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ABSTRACT 
 

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 a silicon ink followed by consequent 

drying and annealing steps. Ink formulation is a crucial 

parameter for sintering of the silicon nanoparticles and 

control of the microstructure at low temperature. Evolution 

of the sintering steps is monitored by scanning electron 

microscopy and by Raman spectroscopy which offers a fast 

and precise characterization of the microstructure and 

chemical composition of the thin films. While denser and 

more crystalline layers are obtained, cracks appear within 

thin film and substrate because of stress provoked by 

oxidation of the surface. Electrical conductivity is improved 

with higher annealing temperature until a threshold where 

both physical degradation and oxidation of the layers limits 

strongly the carrier transport phenomenon. In opposition 

transmission of the thin films is altered with increasing 

annealing temperature. Evolution of the thermal 

conductivity is performed by Raman spectroscopy and can 

be tailor in a large range between ~1 to ~100 W/mK. 

Therefore control of the microstructure evolution with 

applied annealing process allows tailoring of both 

microstructure and thermal conductivity of the thin films. 

 

Keywords: inkjet-printing, silicon nanoparticles, sintering, 

photonic annealing, Raman microscopy, photovoltaics. 

 

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. Nevertheless, organic semiconductors 

efficiency and lifetime are way behind those of silicon. By 

reducing silicon into nanosized-objects, very specific 

properties appear furthermore of the possibility to use 

solution-based processes such as inkjet-printing. Therefore, 

the control of inkjet-printing of silicon nanoparticles opens 

a way towards the realization of low cost electronic devices 

with tailored properties. 

2 EXPERIMENTAL 
 

Commercial Silicon nanoparticles (Si NPs) between 

20-150 nm of diameter with two different surface 

chemistries: oxidized and coated with NaPMA (sodium 

polymethacrylate), have been fabricated through chemical 

route and thereafter dispersed in ethylene glycol. These inks 

have been inkjet-printed using a Dimatix (DMP 2800) 

inkjet-printer after optimization of the jetting parameters 

(waveform, jetting temperature, firing voltage). In parallel, 

the surface energy of different substrates: quartz lamella or 

metallic electrodes (molybdenum and aluminum), have 

been controlled through surface preparation (acetone, 

isopropanol, hexamethyldisilazane, piranha solution…). 

After printing, the wet layers need to be dried and 

annealed in order to restore functional properties of the thin 

films. Drying process has been optimized in order to obtain 

continuous and homogeneous thin films. Right after 

printing a first vacuum evaporation step was performed at 

room temperature allowing evaporation of a water inluded 

in the NaPMA molecule. A second evaporation step under 

N2 at 200 °C is applied thereafter in order to eliminate 

ethylene glycol.  

Two different sintering methods have been applied: 

Rapid Thermal Annealing (RTA) – Jipelec JetFirst 

equipped of halogen lamps (144 V – 1200 W) and 

Novacentrix photonic sintering (PulseForge 3200) under 

He. Concerning RTA, two sintering atmospheres have been 

used: N2 and N2 (H2 5%). N2 is used as an inert atmosphere 

and N2 (H2 5%) is generally chosen to help for the 

reduction of metallic oxides in back-end processes or to 

passivate silicon dangling bonds [1]. 

 

 
Figure 1 Explanation of photonic annealing pulses and their 

impact on the capacitive discharge transmitted to the lamps. 
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Photonic annealing is based on the emission of very 

short pulses of broad spectrum (from ultraviolet to infrared) 

using Xenon lamps. Figure 1 represents the different types 

of pulses that can be transmitted to the capacitances: 

monopulse cycle and micropulses (µpulses) cycle. 

Therefore, different capacitive discharges alimenting the Xe 

lamps can be obtained. Table 1 synthesizes the different 

processes applied to Si NPs thin films printed on quartz 

lamellas. The pulses parameters as well as theoretical 

developped energies and power are also indicated. 

 

Process n° 1 2 3 4 5 

Amplitude (V) 380 380 380 380 380 

Pulse length (µs) 500 600 690 1300 1300 

Quantity of µpulses - - - 3 4 

Cyclic ratio (On/Off) 1 1 1 0.5 0.6 

Theoretical equivalent 

energy (J/cm²) 

4.43 5.16 5.64 6.21 6.72 

Theoretical power 

(kW/cm²) 

8.9 8.6 8.2 8 7.8 

Table 1: Parameters for the photonic annealing process 

 

 In order to characterize the properties of sintered Si 

NPs thin films, Scanning Electron Microscopy (SEM), 

Raman spectroscopy and Electrical measurement have been 

performed. SEM and Raman spectroscopy have been 

showed to be efficient to characterize the sintering of Si 

NPs thin films [2]. In this objective, a Carl Zeiss Ultra 55 

SEM and Jobin-Yvon LabRam 880 HR Raman microscope 

equipped with 488 nm and 633 nm lasers have been used. 

 

3 RESULTS AND DISCUSSIONS 
 

3.1 Sintering process 

Differential Scanning Calorimetry (DSC) and 

Thermogravimetric Analysis (TGA) were performed on 

both Si inks (Figure 2). A strong difference of behavior is 

observed depending of the surface chemistry of the Si NPs. 

While melting of oxidized Si NPs only happens around 

1200 °C, surface functionalized Si NPs exhibit a first 

melting around 800 °C. Therefore, in the following of this 

study, only those Si NPs will be used. 

SEM analysis of inkjet printed functionalized Si NPs 

(Figure 3) show a beginning of sintering at temperature as 

low as 600 °C after desorption of the coating (mass loss in 

Figure 2). For high annealing temperatures (T≥900 °C) 

cracks are observed on the SEM pictures. They are 

caracteristic of a high stress state. Electrical and absorbance 

measurements were performed and showed a behavior 

threshold around 800 °C. Electrical conduction drops 

dramatically around this temperature because of cracking 

the layer hindering the charge transport, while 

transmittance increases strongly because of densitfication, 

cracking and crystallization of the layer. 

 

 
Figure 2 DSC/TGA measurement of two Si NPs inks: the 

first one with oxide at the surface of the nanoparticles, the 

second with a functionalized surface 

 

 
Figure 3 SEM pictures of RTA annealed layers in N2 at 

different temperature for 5 min dwell time 

 

SEM pictures of different processing pulses (described 

in Table 1) are shown in Figure 4. Very different 
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morphologies can be identified and will be discussed thanks 

to Raman spectroscopy results. 

 

 
Figure 4 SEM pictures of photonic sintered inkjet-printed 

Si NPs thin films. 

 

3.2 Raman characterization 

The Raman spectra of the RTA annealed samples show 

strong peak shifts to lower frequencies for annealing up to 

800 °C and to higher frequencies for annealing 

temperatures above 800 °C. Those peak shifts were 

attributed to stress in the layer. An evaluation of the stress 

value can be approximated using the following expression 

generally used for bi-axial (x-y thin film plane) stress 

measurement in crystalline silicon [3]. 
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where σxx and σyy are stress components in the x-y plane 

(thin film plane).  

The calculated stress σ=(σxx+σyy)/2 values are plotted in 

Figure 5. While a shift to lower frequencies is caracteristic 

of a tensile stress, a shift to higher frequencies caracterizes 

a compressive stress. The first ones are attributed to the 

difference of thermal expansion coefficients α between the 

silicon thin film and the substrate during cooling. The 

produced stress σf is given by  
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where Ef, νf and αf are Young modulus, Poisson coefficient 

and expansion coefficient of the Si thin film and αs the 

expansion coefficient of the substrate. 

σf was calculated with the values of bulk silicon 

(Ef=163 GPa, νf=0,23 et αf=2,6.10
-6

 °C
-1

)  and αs=6,0.10-7 

°C
-1

 (grey dash curve on Figure 5). 

This tensile stress σf matches with the experimental data 

up to an annealing temperature of 800 °C. At this 

temperature, the stress changes from tensile to compressive. 

This compressive was attributed to oxidation of the Si thin 

film. Oxidation is greater at the grain boundaries inducing a 

volumic growth of the latters compressing the Si grains [4]. 

This oxidation is due to an inadequate annealing 

atmosphere purirty caused by the desorption of species 

(from the ink) in the furnace chamber. Oxidation is lower 

using N2 (H2 5%) thanks to the ability of H2 to reduce the 

oxide. The high stresses induce the formation of cracks 

within the Si layer (Figure 3) for temperature ≥ 900 °C. 

By using a higher probing laser wavelength (633 nm), it 

has been demonstrated that oxidation is predomintly at the 

thin film surface because stress is relaxed in the thickness. 

Concerning photonic annealed layers, no peak shift was 

observed because of the very fast processing time that does 

not allow oxidation kinetic to take place or hinder adhesion 

of the Si NPs thin film with the quartz substrate. Therefore, 

some Si NPs are peeled off especially for high power 

monopulses (n°1, 2 & 3 processes) (Figure 4 SEM 

pictures of photonic sintered inkjet-printed Si NPs thin 

films.Figure 4) 
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Figure 5 Evaluation of stress (σ) in the annealed layers (N2 

and N2 (H2 5%)) for two lasers with different probing depth 

 

Raman spectroscopy has also been used to measure the 

thermal conductivity of the thin films. Under the probing 

NSTI-Nanotech 2013, www.nsti.org, ISBN 978-1-4822-0584-8 Vol. 2, 2013 249



laser, the material is heated and the Raman peak shifts to 

lower frequencies because of the phonon softening [5]. The 

temperature of a silicon thin film can thus be measured 

using the following expression considering ω(T=0) as the 

initial position of the Raman peak without heating and ω(T) 

the position of the peak under the probing laser [3]. 

 

T
dT

d
TT


  )0()(  (3) 

 

where T is the temperature of the thin film while being 

heated by the laser, ω(T=0)=527.874 cm
-1

 and dω/dT=-

0.0242 cm
-1

/K [3]. 

This temperature is thereafter injected in the following 

expression that allows the measurement of thin film thermal 

conductivity κ [6]. 
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where d is the layer thickness, α the absorption coefficient 

of the material, Pabs the absorbed power of the laser  and ΔT 

the temperature gradient between the film temperature 

provoked by laser heating and the room temperature. 

Layers of 1 µm thick were measured by mechanical 

profilometer and a optical parameters (α=5.10
4
  cm

-1
 and 

reflection of 30% have been estimated from [6] for probed 

wavelength). Therefore the thermal conductivity κ could be 

estimated for the annealed layers (Figure 6 and Table 2). 

 

 
Figure 6 Thermal conducitivity estimation from Raman 

shift measurement for Rapid Thermal Annealed layer under 

N2 and N2 (H2 5%) atmospheres 

 

Thermal conductivities for N2 RTA demonstrate an 

exponential growth with annealing temperature ( 5 min 

dwell time and 10 °C/s heating rate) while samples sintered 

by RTA under N2 (H2 5%) exhibit a linear growth of 

thermal conductivity. This can be attributed to a lower 

sintering stage because the properties of the H atoms to 

fixate at the dangling bonds or vacancies and thus limiting 

the diffusion rate of Si atoms [1]. Therefore, the latter 

should be preferred for thermelectric application. 

 

Process n° 1 2 3 4 5 

κ (W/m.K) 

 1 process 

 2 processes 

 5 processes 

 

0.26 

2.96 

1.58 

 

0.65 

0.60 

3.06 

 

0.77 

0.82 

3.39 

 

0.62 

0.73 

3.55 

 

0.45 

0.96 

4.39 

Table 2: Thermal conductivity measurement by Raman 

spectroscopy of photonic annealed thin films  

 

Finally, photonic annealed samples exhibit much lower 

thermal conductivities than RTA-processed samples. 

Micropulses cycles processes must be preferred and 

repeated several times in order to increase significantly the 

layers thermal conductivity. 

 

4 CONCLUSIONS 
 

This study shows that inkjet printing of Si NPs-based 

inks is interesting for fabrication of Si thin films (~1 µm 

thick) with tailored properties. By applying RTA or 

photonic annealing under inert atmospheres (N2 or He) or 

reducing atmosphere (N2 (H2 5%)) thin film microstructure 

can be tailored to obtain dense layer with better electrical 

properties and high thermal conductivies (RTA under N2), 

dense layers with lower thermal conductivites (RTA under 

N2 (H2 5%)) or porous and nanostructured layers with very 

low thermal conductivites (Photonic annealing).  
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