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In Intense Pulsed Light (IPL) sintering, pulsed large-area visible light from a xenon lamp 

is absorbed by nanoparticle films or patterns and converted to heat, resulting in rapid 

sintering of the nanoparticles. This work experimentally characterizes IPL sintering of 

silver nanoparticle films. A newly observed turning point in the evolution of film 

temperature during IPL sintering is correlated to the observation, in literature and in this 

work, that film densification levels off beyond a critical pulse fluence and number of 

pulses. A computational model is developed that couple electromagnetic finite element 

analysis, heat transfer models and densification models to predict the evolution of film 

temperature and density during IPL. This model is able to capture the experimentally 

observed turning point in temperature during IPL, whereas current models of IPL are 



 

 

unable to do so. It is shown that the temperature turning point occurs due to a coupling 

between optical absorption and densification in the nanoparticle film, mediated by a change 

in nanoscale shape of the deposited nanoparticles due to interparticle neck growth. Further, 

it is found that the optical fluence per pulse has a greater effect on the achievable film 

density in IPL, as compared to the number of pulses.  
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1 Introduction 

1.1 Motivation 

Thin films finds widespread application in electronic devices[1], energy generation, 

harvesting[2] and storage, sensors and catalysis[3]. These application include thin film 

transistor(TFT)[4], radio-frequency identification(RFID) tags[5], memory devices[6,7], 

lighting and flexible displays[8]; solar cells[9], fuel cells[10], batteries[11], 

supercapacitors[12,13]; sensors for physiological[14,15] and environmental 

monitoring[16].  Such thin films, either as printed patterns or as contiguous films, have 

been employed to build above devices with dense or porous morphology[17] on large area 

rigid or flexible substrates such as glass, plastics films, metallic foil, and fibrous materials 

(like paper, textile and biological substrate). Figure 1.1 and Figure 1.2 illustrates few 

examples of thin film application. 

 

A B 

C 
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Figure 1.1:   Schematic for application of porous thin film devices:  (a) Semiconducting oxide as 

gas sensing element in gas sensor [18] (b) ZnO layer for photocatalysis[19] (c) Design structure 

for dielectric capacitor [20] 

 

(a)     (b)       (c) 

Figure 1.2: Application for dense thin films in (a) Photovoltaics (b) RFID (c) flexible displays 

 

A variety of nanomaterials are employed for these thin film devices including 

metals and semiconductors. Metal nanoparticles and nanowires are used for conductive 

contacts, interconnects and as TCO (transparent conductive material) for flexible and 

stretchable electronic devices [21]. Semiconductors such as halide perovksites[22] and 

metal chalcogenides[23,24] like CdTe, CZTS, CIGS are used in thin film solar cells as 

photoabsorber layer. Further, semiconducting oxides[18,25] like SnO2, ZnO, TiO2, 

IGZO(In-Ga-Zn oxide), ITO thin films forms the building block for sensor, catalysis and 

displays.  

Recently, thin film fabrication is carried out by continuous, additive manufacturing 

processes[26] utilizing solution based routes which offers a scalable, low cost alternative 

to conventional vacuum based process. A typical process involves contact/non-contact 

printing or deposition of film at ambient temperature and pressure conditions using 

nanoparticle solution based ink. In addition, a thermal treatment or sintering[27] is often 

required as post–deposition/printing step for enhancing the properties of these thin films to 
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its functionalities. Roll to Roll technology (R2R) is one such technology at industrial 

platform offering high throughput and cost-efficiency for thin film fabrication. Further, use 

of heat sensitive material such as flexible polymeric substrates for fabrication of flexible 

electronics necessitates processing below glass transition temperature Tg to minimize their 

thermal damage and distortion. Hence, short sintering times and low sintering temperature 

are bottleneck for compatibility of sintering step with R2R.  

 Sintering involves coalescence of particles to cause densification on application of 

either heat and/or pressure below melting temperature. The driving force for sintering is 

elimination of surface area by neck formation between adjacent particles via inter-diffusion 

of atoms. Nanomaterials has large specific surface energy (due to high surface to volume 

ratio) and lower melting points enhancing the surface diffusion while minimizing the 

energy requirements for sintering[28]. Hence, sintering at nanoscale requires relatively 

lower temperature than at micro/macro scale. Further, controlling porosity[17,18] while 

retaining its nanosize features through sintering is essential to obtain desired microstructure 

morphology and functionalities for certain applications like catalysis and sensing. 

Therefore, it is essential to understand the correlation between nanomaterial size/shape, 

sintering temperatures, sintering process times, functional properties of deposited films and their 

microstructure morphology. 

1.2 Existing Methods – Comparison: IPL vs other method 

Conventionally, nanoparticle sintering can be implemented via thermal sintering in an 

oven or a hot plate for metals and ceramics.  However, this process suffers from long 

sintering time (~ several minutes to few hours) and high processing temperature (>150- 
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200 C) makes it incompatible for R2R manufacturing and flexible substrate. Alternative 

sintering methods such as microwave[29], electrical[30], low pressure argon plasma[31], 

chemical [32] or photonic (electromagnetic irradiation ranging UV to visible to IR 

spectrum)[33] sintering has been demonstrated in literature which can considerably 

reducing the processing temperature and time relative to thermal sintering. Table 1.1 

presents a comparison of the existing sintering process.  

 Table 1.1: Comparison of existing sintering method 

Sintering 

Method 

Operates 

in  

Equip. 

Cost 

Material 

Capability 

Time Scalability  Polymer 

substrate 

Furnace  Chamber $$ High Slow  ** No 

Microwave Chamber $$ Medium Moderate 

 

* Yes 

Electrical  Ambient $ Low Fast  * Yes 

Laser Ambient $$$ Medium 

 

Moderate 

 

** 

 

Yes 

IPL Ambient $$ High Fast  *** 

 

Yes 

 

Microwave sintering[29] is used for dielectric and conductive material reducing the 

sintering time to few minutes. However, its efficiency is limited by the penetration depth 

(ex- 1.3 μm for silver at 2.54 GHz frequency[29]) into the nanomaterial causing non-

uniform heating while operating in a closed microwave chamber. Electrical sintering[30] 

employs resistive Joule heating (or ohmic heating) of conductive material for sintering with 

advantages of short sintering time (in seconds) and reduced substrate heating. This process, 

however, is limited by its applicability to conductive material with often requirement of a 
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thermal pre-sintering step[34]. Plasma sintering[31] involves interaction of high energy 

plasma species in a vacuum chamber for its operation with long processing time. Chemical 

sintering involves exposures to vapor.  All these processes except photonic sintering 

method have limited compatibility with R2R process[34,35]. 

Laser sintering, infrared (IR) sintering and intense pulse light (IPL) sintering are non-

contact, photonic sintering processes. They provide high energy photons in short duration 

which are selective absorbed by nanomaterial to cause heating and sintering without 

affecting the underlying thermally sensitive substrate. In laser sintering, each metallic 

nanoparticles require a single wavelength elevating the cost. In contrast, IPL uses broad 

spectrum enabling wide material range for sintering. Further, laser sintering [36] is carried 

out by a small spot source size using raster scan method making it a relatively slower 

process. IPL uses pulsed light from xenon lamp to sinter over large area. With the 

increasing demand of large area and low temperature processing for flexible polymer 

substrate, IPL sintering is a promising technique.  

As discussed, there is a need for a sintering process with the following characteristics 

to meet the requirements for scalable thin film manufacturing: 

• Low temperature processing 

• Large sintering area and shorter processing time 

• Capable of handling a wide range of materials- metals and semiconductor 

• Controllable density, morphology and functionality 

1.3 Literature Review 
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In Intense Pulsed Light Sintering (IPL), visible (400-700 nm), pulsed light from a 

xenon lamp is delivered over large-area (upto 9 sq. inches or greater optical footprint). This 

light is absorbed and converted into heat by nanoparticles deposited on a substrate, 

resulting in densification of the nanoparticles as shown in Figure 1.3.3. Faster densification 

(within seconds) over larger areas gives IPL a significant advantage over conventional 

nanoparticle sintering processes like oven-based[37] and laser-based sintering[36]. The 

capability of IPL to sinter metallic (Cu [38,39], Ag[40–42], Ni [43]) and non-metallic (e.g., 

CIGS[44], CdTe[45], CdS [45], CZTS[46]) nanoparticles for applications in printed 

electronics, solar cells, gas sensing and photocatalysis has been demonstrated. 

 

Figure 1.3: Working principle of IPL 

 

Metallic nanomaterial can be locally heated at the interface when optically 

illuminated due to LSPR (localized surface plasmonic resonance) causing photo-thermal 

effects[47]. Heat generation is a function of its absorption cross-section, its 

shape/size/distribution, surrounding medium and wavelength and irradiance of the 

incoming light[48]..  

xenon lamp 

xenon lamp light 

substrate 

unsintered 

nanoparticl

sintered 

anoparticles 
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Past experimental work on IPL of metallic nanoparticles[36,41,49] has shown that 

nanoparticle densification begins above a critical optical fluence per pulse, after which the 

density rises with greater fluence and number of pulses. The above works also show that 

for a constant fluence, there is a critical number of pulses beyond which there is very little 

additional increase in densification, i.e., the densification levels off. This leveling off in 

densification occurs despite no change in the optical energy from the xenon lamp, and in 

spite of the fact that densification in the film is not complete (as seen in Scanning Electron 

Microscopy images of the sintered film). Due to the absence of external pressure in IPL 

the densification of nanoparticles of the same size, same material and deposited using the 

same method as in the aforementioned works, depends primarily on the temperature history 

of the nanoparticle film. Thus, understanding and predicting evolution of film temperature 

during IPL is critical to understanding the evolution of density in the IPL process. 

West et al.[50] used a heat transfer model based on experimentally measured optical 

absorption by the unsintered nanoparticle film, effective medium theory, and known optical 

power from the xenon lamp, to model the evolution of film temperature during IPL of Ag 

nanoparticle films. Lavery et al.[51] and  Kim et al. [38] developed similar thermal Finite 

Element Analysis (FEA) models to predict temperature evolution and melting during IPL 

of perovskite and Cu nanoparticles respectively. However, these works did not compare 

predicted and experimentally measured temperature evolution during IPL. 

More recent modeling efforts [33,52] based on a similar approach have predicted 

temperatures that compare favorably to those seen in experiments on IPL of Cu 

nanoparticles.  As a result, these models predict either the absence of occurrence of melting 
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in the nanoparticle film, which is a conservative measure of densification. Further, optically 

welding of silver nanowires has been show  

1.4 Challenges 

Based on the above literature review, the following key challenges can be identified: 

• Leveling off in densification and its correlation with the sintering temperature is 

not explored during IPL 

• Neck growth between the nanoparticles is not modeled during IPL 

• Comparison between the simulations predicted and experimentally measured 

temperature evolution during IPL 

• IPL parameters to control the densification and film properties.  

1.5 Goals 

This work[53] aims to understand the following:  

• Experiments are conducted to characterize the evolution of temperature, 

microstructural morphology and crystallinity of the nanoparticle film as a function 

of the fluence, number of pulses and nominal nanoparticle size during IPL. 

• Experimentally turning point in evolution of film temperature is observed and is 

correlated to the experimentally observed leveling off in nanoparticle densification 

in the film. 

• A computational model is developed, that links electromagnetic FEA of optical 

energy absorption and semi-analytical models of interparticle neck growth in 

nanoparticle ensembles, to mesoscale transient heat transfer and densification. It is 
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shown that this model captures the experimentally observed temperature turning 

point in IPL, whereas current models of IPL are unable to do so.  

In this work, silver nanoparticles is used due to its application in conductive films 

owing to their oxidation resistance and low resistivity.  Further, the developed model is 

used to show that the temperature turning point in IPL is due to a change in the nanoscale 

shape of the deposited nanoparticles due to interparticle neck growth, via which the 

nanoscale optical absorption and densification are coupled to each other. This coupling 

phenomenon is the source of the observation of a temperature turning point during IPL. 

The developed model is further used to show that fluence has a greater effect on the 

achievable film density in IPL, as compared to the number of pulses. The implications of 

these observations on enhanced control of the IPL process are also discussed. 
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2 Experiments and Modelling Methods 
 

2.1  Experimental methods 

2.1.1 Film preparation:  

Commercially obtained Ag nanoparticles (US Research Nanomaterial Inc.) of 

nominal size 20 nm and 40 nm were dissolved in tetradecane at 48% by weight without 

any dispersant. Figures 2.1a and 2.1b show the size distribution of the nanoparticles as 

measured by TEM. After ultrasonication for one hour the inks were found to stay in 

solution for at least a 24 hour period, during which experiments were conducted. The inks 

were spin-coated on to a 250 µm thick Kapton substrate and dried at room temperature. 

The nominal film thickness measured using a ZeScope white light interferometer 

(resolution 300 nm) was 10 µm over a 25 mm x 25 mm area. 

  

(a)            (b) 

Figure 2.1: Measured size distribution of Ag nanoparticles of (a) Nominal diameter 20 nm, 

measured mean diameter = 19.5 nm, standard deviation = 6 nm. Length scale in inset TEM 

image is 50 nm (b) Nominal diameter 40 nm, measured mean diameter = 39.8 nm, standard 

deviation = 4 nm 
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2.1.2 IPL setup and parameters used:  

IPL was performed using a Sinteron 3000 system (Xenon Corporation) consisting of a 

linear xenon lamp with an elliptical reflector that focusses light to a rectangular optical 

footprint of 12 inches by 1.75 inches at a focal distance of 1.0 inch from the surface of the 

lamp. In this system, the on-time ton (in microseconds) and the lamp voltage V (in volts) 

are used to control the optical energy per pulse Ep as per the relationship Ep = (V/ 3120)2.4 

x ton.  

 

Figure 2.2: Experimental setup for IPL sintering 

 

The spin-coated Kapton samples were placed on borosilicate glass on a sample holder 

platform, which was mounted onto a micrometer stage, such that the coated Kapton was at 

a distance of 1.5 inch (off focal point) from the lamp as shown in Figure 2.2. The optical 

fluence at the substrate was obtained via the inverse square law by using the known Ep 

based on the on-time and voltage used, and the known distance of the substrate from the 
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focal point of the lamp. This method for calculation of the optical power was further 

confirmed by experimental measurement of optical power using a Gamma Scientific S471 

optometer that had a nearly 95% relative response within a 400-700 nm wavelength range.  

Table 2.1 shows the IPL parameters used in this work and the calculated energy density at 

the substrate. 

Table 2.1 IPL Parameters for 20 nm and 40 nm silver nanoparticles 

 

2.1.3 Film characterization: 

A thermal camera (MicroEpsilon thermoimager TIM 200, maximum temperature 

1500°C, error ± 2%) was used to measure the temperature of the Ag film during IPL. The 

emissivity of the Ag films was manually calibrated within the IPL setup by heating the 

coated film and glass slab to 130 OC on a hot plate, till the Ag film reached a steady state 

temperature. The evolution of film emissivity during IPL was measured by performing IPL 

on distinct spin-coated samples, for different number of pulses at fluence values shown in 

table 2.1, and calibrating the emissivity after IPL for each sample as described above 

(Figure 2.3). The emissivity was captured as a function of the number of pulses at each 

Voltage 

(kV) 

On time/ Off time 

(milliseconds) 

Fluence per pulse at 

substrate (J/cm2) 

No. of pulses 

2.2 0.250/ 121 E1=0.85 50, 90,150 

2.5 0.260/ 143 E2=1.2 

2.8 0.255/ 160 E3=1.6 
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fluence via non-linear least square interpolation. The emissivity compensated temperature 

evolution during IPL was obtained based on the Stefan-Boltzmann law.  

 

Figure 2.3. Measured emissivity as a function of number of IPL pulses and pulse fluence for (a) 

20 nm and (b) 40 nm Ag nanoparticle films 

 

The change in particle size during IPL was characterized as a function of fluence and 

number of pulses, via processing of Scanning Electron Microscopy images of sintered and 

unsintered films using ImageJ open source software. θ-2θ X–ray Diffraction (Bruker AXS 

D8 Discover) and measurement of film resistance via a Signatone four-point probe, were 

used to additionally quantify sintering during IPL as a function of fluence and number of 

pulses. 

2.2 Computational Modeling 

The computational model developed for predicting temperature and density 

evolution in IPL consists of a nanoscale model, and a mesoscale model that is informed by 

the nanoscale model. The nanoscale model is described first, followed by a description of 

the mesoscale model and the manner in which these two models are linked.  
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2.2.1 Nanoscale Model:  

The nanoscale model explicitly couples optical absorption in an ensemble of Ag 

nanoparticles to equilibrium geometric configurations of the nanoparticle ensemble due to 

interparticle neck growth. The goal is to quantify the evolution of optical absorption 

induced heating as a function of interparticle neck growth, and the corresponding change 

in volume fraction, due to sintering during IPL. Electromagnetic field simulations were 

performed using COMSOL FEA for an idealized non-randomly packed ensemble of five 

spherical Ag nanoparticles with an incident electric field of magnitude 1 V/m travelling 

along direction k and linearly polarized along direction E (figure 2.4). The nanoparticles 

were placed inside a spherical air shell, which was surrounded by a perfectly matched layer 

to prevent spurious reflections. The wavelength dependent real and imaginary dielectric 

constants of Ag were obtained via the Drude-Lorentz model[54]. The mesh size, size of air 

shell and size of the perfectly matched layer were refined till their effect on the predicted 

absorption and scattering curves was negligible.   

 

                                     (a)                                 (b)                                               (c) 

Figure 2.4: Schematic of (a) COMSOL FEA for an ensemble of five Ag nanoparticles (b) two 

unequal size nanoparticles with the relevant geometrical parameters used in the nanoscale 

sintering model (c) Ag nanoparticle layers used in COMSOL FEA. 

a 
2x 

b 

h L 
E 

k 

Nanoparticle  ensemble 

Perfectly matched layer 

Air 

E k (or z) 
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To calculate optically induced heating in such a nanoparticle ensemble as a function 

of interparticle necking via the above FEA, it is necessary to first calculate intermediate 

equilibrium configurations of the nanoparticle ensemble during sintering. Note that these 

intermediate configurations should not violate conservation laws. Neck growth between 

adjacent nanoparticles in the ensemble was captured in terms of the geometric parameters 

at each interparticle contact (figure 2.4b, shown for a case of two unequally sized 

nanoparticles). The evolution of the geometric parameters was governed by equilibrium 

geometric configurations of the ensemble, obtained by modifying a McMeeking-Cocks-

Suo model[55] to account for the absence of externally applied pressure during IPL. The 

evolution of a and b in this sintering model is described using a matrix k and the generalized 

driving vector components f1 and f2 in (1)-(4). In (2) the terms ga and gb are simply shorter 

expressions involving the geometric parameters shown in Figure 2.4b, and are expressed 

as ga=ln[a/x(a+√1-x2/a2)]-L/a and gb=ln[b/x(b+√1-x2/b2)]-h/b. As shown in (2)-(5), the 

k, f1 and f2 depend on the thickness of the region with enhanced grain boundary and 

surface diffusion (δb and δs respectively), grain boundary and surface atom diffusivities (Db 

and Ds respectively), grain boundary and surface energies per unit area (γb and γs 

respectively), atomic volume Ω, Boltzmann constant k, and temperature T in Kelvin.  

  1

2

a f
k

fb

   
   
  

&

&                                                                                                                                           (1) 

4 2 2

4 2 2

2

2 2

2

2 2

b b b b

b b b b

a

s s

b

s s

a g kT a L kT abLhkT

k
b g kTabLhkT

D

b h kT

D D

D D D

  

  



  



 
 

 
 

 


  

   

                                                                 (2) 



16 

 

 
   

    
2 2

2 2 2

1 2 2

2
2 2 2s

b s

ah a L a
f L a x hL b a L

x h L x h L


 


      

 
                                  

(3) 

 
   

    
2 2

2 2 2

2 2 2

2
2 2 2s

b s

bL b h b
f h b x hL a b h

x h L x h L


 


      

 
                                 (4) 

Equations (1)-(4) can be used with the conservation of mass (as in (5), where a0 and b0 are 

the initial diameters of larger and smaller nanoparticles respectively) and the retention of 

geometric constraints between two nanoparticles in (6), to track the evolution of neck 

growth between adjacent nanoparticles as a function of the temperature T. 

 
3 3

2 2 3 3

0 0

4
- -

3 3 3

L h
a L b h a b
     

       
    

                                                                                            (5) 

2 2 2 2 2 2,L a x h b x                                                                                                                            (6) 

In this work, we assumed that grain boundary diffusion and surface diffusion have equal 

contributions to mass transfer during neck growth, i.e., δb=δs, and Db=Ds=D0e
-E/kT, where 

E is the activation energy and D0 is a pre-exponential factor. Further, uniformly sized 

nanoparticles were modeled, i.e., a = b and L = h. This analytical neck growth model was 

implemented using the material parameters shown in table 2.2 and a prescribed temperature 

ramp of 400 K/min over 1 minute. At each time step during the temperature ramp, forward 

Euler integration was used to update a and b using (1) -(4), followed by calculation of L, h 

and x using (5) and (6). The evolving equilibrium configurations of the nanoparticle 

ensemble during sintering, with each configuration abiding by conservation laws, were 

thus obtained. Note that the values of the material parameters and the temperature ramp 
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rate used in this model were only used to obtain equilibrium geometric configurations for 

the ensemble, and not to directly calculate the mesoscale densification of the Ag film.  

Table 2.2. Model parameters used 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Spectral output of the Sinteron 3000 IPL system 

Parameter Value 

γb 7.12 J/m2[56] 

γs 1.31 J/m2 [56] 

δb (= δs) 0.5 nm [57]  

Ω 10.27 cm3/mol [58]  

D0 0.724 m2/s [57]  

E 45,500 J/mol [57]  
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For each equilibrium configuration of the nanoparticle ensemble, distinct 

electromagnetic FEA were performed over optical wavelengths λ from 400 nm to 700 nm, 

within which most of the energy from the xenon lamp lies (Figure 2.5). The total thermal 

power dissipation as a function of λ, i.e., Qλ, for distinct ensemble configurations was 

calculated by integrating the thermal power dissipation density over the ensemble volume 

within COMSOL (see Figure 2.6). A blue shift and a reduction in magnitude of peak 

absorption intensity in the visible spectrum was observed with an increase in interparticle 

neck size, as has also been observed in past literature [59,60]. The total heat generated per 

unit apparent volume in the ensemble, i.e., Qs, was obtained by integrating the product of 

Qλ with the normalized optical energy from the lamp at a given wavelength over λ = 400 

nm to 700 nm, and dividing the integral by the original bounding volume of the ensemble. 

The volume fraction θ corresponding to each sintered configuration was obtained from the 

bounding volume of the configuration and by calculating the actual solid volume of the 

nanoparticle ensemble as a function of the geometric parameters. The function Qs(θ) was 

thus calculated. To model optically induced heating as a function of the depth in the 

nanoparticle film, the unsintered nanoparticle ensemble was extended to 10 nanoparticles 

in the direction of the film thickness, i.e., along the direction of travel of the light (k or z 

direction in Figure 2.4c). Electromagnetic FEA for this unsintered nanoparticle ensemble 

were performed over wavelengths 400 nm to 700 nm, to calculate Qs in each nanoparticle 

layer as above. The ratio of Qs in each layer to that in the topmost layer of the nanoparticles, 

i.e., the normalized function Qs (z) where z is the coordinate of the center of a nanoparticle 

in the direction of the film thickness, was thus obtained.  
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                                                                       (a)  

 

                                                                            (b)  

Figure 2.6: Predicted thermal power per unit incident optical power, i.e., Q
, for Ag 

nanoparticle ensembles shown in figure 2.4 a with nanoparticle diameters (a) 20 nm (b) 40 nm.  
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2.2.2 Mesoscale Model: 

 The functions Qs(θ) and Qs(z) were used in a model that coupled mesoscale heat transfer 

and densification in the Ag film during IPL. This mesoscale model (Figure 2.7) consisted 

of a 10 µm thick layer of silver over a 25 mm x 25 mm area on a 250 µm thick Kapton film, 

which in turn was kept on a 2.5 mm thick glass plate that could conduct heat to the 

surroundings, as in experiments. The following assumptions were made. Conductive heat 

transfer occurs primarily in the thickness direction, since the maximum temperature 

gradient is in that direction. Convective losses occur only via the top surface of the film, 

since the film fully covers the substrate and the area of the side walls of the assembly is 

much smaller than that of the top surface of the film. These assumptions essentially reduced 

the heat transfer problem to one-dimension (i.e., along direction z in Figure 2.7). 

     

Figure 2.7: Schematic of the mesoscale model (dimensions not to scale). 

 

The high thermal conductivity of Ag even in porous film form, the small 

characteristic length of the Ag film and the low thermal conductivity of the Kapton film as 

compared to the silver film results in the Biot number for the silver film being much smaller 

than 1. Thus, the silver film was assumed to be at a uniform temperature at any point of 

tAg = 10 µm 

tp = 250 µm 

tg = 2.5 mm 

T0 = 25°C 

Ambient at T0 = 25°C with 

x 

z 
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time. Interfacial thermal resistance between the Ag film, Kapton and glass was assumed to 

be negligible. The bottom surface of the glass was always at ambient temperature, i.e., T0 

= 25°C. Expansion and shrinkage induced changes in dimension of the Ag film and of the 

Kapton substrate were neglected. Further, it was assumed that the nanoparticle packing in 

the mesoscale Ag film is identical to that shown in Figure 2.4c. The temperature evolution 

in the assembly at any time τ during IPL, was calculated by simultaneously solving the 

lumped capacitance model for the silver film in (7) and the explicit finite-difference form 

of the heat transfer equation for the Kapton and glass in (8). The system was subject to 

boundary conditions shown in (9). 
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In (7) - (9) the subscript Ag denotes the property or temperature for Ag film, 

subscript p/g denotes the property or temperature for polymer or glass respectively 

depending on whether (8) is being solved for the kapton or for the glass, subscript 0 denotes 

ambient and initial condition, and T denotes temperature. Further, h is the convective heat 

transfer coefficient, ρ denotes density and C denotes specific heat capacity. The effective 

volumetric heat capacity of the silver film (ρC)eff was modeled as 

   1Ag Ag Air Aireff
C C C       after Nield et al. [61], where the subscript Air denotes the 

properties of air as the medium in the pores in the Ag film and θ is the solid volume fraction 
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of Ag in the film. The optically induced internal thermal power per unit volume of the Ag 

film, i.e., QAg in (7) is  

   0
0,1 120 ( ) ( ) 

Agt

Ag s sQ g P Q Q z dz                       (10) 

where the functions Qs(θ) and Qs(z) were obtained from the nanoscale model for a given 

nominal nanoparticle diameter and a unit incident electric field, the function g is a binary 

function equaling 1 when the light pulse is on and 0 when the light pulse is off, P is the 

peak incident irradiance of the xenon lamp light so that (120πP)1/2 yields the incident 

electric field intensity in V/m based on the characteristic impedance of free space. In (7), 

Qcond is the volumetric thermal power lost by the Ag film via conduction to the polymer-

glass assembly at any time τ.  

The evolution of θ with TAg was modeled using a linear Master Sintering Curve 

(MSC) [62] in (11), where Eact is the activation energy for sintering and is specific to the 

nanoparticle size, nanoparticle material and film preparation method, and R is the universal 

gas constant. The constants C1 and C2 represent the shape of the MSC. 
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                                                       (11) 

The calibration of even this simple MSC requires dilatometry data which is hard to 

obtain for thin films. The form of Qs(θ) obtained from nanoscale modeling (shown later in 

section 3.2) allows the parameters Eact, C1 and C2  in (11) to be calibrated by matching 

predicted evolution of film temperature from the mesoscale model to that measured in 
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experiments. For example, the parameter Eact primarily influences the temperature turning 

point, with greater Eact resulting in a higher temperature turning point (e.g., see Figure 2.8). 

Table 2.3. Thermal properties and calibrated MSC parameters used for mesoscale 

modeling. 

Property Ag Kapton Glass 

Thermal 

Conductivity 

(W/m-K) 

400 0.12 0.8 

Specific Heat 

Capacity (J/Kg-K) 

235 1090 840 

Density of material 

(Kg/m3) 

10490 1420 2500 

Convective heat transfer coefficient h 

(W/m2-K) 

20 

Calibrated activation energy Eact 

(kJ/mol) 

20 nm Ag: 117.5; 

40 nm Ag: 142.5 

Calibrated C1 20 nm Ag: 0.01;  

40 nm Ag: 0.01 

Calibrated C2 20 nm Ag: 1.01;  

40 nm Ag: 0.90 

 

The parameter C1 influences the slope of the temperature curve after the 

temperature turning point. Greater C1 results in faster drop in temperature after the 

temperature turning point, and vice versa. For any trial Eact and C1, the value of C2 was 

calculated based on the assumption that the initial θ was 0.71, as calculated from the 

idealized packing configuration on which the nanoscale model (Figure 2.4c) was based. In 

this work the parameters Eact, C1 and C2 were calibrated for both 20 nm and 40 nm 
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nanoparticle films via multiple trial and error runs of the model for fluence E2, and 

comparison of predicted film temperature evolution to the experimentally measured film 

temperature evolution. The mesoscale simulations were stopped when the total number of 

specified pulses were reached. Further, θ ≤ 0.95 was enforced. The values of the thermal 

properties used in this mesoscale model, as well as the calibrated values of Eact , C1 and C2 

for both nanoparticle sizes, are shown in table 2.3 

 

Figure 2.8: Effect of activation energy Eact on predicted temperature evolution as compared to 

experimental evolution of temperature for fluence E2 on 20 nm Ag nanoparticle film. 

 

The evolution of θ as a function of the temperature history of the film is represented 

by the MSC in (11). The θ in turn is capable of affecting heat transfer and therefore the 

temperature rise in the film via its inclusion in (10) as Qs(θ) and in (7) as QAg, as well as its 

effect on the (ρC)eff of the film. Further, Qs(θ) and Qs(z) are the key terms via which the 

nanoscale model informs the above mesoscale model. Note that the form taken by the 

function Qs(θ) is not subject to any arbitrary constraints imposed by the authors. Since the 

experiment Eact= 117.5 KJ/mol 

Eact= 88 KJ/mol 
Eact=59 KJ/mol 

Eact=29 KJ/mol 
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Qs(θ) is obtained from the full field electromagnetic FEA in the nanoscale model, the 

volume fraction θ is able to affect temperature evolution in a physically realistic manner. 

Thus, equations (7) to (11) couple the dependence of optical heating on nanoscale 

densification to the mesoscale temperature rise and densification, albeit explicitly. In 

addition to the above coupled model, an uncoupled mesoscale model was also used to 

predict temperature rise and densification in the Ag film. This uncoupled model was based 

on the conventional assumption that optical heating is independent of the volume fraction 

of Ag in the film, i.e., interparticle necking during IPL does not affect optical absorption 

significantly. This was implemented by forcing the condition Qs(θ) = Qs(0.71) in (10) at 

any point of time in the mesoscale model. This forced the QAg   in (7) to be constant for 

every IPL pulse, and to correspond to the initial optical absorption by the unsintered film. 
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3 Results and Discussion 

3.1 Experimental Results 

3.1.1 Temperature evolution 

Figure 3.1 shows the measured evolution of film temperature over 150 IPL pulses at 

different fluences, along with the specific time points corresponding to 50, 90 and 150 

pulses. The following observations can be made. As expected, the increase in film 

temperature per pulse is greater for higher fluence (E3 > E2 > E1) for both 20 nm and 40 

nm nanoparticle films. For both nanoparticle sizes there is a monotonic increase in 

temperature at fluence E1. However, for fluence E2 and E3 there is a turning point in 

temperature (marked in Figure 3.1) after which the temperature starts to reduce despite no 

change in the commanded fluence. For the same fluence and number of pulses, the 40 nm 

nanoparticle film sees a greater rise in temperature per pulse than the 20 nm nanoparticle 

film. This can be attributed to greater volumetric heating per unit incident optical energy 

by larger nanoparticles [63]. Furthermore, there is a slight increase of turning point 

temperature from fluence E2 to fluence E3. This increase in temperature is no more than 

5°C, which is within the 2% error of the thermal camera used in this work. Thus, this is 

likely not a real physical effect but an artifact of the relatively small error in temperature 

measurement. For all the cases shown in Figure 3.1 the film temperature does not exceed 

the melting point temperature (approximately 927°C) or the surface pre-melting 

temperature of the corresponding nanoparticles (approximately 727°C) even after 

accounting for nanoparticle size effects[64]. This indicates that melting of nanoparticles in 
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the film is unlikely during these IPL experiments, which is why melting and the 

accompanying latent heat of fusion is not considered in the developed model.  

                                          

     

                (a)                   (b)                       (c)        

 

                            (d)                                                        (e)                                                    (f) 

Figure 3.1: Temperature evolution over 150 pulses during IPL of 20 nm diameter nanoparticle 

films at fluence (a) E1 (b) E2 (c) E3; and during IPL of 40 nm films at fluence (d) E1 (e) E2 (f) 

E3. 

3.1.2 Morphological change 

temperature turning point temperature turning point 

temperature 

turning point 
temperatur

e turning 

point 
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SEM images of the unsintered and sintered films (Figure 3.2 a-d and Figure 3.3a-

d, and Figure 3.4 and Figure 3.5) show interparticle neck growth and increase in particle 

size in the film after IPL. Further, cross-sectional SEM of the sintered nanoparticles near 

the substrate (Figure 3.2e-g; Figure 3.3e-g) shows no significant change in interparticle 

necking through the thickness of the film. Since densification in IPL is only a function of 

the temperature, this observation also indicates a nearly uniform temperature through the 

thickness of the deposited films during IPL. While no burning of the film or the substrate 

was seen in these experiments, cracking of the film was observed, as shown in figures 3.2h-

k for the 20 nm film. At the same number of pulses, the size of cracks increased with greater 

fluence, which has also been observed in literature [2, 24] and is likely due to densification 

induced stresses. At a constant fluence the crack size and number seemed to increase with 

increasing number of pulses, which is again likely due to densification induced stresses.  

 

(a)                                        (b)                                       (c)                                     (d)  

 

                      (e)                                               (f)                                                 (g) 

2 µm 2 µm 2 µm 2 µm 

1 µm 2 µm 2 µm 



29 

 

 

                   (h) Unsintered film                                         (i) Fluence E1 

 

(j) Fluence E2 

 

(k) Fluence E3 

Figure 3.2:  Planar SEM micrographs of 20 nm Ag film (a) unsintered; and sintered with 150 IPL 

pulses at fluence (b) E1 (c) E2 (d) E3. Cross-sectional SEM images of 20 nm Ag film near 

substrate for 150 IPL pulses at fluence (e) E1 (f) E2 (g) E3. Larger scale planar SEM 

micrographs for 20 nm Ag film (h) unsintered (i) sintered at fluence E1 (j) sintered at fluence E2 

(k) sintered at fluence E3. 

 

Increasing number of pulses 

100 µm 100 µm 100 µm 100 µm 

Increasing number of pulses 

100 µm 100 µm 100 µm 

Increasing number of pulses 

100 µm 100 µm 100 µm 
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               (a)                                     (b)                               (c)                                     (d) 

        

                      (e)                                         (f)                                                 (g) 

Figure 3.3:  SEM micrographs of 40 nm Ag film (a) unsintered; and sintered with 150 IPL pulses 

at fluence (b) E1 (c) E2 (d) E3. Cross-sectional SEM images of 40 nm Ag film near substrate for 

150 IPL pulses at fluence (e) E1 (f) E2 (g) E3.  

 

However, a key observation is that cracking increased even beyond the temperature 

turning point. It is relevant to note that, as shown later, the change in the sheet resistance 

and in nanoparticle densification beyond the temperature turning point is not significant. 

This indicates that increased cracking beyond the temperature turning point might be more 

due to thermal shock induced expansion and contraction of the material rather than due to 

stresses induced by densification. Similar trends were also observed in the case of 40 nm 

films (Figure 3.5). 

2 µm 2 µm 2 µm 2 µm 

1 µm 1 µm 1 µm 
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                                        (a)                                       (b) 

        

               (c)                                     (d)                                    (e) 

        .  

                                 (f)                                       (g)                                   (h) 

Figure 3.4: SEM micrographs of 40 nm Ag nanoparticle films (a) unsintered; and IPL sintered 

with (b) E1-150 pulses (c) E2-50 pulses (d) E2-90 pulses (e) E2-150 pulses (f) E3-50 pulses (g) 

E3-90 pulses (h) E3-150 pulses. 

 

 

2 µm 2 µm 

2 µm 2 µm 2 µm 

2 µm 2 µm 2 µm 
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                  (a) Unsintered film                                         (b) Fluence E1    

 

(c) Fluence E2  

 

(d) Fluence E3 

Figure 3.5: Larger scale planar SEM micrographs for 40 nm Ag film (a) unsintered (b) sintered 

at fluence E1 (c) sintered at fluence E2 (d) sintered at fluence E3. 

 

100 µm 100 µm 100 µm 100 µm 

Increasing number of pulses 

100 µm 100 µm 100 µm 
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Figure 3.6: Representative XRD curves for unsintered and sintered 20 nm Ag nanoparticle film, 

as a function of number of pulses, for fluence E3. 

 

3.1.3 Particle size and Sheet Resistance 

X-ray diffraction (Figure 3.6 shows representative intensity versus 2θ curves) 

shows a general increase in peak intensity and reduction in Full Width at Half Maximum 

(FWHM) after IPL. This indicates a reduction in the available free surface and increase in 

crystallinity and stresses due to interparticle neck growth [65]. Overall, the evolution of 

particle size (Figure 3.7a-b), and of the peak intensity (Figure 3.7c-d) and FWHM (Figure 

3.7e-f) for the dominant Ag (111) peak, shows greater sintering with greater fluence which 

is as expected from past work on IPL [6, 24]. For 20 nm films (Figure 3.7a, c, e) a 

significant increase in densification can be observed at 90 pulses for fluence E2 and E3, 

which lies beyond the temperature turning point (Figure 3.1b and Figure 3.1c). However, 

beyond 90 pulses the rate of increase in sintering slows down as indicated by the grain 

sizes, peak intensity and FWHM beyond 90 pulses. This reduction in densification after 
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the temperature turning point is also reflected in the sheet resistance (Figure 3.7g), which 

reduces to around 0.15 ohms/sq. at 90 pulses for fluence E1 and E2 but levels off after 90 

pulses, as compared to nearly no reduction in resistance for fluence E1.  

 

 

                                   (a)                                                                                    (b) 

 

 

                                     (c)                                                                                     (d)         
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                                             (e)               (f)                                           

 

                                               (g)                                                                              (h)                                                      

Figure 3.7: Change in particle size with number of pulses and fluence for (a) 20 nm Ag film (b) 

40 nm Ag film. Error bars show standard deviation in measured particle size. Change in Ag (111) 

peak intensity with number of pulses and fluence for (c) 20 nm Ag film (d) 40 nm Ag film. Change 

in FWHM at Ag (111) peak with number of pulses and fluence for (e) 20 nm Ag film (f) 40 nm Ag 

film. Change in sheet resistance with number of pulses and fluence for (g) 20 nm Ag film (g) 40 

nm Ag film. 

 

For 40 nm nanoparticle films at fluence E2, 90 pulses does not lie beyond the 

temperature turning point (Figure 3.1e) and so an increase in sintering can only be seen at 

150 pulses (Figure 3.7b, d, f). For fluence E3, 90 pulses is very close to the temperature 
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turning point (Figure 3.1f) and an increase in sintering is seen (Figure 3.7b, d, f). After this 

point, again the rate of densification seems to reduce. This observation is also reflected in 

the reduction in sheet resistance near the turning point temperature and little change after 

(Figure 3.7h).  

Overall, these trends indicate an increase in rate of densification near the temperature 

turning point, and a subsequent reduction after it. Since no external pressure is applied 

during IPL, and the nanoparticle size, deposition method, and nanoparticle material are 

kept the same, the film temperature is the primary factor that governs densification in these 

IPL experiments. Therefore, the reduction in rate of densification beyond a critical number 

of pulses corresponding to the turning point temperature is due to a reduction in the film 

temperature beyond this critical number of pulses. The next section presents predictions 

from the models developed in section 2.2.2 to answer the question, why does the turning 

point in temperature occur in the first place? 

3.2 Predictions from Modeling 

Figure 3.8a shows representative contours of volumetric thermal power dissipation 

in the five nanoparticle ensemble as a function of different neck radii x, as predicted by 

electromagnetic FEA in Figure 2.4a. Note that the volumetric power dissipation is highest 

at the interface between the two nanoparticles, before and after neck growth. 

Representative contours of volumetric thermal power dissipation, obtained from FEA of 

the multilayered unsintered nanoparticle ensemble in Figure 2.4c, are shown at the 

maximum cross-sectional diameter for each nanoparticle layer in Figure 3.8b.  
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                                                (c)                                                                        (d) 

Figure 3.8: (a) Representative predicted contours of volumetric thermal power dissipation in 

W/m3 as a function of neck size x, for 20 nm Ag nanoparticles at λ = 400 nm; (b) Representative 

predicted contours of volumetric thermal power dissipation in W/m3 for multilayered unsintered 

nanoparticle ensemble of 20 nm Ag nanoparticles, at λ = 400 nm; (c) Predicted function Qs (θ); 

(d) Predicted function Qs (z). All results shown for 1 V/m incident electric field. 

 

As expected the volumetric power dissipation reduces with increasing depth into 

the film. Figure 3.8a and Figure 3.8d show the calculated Qs(θ) and Qs(z) respectively. 

Note that the volumetric thermal power reduces as interparticle necking and solid volume 

fraction increases (Figure 3.8c). Figure 3.9 and Figure 3.10 compare the evolution of film 

temperature, as predicted by the coupled and uncoupled mesoscale models, to the 

experimentally measured temperature evolution. Note that the parameters of the MSC in 

(11) were calibrated against experimental temperature measurements for fluence E2, for 

both 20 nm and 40 nm diameter nanoparticles. These calibrated parameters were not 

changed with fluence or number of pulses during IPL. The greater rise in film temperature 

per pulse with increasing fluence, for a constant nanoparticle size, is captured by both the 

coupled and uncoupled models. However, the coupled model captures the experimentally 
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observed turning point and the subsequent reduction in film temperature with fluence E2 

and E3 for both 20 nm (Figure 3.9a, b) and 40 nm nanoparticle films (Figure 3.10a, b), 

whereas the uncoupled model is unable to do so. The coupled model also captures the 

experimental observation that the turning point temperature is not reached for fluence E1 

(Figure 3.9c and Figure 3.10c). Predictions from the uncoupled model for fluence E1 are 

not shown here since θ was predicted to be always equal to 0.71 by the coupled model, i.e., 

no sintering happened. As the predicted temperature rise for  θ = 0.71 is the same for the 

coupled and uncoupled models and the evolution of θ is dependent on the temperature and 

time, the coupled and uncoupled models will predict identical temperature evolution and 

no change in volume fraction for fluence E1 
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                                       (c)                             (d) 

Figure 3.9: Temperature predictions by coupled and uncoupled models compared to 

experimentally measured temperature for fluence (a) E3 (b) E2 (c) E1; and (d) Predicted volume 

fraction, for 20 nm Ag nanoparticle film. 

 

                                         (a)                                                  (b) 

Experimental 

Coupled & Uncoupled 

model 

Coupled 

model 

Uncoupled 

model 

Experimenta
Experimental 

Coupled 

model 

Uncoupled 

model 



41 

 

 

                                         (c)                                                                 (d) 

Figure 3.10: Temperature predictions by coupled and uncoupled models compared to 

experimentally measured temperature for fluence (a) E3 (b) E2 (c) E1; and (d) Predicted volume 

fraction, for 40 nm Ag nanoparticle film. 

 

The uncoupled model shows a leveling off in densification with increasing number 

of pulses, as it predicts that full density is reached for fluence E2 and E3. On the other 

hand, the coupled model predicts a leveling off in densification even when full density has 

not been reached. Both the models capture the experimental observations that densification 

occurs faster for fluence E3 than for fluence E2. The coupled model also captures the 

experimental observation that the sintered density after 150 pulses is greatest for fluence 

E3. On the other hand, the uncoupled model predicts that both fluence E2 and E3 result in 

the same sintered density after 150 pulses and also predicts a much higher density than the 

coupled model. While it is clear that the coupled model is significantly better than the 

uncoupled model at capturing the temperature evolution during IPL, the question is, is the 

coupled model also better at capturing the evolution of density during IPL? 

Experimental 

Coupled & Uncoupled 
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In the absence of external pressure, as in IPL, densification depends primarily on 

the temperature history imposed by the sintering process[62] and the inherent densification 

characteristics of the deposited nanoparticles. The densification characteristics can be 

represented by a MSC for a given nanoparticle size, material and packing technique. Note 

that in this work the MSC for a given nanoparticle size was fixed, based on the calibration 

method described in section 2.2.2. Therefore, since the evolution of film temperature 

during IPL is captured much better by the coupled model we contend that the coupled 

model also prevents the overestimation of densification during IPL by the conventional 

uncoupled model. The only fundamental difference in the formulation of the coupled and 

the uncoupled models is that the uncoupled model does not account for the change in 

optical absorption due to interparticle neck growth during IPL. Since the coupled model 

captures temperature turning point and density evolution better than the uncoupled model, 

it is the change in optical absorption due to interparticle necking that causes the turning 

point in temperature evolution during IPL. A key consequence of this phenomenon is that 

inline monitoring of temperature evolution to detect the temperature turning point during 

IPL can be used to identify the onset of film densification and thus enhance inline control 

of the process. Note that the absence of an experimentally observed temperature turning 

point for fluence E1 is also captured by the coupled model. This absence of a temperature 

turning point for fluence E1 is because the minimum energy required for appreciable 

sintering of the nanoparticles is not reached within 150 pulses for fluence E1. Since the 

activation energy for sintering is not supplied interparticle neck growth is not appreciable, 

there is little associated reduction in optical absorption and therefore no temperature 

turning point for fluence E1. This is further indicated by the fact that the predicted and 
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experimentally observed temperature for fluence E1 stays below the typical turning point 

temperature for each nanoparticle film (≈250°C for 20 nm film and ≈290°C for 40 nm 

film). SEM, XRD and conductivity analysis in Figs. 5-7 also show significantly lesser 

interparticle necking for fluence E1 than for E2 and E3. For fluence E2 and E3 the fluence 

per pulse is high enough that the activation energy for sintering is supplied within the 150 

pulses used here. As a result, there is appreciable interparticle neck growth (Figure 3.2, 

Figure 3.3, Figure 3.7) to create a reduction in optical absorption and therefore cause a 

temperature turning point. 

It is worth noting that after the temperature turning point the film temperature predicted by 

the coupled model reduces and reaches a steady state much faster than the experimentally 

observed temperature, which continues to steadily reduce after the temperature turning 

point. This is probably because the coupled or uncoupled models do not account for the 

wide distribution in nanoparticle size seen in Figure 2.1a-b. In a film with a wide 

distribution of nanoparticles sizes the smaller particles will coalesce with the large ones 

first to increase particle size [55], followed by neck growth between the now even larger 

particles. The increase in volume fraction and the reduction in the optically induced heat 

generation capacity, and therefore the consequent drop in film temperature after the 

temperature turning point, will therefore be more gradual for a wider distribution in 

nanoparticle size. On the other hand, since the developed coupled model assumes a very 

narrow nanoparticle size distribution the loss in optically induced heat generation capacity 

is very abrupt.  

Nonetheless, by capturing the temperature turning point and the drop in temperature 

after the turning point this coupled model still captures the physics of IPL better than 
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conventional uncoupled model. The coupled model was further used to parametrically 

examine the effect of fluence and number of pulses on densification and temperature rise 

in the Ag film. The pulse on-time was changed while keeping the lamp voltage constant, 

to change fluence, while ensuring that the minimum off-time required for every 

combination of on-time and lamp voltage was retained. This minimum off-time 

corresponds to the capacitor charging time for the Sinteron 3000 flash-lamp system. The 

simulations were stopped when no further increase in volume fraction was predicted during 

the simulations.  

 

                                                        (a)                                                                         (b)                               

Figure 3.11:  Effect of varying fluence and number of pulses on predicted (a) film temperature (b) 

solid volume fraction, for 20 nm Ag nanoparticle film. 
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                                                   (a)                                                                             (b)      

Figure 3.12: Effect of varying fluence and number of pulses on predicted (a) film temperature (b) 

solid volume fraction, for 40 nm Ag nanoparticle film. 

 

It can be seen that greater fluence results in an increase in temperature per pulse 

(Figure 3.11a, Figure 3.12a) and faster onset of sintering (Figure 3.11b, Figure 3.12b), 

which mirrors experimental observations in literature [6, 11]. Furthermore, near full 

densification can occur without the occurrence of melting of nanoparticles in the film. 

Figure 3.11b, and Figure 3.12b also show that there is a maximum achievable density 

corresponding to a given fluence, which is independent of the number of pulses used 

beyond the temperature turning point. This prediction is in line with the experimental 

observation [2, 6, 11] that for a fixed fluence the densification levels off after a critical 

number of pulses. This leveling off in densification occurs because beyond the number of 

pulses corresponding to the temperature turning point there is a reduction in the optical 

absorption capacity of the film. The reduction in optical absorption capacity is related to 
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the growth of interparticle necks at the onset of densification in IPL, and to the coupling 

between optical absorption and interparticle neck growth seen in figure 8. This in turn 

reduces the film temperature (Figure 3.11a and Figure 3.12a) and results in a leveling off 

in densification (Figure 3.11b and Figure 3.12b). Figure 3.11b and Figure 3.12b also show 

that an increase in fluence increases the above maximum achievable density. This is 

because despite the reduction in optical absorption capacity at the onset of sintering the 

higher fluence is still able to drive the absolute magnitude of temperature to levels high 

enough for additional densification for a while beyond the temperature turning point. This 

observation also indicates that the fluence exerts a greater influence on the maximum 

achievable densification in IPL, as compared to the number of pulses. At the same time, 

combinations of lower fluences and greater number of pulses can also be used to effect 

greater control of the density of the sintered nanoparticle film in IPL. 
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4  Conclusions and Future work  
 

In conclusion, this work shows a turning point in the evolution of film temperature during 

IPL of Ag nanoparticle films, and correlates this turning point in temperature to the onset 

of densification as well as the change in conductivity of the film. It is shown that the rate 

of densification reduces after this turning point temperature due to a drop in film 

temperature. Also, this means that additional microcracking of the film after the 

temperature turning point might be attributed to thermal shock induced stresses rather than 

densification induced stresses. A mesoscale thermal-densification model is developed, 

informed by nanoscale simulations that couple optical absorption and interparticle necking. 

This model needs just three MSC parameters in (11) to be calibrated and does not need to 

use the conservative nanoparticle melting criterion as an indicator of densification in the 

film. Instead, the transient evolution of solid volume fraction during IPL is explicitly 

modeled. Despite significant assumptions including idealized and non-random 

nanoparticle packing in the film, monodisperse nanoparticle size distribution and 

approximation of heat transfer in the film as one-dimensional in nature, this coupled model 

is able to capture the turning point in temperature during IPL whereas the conventional 

uncoupled model is unable to do so. At the same time, this coupled model is also able to 

capture additional experimental effects seen in this work and in literature including the 

effect of fluence per pulse, number of pulses and nanoparticle size on the evolution of 

temperature and densification during IPL. Key insights that can be gathered from this work 

are as follows: 
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(1) Increasing number of pulses beyond the temperature turning point has little effect 

on increasing the densification and conductivity of the film, since the temperature 

drops due to reduction in optical absorption upon significant interparticle neck 

growth, while having the detrimental effect of increasing processing time as well 

as microcracking. This observation of a turning point in temperature and its 

correlation to densification creates the possibility of identifying the onset of film 

densification during IPL via inline monitoring of film temperature during IPL. This 

can enhance inline control of the IPL process to minimize processing tim while 

maximizing function of the film. 

(2) It is shown that accounting for the coupling between optical absorption by the 

nanoparticle film and densification in the nanoparticle film is critical to explaining 

the occurrence of the turning point in temperature during IPL, which occurs despite 

no reduction in pulse energy from the xenon lamp. Since densification in IPL is 

primarily controlled by film temperature, the above coupling effect also explains 

the levelling off in densification beyond a critical number of pulses corresponding 

to the temperature turning point in IPL. 

(3) The dependence of the maximum achievable film density in IPL on the process 

parameters, shown in Figure 3.11 and Figure 3.12, indicates that the combination 

of fluence and number of pulses needs to be carefully considered in order to ensure 

that the required film density is obtained. It is recommended that lesser number of 

high fluence pulses be used to rapidly obtain high film density, whereas larger 

number of low fluence pulses be used to retain greater control of sintered film 

density. This insight further enhances a-priori control of the IPL process. 
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The coupled model developed here improves the capability to capture the physics of 

IPL as compared to conventional uncoupled models, but it still does not accurately 

capture the evolution of film temperature after the temperature turning point. While the 

coupled model provides an improved prediction of densification as compared to the 

uncoupled model, it is likely that the faster drop in film temperature after the turning 

point also results in a slightly underpredicted density. Accounting for the nanoparticle 

size distribution, and the resultant effects on random nanoparticle packing structure and 

optical absorption, to resolve this issue can be under the scope of future work.  
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