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Water soluble acrylic acid grafted luminescent silicon quantum
dots (Si-QDs) were prepared by a simplified method. The
resulting Si-QDs dissolved in water and showed stable strong
luminescence with peaks at 436 and 604 nm. X-ray photo-
electron spectroscopy (XPS) was employed to examine the
surface electronic states after the synthesis. The co-existence of
the Si2p and Cl1s core levels infers that the acrylic acid has been
successfully grafted on the surface of silicon quantum dots. To
fit the Si2p spectrum, four components were needed at 99.45,
100.28, 102.21 and 103.24eV. The first component at
99.45eV (I) was assigned to Si—Si within the silicon core of
the Si-QDs. The second component at 100.28 eV (II) was from

1 Introduction As the basic building block of semi-
conductor electronics, silicon is a widely available, com-
paratively cheap, ecologically friendly and technologically
well developed material. Since 1990, when Canham [1]
found silicon nanostructures were able to emit visible light,
interest in nanoscale silicon structures has risen sharply
throughout the wider scientific community [2—11]. Owing to
their ability to emit red light and lack of toxicity [12, 13],
silicon quantum dots (Si-QDs), are deemed to be one of the
best candidates as bio-labels for applications in bio-imaging.
However, their full potential faces a major barrier in respect
of their water solubility. Unfortunately the popular alkyl-
capped Si-QDs are hydrophobic, and cannot be dissolved in
water. Thus they are of limited use in a wide range of
biological applications. Several groups have attempted to
make the QDs water soluble by various routes [14—18].
Warner et al. [19] produced allylamine-capped Si-QDs using
a Pt catalyst. The resulting Si-QDs were water-soluble and
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Si—C. The third at 102.21 eV (III) was a sub-oxide state and the
fourth at 103.24 eV (IV) was from SiO, at Si-QDs surface. With
an increase in exposure to soft X-ray photons, the intensity ratio
of the two peaks within the Si2p region A and B increased from
0.5 to 1.4 while the peak A intensity decreased, and eventually a
steady state was reached. This observation is explained in terms
of photon-induced oxidation taking place within the surface
dangling bonds. As the PL profile for Si-QDs is influenced by
the degree of oxidation within the nanocrystal structure, the
inducement of oxidation by soft X-rays will play a role in
the range of potential applications where such materials could
be used — especially within biomedical labelling.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

exhibited strong blue photoluminescence (PL) with a rapid
rate of recombination. In contrast, Li and Ruckenstein [15]
bound poly-acrylic acid (PAA) onto the Si-QDs surface by a
UV induced graft method. These photo stable propionic acid
(PA) terminated Si-QDs were alleged to have great potential
in biological imaging. In a subsequent contribution by Sato
and Swihart [16], water-dispersible PA-terminated Si-QDs
were prepared by photoinitiated hydrosilylation. This work
demonstrated that the Si-QDs size and corresponding PL
emission colour could be controlled by varying the etching
time and allowed a high density of carboxylic acid moieties
to be used to covalently immobilize molecules containing
amines groups, such as proteins [20, 21]. Thus, the
preparation of PA-terminated Si-QDs is one of more the
promising approaches to generate bio-functional surfaces. A
simplified synthesis method has been used to prepare
samples of water-dispersible luminescent Si-QDs in this work.
The acrylic acid grafted method has been adopted [15, 16], but

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 (online colour at: www.pss-a.com) (a) Schematic struc-
ture of acrylic-acid grafted Si-QD used in this work. The luminescent
silicon core is crystalline with similar lattice parameters to bulk
silicon. The carboxyl (<COOH) group makes the Si-QDs water
dispersible. (b) A photo of clear stable water solution of acrylic-
acid grafted Si-QDsunder UV light (324 nm). The solution remained
transparent and without turbidity over several weeks.

the initial silicon quantum dot core was obtained by
electrochemically etching a silicon chip with HF [22].
Figure la shows the schematic structure of the Si-QD
product. With the carboxyl group (-COOH) on the surface,
the acrylic acid grafted Si-QDs possess better water
solubility than previous alkylated Si-QDs [13]. Whereas,
alkylated Si-QDs are hydrophobic, acrylic acid grafted Si-
QDs are hydrophilic. A clear stable water solution of 0.4 pM
Si-QDs is shown in Fig. 1b. The solution remained
transparent and without turbidity over several weeks. In this
paper we report the results of the first study of the electronic
structures of such water dispersible Si-QDs under exposure
to soft X-ray radiation. The motivation behind this work is
twofold: over the course of exposure the QDs are observed to
undergo a photon-induced oxidation, based on the evolution
of the Si2p core level, and so is of interest from a purely
investigative perspective in furthering our understanding of
their luminescence behaviour. Similar photon-oxidation
effects have been observed in light-emitting porous silicon
[23], germanium nanocrystals [24], alkylated silicon nano-
crystals [25, 26], and crystalline silicon surfaces [27, 28],
where the photon source was either a laser, UV, EUV/VUV,
or X-rays. This work is of particular value owing to the
ability to disperse acrylic acid grafted Si-QDs in water which
may offer new routes towards bio-imaging applications
within living systems. Oxidative effects are understood to
play a critical role in the luminescence profiles of nanoscale
silicon systems and so information relating the progression
of oxidation through soft X-ray irradiation upon the observed
emission bands will be useful where such structures may be
used in X-ray radiation environments.

2 Experimental

2.1 Si-QDs preparation The detailed synthesis
method has been described in previous published paper
[29]; here we provide a brief description of the sample
preparation. Photoluminescent silicon layers were formed by
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galvanostatic anodization of boron-doped p-Si (100)
oriented wafer (10 () cm resistivity, Compart Technology,
Peterborough, UK) in a 1:1 v/v solution of 48% aqueous HF
and ethanol solution. The boron-doped p-Si (100) was
chosen because of its high etching rate, hence the product
rate [30, 31]. The circular electrochemical etching cell (1 cm
diameter) was machined from polytetrafluoroethylene
(PTFE). The silicon wafer was sealed to the base using a
Viton™ O-ring. The counter electrode was a piece of
platinum wire coiled into loop to improve the uniformity of
the current distribution, and the etching was carried out using
KEITHLEY 2601 in constant current source mode. A layer
of luminescent porous silicon was made at high current
density (5 min at 550 mA/cm?). The solution was decanted
and the fluorescing porous silicon layer on the chip was
transferred to a Schlenk flask and dried under the vacuum of a
rotary pump for 2h. The air within a 1:99 v/v solution of
acrylic acid and ethanol aqueous was purged by N, bubbling
for 2h. The solution was then added to the Schlenk flask
containing Si chips (working under N, protection). The
Schlenk flask was tightly closed and subjected to ultrasonic
dispersion for 50 min at 40 °C. The mixture was then poured
into a polyethylene bottle and treated with N, bubbling for
10 min to purge the air. Afterwards the mixture was inserted
into an UV reactor and kept stirring at 50 °C for 5h. This
procedure is to change the Si-QDs surface from hydrogen
terminated (H-) to poly-acrylic acid terminated (PA-). After
filtration the luminescent solution, ca 20 ml, was collected.
After solvent evaporated in low vacuum line, a dry sample of
10 mg was obtained.

2.2 Photoluminescence spectroscopy Photolum-
inescence (PL) spectra were acquired by PerkinElmer LS55
Fluorescence Spectrometer with the excitation from Xenon
lamp at 310 nm.

2.3 X-ray photoelectron spectroscopy X-ray
photoemission spectroscopy (XPS) experiments were car-
ried out with a Scienta R4000 analyser at beamline I511 of
Max-lab in Lund [32], Sweden. For this purpose a few drops
of suspension were cast onto gold film substrate. The film
was immediately introduced into a load-lock attached to the
ultra high vacuum (UHV) chamber in which the typical
pressures were kept below 5 x 10" mbar. All Si2p spectra
were acquired with photon energy 150 eV, while Cls core
level spectra were obtained with photon energy 347 eV. The
binding energies were referred to the Fermi edge measured
on a gold foil in direct electrical contact with the sample, and
the energy resolution was 0.01 eV at photon energy 150 eV.

3 Results and discussion The acrylic acid grafted
luminescent Si-QDs can be dried by removing residual
solvent and re-dissolved in deionized (DI) water. The
solution of Si-QDs in DI water showed a clear and strong
red fluorescence under illumination by a hand held mercury
lamp (A =254nm). The PL spectrum shows two peaks at
604 nm (red) and 436 nm (blue), respectively, see Fig. 2a.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2 Photoluminescence spectra from acrylic acid grafted
water dispersible silicon quantum dots. There are two peaks at
604 and 436 nm, originated from un-oxidized and oxidized silicon,
respectively. The PL measurement was performed by illuminating
light at A =310 nm. (a) Before the sample exposed to soft X-ray, red
peak was the dominant; (b) after soft X-ray irradiation exposure, the
blue peak was comparable to the red peak.

There are at least two plausible reasons for the
observation of two emission bands. First, there may be a
bimodal distribution of Si-QD sizes, giving rise to the two
observed photon energies. Second, the two PL emission
bands may result from different chemical states of Si:
unoxidized Si such as Si—Si bonds in the silicon core and
oxidized Si atoms such as Si=0 bonds at the interface of core
and grafted monolayer. We can discard the first possibility
because no evidence of such a bimodal size distribution is
present in our previous scanning tunnelling microscope
(STM) or transmission electron microscopy (TEM) studies
on alkylated Si-QDs [25, 33]. The mean size resulting from
electrochemical etching would be expected to depend on the
applied current density; therefore a narrow size distribution
is quite expected. The second possibility is more likely since
previous FTIR and photoemission spectroscopy measure-
ments show that there is a small amount of oxide present in
the samples [22, 25]. The work of others also supports this
interpretation [34, 35]. When Si-QD is oxidized, the Si—Si or
Si—O-Si bonds are likely to weaken or break in many places
because of the stress at the Si/SiO, interface [36]. A Si=0
double bond is likely to be formed and stabilize the surface,
since it does not require a large deformation energy. Such
bonds have been suggested at the Si/SiO, interface [36]. In
the literature [37], the PL emission from pure bulk silica is at
2.8eV (442 nm), which is close to the blue peak from our
samples at 436 nm. Sham et al. [38] measured X-ray excited
optical luminescence (XEOL) and X-ray emission spec-
troscopy (XES) on silicon nanowires and showed that the
blue emission is associated with the silicon oxide layer on the
samples. This suggests that the blue PL emission is from

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

oxidized Si species and the red PL emission originates from
unoxidized Si core, which is in agreement with the previous
results from alkyl Si-QDs [26]. It should be noted that the PL.
colour will be dominated by the main peak 604 nm here,
which is red. In other cases, if the peak at 436 nm is much
stronger than red peak, the PL colour would be dominated by
blue [25, 39-41]. Figure 2b shows the PL after soft X-ray
irradiation exposure X = flux x time =703 nA min, which
was obtained after the XPS measurement. Owing to the
nature of this XPS apparatus setup, the X-ray spot remained
on the same Si-QDs, thus we were not able to measure PL
during the XPS experiments. Therefore, we can only
compare PL spectra before and after XPS experiments. It is
clear that the oxide related peak at 436 nm grew up to similar
level as red peak. Because the blue peak is oxide related and
the red peak is related to unoxidized Si, this result, combined
with the following XPS results, is strong evidence of
oxidation induced by soft X-ray.

The surface electronic states were examined by employ-
ing high resolution XPS. Figure 3 shows high resolution XPS
spectra over the Si2p and Cl1s core level energy regions from
Si-QDs after the graft polymerization in 1% v/v acrylic acid
monomer solution. To enhance the surface sensitivity, the
spectra were collected at 20° to normal emission with photon
energies of 150 and 347 eV, respectively, and normalized to
photon flux. In Fig. 3a, the Si2p spectrum was fitted with four
mixed doublets and one Shirley background. The four
components were at 99.45, 100.28, 102.21 and 103.24 eV,
respectively. The first component at 99.45 eV (1) is assigned
to Si—Si within silicon crystalline core of the Si-QDs. The
second component at 100.28 eV (1) is from Si—C. The third
at 102.21eV (III) is a sub-oxide state and the fourth at
103.24 eV (IV) from SiO, at surface of Si-QDs, respectively
[42, 43]. The existence of a Si—C component here infers that
the silicon atoms at the nanoparticle surfaces have changed
from H- to a PA-termination and provides compelling
evidence of the successful synthesis of acrylic acid grafted
luminescent water dispersible Si-QDs [16]. A broadened
peak at 103.24 eV (IV) was observed, confirming the sample
surface has been oxidized under the soft X-ray irradiation.
The full width at half maximum (FWHM) of each specie can
be obtained during the fitting. FWHM of specie IV was
1.7eV, which is considerably broader than that of specie I
(~1.1eV). The component II at 100.28 eV confirmed the
existence of Si—C on the surface. It should be observed that a
Si—C component was needed to fit the Cls spectrum as well.
The C1s spectrum was fitted with four mixed singlets and one
Shirley background. The three components were at 283.8,
284.92, 286.66 and 289.38eV, see Fig. 3b. The first
component (I) Cls peak, at binding energy 283.8 eV, can
be ascribed to emission from core-level electrons of carbon
atoms covalently bonded to the relatively electro-positive
silicon (C-Si) [43-45]. The second peak (II), at binding
energy 284.92 eV, can be ascribed to carbon bonded to either
hydrogen or another carbon atom. The third component (IIT)
of the Cls peak, at a binding energy 286.6 eV, is ascribed to
adventitious carbon bonded to silicon, or oxygen from

Www.pss-a.com
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Figure 3 Core level XPS spectra obtained at 20° to normal emis-
sion: (a) Si2p, the dotted line was experimental data which was fitted
by four mixed doublets and one Shirley background: the four
components at 99.45, 100.28, 102.21 and 103.24 eV, respectively.
These components were corresponding to the species: silicon within
the core silicon crystalline (I), silicon—carbon bond (II), sub-oxide
state (IIT) and silicon oxide (IV) on the surface of Si-QDs. (b) C1s was
fitted by four mixed doublets and one Shirley background. The four
components are: (I) 283.8 eV from Si-C, (II) 284.92 eV from C-C or
C-H, (III) 286.66 ¢V from adventitious carbon and (IV) 289.38 eV
from carbon in carboxylic acid group.

carbonaceous materials present in the laboratory environ-
ment, and/or from the transportation of samples to the XPS
chamber [45]. The fourth (IV) distinct high binding energy at
about 289.38 eV is characteristic of the carboxylic acid group
of the grafted acrylic acid polymer. The presence of this
peak, together with published FTIR data confirms the
existence of a surface grafted poly-acrylic acids [15, 29].
To further investigate the photon-induced oxidation, the
evolution of the Si2p core level was monitored over the
period of the X-ray irradiation. Figure 4a shows the evolution
of the Si2p core level during a course of irradiation by 150 eV
soft X-ray photons. Exposure is defined as X = flux x time,
from O to 703 nA min. As one can see from the fittings in
Fig. 3a, peak A is related to core silicon crystals and sub-
oxide states while peak B is related to oxide and Si—C. The

WWwWWw.pss-a.com
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Figure 4 (a) The evolution of core level Si2p during the course of
soft X-ray irradiation at photon energy 150eV; (b) the intensity
changing of two components before final steady state reached: the
intensity of Si related peak decreasing faster than the intensity of
oxide related peak during the course of exposure, and intensity ratio
of B:A risen from 0.5 to 1.4; (c) no significant changes of peak
positions observed during the irradiation course.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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intensities of the both Si2p peaks, A and B were observed to
decrease with increasing exposure to radiation. From the raw
datain Fig. 4a, it can be seen that both silicon related peaks A
and oxide related peak B declined with increasing exposure,
however, peak A decreased at a greater rate, dropping below
the intensity of peak B after exposure of 259 nA min. The
intensity ratio of peak B (oxide related) over peak A (silicon
related) evolved from 0.5 to 1.4 when the exposure increased
from O to 703 nA min. It was found that the intensity of peak
A follows an exponential decay I, = 18896.7 x exp (—X/
261.6) 4 1130, and that of peak B follows linear regression:
Ig =10486.69464 — 10.6528 x X  (with R=-0.99101,
P <0.0001 perfectly fitted), where X=flux x time
(nAmin). These fittings are plotted in Fig. 4b. The
exponential decay of peak A intensity is a normal fingerprint
of charging phenomena in photoemission spectroscopy [23,
25]. See Fig. 4b, the dotted lines are fittings described above.
Very interestingly, during the course of exposure there were
no significant changes in the peak positions, see Fig. 4c.
From the linear fittings, the positions of both peaks are
slightly shifted to higher binding energies: peak A shifted
from 99.5 to 99.7eV while peak B shifted from 102.3 to
102.7eV. And the separation between two peaks is
2.9+0.1eV. First of all, unlike the alkyl Si-QDs where
peak A saturated at 104 eV [25], here peak A was situated at
99.7+0.2eV which is in agreement with the real Si2p
binding energy of from bulk silicon [46], and results from
hydrosilylated Si (111) surfaces [47]. This can be taken as a
measure of a good electrical connection between the sample
and substrate with the earth. This can be explained since a
thinner and more uniform film was mounted with better
contact to the substrate (gold). Another reason could be that
the length of acrylic acid coating (CH,-3) is much shorter
than alkyl coating (CH,-11), thus the contact between silicon
and substrate is improved. Second, the shifting of peak
positions to a higher binding energy is consistent with the
decay of the intensities during the irradiation course owing to
trapped charges in the sample. Third, the relative quantity of
species II and IV in Si2p increased during this photon
induced oxidation, thus both peak positions of A and B would
be moved towards higher binding energies.

Transmission IR experiments on thermal hydrosilyation
of porous silicon shows that the maximum coverage
coverage of alkyl chain on porous silicon is 0.3-0.5 ML
(monolayer) [48]. This suggests that a substantial fraction of
the surface atoms of the Si-QDs are bound to hydrogen.
Therefore, the soft X-ray irradiation could induce the
formation of oxide species from these sites.

It is reasonable to assign the high binding energy peak B
to the photon-induced formation of a number of (sub)oxide
species (SiO,, where x <2). The evolution of the intensity
and position of this peak therefore indicates that, as
irradiation progress, the coverage of surface oxide and the
average oxidation state of the silicon atoms at the surface of
the quantum dots increase, which agree well with the
sequential appearance of successively higher Si oxidation
states during thermally driven oxidation [49].

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

As the PL profile for Si-QDs is influenced by the degree
of oxidation within the nanocrystal structure, the inducement
of oxidation by soft X-rays will play a role in the range of
potential applications where such materials could be used —
especially within biomedical labelling. For example, when
Si-QDs act as tracers in targeted drug delivery [50], the PL
peak position could be changed if X-rays are applied during
the process. Consequently the results here provide a very
useful reference for future applications.

4 Conclusions In summary, it has been observed for
the first time, that irradiation by soft X-ray causes a
progression of oxidation within acrylic acid grafted Si-QDs
surfaces. Acrylic acid grafted luminescent Si-QDs may be
dispersed in water rendering them suitable for biological
applications. There are two bands in PL spectrum,
originating from Si—Si and silicon oxide. The PL band from
silicon oxide also indicates the possibility of oxidation under
the soft X-ray irradiation. The co-existence of Si2p and Cls
core levels confirmed that acrylic acid grafted water soluble
silicon nanoparticles have been successfully synthesized.
This observation will contribute to the future applications.
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