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The formation of stable colloidal dispersions of silicon nanoparticles (Si-NPs) is essential for the
manufacturing of silicon based electronic-and- optoelectronic devices using cost-effective printing
technologies. However, the development'of-Si-NPs based printable electronics has so far been
hampered by the lack of long-term stability, low production rate and poor optical properties of Si-
NPs ink. In this paper, we synthesized Si-NPs in a gas phase microwave plasma reactor with
very high production rate, which were later treated to form a stable colloidal dispersion. These
particles can be readily dispersed in a variety of organic solvents and the dispersion is stable
for months. The particles show excellent optical properties (quantum yields of about 15%) and
long-term photoluminescence (PL) stability. The stable.ink containing functionalized Si-NPs was
successfully used to print structures on glass substrates by ink-jet printing. The homogeneity and
uniformity of large-area printed film was investigated using photoluminescence (PL) mapping.

Keywords: Silicon, Nanoparticles,  Photoluminescence, Ink-Jet  Printing,  Surface
Functionalization.

1. INTRODUCTION 2.1 full color displays.* The current semiconductor fabrication
technologies like photolithography are expensive and not
feasible for large area processing, while technologies such
as screen-printing and spin coating are not useful if the
concentration of particle in the dispersion is very low.
Additionally, these technologies need masks to write a
well-defined pattern. Using ink-jet printing, the deposition
of very small volume of suspensions in a well-defined
pattern is possible and the direct structured deposition
removes the need for masks leading to an efficient use of
material. Moreover, ink-jet printing offers the deposition of
nanoparticle dispersions with very low concentration due
to the possibility of multilayer printing.

Ink-jet printing of different nanostructured materials
such as Ag, Au, CdS and CdSe, nanoparticles has been
successfully demonstrated in past.!° It has been shown
that printed silver and gold nanoparticles could serve as
conducting lines for electronic applications due to reason-
ably high conductivity.”'* Loffredo et al.!' have shown the
ink-jet printing of polymer-carbon black composite film
and its use as a chemical sensor. Mustonen et al.'> demon-

*Author to whom correspondence should be addressed. strated the controlled deposition of single-wall carbon

While high-tech devices are usually based on established
technologies, an increasing interest in cost-effective alter-
natives in photovoltaics and optoelectronics is observed.!
Silicon nanoparticles (Si-NPs) have become a significant
material for large-area electronics because of potential
applications that can benefit from the option to fabricate
devices at low processing temperatures (<600 °C) and
from the use of low cost substrates such as glass. Due to
the larger optical band gap compared to relevant bulk sil-
icon, Si-NPs are also interesting as an absorber layer in
silicon and hybrid solar cell technology.

Over the past years, printing technology has attracted
considerable attention due to simultaneous deposition and
patterning of the different materials necessary to build the
layers of an active device on any substrate, preferably
without the need of a clean room or post-processing. Addi-
tionally, it enables new applications in the field of low cost
printable electronic such as transistors,? solar cells® and
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nanotubes using ink-jet printing and observed a thickness-
dependent conduction processes in printed films. From the
point of view of cost, availability, non-toxicity and poten-
tial for integration into existing technologies, a high indus-
trial demand exists on the use of Si-NP ink. However, the
printing of Si-NPs has received little attention because of
the lack of efficient routes to form stable silicon ink. To
our knowledge, very few studies'® have been reported on
the printing of Si-NPs and none was published using ink-
jet printing.

Si-NPs usually tend to aggregate very easily, especially
when dispersed in an organic medium. Liquid phase syn-
thesis of Si-NPs in the presence of coordinating ligands
has advantage in terms of instantly forming stable col-
loidal dispersion,'* however, these synthesis processes are
disadvantageous in terms of low production rate. Unlike
wet chemical routes, the plasma-assisted synthesis of Si-
NPs ink offers the possibility of scale up the production
but these particles do not show good optical properties.'
In this study, we present a facile method to produce large
quantity of extremely stable Si-NPs ink with very good
optical properties. We demonstrate that this stable Si-INP
ink can be used to fabricate thin films on glass substrate
using ink-jet printing. We also suggest an elegant tool to
investigate the homogeneity and uniformity of large-area
printed films using photoluminescence (PL) mapping.

2. EXPERIMENTAL DETAILS

We synthesized Si-NPs in a microwave plasma reactor
by thermal decomposition of silane (SiH,). This synthesis
approach enables us to synthesize Si-NPs with very high
production rates (up to 10 g h™").!® The Si-NPs with mean
particle diameter of about 4.3 nm were examined injthis
study. The etching of the as-synthesized Si-NPs_was. car-
ried out under inert conditions inside a glove box. In'a
typical experiment, 10 ml of HF acid (48 wt%) was added
to a suspension of 50-60 mg Si-NPs in 5 ml of methanol.
The dispersion was vigorously stirred for 30 min at room
temperature and thereafter the particles were filtered on a
polyvinylidene fluoride (PVDF) membrane filter (pore size
0.1 pm). The functionalization of silicon surface was car-
ried out with ethyl undecylenate using thermally induced
hydrosilylation.!” For this purpose, freshly etched Si-NPs
were transported into the ethyl undecylenate in an airtight
glass bottle inside the glove box and the dispersion was
heated to 120 °C for 10 h.

For ink-jet printing, a very low concentration of parti-
cles in the ink (~0.4 wt%) was prepared with a viscos-
ity of 2.3 mPa-s. The viscosity of the ink was measured
by a rhoemeter (Bohlin Gemini 150 from Malvern Instru-
ments, UK) using plate-plate configuration at a temper-
ature of 25 °C and a shear rate of 100 s~!. A surface
tension of 31 mN-m~' was measured using a contact
angle tool (DAS100, Kriiss, Germany). The zeta poten-
tial as well as the particle size within the dispersion was
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measured using a Zetasizer equipped with an autotitrator
(ZetaNano, Malvern). Prior to printing, the glass substrates
were cleaned in Piranha solution (3:1 volumetric mixture of
sulfuric acid and hydrogen peroxide) for 30 min followed
by rinsing several times in water and dried in a stream of
dry nitrogen. A Dimatix 2800 ink-jet printer was used to
print Si NPs on the cleaned glass substrates in a lyer-by-
layer fashion. The printing was carried out at 13 V and a
frequency of 3 kHz. The substrate temperature was set at
60 °C and Si-NPs were printed on the glass substrate in a
layer-by-layer fashion. There was a 10 min delay between
two successively printed layers. The annealing treatment of
the printed structure was carried out at 300 °C for 1 h. The
thickness of the annealed Si-NPs films was measured using
XP-200 profilometer (Ambios Technology).

The transmission electron microscopy (TEM) measure-
ments on Si-NPs were performed using a Philips CM-20
operated at 200 kV. The surface chemistry of functional-
ized-Si-NPs was investigated by Fourier transform infrared
(ETIR), spectroscopy using a Bruker IFS66v/S spectrom-
eter, For this purpose, the functionalized particles were
separated- from unreacted ethyl undecylenate by multiple
centrifugations and measurement was done on dry parti-
cles in diffuse reflectance mode. The photoluminescence
(PL) measurements were carried out at room temperature
using a u-PL setup with a Czerny-Turner monochromator
(focal length f =500 mm). The sample was mounted on
an x—y—z scanner and a diode-laser operated at A =405 nm
was used as excitation source. On each scan position, a
complete optical spectrum from 500 nm up to 850 nm was
measured. All the photograph of luminescing Si-NPs were
taken by exposing them to UV light (A =366 nm). In order
to measure the quantum yield of functionalized Si-NPs, the
sample fluorescence was excited using a UV LED emitting
at 390 nm and detected using a USB spectrometer from

"% Ocean Optics (model USB200). The details of quantum

yield measurement procedure is described elsewhere.'®

3. RESULTS AND DISCUSSION

In previous communications,'®!” we have shown that the

surface of our as-synthesized Si-NPs is covered with an
oxide layer due to oxidation of particles in air. The etch-
ing of Si-NPs removes the oxide layer and terminates the
surface with hydrogen. However, the oxide layer re-grows
on the surface of etched Si-NPs upon exposure of parti-
cles in air. The functionalization of silicon surface with
organic molecules via hydrosilylation process provides a
promising route to stabilize their surface against air oxida-
tion. Our previous study showed that ester-terminated Si-
NPs exhibit higher stability in air compared to those which
are bonded to alkyl groups.'® Additionally, the efficiency
of surface functionalization of Si-NPs was found to be
best with ethyl undecylenate compared to other commonly
available esters. Therefore, in this study we functionalized
the surface of Si-NPs with ethyl undecylenate.
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Figure 1 shows the FTIR spectrum of Si-NPs func-
tionalized with ethyl undecylenate. In the spectrum, sharp
aliphatic CH, stretching bands in the region of 3000-
2855 cm™! are present,?’ which originate from the attached
ethyl undecylenate molecules on the silicon surface.
Together with the characteristic peaks of ethyl undecyle-
nate molecules, a small intensity of SiH, (n = 1,2,3)
stretching vibration around 2100 cm™' can also be seen
in the spectrum.?' This indicates that not all Si—-H bonds
on the silicon surface were replaced by alkyl groups
because the initially attached alkyl groups on the silicon
surface provide an increasing steric hindrance for further
attachment of organic molecules. Additionally, a small
peak around 2260 cm~! appears in the spectrum, which
can be assigned to Si-H stretching vibration in SiHO,
configuration.?? It shows that etched particles also undergo

(a) A schematic representation of etching and surface functionalization of Si-NPs with ethyl undecylenate molecules. (b) Photo of as-
synthesized (sample A), freshly etched (sample B) and functionalized Si-NPs (sample C) dispersion in deionized water, chloroform and ethyl unde-
cylenate solvent, respectively. (c) Bright field TEM image of as-synthesized (left) and functionalized Si-NPs (right).
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some oxidation during the functionalization process, prob-
ably due to some traces of oxygen and moisture present
in the reactants. We calculated the efficiency of function-
alization to be 31%, which was determined from the ratio
of change in integrated intensity of SiH,, vibration of func-
tionalized sample over the original intensity.'®2%2*
Figures 2(a, b) shows a schematic representation of as-
synthesized, freshly etched, and ethyl undecylenate func-
tionalized Si-NP dispersions together with their dispersion
stability in air under ambient conditions. It is observed
that as-synthesized Si-NPs are very difficult to disperse
because the particles are highly agglomerated (Fig. 2(c),
left image) and the presence of an oxide shell around the
Si-NPs limits the choice of a suitable dispersion medium.
The dispersion of as-synthesized Si-NPs in de-ionized
water is shown in Figure 2(b) (vial “A”). It is visibly tur-
bid due to the presence of agglomerates and even ultra-
sonic treatment does not help to break the agglomerates.
The average diameter of agglomerated, as-synthesized Si4
NPs measured with dynamic light scatteringwas -about
117 nm, which is about 28 times larger than their mean
particle diameter. It is found that the zeta potential of
the dispersion is not very high and therefore, a signifi-
cant sedimentation of particles is observed after 2 hours.
The etching of Si-NPs with HF acid removes the oxide
layer and breaks the agglomeration of Si-NPs. However,
it is found that the etched Si-NPs also do not form a
stable dispersion in solvents because of re-oxidation and
re-agglomeration of the particles.!® As an example, we
show the dispersion stability of etched Si-NPs in chloro-
form (Fig. 2(b), vial “B”). A significant agglomeration of
particle can be seen after 1 day of storage. The function-
alization of freshly etched Si-NPs with organic molecules

using hydrosilylation process provides passivation, against ; |

surface re-oxidation. Additionally, the organic layer on the

surface of Si-NPs provides steric hindrance for the fur- *

ther agglomeration of particles. The functionalized' Si-NPs
can be dispersed in organic solvent without any sonica-
tion due to presence of organic layer on their surface. In
Figure 2(b) (vial “C”), the dispersion of functionalized Si-
NPs in ethyl undecylenate solvent is shown. However, it is
seen that after separating the functionalized Si-NPs from
their respective alkenes, the particles can be re-dispersed
in a variety of organic solvents (such as chloroform,
toluene, n-hexane etc.) and the dispersion is extremely
stable. The functionalized Si-NPs form an almost clear
dispersion due to presence of non-agglomerated particles
(Fig. 2(c)). The preservation of a non-polar particle sur-
face provides better dispersability and long-term stability
in organic solvents. The average diameter of functionalized
Si-NPs measured using dynamic light scattering was about
28 nm, which is bigger than the mean particle diameter
of as-synthesized Si-NPs due to the coating with organic
molecules and probably some remaining agglomeration.
We did not observe any reasonable change in hydrody-
namic diameter of functionalized Si-NPs after 1 week
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of storage, indicating that the dispersion is stable with
time and no sedimentation of functionalized Si-NPs was
observed even after months (visible inspection).

Si-NPs with diameter less than 5 nm show PL emission
in the visible due to quantum confinement effects.”>2° As
a result, the functionalized particles prepared in this study
show bright orange luminescence upon excitation with UV
light (Fig. 3(a)). It is well known from the literature that
the quantum yield (QY) of Si-NPs and porous silicon is
very low. The QY of porous silicon was reported in the
range of 1-10% for most of the samples.?”-® Sankaran
et al.” prepared blue luminescing Si-NPs and reported the
QY of their particles of about 30%. Mangolini et al.*
reported quantum yield of their functionalized Si-NPs
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Fig. 3. (a) Functionalized Si-NPs dispersion in ethyl undecylenate
under normal daylight and UV illumination. (b) Photograph of an ink-jet
printed functionalized Si-NPs structure on glass substrate under UV illu-
mination. (c) PL emission spectra from the dispersion, one ink-jet printed
layer and nine ink-jet printed layers of functionalized Si-NPs.
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Fig. 4. Two dimensional intensity map of the printed structure “G” (a) before, and (b) after annealing.

maximum up to 70%. They also showed that the QY of
Si-NPs decreases with the size of the NPs and their par-
ticles emitting below 700 nm show poor quantum yield
(<5%). Our functionalized Si-NPs emit at around 660 nm
and they still show a comparably high QY of about 15%.
Additionally, these functionalized Si-NPs can be handled
in air as the functional groups on the surface of Si-NPs
provide passivation against oxidation. Moreover, these par-
ticles show stable luminescence for months.

As the dispersion of functionalized Si-NPs is very sta-
ble, it can be used to print structures on a substrate. The
printing of functionalized Si-NPs was performed using
ink-jet printing (see Experimental section for details). The
printed structure was completely invisible to the unaided
eye because of very high transparency of the printed thin
film. However, when the printed structure was illuminated
with UV light, the functionalized Si-NPs show visible
luminescence. Figure 3(b) shows the picture of nine lay-

ers of a printed structure under UV illumination. The PL_

.y . aE
emission spectra recorded from the printed structure and

from the dispersion are shown in Figure 3(c). After print*

ing one layer, the structure shows an emission|peak: at;

575 nm, however, the one with nine printed layers shows a
strong red shift in the spectrum and emits at about 660 nm.
We attribute this phenomenon to self-absorption within
the emitting material.3! In case of nine printed layers, the
photoluminescence from small nanoparticles that emit at
shorter wavelength is suppressed due to the absorption
from bigger particles, which then emit at higher wave-
length. The probability of absorption of emission from
small nanoparticles by big particles increases as it passes
through many layers. Similarly in the PL spectrum of the
dispersion, the emission from the small nanoparticles at
about 575 nm is suppressed by big particles and therefore
it shows a main peak around 660 nm and a shoulder at
575 nm.

The homogeneity and uniformity of printed Si-NPs
films was analyzed by photoluminescence scanning. The
structure “G” was scanned in two dimensions using inten-
sity integration from 500 nm to 850 nm and a two-
dimensional intensity map was created. With this inten-
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sity mapping the concentration distribution of particles
at different position in the printed structure was ana-
lyzed. Figure 4 shows the 2-D intensity profile of a
printed structure “G” (consisting of nine layers) before and
after'annealing. The as-prepared structure did not show a
homogenous distribution of particles over the entire struc-
ture as evidenced by a strong variation of the intensity
within the ‘pattern. The particles are mostly concentrated,
where the structure is relatively wide. At a particular posi-
tion, the concentration of particles is high at the center
and decreases towards the edges. In addition to that the
printed structure “G” has not well-defined edges. The inho-
mogeneity of the printed structure “G” is mainly due to
the slow drying of the printed layers. For our experiments,
the substrate was heated up to 60 °C, which is the max-
imum possible temperature of the substrate heater used.
This temperature is very low compared to the evapora-
tion temperature of our solvent (B.P. =258 °C) so that the
printed layers are still ‘wet’ even for longer delay times
between the over printing. After annealing of the printed
structiires, the distribution of particles was more homoge-
nous due to evaporation of the solvent. The thickness of
the annealed films was between 100-240 nm. It is known
from the literature that the morphology of deposited par-
ticles depends on various factors, such as particles con-
centration and choice dispersion medium.*? Therefore, by
optimizing these parameters, more homogeneous and well-
defined pattern of Si-NPs can be obtained.

4. CONCLUSIONS

Using microwave plasma synthesis approach, a large quan-
tity of highly stable Si-NPs inks can be produced. The as-
synthesized Si-NPs do not easily form stable dispersion in
solvents due to the presence of agglomerates and surface
Oxides. The etching and functionalization of the nanopar-
ticle surface break their agglomeration and terminate the
surface with organic molecules. The presence of organic
ligands on the surface of Si-NPs allows them to form very
stable inks in a variety of organic solvents. The Si-NP inks
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show very good optical property with long-term PL stabil-
ity. It is shown that the dispersion of functionalized Si-NPs
can be used to print structures on a substrate. PL mapping
was used to analyze the homogeneity and optical quality
of ink-jet printed layer.
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