core with its larger electronic band gap and high-
er ionization potential, the harder it would be to oxidize
with Oz, H20 and O2-H20. Additional factors include the
surface area of each particle, which relates to the number
of surface defects present per ncSi:AB and the number of
H20 or O2 species that can interact with each particle, as
well as the size of the ncSi:AB core, which limits the ex-
tent of possible oxidation. Within the framework of this
simple model, the surface area, core size and electronic
factors favor increased chemical reactivity as the size of
ncSi:AB increases.

Conclusions

In this chemical reactivity study, the effect of Oz, H20,
and a combination of both on the PL and AQY of rela-
tively monodisperse ncSi:AB have been investigated for a
range of particle sizes. The dominant interactions
thought to be occurring at the ncSi:AB surface under
each atmosphere are collected together in Scheme 1. To
amplify, we have shown that O: alone is capable of
guenching and blue shifting PL, and that PL quenching
likely occurs from a combination of reversible photosen-
sitization and irreversible surface oxidation. In the pres-
ence of H20, the PL quenching that occurs from Oz is
minimized, and PL blue shifting is increased, likely due
to the passivation of surface defects and dangling bonds
by H20 to create Si-OH species that help promote further
irreversible surface oxidation by Oz in the presence of
H20. Exposure to H20 alone results in an increase in the
AQY. In all environments, the AQY changes observed
increased with increasing particle size, and with the ex-
ception of exposure to wet Ar, the PL shifts observed
increased with increasing size. Furthermore, in this work
we have also shown that the chemical reactivity of the
ncSi:AB surface with H20 and/or O: is increased under
continuous illumination with UV light.
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Sl Figure 1. Middle Angle Annular Dark Field Scanning Transmission Electron Microscopy. Representative im-
ages of the polydisperse ensemble and select size-separated ncSi:AB fractions.
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Sl Figure 2. Scanning Transmission Electron Microscopy of Fraction 18. Top images show the same area meas-
ured under middle angle annular dark field (left) and bright field (right). Bottom images are a magnification of
the area denoted by the blue square. Scale bar indicates 10 nm.
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Sl Figure 4. Summary of proposed interactions occurring at the ncSi:AB surface under each atmosphere.
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