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Impact of ink synthesis on processing of inkjet-printed silicon
nanoparticle thin films: A comparison of Rapid Thermal Annealing
and photonic sintering

E. Drahi? S. Blayac ?, A. Borbely ®, P. Benaben ?

*Centre Microélectronique de Provence/Ecole Nationale Supérieure des Mines de Saint Etienne, 880, avenue de Mimet Gardanne, 13541, France
bScience des Matériaux et des Structures/Ecole Nationale Supérieure des Mines de Saint Etienne, 158, cours Fauriel Saint Etienne Cedex 2, 42023, France

Inkjet printing has a high potential for cost reduction in solar cell and thermoelectric industry. This study demonstrates that silicon thin films can be produced
by inkjet-printing of silicon nanoparticles followed by sub-sequent drying and annealing steps. Ink formulation is crucial for the sintering of the silicon
nanoparticles and control of the microstructure at low temperature. Upon heating, the microstructure is modified from porous layer made of juxtaposed silicon
nanoparticles to denser layer with coarser grains. This evolution is monitored by scanning electron microscopy and by micro-Raman spectroscopy, which offer a
fast and precise characteriza-tion of the microstructure and chemical composition of thin films. Above a threshold temperature of 800 °C cracks appear within
thin film and substrate because of the stress induced by the oxidation of the surface. An in-novative sintering method, photonic annealing, is studied in order to
reduce both oxidation and stress in the thin films as well as reducing processing time. Evolution of the thermal conductivity is performed by micro-Raman
spectroscopy and can be tailored in a large range between ~1 and ~100 W-m~'-K~! depending on the sintering method and atmosphere. Therefore control of
the microstructure evolution with applied annealing process allows tailoring of both microstructure and thermal conductivity of the silicon thin films.

1. Introduction

Inkjet-printing has been seen as a very promising way to deposit and
pattern a broad choice of materials on large areas for low costs.
Nowadays, ink based on metallic nanoparticles and polymers are widely
used for flexible electronics [ 1-4]. Nevertheless, organic semiconductor
efficiency and lifetime are clearly behind those of inorganic semicon-
ductors, which limit strongly the field of applications for printed elec-
tronics. Therefore, solution-processing of inorganic semiconductors
appears as a promising way to fabricate high-performance devices at
low costs [5].

Silicon is the most employed semiconductor for electronic applica-
tions due to its availability, its useful oxide, its performances and good
process know-how developed throughout the years in microelectronics.
Deposition of silicon by solution-processing is therefore researched
in order to lower fabrication costs without developing new materials
and device architectures [6-9]. Furthermore, very specific properties
(band gap broadening, photoluminescence...) appear by reducing sili-
con into nanosized-objects (nanoparticles, nanorods, nanowires...),
as well as the possibility to use solution-based processes such as
inkjet-printing. Therefore, the control of inkjet-printing of silicon

nanoparticles (NPs) opens a way towards the fabrication of low cost
electronic devices with tailored properties.

After inkjet-printing deposition and drying of the Si nanoparticle-
based inks, thin films ranging from some hundreds of nanometers to
some micrometers can be obtained. They are composed of juxtaposed
nanoparticles in punctual contact and as a result are very porous.
Electrical conductivity of such thin films is very limited [8,10] since
the percolation threshold has to be reached [11], especially if the parti-
cles are not doped.

An annealing step is therefore needed in order to modify the micro-
structure (densification or grain coarsening) by sintering [12] to permit
charge carrier transport [13]. For example, conductivities ranging be-
tween 108 and 5 Q~'-cm ™! could be obtained after laser annealing
depending on both laser pulse energy and doping level of the silicon
nanoparticles [14]. Those values guaranty sufficient carrier transport
for thermoelectrics and photovoltaics devices' performance. This
paper studies the evolution of the microstructure upon annealing de-
pending on the nanoparticle surface chemistry due to the ink synthesis
as well as the impact of the sintering atmosphere and method. Photonic
annealing - especially developed for printed electronics - is compared
to more classic annealing methods (Rapid Thermal Annealing).
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2. Experimental details
2.1. Materials

Two commercial silicon nanoparticle-based suspensions (inks) were
developed for our purposes and purchased from Meliorum Technolo-
gies Incorporation (Product #09820). Nonetheless, the supplier kept
the synthesis procedure confidential. The undoped nanoparticles
obtained from chemical synthesis, the same for both inks, have a
diameter ranging between 20 nm and 150 nm (Fig. 1). They were put
in suspension in ethylene glycol (reagent grade) with a concentration
of ~1 wt.%. Concerning one of the two inks, some trace of water has
been identified. This issue will be discussed in the following.

Following inks were studied: ink 1 with addition of 0.1 pM of sodium
dodecylbenzenesulfonate and ink 2 with addition of sodium
polymethacrylate (NaPMA) in an uncontrolled concentration (Na con-
tent of 144 mg/L was measured afterwards by atomic absorption).
These components are commonly added in order to improve the
stability of the suspension and to protect the nanoparticles against
oxidation.

Viscosities (measured with a Brookfield DV1 + dynamic viscosime-
ter, rotating spindle) and surface tensions (measured through the pen-
dant drop method with OCA 200 goniometer from Apollo Instruments)
at room temperature are respectively of 24 mPa-s and 39 mN/m for ink
1 and of 13 mPa-s and 46 mN/m for ink 2.

2.2. Inkjet-printing process

A drop on demand system (Dimatix printer DMP 2800) was used for
printing of Si nanoparticle inks using specifically designed waveforms.
Silica glass substrates (reference JGS1 purchased from ACM) with
average roughness R, = 0.62 nm (measured with a Veeco Atomic
Force Microscope SP-1I) were used. An initial cleaning was performed
with acetone in ultrasonic bath before printing. Surface energy of
47 + 1 mN/m was calculated from goniometric measurements with
three different liquids (water, ethylene glycol & diiodomethane) using
the Owens-Wendt-Rabel-Kalble model [15].

Drop spacing of 20 um between two consecutive drop centers was
identified as being optimal. In order to increase the layer thickness
two passes printing was applied without intermediate drying or
annealing.

The printing step was followed by a two-steps drying process: 1) at
room temperature under vacuum (<1 mbar) and 2) drying at 200 °C
under nitrogen for 5 min in order to evaporate the ethylene glycol. It re-
sulted in the layer morphology described in Fig. 2 Layers (11 x 11 mm?)
exhibit a squared coffee ring [16] structure with a flat part (~1 pm thick)
at the center.

Fig. 1. Scanning Electron Microscope picture of Si nanoparticles after evaporation of the
ink solvents at 200 °C.
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Fig. 2. a, b) Pictures and schematic cross-section representations of a printed layer just
before and after vacuum drying at room temperature. c) Cross-section obtained by
mechanical profilometry of a Rapid Thermal Annealing (RTA) of the layer at 700 °C for
better mechanical behavior.

2.3. Annealing processes

Two types of annealing processes were studied for functional prop-
erties recovering of the thin films: Rapid Thermal Annealing (RTA)
and photonic annealing.

Concerning RTA, a Jipelec jetfirst furnace equipped with 12 halogen
lamps of 144 V-1200 W was used. Temperatures ranging from 600 °C to
1000 °C were applied (dwell times of 5 min and heating rate of 50 °C/s)
under two types of atmosphere: inert atmosphere N, (99.999% purity)
and reducing atmosphere N; (Hy — 5%, 99.999% purity).

Photonic annealing was performed on a PulseForge system (PF3200-
X1 from NovaCentrix) equipped with two broad spectrum high-
intensity discharge lamps (XP-447 from NovaCentrix). The discharge



lamps are filled with high pressure of xenon gas that arcs with high cur-
rent and produces a spectrum of light that encompasses ultraviolet to
infrared (210 to 1800 nm). The lamps are designed to turn on and off
on microsecond time scale, emitting a high intensity of light in the
process.

In this work, short pulse lengths (us to ms) are used to heat the
surface layer faster than the quenching into the substrate; resulting in
selective sintering on the surface. Fig. 3 represents the different types
of pulses shapes: monopulse cycle and micropulses (ppulses) cycle;
resulting in different delivered powers [17]. Delivered power is con-
trolled through the capacitor voltages and was set at 380 V for ideal per-
formance. The resulting pulse conditions produced theoretical power
densities from 6.75-10 kW/cm? and radiant exposures from 4-6 J/cm?.

Table 1 summarizes the different processes applied to the samples.
The pulse parameters as well as the theoretical estimated energy and
power calculated from the amplitude and pulse length, are also indicat-
ed. A previous study, comparing the theoretical equivalent energy ob-
tained from the area under the waveform and the energy measured
with a bolometer inside the equipment, demonstrated a maximal
discrepancy between both values inferior to 1 J/cm?.

For monopulse cycles the long pulse length provokes variation of the
delivered power over time. For example, for process no. 3 (Table 1),
which is the longer monopulse cycle, delivered power varies between
~10 kW/cm? and 7 kW/cm?. By using micropulse cycles the delivered
power can be kept closer to the maximal value over time; resulting in
higher temperature elevation of the sample (see Results & discussions
section) (Fig. 3).

For photonic annealing, after drying, samples were placed into a
chamber filled with inert gas in order to minimize oxidation of the sam-
ple upon annealing. Each process (described in Table 1) was repeated 1,
2 and 5 times.

2.4. Characterization of suspensions

Both inks were analyzed by Fourier Transform Infrared Spectroscopy
(FTIR) using a Bruker Vertex 70 spectrometer with an attenuated total
reflectance system. Simultaneous thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC) — TA instrument SDT
Q600, were also applied (10 °C/min heating rate in N, atmosphere,
99.999% purity).
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Fig. 3. Different photonic annealing pulses and their impact on the capacitive discharge
(delivered power) transmitted to the lamps.

Table 1

Parameters for the photonic annealing processes.
Process no. 1 2 3 4 5
Amplitude (V) 380 380 380 380 380
Pulse length (ps) 500 600 690 1300 1300
Quantity of ppulses - - - 3 4
Duty cycle (on/off) 1 1 1 0.5 0.6

Length of ppulses (s) - - - 217 195
Theoretical equivalent energy (J/cm?) 43 5.5 568 4.91 5.56
Theoretical developed power (kW/cm?) 10-8 10-7.5 10-7 10-7.5 10-6.75

2.5. Characterization of the sintered thin films

Properties of sintered Si NP thin films were characterized first using
the following equipments: Carl Zeiss Ultra 55 SEM (3 KV tube voltage,
corresponding filament intensity 2.360 A and extraction intensity
242.60 pA) and micro-Raman spectroscopy — Jobin-Yvon LabRam 800
HR equipped with two laser wavelengths (488 nm and 633 nm).

Evaluation of mechanical stress o close to the surface was obtained
by Raman spectroscopy using the Raman shift method [6,18]. These
values were compared to the ones obtained by Grazing Incidence-X-
Ray Diffraction (GI-XRD) measurements performed using sin® method
[19] with Panalytical X'Pert MRD diffractometer equipped with a sealed
Co tube and operated at 45 kV and 40 mA. The stress was evaluated
from the displacements of the 311 peak of the Si (26 ~ 66.29°) as a func-
tion of sinys.

Raman spectroscopy was also used to measure the thermal conduc-
tivity of the thin films. Local temperature elevation can be measured
through the Raman shift method [18]. This temperature is thereafter in-
troduced into Eq. 1, which is an approximation of Nonnenmacher work
[20] for thin films [8]:

1
K= (d_ /20(>PabS (])
AT
where d is the layer thickness, o the absorption coefficient of the ma-
terial, Pgps the absorbed power of the laser by the material and AT the
temperature gradient on the film. 1 pm thick layers were measured by
mechanical profilometry. The optical parameters (o = 5.10* cm™!
and reflection of 30%) have been estimated from [8] for the probed
wavelengths.

3. Results and discussions

3.1. Si nanoparticle surface chemistry impact on drying process, sintering
and melting

DSC/TGA and FTIR measurements on both inks have been led in
order to optimize the drying and annealing processes as well as observ-
ing the impact of the nanoparticle surface chemistry.

Concerning FTIR (Fig. 4), the biggest difference is in the 1500 cm™'-
1800 cm™ ! region where (C = 0) and ¥(CO0) mode peaks attributed
to NaPMA are observed for ink 2. It shows lower oxidation than ink 1 as
the reduced intensity of (Si-0-Si) mode peaks and the presence of a
small v(Si-H) mode peak show. It is therefore suspected that the intro-
duction of NaPMA protects at some extent a surface of Si nanoparticles
against oxidation. Furthermore 6(Si-CH>) bands have been observed
and could be attributed to bond formation between Si nanoparticle sur-
face and ethylene glycol or other reagent used during the nanoparticle
chemical synthesis developed by the supplier.

DSC/TGA measurements (Fig. 5) demonstrate for both inks an endo-
thermic peak located around 170 °C attributed to the evaporation of
ethylene glycol.

Concerning ink 2 (NaPMA functionalized nanoparticles) another
peak attributed to water evaporation is located around 90 °C. It is



0,7 T T T T

L |- - -ink 1 v (Si-0-Si)
= 06}|l—ink2 \ i
c I j
= 0,5 ¢
-n- = i T
= I 5 (C-CHg) |!
8 o04f i
© I .
5(Si-CH
2 o3t (SICH,)
© I
el v (CO0)
5 02f
2 L v (c=0)\
0,1} o
< [ v (sltH)
i P | 4 1

0‘0 i 1 " i 1 "
4000 3600 3200 2800 2400 2000 1600 1200 800 400
-
Wavenumber (cm )

Fig. 4. FTIR analysis of both silicon inks.

supposed that NaPMA acts like sodium polyacrylate (NaPA) absorbing
water very easily [21]. Reduced boiling temperature, around 10%
lower than what can be found in literature, is attributed to the small
quantity of solvents involved in the measurement.

A room temperature drying step was thus added in order to control
evaporation of water traces that were found in ink 2 and avoid ink
migration and heterogeneous thickness of dried layers.

Concerning ink 2, the endothermic peak at 800 °C is attributed to the
melting of the tiniest Si nanoparticles (~20 nm). Indeed, different
models predict a decrease of the melting temperature with size reduc-
tion for spherical nanoparticles [22-25]. Experimental data show good
global agreement with the theoretical models [26-28].
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Fig. 5. DSC/TGA measurement of both inks. Exothermic and endothermic heat flows are
directed upward and downward respectively.

Concerning ink 1, melting of the tiniest nanoparticles (~20 nm) hap-
pens only around 1200 °C as demonstrated by the endothermic peak.
Higher temperature in comparison with ink 2 is due to higher oxidation
state of the nanoparticles as FTIR experiments demonstrated. Therefore,
the melting is only possible for temperatures above 1100 °C where re-
duction of silicon dioxide by silicon is possible [10,29,30].

S0y + Si(s) —25i04) 2)

Surface chemistry control of Si nanoparticles is decisive in order to
reduce the temperature of annealing processes. Ink 2 (with NaPMA)
was chosen with this objective. All the following results were obtained
using it due to its lower melting temperature. It is supposed that the
NaPMA coating reduced strongly the oxidation state of the Si nanopar-
ticles provoking an incomplete oxide shell around the nanoparticles
when protecting organics are removed in an inert and pure atmosphere.
It therefore allows heat conduction into the nanoparticle core as well as
sintering and melting at a lower temperature.

Finally, for both inks a mass increase is observed above 1200 °C
(Fig. 5). It is attributed to oxidation of the silicon surface by residual ox-
ygen. Nonetheless, mass increase is much smaller in the case of ink 2,
which tends to corroborate the lower oxidation state of the material.

3.2. Rapid Thermal Annealing of inkjet-printed Si nanoparticles thin films

SEM observations show that the microstructure of the thin film can
be controlled from a porous (600 °C-800 °C) to a denser material with
coarser grains (>800 °C). For samples annealed at 900 and 1000 °C
cracks can be observed in the layers (Fig. 6).

The calculated bi-axial stress o values, obtained from Raman mea-
surements, are plotted in Fig. 7. Tensile stress is attributed to the differ-
ence of thermal expansion coefficients o between the silicon thin film
and the substrate during cooling. Theoretical produced stress oy is
given by:

o= (:ﬁjf) (ay—a ) At 3)

where Ef, Vrand arare the Young's modulus, Poisson'’s coefficient and
expansion coefficient of the Si thin film and «; the expansion coefficient
of the substrate.

o was calculated using parameters of bulk silicon (E; = 163 GPa,
vp=023eta;=26.10"°°C ') and o5 = 6.0.10~7 °C~ ! (gray dash
curve on Fig. 7). These values fit well the measured values up to anneal-
ing temperatures of 800 °C. This result was expected since Si bulk values
and semi-empirical relationships have been used for stress calculation
either from the Raman measurement or thermal expansion coefficient
difference upon cooling.

Nevertheless, these values are much higher than the stress usually
reported for nanoparticle-based thin films and measured using the
siny XRD method [31,32]. The lower stresses were attributed to
porosity-induced relaxation.

Micro-Raman probed volume is smaller than in GI-XRD measure-
ments. Concerning the latter, the peak of the silica glass substrate
around 22° confirms that the complete Si thin film thickness is analyzed
(Fig. 8) over a surface area of mm? (here 14 x 15 mm?). Concerning
Raman, the measurement allows analysis of an area of only a few
hundred of nm? to ~1 um? with a probing depth d,, [18]:

4=/ (4)

where «is the absorption coefficient at the wavelength of the probing
laser. It results in probing depths of around 200 nm and 600 nm for laser
wavelengths of 488 nm and 633 nm, respectively (« taken from [8]).
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Fig. 6. SEM pictures of RTA annealed layers in both atmospheres at different temperatures.

By micro-Raman it is very likely that only a few grains (maybe only
one) are probed, while GI-XRD measurements give information about
tens of grains and therefore an average of stress over the microstructure.

Compressive stress is attributed to oxidation of the Si grains [33,34].
Preferred oxidation of grain boundaries compresses Si grains. GI-XRD
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Fig. 7. Evaluation of stress (o) in the annealed layers (N, and N,-H; 5%) for two lasers with
different probing depth.
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Fig. 8. GI-XRD diffractograms of RTA annealed samples.

measurements (Fig. 8) confirm creation of two silicon dioxides (JCPDS
04-007-5015 and JCPDS 01-082-1570) for annealing at temperatures
superior to 800 °C.

As can be observed in Fig. 7, compressive stress, thus oxidation, is
much smaller for samples annealed under forming gas (NoH, — 5%). It
may be due to a change of major sintering mechanism with the intro-
duction of H,, which would promote densification and not grain
coarsening.

Measured compressive stress lowers when higher Raman laser
wavelength is used i.e. with higher probing depth. It may indicate that
oxidation of the silicon is stronger at the surface of the sample (Fig. 7).
Thermal conductivities of the different thin films have been estimated
through the Raman shift method (Fig. 9) [6,18].

Evolution of thermal conductivity is clearly dependent of the anneal-
ing atmosphere. Using an inert atmosphere (N,) thermal conductivity
increases very fast. It is an evidence of sintering of Si nanoparticles
and reduction of the amount of grain boundaries by grain coarsening.
In comparison, annealing under reducing atmosphere (N,-H, 5%) is
slower. This can be provoked by reduced grain coarsening due to
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Fig. 9. Thermal conductivity estimation from Raman shift measurement for Rapid Thermal
Annealed layer under N, and N, (H; 5%) atmospheres. The lines are guides to the eye.
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Fig. 10. SEM pictures of photonic sintered inkjet-printed Si NP thin films.

different sintering mechanisms that should promote densification but
not grain coarsening [12].

3.3. Photonic annealing of inkjet-printed Si nanoparticles thin films

Photonic annealing is designed for printed electronics. Indeed, the
very fast pulse of xenon lamp allows the use of roll-to-roll process and
is compatible with flexible and low cost substrates thanks to its selectiv-
ity. It is usually used for sintering of metallic (silver and copper) nano-
particles on plastic substrates or paper [35,36].

Concerning Si, this method has been applied in order to crystallize
amorphous silicon thin films [37,38] but surprisingly has never been

used to sinter silicon nanoparticle thin films. Indeed, the very fast pro-
cessing is advantageous because it reduces or avoids the oxidation pro-
cess. Furthermore, the very small thermal conductivity of Si NPs and
high absorption coefficient make it a perfect material to use this process
since most of the Xe spectrum will be absorbed.

SEM observations after annealing (Fig. 10) show that the thin films
are not continuous. Process no. 5, higher energy, gives the layer with
the best continuity and NP Si seems to have been melted completely,
at least at the top of the layer. At the opposite process no. 1 character-
ized by the highest value of dissipated power, shows NP Si in necklace
with a very low filling area. This process being the most powerful, the
Si nanoparticles may have been blown off by the pulse.

Contrarily to SEM pictures that do not show a microstructure differ-
ence between same processes repeated 1, 2 or 5 times, thermal conduc-
tivity measurements denote a change of microstructure (Table 2).

Furthermore, in Raman measurements performed at low laser
power, the peak position of the Si peak does not shift significantly
(£03 cm™!, equipment resolution) from c-Si reference position
(520.7 cm™1). This is the evidence of reduced oxidation and stress com-
pared to RTA.

Thermal conductivity measurements indicate a change in the micro-
structure between 2 and 5 repetitions of the pulses. It seems that a
threshold of applied power and/or energy must be reached to modify
the microstructure after the first pulse process. A special case has
to be highlighted, process no. 1 (with the highest power and less ener-
getic) shows amorphization of the thin film after 5 repetitions of the
sintering process, while it was the only one to exhibit significant varia-
tion of Raman response after 2 repetitions.

In order to better understand those results, simulation of the
sintering processes was performed using the software supplied and de-
veloped by Novacentrix. SimPulse thermal simulation software allows
modeling of the stack of materials (here the Si NP thin film on a silica
glass substrate, see Fig. 11-a) and to give an estimation of the tempera-
ture for the interfaces between each material [39]. Both most powerful
(process no. 1) and most energetic processes (process no. 5) (defined in
Table 1) were simulated. Table 3 synthesizes the parameters that have
been used for simulations.

Concerning Silica glass substrate, data marked with an asterisk (*)
were provided by the supplier (ACM), the others were input in the sim-
ulation program. Concerning silicon nanoparticles, some parameters
were taken from literature:

Emissivity: average value of 0.65 has been chosen [40]. It corresponds
to the value in the region were Xenon emission is the strongest.
Absorption coefficient: 10,000 cm™! has been chosen from the
literature [8] for a thin film made of crystalline silicon nanoparticles
(of equivalent size) deposited by solution process. It corresponds to
the absorption coefficient where the xenon lamp emission is the
most intense.

Specific heat: 650 J/kg-K, which is the bulk value. Nevertheless, this
value could be underestimated since its value tends to increase with
size reduction [41].

Molecular weight: 28 g/mol is the bulk value.

Heat of fusion: 50.2 kJ/mol is the bulk value (used for calculation of re-
duced melting temperature of Si nanocrystals in [28]).

Heat of vaporization: 359 kJ/mol is the bulk value.

Table 2

Thermal conductivity measurement by Raman spectroscopy of photonic annealed thin films.
Process no. 1 2 3 4 5
K (W/m-K)
* 1 process 03 0.7 0.8 0.6 0.5
* 2 processes 3.0 0.6 0.8 0.7 1.0
= 5 processes 1.6 3.1 34 3.6 44
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Fig. 11. a) schematic cross section of the stack of materials with identification of the inter-
faces. b) Thermal simulation of processes no. 1 and no. 5.

The other parameters have been estimated from experiment:

Melting temperature: 800 °C was estimated from DSC/TGA experi-
ments (Fig. 5).

Material density: 1.165 g-cm ™2, which is half the bulk (2.33 g-cm ™3
[28]), since the porosity of the thin film is estimated to be at least
50% after inkjet-printing and drying.

Thermal conductivity of 1 W/m-K (bulk: 144 W/m-K) has been
estimated from micro-Raman measurements.

Thickness: 1 um was estimated from mechanical profilometry mea-
surements after drying.

Fig. 11-b plots have been obtained using SimPulse program simulat-
ing the stack of materials defined in Table 3. They show the temperature
at the different interfaces: 1) at the top of the Si NP layer, 2) at the junc-
tion between the Si NPs and the silica glass substrate as well as 3) the
temperature at the bottom of the silica glass substrate.

The temperature at the top of the Si NP layer is higher than that at
the interface with the quartz. Temperature at the bottom of the silica
glass substrate is at room temperature (heat sink). As explained before,

Table 3
Parameters input in SimPulse simulation software.

Si NP thin film Silica glass substrate
Thickness 1 um 1 mm*
Melting temperature 800 °C (bulk: 1414 °C) 1683 °C*
Thermal conductivity 1 W/m-K (bulk: 144 W/m-K) 1.4 W/m-K*
Mass density 1.165 g/cm? (50% of bulk: 2.33)  2.65 g/cm>*

Specific heat 650 J/kg-K (same as bulk) 670 J/kg-K*

Emissivity 0.65 (same as bulk) 0.93

Absorption coefficient 10,000 cm ™" 0.5 cm™'*
Molecular weight 28 g/mol 60.1 g/mol
Heat of fusion 50.2 kJ/mol 500 kJ/mol
Heat of vaporization 359 kJ/mol 300 kJ/mol

process no. 1 seems too powerful and to blow off the NP Si layer. Pro-
gressive increase of the temperature like that proposed in process no.
5 should be preferred. For both cases the maximum temperature is
above the melting temperature measured by DSC/TGA (Fig. 5) and
thus explains the continuous morphology of the layers.

SEM observations and simulations tend to confirm that melting of
the tiniest nanoparticles (~20 nm of diameter) occurs during photonic
annealing. Almost no peak shift was observed during micro-Raman
measurements (at a low laser power) on dried and sintered Si NP thin
films. Furthermore, the change in thermal conductivity is very small
(some units of W/m-K). It tends to confirm that no grain coarsening oc-
curs during applied processes. This sintering process is therefore a good
candidate for applications where the grains must remain at the nanosize
level e.g. to increase optical absorption (photovoltaics or photodetec-
tors) or to keep thermal conductivity low (thermoelectric devices).

4. Conclusions

Deposition of inorganic semiconducting materials such as silicon by
inkjet-printing is an ambitious objective that would allow the fabrica-
tion of devices with high efficiency at low cost. These devices aim main-
ly at large area energy applications (photovoltaics, thermoelectricity)
and display (thin film transistors) applications but could also be used
more broadly in electronics. Inkjet-printing of silicon nanoparticles is
especially interesting thanks to the modified properties proposed by
reducing silicon scale from bulk to the nanosize.

This study focused on the tailoring of the microstructure and ther-
mal conductivity of inkjet-printed silicon nanoparticle thin films for
electronic applications such as photovoltaics, thermoelectricity or thin
film transistors. Two points were studied: the impact of the nanoparti-
cle surface chemistry on sintering as well as the impact on sintering of
the annealing method and atmosphere.

The nanoparticle surface chemistry can be controlled during the ink
fabrication. Especially, removal of the silicon dioxide shell was shown to
be essential in order to reduce the sintering temperature of the silicon
nanoparticles. In this objective, nanoparticles with the addition of
NaPMA during the synthesis step were purchased and exhibited re-
duced melting temperature.

Using these nanoparticles, different annealing processes were stud-
ied and compared with the target of reducing the sintering temperature
to allow the use of flexible and low cost substrates. Rapid Thermal
Annealing allows tailoring of the microstructure from porous layers
composed of nanoparticles with limited sintering to a denser layer.
Thermal conductivity can therefore be controlled from some units of
W/m-K to the half bulk value. Furthermore, grain size and oxidation
of the layer can be reduced using a reducing atmosphere.

Finally photonic annealing was used as an innovative sintering
method. The process is still not completely controlled but this study
confirms that it can be used to fabricate thin films with limited thermal
conductivity and limited oxidation. In a near future, this annealing
method should allow the fabrication of Si thin films on flexible sub-
strates such as plastic foils (with polyimide as a first step).
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