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Abstract

Femtosecond laser ablation of ultrathin polymer films on quartz glass using laser pulses of 100 fs and
centered at λ=400 nm wavelength has been investigated for nanometer precision thin film patterning. Single-
shot ablation craters on films of various thicknesses have been examined by atomic force microscopy, and
beam spot diameters and ablation threshold fluences have been determined by square diameter-regression
technique. The ablation thresholds of polymer film are about 1.5 times smaller than that of quartz substrate,
which results in patterning crater arrays without damaging the substrate. In particular, at a 1/e

2 laser spot
diameter of 0.86 µm, the smallest craters of 150-nm diameter are fabricated on 15-nm thick film. The ablation
thresholds are not influenced by the film thickness, but diameters of the ablated crater are bigger on thicker
films than on thinner films. The ablation efficiency is also influenced by the laser beam spot size, following
a w0q

-0.45 dependence.
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1. Introduction

Patterned surfaces have great importance for

various applications, such as biological, sensor,

energy, and electronic researches. Multiphoton

photolithography via femtosecond laser ablation

process became useful to fabricate the chemically

patterned platforms due to its advantage of high-

resolution material processing without photomasks

and chemical developers [1,2]. Pulse duration of the

femtosecond laser in this study is ~ 100 fs, resulting

in extremely high peak intensity of a focused pulse

and nonlinear multiphoton absorption in transparent

dielectric materials [3]. There is no heat exchange

during femtosecond laser pulse irradiation, which

results in minimizing thermal stress and collateral

damage, while thermal damage cannot be neglected

from material processing with nanosecond or longer

laser pulses. Therefore, the femtosecond laser induced

ablation process is stable and reproducible [4,5]. The

nonlinear optical characteristics of Gaussian beam

profile of the femtosecond laser lead more precise

ablation features smaller than the spot size of the

laser pulse by adjusting the pulse energy close to the

ablation threshold [6,7]. Consequently, dielectric

materials which are transparent to the infrared light

such as glass and polymers interact with laser pulses

nonlinearly and can be ablated in subwavelength

resolution using IR femtosecond laser pulses [1,6,8]. 

The mechanism of interaction between photons and

polymers has been studied, and several models have

been proposed: photochemical [9, 10], photothermal

[10-12], photophysical [13] and their combination .

When considering the ablation mechanisms, it should

be noted that the type of polymer and irradiation

light source are important. The polymer synthesis

routes (radical polymerization and condensation) are
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related with respective laser-induced polymer reactions

(depolymerization or decomposition) [10]. Polymers

that are formed by radical polymerization are

depolymerized while polymers that are formed by

condensation are decomposed upon irradiation [10].

The ablation mechanisms are influenced by the

photon energy and pulse duration of the irradiation

source [14]. In particular, ultra-short pulse-induced

ablation becomes more complex due to its nonlinear

optical characteristics. 

The present work reports on the nanopatterning of

thin films (10 ~ 70 nm) of poly (ethylene glycol)

(PEG) using tightly focused single femtosecond laser

pulses at 400 nm wavelength. Most previous reports

on polymer ablation dealt mainly with thicker films

and larger beam spot diameters [12,15-17]. PEG was

chosen in the present study because it is a widely

used biomaterial that can be treated by photolithography

methods [18-21]. We fabricated ablated craters

smaller than the diffraction limit and investigated the

influence of film thickness and irradiation beam spot

size. Topographies of the ablated features were

obtained by atomic force microscopy (AFM) and

crater diameters were measured and utilized to

calculate ablation thresholds.

2. Experiments

2.1 PEG brush layer synthesis

Figure 1 shows the schematic of PEG brush layers

and chemical compositions. Surface initiated atom

transfer radical polymerization (SI-ATRP) was used

to generate the PEG brush layer that has been shown

to eliminate non-specific protein adsorption, and

offers a number of advantageous properties for

biotechnological applications [18,22]. The PEG brush

layers were synthesized by reacting a surface grafted

with the SI-ATRP silane with solution containing

PEG monomethacrylate monomer (PolySciences) in

a deoxygenated environment. The SI-ATRP synthesis

was carried out as described previously [22]. Briefly,

1.0 mmol copper (I) bromide, 2.0 mmol bipyridine,

0.3 mmol copper (II) bromide, and 25 mmol of the

monomer poly(ethylene glycol) monomethyacrylate

(side chain MW = 200) were dissolved in 12 mL of

methanol and 3mL of degassed water. The dark red

solution was bubbled with nitrogen for 30 minutes

and sonicated until all materials were dissolved,

before being poured over the silanated samples. The

reaction was maintained for various times to yield

the desired thicknesses, under nitrogen flow before

the samples were removed, rinsed copiously with

methanol and dried under a nitrogen stream.

2.2 Laser ablation and measurement

Ablation experiments were performed in ambient

air with an amplified Ti:Al2O3 femtosecond laser

(Spitfire, Spectra Physics Inc.) of about 100 fs pulse

length [at full width half maximum (FWHM)] and

wavelength of ~ 400 nm that was obtained after

being frequency-doubled from fundamental ~ 800 nm

wavelength laser beam by a nonlinear crystal. The

fluence was adjusted with an attenuator including a

half wave plate (l/2) and a polarizing beam splitter

(PBS). As the laser pulse energy required to ablate

high- resolution features was extremely low, a neutral

density (ND) filter was inserted into the beam path.

To generate user-designed patterns, samples were

loaded on a precise three-dimensional motorized

stage with a synchronized laser firing system controlled

by a programmable PC. The sample was precisely

aligned perpendicular to the incident laser beam by

adjusting the tilting angle of the sample. To

investigate the influence of beam spot size and film

thickness, long working distance objective lenses

with three different numerical aperture sizes were

used: 10x Mitutoyo M Plan Apo (N.A.= 0.28), 50x

Mitutoyo M Plan Apo (N.A.= 0.55) and 100x Nikon

CFI 60 LU Plan Epi ELWD Infinity-Corrected

(N.A.= 0.8). The pulse energy was measured by a

pyroelectric energy meter (Molectron J5-09) placed

between the attenuator and the ND filter. Before the

ablation experiments, the output energy from each

objective lens and energy at the above-mentioned

position were measured separately to yield the

Fig. 1. Schematic of poly(ethylene glycol) brush
layers on quartz glass. (a) Side view to illustrate PEG
film on quartz, (b) top view of the film, (c-d) chemical
structure of the polymer. Purple = synthesized silane,
Blue = methacrylate backbone, Green = PEG “arms”



22 Indong Jun et al./한국표면공학회 49 (2016) 20-25

attenuation ratios. These attenuation ratios were

utilized to obtain the pulse energies in the course of

the nanoablation experiment that were too low to

measure via the energy meter. Using the computer-

controlled system, single pulse ablation with quartz

only and PEG films of various thicknesses on quartz

was performed. The ablation craters were examined

by AFM (Nanoscope IIIa, Veeco) with high aspect

ratio tips (Nanosensors, AR5-NCHR, Aspect ratio

≥ 5:1). 

3. Results and Discussion

Subwavelength-sized ablated features on polymer

thin films were fabricated by single laser pulses at

various energies using a 100x objective (Fig. 2). For

pulse energies of 4 and 4.5 nJ, the PEG film was

ablated from the quartz substrate with no damage to

the substrate. In contrast, ablation progressed to the

quartz substrate when the pulse energy reached 5 nJ.

Clearly, the ablation threshold of the quartz was

higher than that of the PEG film, which was

exploited to fabricate nanoscale features in the

polymer film without incurring damage to the quartz

substrate.

The size of the ablated features was dependent on

laser fluence, optics, and polymer film thickness. The

smallest ablated feature diameter was ~ 150 nm

obtained using a 100x objective on a 15 nm thin film.

On similar films using 50x and 10x objectives, the

smallest diameters of the ablated pits were ~ 250 nm and

~ 1000 nm, respectively. Fig. 3 shows the linear

relation between the squared ablated spot diameter

and the logarithm of the average laser fluence for

quartz and films of different thickness with 10x and

100x objective lenses. A square diameter-regression

technique was used to calculate the ablation

threshold and the Gaussian laser beam spot diameter

[23, 24]. The method was necessary for thin film

ablation studies, since the direct ablation depth

measurement to determine ablation threshold [7]

cannot be implemented when the ablation depth

exceeds the film thickness. The 1/e
2
 laser spot radius

(w0) was calculated using the relation between the

Gaussian spatial beam profile and the radial

distribution of the laser fluence [23,25]. 

(1)

where D is a diameter of ablated features and f0 is the

average laser fluence that is defined as the pulse

energy per unit irradiated area:
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Fig. 2. Single-shot laser ablated craters using an
atomic force microscope. (a) Top view AFM images of
craters with three different pulse energies showing
measured line for cross-section images. (b) Cross-
section profiles of the ablated craters. 

Fig. 3. The squared diameters of the ablated craters on (a) quartz and (b) three different thickness films as a
function of the incident laser fluence for 10x and 100x objective lenses.
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where Epulse is a total pulse energy. The ablation

threshold was defined as the fluence where the linear

fit crosses D2 = 0. The ablation thresholds for PEG

films were 0.62 ~ 0.67 J/cm
2
 with 10x objective,

0.96 ~ 1.00 J/cm2 with 50x objective, and 0.82 ~ 0.88

J/cm2 with 100x objective. For the same objective

lens, the ablation threshold was not affected by the

film thickness.

These experimental results suggest a non-thermal

ablation process. In thermal diffusion-based ablation

of photosensitive polymers, the ablation threshold

fluence increases dramatically with decreasing film

thickness [12]. Clean ablation contours were fabricated

by the femtosecond laser as shown in Fig. 2. The

material damage is confined within a small region at

the peak of the Gaussian laser beam distribution,

where the intensity suffices to trigger multiphoton

initiated avalanche ionization. Due to short pulse

duration below lattice coupling time (estimated of the

order of 10 ps), the heat affected zone is minimized,

resulting in no lateral damage. Furthermore, the

ablation threshold fluence is independent of the film

thickness. The ablation thresholds for quartz are 1.18

(10x), 1.45 (50x) and 1.48 (100x) J/cm2, respectively,

and about 1.5 times higher than the respective of

PEG film. Therefore, clear PEG ablated pit arrays

can be fabricated without damaging the underlying

quartz substrate.

Using (1), the effective diameter of laser beam

focused on the surface can be calculated from the

slope of the plot in Fig. 3, 2w0
2
. This parameter is a

derivative of the applied fitting procedure and was

found to increase with increasing PEG film

thickness. Consequently, the 1/e2 laser spot radii (w0q)

on quartz were used as a reference for detemining

the laser fluence for all cases (PEG and quartz

ablation). A few groups have reported there is no

effect of thin film thickness on the ablation efficiency

[15,26]; however, their laser beam spot sizes were

much bigger (10~20 µm beam diameters) than in the

present study (0.86~4 µm beam diameters). Although

the processing laser beam spot on the surface was set

by the focusing optics, the ablated feature diameters

were dependent on the film thickness when the beam

was tightly focused. It is noted that the transient

pressure generated by vigorous intramolecular interac-

tions and vibration excited by the laser irradiation is

an important mechanism of polymer thin film

ablation [27,28]. In this study, the film thickness

(10 ~ 70 nm) is thinner than the optical penetration

depth of the nonlinear absorption of 100 fs laser

pulses at 400 nm wavelength, which means electron-

photon energy transition takes place through the

whole thickness of the films. While the electron

excitation energy relaxes, mechanical stress is accu-

mulated in the film due to transient pressure generated

by the molecular motion. The stress induces material

fracture and destruction because the irradiated volume is

confined by intact film and the rigid substrate [28].

Therefore, the bigger size ablation features on the

thicker film were obtained because the mechanical

Fig. 4. Effective radius (w0), calculated beam spot
radii on PEG thin films, as a function of film thickness
for three different calculated beam spot radii on the
quartz (w0q).

Fig. 5. Increasing rate of effective radii depending on
film thickness (dw0/dδ) as a function of the calculated
beam spot radii on the quartz (w0q). The slope of the
increase of the effective radii depending on the film
thickness (δ) decreases by a w0q

-0.45 dependence
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stress propagates longer and wider in the thicker

films. Fig. 4 shows the effective radii, the calculated

1/e2 laser spot radii (w0) on the thin film, depending

on the film thickness and the calculated 1/e
2
 laser

spot radii (w0q) on the quartz. The slope of the

increase of the effective radii depending on the film

thickness (δ) decreases by a w0q
-0.45

 dependence as

shown in Fig. 5. It is noted that the film thickness

effect should decrease when the laser beam spot

becomes bigger comparing to the dispersion length

of the mechanical stress. 

4. Conclusion

Femtosecond laser ablation of PEG brush layers

with various thicknesses was investigated by

examining the profiles of single pulse craters with

AFM. The ablation threshold of the thin film was not

influenced by the film thickness when the ablation

occurs mainly by the nonthermal process. However,

the film thickness influenced the ablated crater

diameters. Larger features were fabricated in thicker

films with the same laser irradiated fluence due to

the mechanical stress propagation. Because of the

higher ablation threshold of quartz than PEG films,

clear ablation pit arrays can be fabricated without

damage to the substrate. Here, fabrication of ablation

craters of diameter as small as ~150-nm was

achieved. Future studies will address the

photochemical reaction of the polymer films

irradiated by the femtosecond laser with low fluences

below ablation threshold.
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