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Abstract  

Preparation of polypropylene (PP) nano and microparticles, crucial for investigating the effects of 

plastics on both human health and the environment, presents a significant and immediate 

challenge. Utilizing an fs laser system in different liquid mediums such as water, dodecane, and 

hexadecane, we have successfully generated PP particles with sizes ranging from 1.8 to 4911 nm. 

This outcome is partly attributed to the constraint on plasma expansion caused by the viscosity of 

the liquid media. We investigated the areas of material removal and observed a transition from 

ordered to disordered removal patterns during this process. The formation of filaments and pillars 

within the material removal cavity, along with the deposition layer at the cavity edge, primarily 

occurred due to insufficient plasma formation at low laser energy levels. Furthermore, we observed 

neck-shaped filaments and nano cracks on the deposition surface, which were attributed to the heat 

effect during laser interaction with the PP substrate. Moreover, we collected distinct nano-Fourier 

transform infrared spectroscopy (FTIR) signals from both the nanoparticle area and the deposition 
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layer, revealing a 2 cm-1 wavenumber difference between the two regions. This discrepancy proved 

to be a valuable method for distinguishing between the nanoparticle area and the deposition layer. 
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1. Introduction 

The inherent properties of various plastics, such as their corrosion resistance[1], ability to prevent 

biofouling[2], and stability maintenance[3], render them highly desirable for applications in 

industries like food packaging[4] and medical instruments[5]. However, during processes such as 

incineration [6], ablation[7, 8], and friction in plastic production, micro and nano plastic particles 

are generated. These tiny plastic particles are inadvertently ingested by humans through food[9], 

water[10, 11], and air [12, 13] consumption, yet they cannot be decomposed by cellular 

processes[14]. As a result, these particles accumulate in biological organs such as the pancreas[15], 

kidneys[16], and even embryos[17-19], posing potential health risks. Despite these concerns, the 

understanding of the metabolism and accumulation mechanisms of micro and nano plastic particles 

in organisms remains incomplete, leaving the extent of their threat to human health unclear. 

Meanwhile, microplastics pose a challenge in natural environments due to their resistance to 

degradation, contributing to air and water[20, 21] pollution. Thus, it is essential to acquire plastic 

particles of various sizes for a thorough analysis to determine their impact on organisms and the 

natural environment.  

Lasers are a widely used tool for generating micro and nanoparticles due to their advantages, 

including versatility[22], high purity[23], and electro-affinity[24]. Pulsed laser ablation, whether 

in vacuum or liquid environments, stands out as one of the most widely employed techniques for 
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nanoparticle generation[25]. This method has been extensively utilized to produce nanoparticles 

of various materials such as Ni[26], ZnS[27], Si[28, 29], Ag[30, 31], and ZnO[32]. Researchers 

have employed different types of lasers, including ns[33], ps[34] and fs[35] lasers, with 

wavelengths spanning from UV to IR, to ablate the target surface and generate these nanoparticles. 

Metals and their oxide nanoparticles, generated through laser ablation, suggest the promising 

potential of utilizing lasers for nanoparticle production on polymer materials. 

The field of laser micromachining and drilling has witnessed notable advancements in recent years, 

particularly in the processing of polymethyl methacrylate[36], polyimide[37], polyethylene[38], 

and polyetheretherkethone[39]. Researchers have explored the ablation and deposition of materials 

such as polytetrafluoroethylene[40] and polyetherimide[41], aiming to obtain thin film coatings 

on silicon substrates and microchannels. These studies have shed light on the interaction between 

lasers and polymer substrates, revealing that laser interaction results in the removal of a portion of 

the polymer material. However, despite these developments, there remains a critical gap in the 

literature regarding the potential use of lasers to generate polymer nanoparticles with controlled 

sizes. While numerous studies have explored the effects of lasers on polymers, none have 

specifically examined the potential of using lasers to generate with precise control of the sizes of 

polymer nanoparticles. Hence, the pressing task is to investigate the feasibility of laser-based 

methods for manufacturing polymer nanoparticles and to understand the fundamental mechanisms 

governing their formation. 

This study explores the production of polypropylene (PP) nano and microparticles using fs laser 

ablation on a PP substrate in different liquids, such as water, dodecane, and hexadecane.  A range 

of PP particles, spanning from 1.8 to 4911 nm, were produced using laser fluences of 3.86, 6.75 

and 11.58 J/cm2, with laser scanning speeds of 1 and 3 m/s. The research examines the effect of 
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bubble adhesion during laser ablation in water. Surface structures inside and outside the bubbles 

are compared to elucidate differences. Additionally, as the laser fluence increases from 3.86 to 

11.58 J/cm2, a transition from ordered to disordered material removal areas is observed in surface 

morphologies generated in dodecane and hexadecane. Insufficient plasma formation at 3.86 and 

6.75 J/cm2 is identified as the primary cause for the formation of filaments and pillars within the 

material removal cavity. Smooth deposition areas near the material removal cavity are also 

attributed to insufficient plasma formation. The interaction of the laser with the PP substrate also 

leads to heat effects, which are evident from the presence of neck-shaped filaments and nano-

cracks on the deposition surface. To analyze the chemical compositions, different nano-FTIR 

signals are collected from both the nanoparticle area and the deposition layer, enabling the 

distinction between the two regions. A notable finding is the 2 cm-1 wavenumber difference 

observed between these two areas, which offers potential for distinguishing between the 

nanoparticle area and the deposition layer. 

2. Experimental section 

2.1 Materials 

The commercial polypropylene (PP) food containers (2086752, Rubbermaid) were cut into 10 mm 

square sheets. Hexadecane (126805-500ML) and dodecane (215610-500ML), both 99% pure, 

were procured from Bean Town Chemical. Distilled water (15230147) from Thermo Fisher 

Scientific was used as the medium for laser ablation, while ethanol (EX0290-1) from Sigma-

Aldrich was employed for ultrasonically cleaning the PP substrates. The PP substrates underwent 

separate ultrasonic cleaning cycles in ethanol and deionized water to ensure thorough cleaning and 

removal of residual organic contaminants. Subsequently, the cleaned PP substrates were dried 

overnight at 60°C before laser ablation. 
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2.2 Generation of polypropylene nanoparticles 

 

Fig. 1 Schematic of PP substrate fs laser processing. (a) The fs laser system setup, (b) two 

directions laser scanning strategy, and (c) pulse laser scanning overlap. 

The PP particles were generated using a fs laser system (1030 nm wavelength, 405 fs pulse 

duration, Tangor, Amplitude Laser Inc.) employing a two-direction scanning strategy. The setup 

of the fs laser system is illustrated in Figure 1a. The output energy and frequency of the fs laser 

were monitored and controlled via PC software (Interface_v3.0.0). The pattern applied to the PP 

substrate was designed and managed by PC software (LaserDesk). The laser beam emitted by the 

fs laser source passed through a beam expander and total reflective mirrors before being directed 

into the galvanometer. (intelliSCAN III 14, SCANLAB GmbH). Following the galvanometer 

motion control, the laser beam was focused by an F-theta lens with a focal length of 70 mm. The 

PP substrate was positioned 2 mm below the surface of the respective liquid media, including 

water, dodecane, and hexadecane, with each liquid used separately. 
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A two- direction scanning strategy was employed to produce PP particles, as depicted in Figure 

1b. The two scanning directions (SDs) are perpendicular and intersect with the laser polarization 

direction (PLD) at an angle of 45°. SD 1 is completed sequentially before SD 2 is initiated. The 

distances between adjacent scanning lines of SDs 2 and 1 were referred to as hatching distances 

Δx and Δy, respectively. To simplify the variables, Δx and Δy were both set to 30 µm in this study. 

The laser pulses, characterized by a Gaussian energy distribution, ablated the PP substrate through 

air and liquid media. The energy density at a specific position on the PP surface could be regulated 

by adjusting the distance (d) between two consecutive laser pulses, as illustrated in Figure 1c. The 

calculation of d was determined by the laser frequency and scanning speed, as per the following 

equation: 

310 1

v
d

f


 
,     (1) 

where ƒ is the laser frequency in kHz and ν is the scanning speed in m/s. In this study, a laser 

frequency of 330 kHz was utilized. Scanning speeds of 1 and 3 m/s were applied to the PP surfaces, 

corresponding to d values of 3.03 and 9.09 µm, respectively, to examine the influence of d on laser-

induced particle sizes. Laser powers of 3, 7, and 13 W were applied to the PP surface at the same 

liquid layer thickness and laser scanning speed. The laser powers were measured using a power 

meter (Ophir Optronics Solutions, FL250A-BB-35). The pulse energies corresponding to 3, 7, and 

13 W laser powers are 9.82, 17.18, and 29.45 µJ, respectively, as shown in Table 1. The focused 

beam diameter is 9 µm. The laser fluence ( f ) is influenced by the pulse energy and beam diameter 

following equation: 

E
f

A
 ,     (2) 



7 
 

where E is the laser pulse energy and A is the area of the laser spot. The fluence corresponds to 3, 

7, and 13 W laser powers are 3.86, 6.75, and 11.58 J/cm², respectively. The processing times were 

fixed at 100 cycles using the same parameters, and the initial liquid temperature was maintained 

at 25°C. Following fs laser ablation, the PP substrate underwent a cleaning process involving a 10-

minute ultrasonic treatment in ethanol, followed by drying in a 60°C oven. The liquid containing 

the generated nanoparticles was collected in brown glass bottles and then subjected to a 5-minute 

ultrasonic treatment to ensure even dispersion of the nanoparticles within the liquid. 

Table. 1 Laser pulse energies and fluences with different laser powers 

Power (W) Pulse energy (µJ) Fluence (J/cm2) 
3 9.82 3.86 
7 17.18 6.75 

13 29.45 11.58 
 

2.3 Characterization  

The surface structures of the PP substrates were obtained using a scanning electron microscope 

(FEI Helios NanoLab 660) following a 6 nm Au coating process conducted with a sputtering 

system (AJA International Orion Series Sputtering Systems). A particle size analyzer (Zeta 

Potential Analyzer) was employed to analyze the size distribution of PP particles in liquid. For 

particle size analysis, 2 mL of ultrasonically treated homogeneous liquid was used. The surface 

chemical composition of the Au-coated PP substrates was analyzed using localized infrared (IR) 

spectroscopy with an Anasys nanoIR2-s system. Images captured after fs laser ablation were 

obtained using a Navitar lens equipped with uEye Cockpit software-controlled CCD camera. 

3. Result and discussion 

3.1 Particle size distributions 
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The numbers of particle sizes in different media at specific fluence and scanning speed were 

normalized during data collection by the Zeta Potential Analyzer and its software. The distributions 

obtained using the same laser fluence and scanning speed but in various liquids were gathered in 

a single image, as illustrated in Fig. 2. Distinct peaks representing the highest normalized particle 

numbers were observed for each medium across all fluence and scanning speed settings. In Fig. 2, 

the positioning of the six images was determined by coordinates (x, y) corresponding to scanning 

speed and fluence. The particle diameters observed across various experimental groups ranged 

from 1.8 to 4911 nm. Notably, as scanning speed increased from 1 to 3 m/s, the particle diameters 

decreased to varying degrees when using the same fluence and medium. With increasing laser 

fluence, the particle diameters in water increased from 130.8 to 256.4 nm at 1 m/s scanning speed, 

and from 1.8 to 702.2 nm at 3 m/s scanning speed. Conversely, in dodecane, the particle diameters 

remained relatively constant, approximately 2400 nm at 1 m/s scanning speed and about 1900 nm 

at 3 m/s scanning speed. However, in hexadecane, the diameters increased from 5.5 to 2819.1 nm 

at 3 m/s scanning speed as laser fluence increased. Interestingly, at 1 m/s scanning speed, the 

particle diameter processed in hexadecane initially decreased from 3360.3 to 1013.3 nm and then 

increased to 4911.5 nm as laser fluence increased. Analysis of specific coordinate pairs (3, 3.86), 

(1, 6.75), and (3, 6.75) revealed a consistent trend where particle diameter processed in water was 

the smallest, while in dodecane, it was the largest among the three media. Conversely, coordinate 

pairs (1, 3.86), (1, 11.58), and (3, 11.58) exhibited a consistent trend where the largest particle 

diameter was processed in hexadecane, while the smallest was processed in water. Furthermore, 

coordinate pairs (1, 11.58) and (3, 11.58) demonstrated two distinct particle size distribution 

intervals in water, ranging from 113 to 140.4 nm and 215.6 to 304.9 nm for (1, 11.58), and 145.9 

to 194.1 nm and 653.8 to 702.2 nm for (3, 11.58), respectively. 
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The observation of two or three main peaks in the particle diameter distribution plots, as depicted 

in Fig. S1, when the normalized density was applied as the y-axis, indicates that the laser 

interaction with the PP substrate resulted in the production of particles across two different 

diameter scales. The presence of multiple peaks in the normalized density plot suggests variations 

in particle size distribution. In these plots, a strong peak is generated for larger particle diameters 

due to their larger volumes, even if they are represented by fewer particles. Conversely, weaker 

normalized density is observed for smaller diameter particles since their total volume is smaller 

compared to larger diameter particles. Consequently, the ratio of the number of larger to smaller 

particles tends towards zero, resulting in fewer peaks being observed in the normalized particle 

number plots.  

The masses of PP in media at different laser fluences and scanning speeds are depicted in Fig. S2. 

The masses of PP in media were calculated by weighing 500 µL of liquids after fs laser processing 

and ultrasound treatment. The densities of PP, water, hexadecane, and dodecane are 0.9, 0.9981, 

0.7602, and 0.7430 g/mL at 20°C and local pressure. The calculated masses of PP range from 

0.00342 to 0.06048 g/mL. As laser fluence increases, the mass of PP also increases. However, as 

scanning speed increases, the mass of PP does not show an obvious trend. This is because some of 

the produced PP escaped from the liquid along with the movement of bubbles formed by laser-

material interactions. The highest mass of PP in media for laser fluences of 3.86, 6.75, and 11.58 

J/cm² was observed at scanning speeds of 3 m/s in dodecane, 1 m/s in water, and 3 m/s in 

hexadecane, respectively. 
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Fig. 2 Particle diameter distributions in water, dodecane, and hexadecane with fluence and 

scanning speed changing. 
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The particle diameter varied by over 1000 nm under the same laser fluence and scanning speed 

across different liquid types, as illustrated in Fig. 2. The variability of different media is attributed 

to the main influencing factor affecting particle diameter. During laser-substrate interaction, 

plasma is generated, the expansion of which is impeded by the liquid medium to varying extents 

owing to differences in viscosity. The viscosities of water, dodecane, and hexadecane utilized in 

the experiment are 0.89, 1.34, and 3.06 mPa·s, respectively. As viscosity increases, plasma cooling 

occurs within a smaller spatial range, resulting in the formation of larger particles. Additionally, 

changes in particle diameters were observed with variations in laser fluence and scanning speed. 

This phenomenon is attributed to the laser density, primarily determined by laser fluence, which 

influences the generation of plasma to different levels, thus leading to variations in particle 

diameter. In summary, the two main factors affecting particle diameter are the sufficient level of 

plasma generated by laser fluence and the degree to which the viscosity of the liquid medium 

inhibits plasma diffusion. 

3.2 Bubble adhesion behaviors 
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Fig. 3 Bubble adhesion behaviors after fs laser ablation in water 

During fs laser ablation, the presence of bubbles was observed, particularly evident when 

processing in water, as depicted in Fig. 3. The distribution and size conditions of these bubbles are 

illustrated in Fig. 3, while Figs. S3 and S4 show the absence of bubble adhesion behaviors after fs 

laser ablation in dodecane and hexadecane, respectively. In water, the bubbles are filled with H2 
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and O2 [42, 43], whereas in dodecane and hexadecane, the bubbles are filled with H2 and 

hydrocarbons [44, 45]. In water, notable bubble adhesion behaviors were observed, with the 

number and size of bubbles varying depending on the processing conditions. For instance, when 

applying 3.86 J/cm2 fluence to the PP substrate, bubbles were observed even on the substrate 

surface. When the scanning speed was set to 1 m/s, 5 full bubbles were observed on the treated PP 

substrate surface, whereas 9 full bubbles were observed at 3 m/s processing speed. This difference 

in bubble formation can be attributed to the total laser energy per unit area, which triples when 

decreasing the scanning speed from 3 to 1 m/s, leading to more bubbles formed on the substrate 

surfaces. Moreover, as the laser fluence increased from 3.86 to 6.75 J/cm2, the PP substrate surface 

treated at 3 m/s scanning speed exhibited a disordered distribution of bubbles, with variations in 

both size and location. Notably, the diameter of the largest bubble continuously increased with 

increasing laser fluence. Additionally, two bubbles were observed to merge upon contact, causing 

them to extrude and lose their spherical shape, as depicted in Fig. 3 for coordinates (1, 7), (1, 13), 

and (3, 13). Concurrently, the color of the PP substrate surface darkened from red to black as the 

laser fluence increased. In contrast, when laser ablation was performed in dodecane and 

hexadecane, the formed bubbles did not adhere to the substrate surface. Consequently, no adhesive 

bubbles were observed on the PP substrate surface after laser ablation, as shown in Figs. S3 and 

S4. 

3.3 Surface morphologies 

The surface morphologies resulting from fs laser ablation in water and the underlying mechanisms 

shaping the structure formed on the PP substrate are elucidated in Fig. 4. Upon laser ablation in 

water, two distinct features were observed on the PP substrate surface. Firstly, circularly shaped 

laser interaction areas were evident outside the bubble, while relatively smooth areas were 
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observed inside the bubble, as depicted in Fig. 4c. Notably, Fig. 4d illustrates the presence of an 

obvious material removal feature. The measured diameter of the circle was found to be 47 µm, 

significantly larger than the effective laser beam focus diameter of 9 µm. The size difference 

between the formed circle shown in Fig. 4d and the diameter of the laser beam suggests that the 

circular area resulted from the accumulation of multiple laser pulses at this specific location. This 

accumulation includes the influence of adjacent pulses affected by the liquid medium and repeated 

cycles using the same parameters. The ablation of the PP substrate by the laser beam evaporated 

and ionized the material [46] and led to the formation of plasma, as depicted in Fig. 4a. However, 

the expansion of the plasma was impeded by the viscosity and mass of the water medium. 

Concurrently, during the formation of plasma, the PP substrate underwent tearing, with a portion 

of it being deposited on the edges, subsequently forming a deposition layer, as illustrated in Fig. 

4d.  

 

Fig. 4 Surface morphologies after laser ablation in water and the mechanisms. (a-b) mechanism of 

structure formed by fs laser and PP substrate interaction without bubble and with bubble, 
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respectively. (c) Bubble boundary. (d-f) Laser processed surface outside the bubble, at the center 

of the bubble, and at the edge of the bubble. 

At the water-bubble interface, the laser beam exhibited reflection and refraction, as illustrated in 

Fig. 4b. Upon passing through the center of the bubble, the laser beam was refocused and interacted 

with the PP substrate. As a result, a similar ablation pattern to that observed in air was obtained at 

the center area of the bubble on the PP surface, as depicted in Fig. 4e. However, the melting path, 

indicated by yellow dashed lines in Fig. 4e, appeared as a series of curves. This curvature stemmed 

from the shifting of laser focus positions, attributed to the fact that the top of the bubble was not 

completely flat. Additionally, small and disordered areas of PP removal were identified near the 

boundary of the bubble within the bubble itself, as shown in Fig. 4f. The laser focus position 

remained relatively stable in this region due to its proximity to the bubble interface. As a result, 

the laser energy decreased, leading to reduced processing capability in this area and causing the 

formation of small, disordered material removal. 

Unlike archetypal multi-filaments phenomenon, which is periodic and well controlled, in metals 

[47], ceramics [48], and polymers [49], the surface morphologies following laser ablation in 

hexadecane are depicted in Fig. 5. In Fig. 5a, it is evident that the laser pulses accumulated at the 

crossing points of the scanning paths, resulting in an area where the total laser power input doubled 

compared to other scanning paths. Consequently, material removal areas expanded at these 

crossing points, coinciding with the two SDs, as illustrated in Fig. 5b. However, as the laser fluence 

increased from 6.75 to 1.58 J/cm2, the extension trends of the material removal areas became less 

defined, eventually becoming indistinct, as shown in Figs. 5c and 5d. This is attributed to the 

enlargement of bubbles and the increased influence area of previous interactions between the laser 
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and the PP substrate. Consequently, the laser beam underwent reflection, scattering, and refocusing 

before reaching the PP substrate, resulting in misty and disordered processing results. 

A similar transition from order to disorder was observed in both dodecane and hexadecane as the 

laser fluence increased, while maintaining the same scanning speed, as depicted in Figs. S5 and 

S6. Remarkably, continuous material removal areas were observed along SD 2 when applying 3.86 

J/cm2 laser fluence and 1 m/s scanning speed in hexadecane, as illustrated in Fig. S6. Likewise, in 

dodecane, the transition of material removal areas from discrete to continuous was observed when 

applying 3.86 J/cm2 laser fluence and 1 m/s scanning speed., as depicted in Fig. S7. This 

phenomenon suggests that a more orderly processed substrate can be achieved by reducing the 

processing fluence and increasing the number of processing times. However, it is important to note 

that this approach sacrifices processing efficiency. 
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Fig. 5 Surface morphologies after laser processing in hexadecane and material remove area 

distribution. (a) Two scanning paths overlap during laser ablation. (b-d) 3.86, 6.75, and 11.58 J/cm2 

fluence with 3 m/s scanning speed fs laser ablated PP substrate surface in hexadecane, respectively. 

The surface morphologies within the material removal areas in dodecane and hexadecane are 

illustrated in Fig. 6. When laser ablated the PP substrate in dodecane, as shown in Fig. 6a, filaments 

were observed within the material removal area. This formation can be attributed to insufficient 

plasma formation and subsequent cooling and re-solidification of plasma within the cavity. The 

interweaving of filaments inside the material removal cavity suggests a complex interaction 

between the laser pulses and the material. As the filament area enlarged, neck-shaped elongated 

filaments and nano cracks were observed as illustrated in Fig. 6b, indicating the presence of 

thermal effects during the laser-material interaction. Notably, the direction of the nano cracks is 

perpendicular to the direction of the filament, suggesting a tensile stress distribution within the 

filament.  



18 
 

 

Fig. 6 Surface morphologies inside the material removal areas. (a) Material removal area in 

dodecane. (b) Tensile stress on the filament. (c) Material removal area in hexadecane. (d) Nano 

cracks and nanoparticles on the pillar. 

In contrast, when hexadecane was employed as the medium liquid, a portion of the filaments 

evolved into pillars within the material removal area as shown in Fig. 6c. This transformation 

suggests encountering greater resistance during the plasma escape process, leading to the 

formation of the pillars. Additionally, broken filaments were observed within the material removal 

cavity. Furthermore, nano cracks and nanoparticles were found at the root of the pillars (Fig. 6d). 

The orientation of the nano cracks, perpendicular to the extension direction of the pillar, indicates 

the presence of tensile stress along the pillars. Additionally, the presence of nanoparticles attached 

to the pillars and inner cavity indicates that some nanoparticles were unable to escape from the 

material removal cavity, resulting in their deposition onto nearby surfaces. 
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The surface morphologies near the material removal areas at high magnification are illustrated in 

Fig. 7. In Fig. 7a, nanoparticles and deposition layers are observed near the material removal 

cavity. Insufficient plasma formation, particularly evident at a low laser fluence of 3.86 J/cm2, 

caused some materials to remain in the solid phase and escape from the cavity. The deposition 

layer formed as solid material attached to the cavity edge. This phenomenon is confined to the 

vicinity of the cavity due to the hindrance of the liquid medium and the weight of the solid material, 

preventing the deposition layer from spreading further. Additionally, some nanoparticles were 

deposited on the material surface, forming a nanoparticle area, while others were dispersed into 

the liquid medium. 

As the laser fluence increased from 3.86 to 6.75 J/cm2, the effects of insufficient plasma formation 

were mitigated, resulting in a reduced number and size of the deposition areas as marked in Fig. 

7b. Eventually, at a laser fluence of 11.58 J/cm2 (Fig. 7c), the deposition layer disappeared entirely 

because the plasma group generated was sufficient and did not contain solid-phase material. A 

similar deposition layer was observed when laser ablation was performed using low laser fluences 

in hexadecane as shown in Fig. S8a. Additionally, disordered nano cracks were found on the 

surface of the deposition layer under high magnification, indicating the presence of tensile stress 

and heat effects on the deposition layer as illustrated in Fig. S8b. 

 

Fig. 7 Surface morphologies near the material removal areas. (a-c) 3.86, 6.75, and 11.58 J/cm2 

fluence with 3 m/s scanning speed fs laser ablated PP substrate surface in dodecane, respectively. 
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3.4 Chemical compositions 

The chemical compositions and surface morphologies were acquired within a 2.5 µm square area 

using a nano-FTIR system, as illustrated in Fig. 8. The boundary between the nanoparticles and 

deposition was clearly distinguished in the deflection mapping shown in Fig. 8a. The topography 

of the scanned 2.5 µm square is depicted in Fig. S9. A height profile along the white line marked 

in Fig. 8a is shown in Fig. 8c. It reveals that altitude changes in the nanoparticle area were within 

150 nm with fluctuations, whereas altitude changes in the deposition area exceeded 350 nm and 

appeared smooth.  

While nano cracks similar to those depicted in Fig. S8 were not identifiable in the nano-FTIR 

system due to its relatively large tip resolution of 30 nm, the system effectively recorded the 

amplitude collected at 1376 cm-1 [50] using signals discerned by a threshold of 0.1 V and an 

optimized molecular resonance frequency ranging from 126 to 186 kHz, as illustrated in Fig. 8b. 

The wavenumbers were found to shift at different distances after undergoing various material 

plasmaization, heating, and cooling processes in both the nanoparticle area and deposition layer, 

as shown in Fig. 8d. The intensity of the nanoparticle area appeared slightly higher than that of the 

deposition layer, primarily caused by the limited enhancement of IR signals by gold particles on 

the substrate surface. The peak for the nanoparticle area was measured at 1370 cm-1, while for the 

deposition area, it was at 1368 cm-1. Compared with the original substrate surface peak at 1376 

cm-1, the peaks shift differently in nanoparticle and deposition areas. Despite the subtle differences 

between the two peaks, the nanoparticle area and deposition layer were successfully distinguished 

by the IR mapping. Notably, the maximum molecular resonance frequency for the nanoparticle 

and deposition areas were found to be 146 and 174 kHz, respectively, indicating that the 

nanoparticle area was softer than the deposition area. 
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Fig. 8 Chemical compositions of the laser ablated surface. (a) Deflection mapping on ablated 

surface. (b) Amplitude mapping on ablated surface. (c) Height change along the line. (d) Local 

infrared spectrum of nanoparticle and deposition area.  

4. Conclusions 

In summary, this study successfully generated nano and microparticles with diameters ranging 

from 1.8 to 4911 nm on the surface of commercial PP containers for research purposes, utilizing 

an fs laser system in various liquid media. The differences in particle sizes are primarily driven by 

two factors: the sufficient level of plasma generated by the laser fluence and the degree to which 

the viscosity of the liquid medium inhibits plasma diffusion. The investigation explored the 

adverse effects of bubble adhesion behavior on the laser processing capability of the PP substrate 

surface, comparing outcomes obtained both outside and inside bubbles. Moreover, the study 

observed a transition from ordered to disordered surfaces as the laser fluence increased from 3.86 



22 
 

to 11.58 J/cm2, highlighting the influence of bubble formation on processing outcomes at higher 

laser fluences. The formation of filaments and pillars within the material removal cavity is 

attributed to insufficient plasma formation during laser-material interactions. Furthermore, the 

study identified that insufficient plasma formation at laser fluences of 3.86 and 6.75 J/cm2 led to 

the formation of smooth deposition layers outside the material removal cavity. The presence of 

neck-shaped elongated filaments and nano cracks on the deposition surface provided evidence of 

heat effects during fs laser interaction with the PP substrate. Additionally, nano-FTIR analysis 

revealed shifts in peak positions due to various formation reasons, including plasma-cooled 

nanoparticles and material torn apart from the substrate. These findings deepen our understanding 

of the mechanisms underlying fs laser ablation of PP substrates and offer valuable insights for 

future research in this domain. The methodology employed in this research can be readily adapted 

for the generation of plastic particles from other materials, such as polyethylene and polyethylene 

terephthalate. 
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