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uminescent silicon nanocrystals

(Si-nc) have been extensively studied

in recent years with an outlook for
various applications ranging from solid-
state light-emitting devices'? through fluo-
rescent biological labels® to chemical
sensing.** In this material, whose typical
sizes are on the nanometer scale, the
surface-to-volume ratio substantially in-
creases and thus the interface between the
Si-ncs and their environment plays a crucial
role in tailoring their optical properties. In
principle, two different approaches are be-
ing used to affect the surface chemistry of
Si-nc. The first one (more frequently used by
physicists) consists of treating Si-ncs as a
solid sample, for example, by embedding
the Si-nc into a solid matrix, usually silicon
dioxide.® '° The surface passivation in this
case is believed to be due to either a Si=0
double bond’ or a Si—O—Si bridge
bond."12

The second pathway then takes advan-

tage of a more versatile possibility of modi-
fying the surface morphology of Si-ncin a
liquid™ (colloidal suspension or dispersion)
or even in a gas state; these procedures are
used predominantly by chemists. A large
family of organic molecules, mainly the de-
rivatives of various alkenes,' 7 and also
alkyl'®' or other?2! chains can be grafted
to the surface of Si-nc, resulting in the Si—C
surface-bond capping. During the prepara-
tion, the oxidation of Si-nc is always avoided
in order to deal with a primary fresh
hydrogen-passivated silicon surface.

Www.acsnano.org

ABSTRACT Silicon nanocrystals are an extensively studied light-emitting material due to their inherent
biocompatibility and compatibility with silicon-based technology. Although they might seem to fall behind their
rival, namely, direct band gap based semiconductor nanocrystals, when it comes to the emission of light, room for
improvement still lies in the exploitation of various surface passivations. In this paper, we report on an original
way, taking place at room temperature and ambient pressure, to replace the silicon oxide shell of luminescent Si
nanocrystals with capping involving organic residues. The modification of surface passivation is evidenced by both
Fourier transform infrared spectroscopy and nuclear magnetic resonance measurements. In addition, single-
nanocrystal spectroscopy reveals the occurrence of a systematic fine structure in the emission single spectra,
which is connected with an intrinsic property of small nanocrystals since a very similar structure has recently
been observed in specially passivated semiconductor CdZnSe nanoparticles. The organic capping also dramatically
changes optical properties of Si nanocrystals (resulting ensemble photoluminescence quantum efficiency 20%,
does not deteriorate, radiative lifetime 10 ns at 550 nm at room temperature). Optically clear colloidal dispersion
of these nanocrystals thus exhibits properties fully comparable with direct band gap semiconductor nanoparticles.

KEYWORDS: silicon nanocrystals - organic capping - photoluminescence -
NMR - single-nanocrystal spectroscopy

As for the efficient Si-ncs’ luminescence,
in contrast to their bulk counterpart, it is
thought to be caused by several processes,
depending on both the size and surface.
First, the spatial localization of an
electron—hole pair in a nanometer-sized
nanocrystal increases the uncertainty of
their crystal momentum, resulting in the oc-
currence of quasi-direct transitions.?> When
the band gap gets large enough, surface
states set in?? and start to considerably sup-
press further photoluminescence (PL) shift.
Especially when the surface states are SiO,-
related, it seems to be impossible to shift
the Si-ncs’ PL into the yellow and green re-
gion, with the borderline wavelength being
at ~590 nm.2* As Si-ncs are strongly prone
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Figure 1. (a) DLS measurements of the (mass-weighted) distribution function of particles’ sizes in the colloid (sample was
dispersed in the original solvent, 220 nm pore size filtration was applied). (b) HRTEM measurements confirm the presence
of small (2—3 nm) nanocrystals, which are circled for easier orientation. The electron diffraction pattern in the inset of (c) of
a slightly larger nanocrystal shown in the figure is characteristic of silicon.

to oxidation in normal atmosphere,* Si-ncs commonly
exhibit oxide surface state related PL decay in the
microsecond range,? although it is worth mentioning
that nanosecond PL decay has been observed in organi-
cally capped Si-ncs.?®

Apart from a clear distinction to core-related and
surface states, a model involving the cooperation of
these two has been proposed.?’

RESULTS AND DISCUSSION

In this article, we show that it is possible, using a
photochemical approach, to start with oxide-passivated
Si-ncs (Si-nc:0) and prepare a colloidal dispersion of
Si-ncs with a substantially altered surface layer made
of organic residues, including methyl groups covalently
bound to the silicon surface (Si-nc:C). This approach al-
lows us to make a unique comparison of optical prop-
erties of Si-nc:0 and Si-nc:C while keeping their crystal-
line core unchanged. It also shows that the alteration of
the surface layer leads to a significant improvement in
PL properties, putting the Si-nc:C on a par with direct
band gap semiconductor nanocrystals.

Since the study of optical properties of Si-nc:O has
already been published elsewhere,?>2%2° the main fo-
cus of this article is placed on an in-depth analysis of the
surface chemistry and optical properties of the Si-nc:C,
including single-nanocrystal spectroscopy.

Preparation of the Si-nc:C Colloid. During the prepara-
tion process, in brief, we start with electrochemi-
cally etched Si-nc powder, that is, aggregates sized
on the order of 0.1—1 um of individual Si-nc:O with
the mean size of the Si-nc crystalline core of 2.7 nm?®
(and natural oxide passivation). This powder is dis-
persed in a solvent (mixture of xylene isomers, eth-
ylbenzene, and isopropylbenzene with trace
amounts ~0.1% of di/trimethylcyclohexane). The
suspension of Si-nc and the solvent is kept under
constant magnetic stirring and is irradiated with a
cw UV laser (325 nm, 3.81 eV, 367 kJ mol~") at regu-
lar intervals. Although the exact chemical mecha-
nism has yet to be found, the process was verified
to be easily repeatable when keeping the param-
eters of laser irradiation (laser output, intervals be-
tween irradiation) constant. A cooperation of several
different kinds of molecules may be indispensable
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for obtaining the Si-nc:C colloidal dispersion. Al-
though the more complicated mixture of solvents
helps us obtain the final product more easily, it also,
on the other hand, makes it more difficult to iden-
tify the reaction mechanism.

During this mechano-photochemical treatment, the
original PL band (the so-called S-band, peaking at
~600—650 nm, depending on the “type” of used
Si-nc:0 powder?®) fades away and a new yellow one,
clearly boosted by the UV irradiation, appears. The pro-
cess is not abrupt; that is, the orange PL band is gradu-
ally replaced by the yellow one rather than undergo-
ing a continuous blue shift (see Supporting Information
for more details). The resulting Si-nc:C-based colloid is
obtained by filtrating the supernatant of the irradiated
suspension. The whole procedure intentionally takes
place at room temperature and normal pressure and at-
mosphere, in view of practical application. Unlike many
colloids prepared from hydrogen-passivated Si-ncs,
our sample is stable in the long term (for about 3 years
now) and the colloid does not further precipitate (i.e., it
remains optically clear).

DLS and HRTEM Characterization. First, we focused on
confirming the presence of Si-nc in the filtered colloid.
Dynamic light scattering (DLS) measurements in Figure
1a revealed the presence of two main sizes of particles
in the colloid. While the larger particles (200—300 nm)
probably represent the agglomerates of the precursor
nanocrystals persisting in the colloid even after the fil-
tration procedure (filter with pore diameter of 220 nm
was used), small particles with sizes of individual nano-
crystals clearly crumbled away from these larger ag-
glomerates. Their size as determined from DLS (3.4 nm
in diameter including the surface) agrees reasonably
with previous estimates of the size of the precursor
Si-nc:0 (2.7 nm Si core;?® for number of particles
weighted distribution, see Supporting Information).

Second, high-resolution transmission electron
microscopy (HRTEM) measurements confirmed that
the small particles are crystalline (Figure 1b), similar to
the precursor nanocrystals.?® Moreover, the electron dif-
fraction of a larger nanocrystal (Figure 1c) is character-
istic of silicon, and the FFT transform obtained from it
(the marked area in Figure 1¢) can be indexed on the
basis of a cubic type cell with space group Fd3m and
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Figure 2. (a) FTIR-ATR spectra of the original solvent (black
shaded area) and Si-ncs:C colloid (red, green, and blue
curves) during the evaporation of volatile components. Fea-
tures emerging after the irradiation procedure are shaded
in blue for easier orientation. The bottom-most spectrum
represents the very first acquisition, while the top-most is
the very last one; that is, the degree of the evaporation of
the solvent rises from the bottom upward. Measurements
were carried out with Si-ncs being dispersed in the original
solvent, and no filtration was applied. FTIR-ATR spectra in (b)
show a zoomed-in region of 650—1200 cm™' of the Si-nc:0
precursor (black) and the Si-nc:C colloid dispersed in ethanol
and filtered using a 10 nm nominal pore size fiter (in red)
(bands shaded in light gray are probably due to traces of the
original solvent).

(silicon) lattice parameter a = 5.43 A. These observa-
tions unambiguously prove that small Si-ncs are
present in our colloid.

Surface Chemistry Analysis: FTIR and NMR Characterization.
The differences between the compositions of the sur-
face layers of treated and untreated Si-ncs were stud-
ied using Fourier transform infrared absorption meas-
urements in attenuated total reflection mode
(FTIR-ATR). In the first series of measurements, where
the Si-ncs:C were still dispersed in the original solvent
and no filtration was applied, the IR absorbance of a
droplet of the colloidal dispersion was measured at vari-
ous time delays elapsed after putting the droplet onto
the measuring internal reflection element. It is evident
that when the droplet gets more concentrated due to
the progressing evaporation of the solvent new pro-
nounced absorption bands appear (Figure 2a). The
most prominent ones (at 1700 and 2400—3600 cm ™',
see Table 1 for assignments) show that the solvent mol-
ecules underwent oxidation in their alkyl groups to cor-
responding aldehydes and carboxylic acids.

www.acsnano.org

TABLE 1. Assignment of FTIR Vibrations Observed in This
Work (v stretching, & deformation, p rocking mode, a
antisymmetric, s symmetric)?

functional group mode frequency (em™") ref
carhoxylic acids v0—H ~2400 —3600 30
v (=0 1693 30
—COOH (dimer) v(—0 1265 30
80—H---0 926 30
SiCH; 3, CHy 1415 30,31
§; CH; 1280 30,31
p Si—CH; 852 30, 31
v Si—( 677 31,32
SioSi v, Si—0—Si ~975 —1130 33—-35
v, Si—0-Si ~1130 — 1260* 33,35
v, Si—0—Si ~795 33,34
0SiH v 0,—SiH, 2262 34,35
3 0,—SiH, 875 34,35
SiOH v Si—0H ~940 36
8 Si—0H 833 36
SioC v Si—0—C 1040 30,32
SioSi VM Si—0—Si 11 35,37,38

“Shoulder peak (*) corresponds to 180° out-of-plane motion of the oxygen atoms;
# this vibration comes from interstitial oxygen inside Si-ncs, which are electrochemi-
cally prepared from Czochralski-grown Si wafers).

Peaks that are of main interest here, however, are
those possibly connected with Si—CHjs vibrations at
1280 and 1415 cm ™' (see Table 1 and also Figure S4
for more detailed FTIR spectra). Unfortunately, the cru-
cial Si—C region of 600—800 cm ™" is obscured by the
intense aromatic out-of-plane CH deformation vibra-
tions of the original solvent. To overcome this setback,
the original solvent was left to evaporate and the
Si-ncs:C were dispersed in ethanol and filtered with an
ultrafine filtration unit (100 kDa, nominal pore size of 10
nm). FTIR-ATR spectrum of the ethanol-based colloidal
dispersion in Figure 2b (red curve) then reveals the re-
maining Si—CHs; mode (852 cm™") together with the
Si—C stretch®' at 677 cm™ (although this band seems
to be quite weak, it is important to point out that the
useful range of our FTIR-ATR spectrometer ends at
~650 cm ™). The presence of this band in the FTIR spec-
tra indicates that at least part of the methyl groups are
attached directly to the silicon surface, while the surface
layer of the Si-nc:O precursor (see black curve in Figure
2b) is made up of silicon oxide (evidenced by Si—O—Si
stretches between 975 and 1260 and at 795 cm™") with
the incorporation of some hydrogen atoms (silanol
Si—OH groups and oxidized hydride groups O,—SiH,
at ~940, 875, and 833 cm™; 2262 cm ! vibration is not
shown), which are expected in oxidized Si-ncs.3®

The comparison of the oxide-related FTIR spectral re-
gion of Si-nc:0 and Si-nc:C between 975 and 1250 cm ™'
together with the disappearance of the 795 cm™' band
point to a significant chemical change of the initial ox-
ide layer occurring after the irradiation procedure is ap-
plied and further after filtration (see Figure S4 in the
Supporting Information). The correlation between the

VOL. 4 = NO.8 = 4495-4504 = 2010

A



4498

'H spectrum )
— I (C%);Sl
=1 -_‘ —— . -JL‘L‘_-_
E| diffusion-filtered 'H spectrum
2 emphasizing features connected with
21 single Si-nc
2
E 1 29¢q;

H—"Si HSQC spectrum

demonstrating the covalent bonding

between the methyl groups and Si-nc

9 8 7 0

6 5 4 3 2 1
chemical NMR shift (ppm)
Figure 3. Acquired key NMR spectra demonstrate methyl
capping of several-nanometer-sized silicon particles (the or-
ganically capped silicon nanocrystals are dispersed in chlo-
roform); see text for details.

suppression of the oxide-related bands and the filtra-
tion procedure indicates that larger agglomerates of
sizes of the order of ~100 nm are oxide covered, while
the small single nanocrystals which crumble away from
the agglomerates (as evidenced by DLS) have different
surface chemistry.

However, a new band at 1040 cm™" appears in the
spectra of the Si-nc:C colloid. Since this band is much
narrower than the original silicon oxide band, we be-
lieve it to be of different origin, and tentatively assign
it to Si—O—C bonds existing on the surface of the nano-
crystals. Consequently, the changes in the surface layer
of the Si-nc:C seem to involve also the attachment of or-
ganic molecules via a Si—O—C linkage.

The last band to be assigned in Figure 2b lies at
1111 cm ™. This peak is known to occur in Czochralski-
grown Si wafers,¥ where it is due to antisymmetric
stretches of interstitial oxygen impurities in the silicon
lattice. Since our Si-ncs are made of such wafers, we be-
lieve this peak to be of similar origin in our Si-nc:C, indi-
cating, however, that this vibration is connected with
the “bulk” of the Si-ncs:C and not with their surface.®®

An independent investigation of the colloidal Si-ncs
was carried out by nuclear magnetic resonance (NMR)
spectroscopy, results of which are shown in Figure 3.
For this measurement, the colloid was left to dry out
and redispersed in deuterated chloroform (CHCls-d,).
The "H NMR spectrum (Figure 3, top) is, at the first
glance, quite complex, indicating the presence of sev-
eral similar species containing aliphatic as well as aro-
matic parts.

Diffusion NMR measurements revealed that species
with two diffusion coefficients differing by about an or-
der of magnitude are present in the colloid; while a
vast majority of resonances in the 'H spectrum belong
to small-molecular mass species (the diffusion coeffi-
cient of about 1100 wm?s), a significantly lower diffu-
sion coefficient (158 wm?/s) was determined for a single
peak at 0.1 ppm. The diffusion-filtered "H NMR spec-
trum (Figure 3, middle), emphasizing the larger species
with slower diffusion, demonstrates that all resonances
except for the one at 0.1 ppm are suppressed by fast

A‘“ﬁ%\@) VOL. 4 = NO.8 = KUSOVA ET AL.

translational diffusion. A simple application of the
Stokes—Einstein equation, giving a rough estimate of
the particle’s size, yields the hydrodynamic diameter of
the particle corresponding to the lower diffusion coeffi-
cient of ~5 nm (using the dynamic viscosity of chloro-
form of 0.54 mPa - s at 298 K), which reasonably agrees
with the previously mentioned HRTEM and DLS meas-
urements of the size of single Si-ncs in the colloid. Con-
sequently, this single "H resonance (0.1 ppm) is di-
rectly correlated with nanometer-sized particles by
NMR.

Moreover, two-dimensional 'H—2Si heteronuclear
single quantum coherence (HSQC) spectrum (see Sup-
porting Information) unambiguously proves that this
hydrogen is located in the distance of 2 or 3 chemical
bonds from the silicon atom resonating at —43 ppm
(for 'TH—2°Si HSQC see Figure S5, one-dimensional
"H—2%Si HSQC is shown in Figure 3, bottom). 'H—13C
heteronuclear multiple-bond correlation (HMBC) and
TH—13C HSQC spectra provided a single-bond correla-
tion of this proton resonance to carbon with a chemi-
cal shift of 1 ppm while no multiple-bond correlations
were observed. Finally, the carbon resonance is split
into a quartet with a one-bond indirect coupling con-
stant "Jcy = 120 Hz in the '*C—"H INEPT spectrum. All
in all, the NMR measurements provide an unequivocal
assignment of the observed molecular grouping as
(CH3);Si—, firmly establishing the organic capping of Si-
nc, which, in this case, admits methyl groups covalently
bound to silicon.

Obviously, both FTIR and NMR measurements evi-
dence the attachment of organic residues onto the
Si-nc surface through Si—C and Si—O—C bonds.*
Therefore, even if we cannot completely rule out the
possibility that trace amounts of fluorine ions remain-
ing in the Si-nc:0 agglomerates from the electrochemi-
cal etching procedure attack the surface SiO, similarly
as in ref 41, we suggest rather that the organic residues
attach to the Si-ncs by attacking the Si—O—Si bridge
bonds on the surface of Si-nc, which results in both
Si—0O—C and Si—C bonding in the final product. The at-
tachment of methyl radicals directly to the Si surface
(i.e., Si-CH; groups) is backed up by both FTIR and NMR.
However, the radical attached through Si—O—C bond-
ing is most probably not a methyl group because an
—0O—CH, group would give rise to a signal between 3
and 5 ppm in the diffusion-filtered 'H NMR spectrum in
Figure 3. Similarly, signal from hydrogen chemically
bonded to silicon over up to three chemical bonds (i.e.,
Si—0O—CHs) should appear in the "H—%°Si HSQC NMR
spectrum in Figure S5 (Supporting Information), which
is again not the case. The carbon in the Si—O—R groups
is therefore probably quaternary, that is, with no hydro-
gen atoms attached to it. Although it is possible to
think of several chemical groups which are not contra-
dictory to the NMR measurements (e.g., Si—O aromatic,

www.acsnano.org
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Scheme 1. Proposed Mechanisms of Breaking of the Si—O—Si Bridge Bonds

Si—0—(C=0)—R’, etc.), we are currently unable to
identify the Si—O—R with a concrete chemical group.

More sources of photodissociated methyl radicals at-
tacking the Si—O—Si bridges can be present, and two
possibilities are proposed in Scheme 1. First, methyl
radicals can be generated via the photodissociation of
alkyl-substituted cyclohexane (Scheme 1a) (a decrease
in the amount of dimethylcyclohexane accompanied by
the appearance of cyclohexane is evidenced by liquid
chromatography measurements of the solvent and the
final product; bond dissociation energy of a methyl radi-
cal from methylcyclohexane* is 377 kJ/mol ~ 3.9 eV).
As one methyl radical attacks the Si—O—Si bond, a dan-
gling bond is left on the Si-nc’s surface, which may in
turn induce further photodissociation similarly as pro-
posed in the article by Linford et al.** In fact, the
photodissociation generating the methyl radicals might
also be initiated by the creation of dangling bonds via
the abstraction of hydrogen from the oxidized surface
hydride groups —O,—SiH, in the presence of UV irradia-
tion; on hydrogenated silicon surfaces, the minimal en-
ergy needed for the homolysis of the Si—H bond*® is 3.5
eV (i.e., 338 k) mol~" or 350 nm irradiation, although
—0O,—SiH, groups are stronger than simple Si—
bonds.3*) A possible second source of methyl radicals
might lie in the autoxidation of isopropylbenzene to ac-
etophenone consuming atmospheric oxygen dissolved
in the solvent and further to the benzoic acid (Scheme
1b)_44—46

Ensemble Photoluminescence Properties. Even though the
Si-ncs’ core remains more or less unchanged by the
treatment in the colloid, optical properties of Si-nc in
the precursor and in the colloid vary substantially (Fig-
ure 4): the original PL, whose dominant feature is an or-
ange S-band, blue shifts to the yellow spectral region
(640 — 570 nm) and the PL decay shortens by about 4
orders of magnitude (23 pus — 2 ns; i.e., the PL of Si-
ncs:C contains no slow component whatsoever). More-
over, the PL quantum efficiency rises about 10-fold
(from 2—3% for Si-nc:0 to 20% for Si-nc:C). This strik-
ing difference in PL and its dynamics can be easily un-
derstood and fully corroborates the observed alteration
of the surface oxide layer of Si-ncs: the slow orange PL
in Si-ncs:0 is well-known to be due to ultrafast trapping
to and subsequent slow decay from oxide-related sur-
face states,?* whose chemical alteration must lead to

www.acsnano.org

the disappearance of the slow PL at 640 nm and gives
way to alternative recombination channels.

Since both the PL lifetime 7p_ and the quantum effi-
ciency m were acquired, it is possible to directly calcu-
late the radiative lifetime (1, = 7p./m) of our Si-nc:C. Its
value of as little as 10 ns makes the presented colloidal
Si-nc:C comparable in PL performance with direct band
gap nanocrystals such as CdSe.

Additional immensely important byproduct of the
chemical modification of the Si-nc’s surface oxide is
the production of a colloidal dispersion containing
single nanosized particles (as evidenced by DLS). Si-
ncs:O are generally heavily prone to aggregation irre-
versible by ultrasonication treatment,® which inevita-
bly causes large micrometer-sized aggregates to be
present. These large aggregates induce light scattering
of the emitted PL and thus cause the deterioration of PL
performance since light-scattering-related losses can
significantly hold back the onset of optical gain, an im-
portant prerequisite for applications. Thus, the combi-
nation of efficient PL and high optical quality of the
sample is highly advantageous.

Last but not least, the colloidal Si-ncs:C proved to
be remarkably stable in ambient conditions (for about
3 years now). The yellow PL of the Si-ncs:C was not ob-
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Figure 4. Comparison of basic optical properties of the col-
loid and Si-nc precursor. Whereas the PL dynamics (scatter
plots are measured data, curves represent fits) of the colloid
takes place on a nanosecond time scale (black squares, bot-
tom axis, single exponential 7p. = 2 ns), the precursor Si-nc’s
PL decays stretched exponentially in microseconds (gray
circles, top axis, Tp. = 23 ps, § = 0.77). The time-integrated
PL emission spectra of the colloid (yellow curve) and the
oxide-passivated Si-nc precursor (red curve) are shown in
the inset, while the photos on the right demonstrate the op-
tically clear dispersion under ambient light (top) and its
bright yellow PL (excited with a 442 nm HeCd laser).
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Figure 5. PL spectra of single Si-nc:C. (a) Image of single
spectra and several agglomerates on the CCD (20 min acqui-
sition). (b) PL of Si-nc as seen through the eyepiece of the op-
tical microscope (2 min acquisition); the red rectangle de-
notes the position of the slit for the acquisition of spectra in
(a). (d) Selected smoothed spectra of different single nano-
crystals and one raw spectrum fitted with two Gaussians in
the inset. The histogram of the positions of the two peaks
(centers of Gaussian fits) is compared with macroscopically
measured PL (gray area, redrawn from Figure 4) in (c).

served to deteriorate in the original solvent and was
preserved even after the volatile components of the sol-
vent had evaporated (under diaphragm-pump
vacuum), and the Si-ncs:C were redispersed in chloro-
form or ethanol. Yellow luminescence was observed
even in the dried-out state, even though it needs to be
investigated in more detail.

Single-Nanocrystal Spectroscopy. The ultimate tool for
studying optical properties of nanocrystals is single-
nanocrystal (1-nc) spectroscopy. We performed these
measurements on a diluted dispersion of the Si-nc:C
colloid, and their results are shown in Figure 5. When a
droplet of the Si-nc:C-based colloid is deposited onto
the measuring prism, some nanocrystals tend to aggre-
gate, as can be seen from Figure 5b, in which large
bumps luminescing in the yellow region (when excited
with an evanescent field of a laser beam of 458 nm) are
shown. However, apart from these bumps, many single
nanocrystals can be found between them, which is evi-
dent from the CCD image of the PL spectra measured in
the area of the slit (Figure 5a). Besides, Figure 5a sug-
gests a double-peak structure of the 1-nc spectra that
becomes obvious when they are plotted versus wave-
length (Figure 5d). The separation of these two peaks,
which were observed in all the measured spectra, is
quite strictly limited to 150 meV (150 £ 14 meV being
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Figure 6. Comparison of 1-nc spectra of Si-ncs (a) and spe-
cially capped CdZnSe nanocrystals (b) by different groups

(spectra are shifted for clarity, but all of the x-axes have the
same scale).

the arithmetic average and standard deviation of 63
measured spectra), which strongly indicates that these
two PL peaks are emitted by a single object. As for the
PL characteristics, the full width at half-maximum of the
first peak is approximately 100 meV and the two peaks
shift between 525—575 and 560—620 nm, respectively.
Most spectra have the first peak at 550—560 nm and
the peak positions follow a clear Gaussian distribution
(Figure 5c). Moreover, the same Figure 5¢ shows that
the 1-nc PL spectra overlap very reasonably with the
macroscopically measured PL, suggesting that the
micro- and macroscopically measured spectra share a
common origin.

The narrow widths and the spectral shift of the
measured PL spectra are a clear fingerprint of 1-nc emis-
sion. Furthermore, these essential features very reason-
ably agree with earlier reports on 1-nc spectroscopy in
Si-nc,22248-50 which further confirms that the origin of
the observed PL lies in nanocrystals.

An interesting feature of the observed 1-nc spectra
is the double-peak structure. When observed by other
groups,®? the double-peak structure was almost identi-
cal to ours*®*° (high energy line width of about 100
meV, low-energy side satellites separated by 140—160
meV; see Figure 6a).” In these studies,***° the 150 meV
energy splitting was attributed to Si—O—Si-related vi-
brations, based on the fact that these vibrations can be
observed with FTIR in the region between 1100 and
1400 cm ™" corresponding to 150 meV. However, our re-
sults throw doubt on this conclusion for several rea-
sons. First, the treated colloidal Si-ncs:C in the present
study clearly exhibit suppression of the Si—O—Si vibra-
tions in our FTIR spectra when compared to the un-
treated Si-ncs:O, on which 1-nc spectroscopy measure-
ments were also carried out® by our group and no
double-peak structure was observed. Consequently,
the correlation between Si—O-related vibrations and
the double-peak structure is highly improbable. Sec-
ond, the Si—O—Si vibrations appear in our FTIR spec-
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TABLE 2. Description of Samples from Figure 6, Prepared and Studied by Different Groups

group

Martin et al.*°
this study
Mason et al.®®
English et al.®
Wang et al.”"

tra of the Si-nc:O precursor at 1060 cm™" (130 meV),
while the energy splitting is both in the presented and
previous studies close to 150 meV (1210 cm™").>* Third,
another 1-nc PL spectra of Si-nc:C measured by English
et al.? are strongly asymmetric, giving a clear indication
of an unresolved second peak with a similar energy
spacing (see Figure 6a, green curve). Obviously, the 150
meV energy-split structure has been observed in 1-nc
PL spectra with both oxide (by Mason et al.*® and Mar-
tin et al>°) and organic (by English et al.?® and in the
present study) passivation.

The striking similarities in both the double-peak
structure and the overall shape of the 1-nc PL spectra
of Si-nc samples with completely different origins (see
Table 2) suggest that, down on the quantum level, uni-
fying features take over differences due to preparation
conditions. If we discard Si—O—Si vibrations as the ori-
gin of the energy splitting, other candidates are difficult
to find since 150 meV lies far beyond any phonon ener-
gies in silicon.

Surprisingly, similarities of 1-nc PL spectra do
not stop at differently prepared Si-ncs. A recent ob-
servation of a triple-peak structure in 1-nc spectra of
specially capped® CdZnSe nanocrystals®! (Figure
6b, energy splitting 164 meV) thus provides clues
as to the physical origin of the energy splitting. The
authors suggest that the energy splitting is con-
nected with the occurrence of trions (a quasi-particle
formed by an electron and two holes) and their ra-
diative decay. In this case, the spectral energy split-
ting is driven by the energy separation of quantized
hole levels.”” Recent theoretical calculations®® show
that the energy difference of the quantized hole lev-
els in Si-nc is also in a 100 meV range and even that
the shift of the levels due to varying size does not
significantly influence the energy difference, sug-
gesting that the hole—energy separation can keep
its more or less constant value even in differently
sized Si-ncs, which exactly is what Figure 6a implies.
Consequently, we ascribe the fine structure ob-
served in 1-nc spectroscopy in our Si-nc:C to the
quantization of hole levels in Si-ncs. We also sug-
gest that the fine structure observed in previous
studies by other authors?64%>0 is of similar origin,
based on the practically identical shape of 1-nc PL
spectra.

Implications for the Origin of Photoluminescence. On the ba-
sis of our measurements, final conclusions on the ori-
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preparation and characterization of samples

pyrolysis of SiH,, Si-ncs with oxidized surface, dispersed in toluene + PMMA
electrochemically etched, Si-ncs with photochemically altered organic surface capping
electrochemical etching yielding porous Si, oxidized surface

arrested precipitation, Si-ncs with octanethiol capping, dispersed in chloroform
graded alloy core —shell CdZnSe/ZnSe

gin of PL in our Si-nc:C cannot be drawn. Although the
1-nc spectroscopy measurements indicate that the in-
trinsic properties of the nanocrystalline core play an im-
portant role, the effect of the surface and/or interface
cannot be ruled out.

Sykora et al.’” experimentally demonstrated a mo-
notonous decrease of radiative lifetime in Si-ncs as
a function of confinement energy (i.e., core PL emis-
sion wavelength) from 7, = 1 ms at Aemy = 930 Nm
to 7, =~ 300 ns at Aem = 530 nm. Extrapolation of this
dependence to our case (1, = 10 ns) would yield an
emission wavelength of 460 nm, far from the ob-
served value (\em, = 570 nm). The validity of such ex-
trapolation might be questionable, however, as such
a short PL wavelength (A, = 460 nm) is inacces-
sible through mere shrinkage of Si-nc’s size?'** and,
in addition to that, neither was such monotonous
dependence observed in another type of Si-ncs:C
with fast PL lifetime, as reported by English et al.®
(T, = 100 ns, Ay = 520—680 nm).

This strongly indicates that a novel, nonconven-
tional mechanism governed very probably by an inter-
action between the surface/interface and core states
occurs in Si-ncs and lies behind at least the fast PL emis-
sion reported by English et al.?® and in the present work.
Its origin is to be specified in future research.

CONCLUSIONS

In conclusion, we showed that the initial oxide
surface passivation of Si-nc can be modified by cap-
ping involving methyl groups in a xylene-based sus-
pension via a photochemical reaction. The techno-
logical procedure is simple and can be realized at
room temperature and ambient air pressure. Chemi-
cal changes in the suspension were studied using
both FTIR-ATR and NMR, firmly evidencing attach-
ment of organic residues on the silicon surface of
nanocrystals via both Si—C and Si—0O—C bonds. The
resulting colloidal dispersion is optically clear and
with long-term stability (at least 3 years). It exhibits
bright PL peaking at 570 nm, with relatively high
quantum efficiency of ~20% and short radiative life-
time (10 ns), proving that surface termination can
play a major role not only in the passivation of non-
radiative channels of recombination but also in en-
hancing the radiative recombination rate. The opti-
cal characteristics of the presented colloidal Si-nc:C
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make this material comparable with direct band
gap semiconductor nanocrystals, such as CdSe.
Moreover, the single-nanocrystal spectroscopy
measurements revealed the systematic occurrence
of a double-peak structure in room-temperature
single-nanocrystal PL spectra, which was attributed
to surface oxide vibrations in previous studies by

METHODS

Preparation of the Colloid. The electrochemical etching of p-type
monocrystalline wafers (B-doped, (0.075—0.100) Qcm, (100)-
oriented, etched area ~10 cm?) yielding the Si-nc powder took
place in a mixture of 50% HF and pure (>99.9%) ethanol (both
from Penta) in the ratio of 1:2.5 with the current density of 2.5
mA/cm?. (In some cases, an additional treatment of the etched
wafers in H,0, was applied,?® however, without a noticeable ef-
fect on the resulting PL properties of the Si-nc:C-based colloid;
see Supporting Information.) The resulting porous Si was me-
chanically separated off the substrate and underwent multiple
sedimentations in ethanol to obtain fine powder with only small
clusters. A typical starting concentration for the preparation of
the colloid amounts to several milligrams of the Si-nc powder in
1 cm? of a mixture of aromatic hydrocarbons (which contains
xylene isomers (9, 37, and 12 mol % of o-, m-, p-isomers, respec-
tively), ethylbenzene (28 mol %), and isopropylbenzene
(14 mol %) as determined by 'H NMR and also trace amounts of
(di/tri)methyl-substituted cyclohexanes as determined by liquid
chromatography). After the irradiation (cw HeCd laser, 325 nm,
2.5 mW, 30 min twice a week) and stirring (600 rpm) procedure,
the dispersion is filtered (using either a 220 nm Millipore
Millex-GV syringe filter or a combination of Millipore Ultrafree
MC centrifugal filters with pore sizes of 650 and 100 nm; in some
cases, ultrafine filtration with centrifugal filters Pall Nanosep
300 and 100 kDa of nominal pore sizes as stated by the manufac-
turer of 35 and 10 nm, respectively, was carried out). The filtra-
tion procedure does not diminish PL intensity. As for the FTIR
and NMR measurements, the samples were obtained by the
evaporation of volatile components under diaphragm-pump
vacuum and subsequent immersion of the product in pure eth-
anol (Penta, >99.9%) and chloroform-d (Sigma-Aldrich, 99.98 d),
respectively (the ethanol-based colloid was filtered using a 100
kDa centrifugal filter).

Characterization. HRTEM image was taken with a JEOL JEM-
3010 HRTEM microscope using an accelerating voltage of 300
kV; the analysis was based on PDF ICDD 27-1402 database.® DLS
measurements were performed on a Malvern instrument Zeta-
sizer Nano ZS equipped with a helium—neon laser; the scatter-
ing angle was 173° (mass-weighted distribution function is plot-
ted since the larger agglomerates are not visible in the number
of particle weighted distribution function; see Supporting Infor-
mation), and a control solution of the solvent showed no par-
ticles. FTIR-ATR spectra were obtained with a Nicolet NEXUS 670
FTIR spectrometer; 8 L drop was investigated, a resolution of 4
cm~" and 256 scans were used. The spectra were ATR- and
baseline-corrected. The absorption of ZnSe used as the ATR ele-
ments did not allow us to measure at wavenumbers under 650
cm™

NMR spectra were acquired on a Bruker Avance 500 spec-
trometer working at the magnetic field of 11.7 T. In addition to
the basic 'H, '*C, and ?°Si spectra, 2D "H—"3C HMBC, '"H—"3C
HSQC, 1D and 2D "H—2°Si HSQC measurements were carried
out. The typical m/2 pulse lengths were 7, 13, and 12 ms for 'H,
13C, and 2Si, respectively, in 'H detected experiments and 13.4,
7.2, and 8 ms, respectively, in '*C and ?°Si detected experiments.
The pulse sequence based on the double stimulated echo*®
was utilized for the measurement of diffusion coefficients. The
bipolar magnetic field z-gradient pulses of sine-bell shape, 2 ms
duration, and 56.2 G/cm maximum amplitude were used. The to-
tal diffusion time was set at 300 ms. The diffusion-filtered 'H
spectrum of Si-ncs was acquired by the same pulse sequence
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several authors. Our results strongly indicate, how-
ever, that the observed 150 meV splitting is related
to the intrinsic properties of a sufficiently small sili-
con nanocrystal. Most probably, the observed en-
ergy splitting is connected directly to the splitting
of energy levels in a core of a quantum-confined
nanocrystal.

with 4 ms bipolar gradient pulses of 45 G/cm amplitude and
200 ms diffusion time. The NMR spectra were referenced with re-
spect to residual 'H signal of chloroform-d (7.24 ppm) since inter-
nal tetramethyl silane had to be avoided due to its similarity
with the studied Si-nc species.

Optical Measurements. All of the spectra presented in this study
are corrected for the spectral response of the experimental
setup. The PL decays were measured using OBB EasyLife V fluo-
rescence system with the 450 nm LED excitation and detection at
550 nm ensured by the use of an interference filter (colloid)
and a 355 nm Nd:YAG (8 ns) laser + intensified Andor CCD cam-
era system (orange-emitting sample). The PL decay data of the
colloid were fitted with a single-exponential function convoluted
with the measuring system’s response function, and the Si-nc
precursor’s PL decay data were fitted using a stretched-
exponential function | = lyexp{—(t/7)?}. It was verified that PL
from the colloid does not contain the microsecond component
using both the Nd:YAG + Andor system and a conventional
spectrofluorometer. PL quantum efficiency of Si-nc:C was
measured by comparing with a standard® (highly diluted
rhodamine 6G dispersed in ethanol matching the absorption co-
efficient of the investigated sample) over several orders of mag-
nitude of the excitation intensity (\exc = 480 nm of Nd:YAG + op-
tical parametric oscillator system).

The single-nanocrystal measurements were performed us-
ing the Acton SpectraPro 2150i spectrograph with the back-
illuminated CCD camera Princeton Instruments Spec-10:400B
and an Olympus IX-71 microscope. A control measurement of
the solvent which underwent the very same preparation proce-
dure as the colloid (including prolonged UV laser irradiation)
demonstrates that some yellow-emitting molecules are present
in the solution; however, the emission is substantially weaker,
and no double-peak structure was found in microscopic
measurements.
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