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1. Introduction 

Nonlinear optical phenomena in the optical spectral range followed by the invention of laser 
in early 1960’s directed the generation of optical pulses using Q switching and mode locking 
techniques. Ultrafast lasers with extremely short pulse duration (<100 fs) opened a new 
avenue towards fabrication of integrated photonic and signal processing devices in a variety 
of transparent materials. A new approach for the local modification of transparent materials 
through nonlinear optical processes has been investigated due to extraordinarily high peak 
intensities of short pulses. A variety of materials including metals, dielectrics, polymers, and 
semiconductors have been successfully processed by the use of fs pulses [1-14]. Bulk 
refractive index change in transparent materials is found to be useful in applications of 
waveguides. Various applications resulting from fs laser writing of different materials, 
especially in polymers, have been successfully demonstrated in the fields of micro-fluidics, 
bio-photonics, and photonics etc. [15-32]. The minimal damage arising from the generation of 
stress waves, thermal conduction, or melting has proved to be one of the main responsible 
mechanisms for various applications demonstrated using fs laser micromachining. In the 
present chapter we discuss the formation of free radicals and defects which are responsible 
for emission in polymer systems. The impact of fs lasers pulses causing minimal damage can 
be utilized to fabricate emissive micro-craters, especially in polymers. These emissive micro-
craters find prospective applications in memory based devices.  

2. Experimental 

Herein we present detailed micro-structure fabrication procedures and spectroscopic 
investigations of those structures in four different polymers (a) Poly Methyl Methacrylate 
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(PMMA) (b) Poly Di Methyl Siloxane (PDMS) (c) Polystyrene (PS) and (d) Poly Vinyl 
Alcohol (PVA). The spectroscopic investigations were carried out in both bulk and thin films 
of polymers. We used a Ti: Sapphire laser delivering 100 fs pulses at 800 nm with an energy 
of 1 mJ per pulse at 1 kHz repetition rate. The input energy was varied using half wave plate 
and polarizer combination. Three Newport stages with 15 nm resolution were arranged 
three dimensionally and the translation was controlled using computer controlled program. 
We used 40X and 20X microscope objectives with 0.65 and 0.4 numerical apertures, 
respectively, to focus the laser beam in our experiments. CCD camera was used while Z 
stage of the micro-fabrication set up was adjusted for fabricating structures either on the 
surface or inside the bulk. Figure 1 shows schematic diagram of the micro-fabrication setup. 
As shown in figure 1 the laser pulses were passed through half wave plate (HWP) and 
polarizer (BP) so that energy could be varied using this combination. Apertures were 
introduced in middle to align the beam. M1-M3 are the mirrors used to make the beam 
incident vertically onto the three dimensionally arranged Newport stages. We fabricated 
several micro-structures, micro-craters, surface and subsurface diffraction gratings, surface 
grids, microfluidic channels and arbitrary shapes in these polymers. Since these polymers 
are transparent and have large band gap, we calculated the Keldysh parameter for these 
polymers to assess the dominant ionization mechanism. Tunneling ionization was found to 
be the main responsible mechanism for all the investigated polymers. The spectroscopic 
investigations were carried out in both bulk and thin films of polymers. Bulk PMMA and PS 
were purchased from Goodfellow, USA and UK. PVA thin films were prepared by 
dissolving 8.56 grams of PVA beads in 100 ml of water and thin films were prepared using 
spin coating technique. Thin films of PS are made by preparing the PS solution first. 
Solution of PS was prepared by mixing 1 gram of polystyrene beads (ACROS) in 8 ml 
toluene and stirred for 48 hours for complete miscibility. We prepared thin films of PS on a 
glass plate by spin coating the solution of PS. All these polymers were cut into 1 cm × 1 cm 
square pieces, polished using different grades of polishing sheets and sonicated in distilled 
water before micro fabrication experiments were carried out.  

The energy of an 800 nm photon corresponds to 1.55 eV while the optical band gap of pure 
PMMA being 4.58 eV implies that the nonlinear process involving at least three photons is 
responsible for structural modification at the focal volume [33]. Schaffer et al. [34] have 
shown that there are three possible mechanisms viz. tunneling, intermediate, and multi-
photon ionizations that take place when transparent material interacts with femtosecond 
pulses. The Keldysh parameter which tells us the mechanism that is dominant is defined as 
γ = (ω/e) (m×c×n×εo×Eg/I) where ‘ω’ is the laser frequency, ‘I’ is the laser peak intensity at the 
focus, ‘m’ and ‘e’ are the reduced mass and charge of the electron, respectively, and ‘c’ the 
velocity of light, n is the refractive index of the material, Eg is the band-gap of the material 
and ε0 is the permittivity of free space. For our studies that Keldysh parameter was <1.5 
illustrating tunneling as responsible mechanism for structures written using 40X and 20X 
microscopic objectives. Figure 2 shows the plot obtained for Keldysh parameter with 
different energies ranging from 150 µJ to 30 nJ (equivalent to 83 to 0.017 PW/cm2). Results 
obtained with different polymers using fs laser direct writing are explained in detail in 
references 35-41.  
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Figure 1. Experimental setup for microfabrication 

Our initial studies suggested an increase in structure width with number of scans, energy, 
and focusing conditions. Figure 3(a) shows some of the Field Emission Scanning Electron 
Microscope (FESEM) images of the fabricated microstructures on PVA thin film (60-80 µm 
thickness). We clearly observed the formation of a trough in the central portion of each 
structure. It is evident as central portion of the incident Gaussian pulse has more intensity 
(thereby affecting the polymer more) resulting in void formation. This phenomenon was 
observed for energies ranging from 100 µJ to 10 µJ. Figure 3(b) shows evidently the 
formation of trough in the central portion of the microstructure fabricated at 100 µJ energy 
with 1 mm/s speed. For structures fabricated at low energies (typically less than 10 µJ) 
formation of trough was not observed. Figure 3(c) shows a plot of width of microstructure 
as well as trough obtained at different energies for different sets. Formation of micro-craters 
was seen at 1 µJ energy and with 1 mm/s speed. Structures fabricated with 635 and 564 nJ 
obviously demonstrated formation of micro-craters. Figure 4(a) shows the structure 
fabricated at 1 µJ energy, while 4(b) and 4(c) show the FESEM images of the microstructures 
fabricated at 635 and 564 nJ energies with 1 mm/s speed. In our experiments with different 
polymers we observed that the effect of fs pulses on these polymers, leading to the 
formation of defects resulting in emission, formation of paramagnetic centers, and 
broadening of Raman vibrational modes in the fs laser modified regions. Figure 5 shows the 
part of shape 8 fabricated in PMMA. Since the image was big only a part of 8 shape, which is 
curved, is shown. We captured the emission from the fs laser modified region using a 
confocal microscope. We could clearly observe pseudo-green color from the fs laser 
modified regions which is an indication of emission. Similar results were obtained in case of 
other polymers also, details of which are summarized in references 35-41. By combining the 
formation of micro-craters (which took place at high scan speed >3 mm/s and low energies 
of ~nJ) and the emission coming from the modified regions we establish the possibility of 
using the fluorescent micro-craters towards memory based applications.  
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Figure 2. Keldysh parameter of investigated polymers with different peak intensities. 

 

 
Figure 3. (a) FESEM images of structures fabricated. Structures from right to left were fabricated with 
energies from 100-10 µJ in steps of 20 µJ. (b) Microstructure fabricated at 100 µJ energy, 1 mm/s speed. 
(c) Plot of structure and trough widths with energy.  
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Figure 4. FESEM images microstructure fabricated at 1 mm/s speed, with energy of (a) 1 µJ, (b) 635 nJ, 
and (c) 564 nJ. 

 

 
 
Figure 5. Part of the shape 8 fabricated in PMMA. Pseudo green color shows emission from the 
modified region excited at 488 nm. Scale bar is 300 µm. 

Structures were also fabricated at different energies (1 µJ, 635 nJ, 168 nJ, and 33 nJ) and 
different scanning speeds to study the formation of micro-craters in PS. Figure 6(a) shows 
the confocal microscope image of a buried single microstructure in PS fabricated at 1 µJ 
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energy and 1 mm/s speed. For the same energy we observed the appearance of craters when 
the scanning speed was increased to 2 mm/s. This is depicted clearly in figure 6(b), where 
the formation of micro-craters was just onset. The process of formation of micro-craters is 
evident from the edges of figure 6(b). Figures 6(c) and 6(d) illustrate the confocal microscope 
images of the craters formed at still higher scanning speeds of 3 and 4 mm/s, respectively. 
From these data we confirmed that by increasing the scanning speed one can reduce the 
pulse to pulse overlap and the micro-craters can be obtained similar to observations of 
periodic refractive index modulation observed earlier in glasses. The same trend was 
observed even at other energies also. However, we found that the formation of craters at 
higher scanning speeds and lower energies exhibited better profiles. This is obvious because 
the intensity of heat waves generated at each position where the pulse impinges depends on 
the pulse energy.  

 
 

 
 

Figure 6. (a) Confocal microscope image of a buried single micro-structure in PS fabricated at 1 µJ 
energy and 1 mm/s speed. Structure width is ~12 µm. (b) Beginning of formation of micro- craters at the 
same energy when scanning speed is increased to 2 mm/s. Structure width 10 µm. (c) Scanning speed 
increased to 3 mm/s and the inset shows model used to fabricate micro- craters (d) Confocal microscope 
image of the craters formed at still higher scanning speed of 4 mm/s. Pseudo green color indicates 
emission from the modified micro-craters when excited at 488 nm wavelength. Crater size is 3 µm.  
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S. No. Energy 
(nJ) 

Speed  
(mm/s) 

Observation  
(Line/Crater) 

Structure/Crater 
Size (µm) 

 
 
 
 

1 

 
 
 
 

1000 

1 Line 12 
1.5 Line 10 
2 Line 10 

2.5 Crater formation started 6 
3 Crater 6 

3.5 Crater 4 
4 Crater 3 

4.5 Crater 4 
5 Crater 3 

 
 
 
 

2 

 
 
 
 

635 

1 Line 14 
1.5 Line 12 
2 Crater formation started 10 

2.5 Crater 3 
3 Crater 3 

3.5 Crater 3 
4 Crater 3 

4.5 Crater 3 
5 Crater 3 

 
 
 
 
 

3 

 
 
 
 
 

168 

1 Line 4 
1.5 Crater formation started 3 
2 Crater 2 

2.5 Crater 2 
3 Crater 2 

3.5 Crater 2 
4 Crater 2 

4.5 Crater 2 
5 Crater 2 

 
 

4 

 
 
 

33 

1 Line 3 
1.5 Crater formation started 3 
2 Crater 2 

2.5 Crater 2 
3 Crater 2 

3.5 Crater 2 
4 Crater 2 

4.5 Crater 2 
5 Crater 2 

Table 1. Details of micro crater structures fabricated at different energies and scanning speeds. 
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Therefore, at higher energies these intense heat waves travel and overlap with the waves 
generated at other positions. This leads to the formation of a line instead of a crater. This aspect 
is highlighted in table 1. As energy is reduced, micro-crater formation occurred at lower scan 
speeds, indicating the fact that the effect of pulse to pulse overlap controlled by scan speed and 
the phenomena of generation/propagation of heat waves at each position are important factors 
in the fabrication of micro-craters. Inset of figure 6(c) shows a model that represents the 
formation of micro-craters. The pitch ‘p’ which is the distance from center to center can be 
varied by setting the scanning speed according to the relation p=s/f where ‘s’ is scanning speed 
and ‘f’ is laser repetition frequency, which is 1 kHz in our case. L0 is the overlap region 
between two consecutive focused spots which is (d-p) where d is the diameter of the spot. The 
spot size is calculated using the relation D=1.22 λ/NA where D is the diameter of the focused 
spot, λ is the wavelength and NA is the numerical aperture of the microscope objective used. 
We had used a 40X microscope objective with NA of 0.65 in our experiments. The estimated 
spot size was ~ 1.55 µm. In our experiments on micro-crater fabrication we observed clear 
micro-crater formation from 3 mm/s speed onward with different energies as tabulated in 
table 1. Hence the minimum pitch (p) can be taken as 3 µm. 

As the radius of the focused spot was ~0.75 µm, the micro craters start appearing for speeds 
beyond 3 mm/s. However, we could obtain minimum crater size of ~2 µm in our 
experiments owing to the size of the focused spot and continuous translation. The 
fabrication of these micro craters is useful in the areas of memory storage devices and 
photonic crystals. 

For better understanding about the emission originating from modified regions, we 
fabricated microstructures over a large area to record the emission and excitation spectra 
using conventional fluorescence spectrometer.  To accomplish this, an array of closely spaced 
lines were fabricated in PMMA (energy 10 µJ, speed 1mm/s, period 30 µm), PDMS (50 µJ, 
1mm/s, 10 µm), PS (1 µJ, 0.5 mm/s, 30 µm), and PVA (10 µJ, 1mm/s, 20 �m) using a 40X 
objective. All the four polymers are transparent to visible light before fs laser irradiation and 
hence do not show any emission when excited with visible light. However, due to multi-
photon absorption overcoming the large band gaps of these polymers, they get modified and 
optical centers are produced that exhibit emission when excited at different excitation 
wavelengths.  We observed this kind of emission when the fs laser fabricated channels were 
irradiated with visible wavelengths such as 458 nm, 488 nm, 514 nm wavelengths. The 
observation of emission and change in emission peak with the excitation wavelength were 
observed and could be interpreted in the context of formation of myriad optical centers or 
defects. The increase in emission intensity with irradiation dose in bulk and thin films of 
polymers are due to the formation of more number of optical centers with irradiation dose.  

Nurmukhametov et al. [42] have exposed PS films and solutions with UV laser light beam (λ 
= 248 nm) and observed changes in absorption and luminescent properties. They observed 
formation of optical centers with absorption band from 280 nm to 460 nm with fluorescence 
band from 330 nm to 520 nm. They established different optical centers being responsible for 
such a behavior and hypothesized their results more close to the spectrum of 
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diphenylbutadiene (DPBD). They figured out three optical centers responsible for the 
behavior of emission namely trans-stilbene, DPBD and diphenylhexatriene (DPHT). The 
absorption and emission spectra due to the fs laser irradiation in the present study match 
nearly with their reported work indicating the creation of similar optical centers. Figures 
7(a) – 7(c) show the emission peaks are different for different excitation wavelengths. This 
emission was recorded using a confocal microscope. We feel that the modification of PS was 
due to 800 nm (infrared) laser through multi-photon absorption process. Consequently, fs 
laser irradiation results in bond scission followed by the formation of large number of 
defects that act as optical centers for emission. This resulted in shift in emission peak with 
excitation wavelength. The observed spectral peaks are mentioned in table 2.  Observed 
spectral peaks from fluorescence spectrometer and the confocal microscope are also 
compared in the table. 
 

S. No. 
Excitation 

Wavelength 
(nm) 

Emission peak (nm)  
observed in confocal 

microscope 

Emission peak (nm) 
observed in fluorescence 

spectrometer 
1 458 509, 544 505,536 
2 488 535 550 
3 514 565 563 

4 400 
Excitation source was not 

available 
454, 462, 476 

Table 2. Comparison of emission data obtained in irradiated PS (PSG1). 

 
Figure 7. (a) Plots of emission when structures fabricated at 40 µJ, 422 nJ, 63 nJ and pristine region of PS 
excited at 458 nm; (b) Plots of emission when structures fabricated at 40 µJ, 422 nJ, 63 nJ and pristine 
region of PS excited at 488 nm; (c) Plots of emission when structures fabricated at 422 nJ, 63 nJ and 
pristine region of PS excited at 514 nm.  
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The effect of change in emission peak with excitation wavelength was observed in all 
polymers and is attributed to the Red Edge Effect (REE). The change in emission peak with 
excitation wavelength in case of PS is shown in figure 8(a).  The excitation spectra collected at 
different monitoring wavelengths looked alike which is depicted in figure 8(b). Inset of figure 
8(b) shows the transmission spectra of un-irradiated and irradiated PS. Varieties of fluoropores 
in different media with frozen or relatively slow structural dynamics from vitrified and highly 
viscous solutions to polymer matrices have shown similar effects. These phenomena did not 
account for concepts of independence of emission energy on excitation energy within the 
absorption band (Vavilov’s law) and the occurrence of emission irrespective of excitation 
band, always from the lowest electronic and vibrational state of same multiplicity called 
Kasha’s Rule [43-46]. These effects originate not from the violation of fundamental principles 
but from their operation in specific conditions when the ensemble of excited molecules is 
distributed in interaction energy with molecules in their surroundings. In a condensed 
medium, this distribution always exists at the time of excitation, but its display in a variety of 
spectroscopic phenomena depends on how fast the transitions are between the species forming 
this ensemble of states. Thus, REE is a site-selective effect which allows probing of the 
dynamics of redistribution of fluoropores between different environments. 

 
Figure 8. (a) Emission from PSG1 grating excited at different wavelengths. Emissions with longer 
wavelength excitations are enhanced for clarity (b) Excitation spectra of irradiated PS at different 
monitoring wavelengths. Inset of (b) shows the transmission spectra of unirradiated and irradiated PS. 

The absorption characteristics of these optical centers thus formed showed maximum 
absorption at same wavelength. As the defect centers are distributed over wide range of 
energies, the emission spectrum too gets distributed over the entire fluorescence spectrum 
contribution coming from all types of defects. This results in the spectra being the same in 
the excitation spectra recorded by monitoring different emission wavelengths. However the 
emission, when excited at long wavelength side, due to localization of energy we observe 
different emission spectra. Figure 9(a) shows the plot of excitation wavelength with the 
observed emission wavelength for all polymers which is an indication of REE effect. Since 
these polymers contain active functional groups such as aldehyde, ketone etc., the 
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absorption maximum within these functional groups can also lead to the observed emission. 
In the case of PMMA, the maximum excitation near 370 nm can be ascribed to n →π* 
transition. In case of PS due to the presence of ring, it could be due to π→π* transition. After 
these functional groups are excited they can get de-excited to any of the electronic states by 
emission process. Figure 9(b) shows a schematic diagram for the functional groups within 
these polymers undergoing different transitions. We also investigated the role of possible 
vibrational levels in emission spectra we recorded. For this, we excited all irradiated 
polymers from 250 nm-560 nm in the range of 20 nm and collected emission spectra. 
Interestingly, some of the emission peaks coincided with Raman peaks of these polymers. 
Plots 10 (a)-(b) show the emission spectra recorded for fs laser irradiated PMMA at different 
excitation wavelengths. The energy difference between the excitation and the emission peak 
is calculated in the wave numbers using the relation ΔE/hc (cm-1) = 1/λext – 1/λem, where λext 
and λem are excitation and emission wavelengths respectively. For PMMA, the emission 
peaks due to excitation wavelengths at 458, 488, 530, and 560 nm nearly match the Raman 
mode of characteristic peak at 1736 cm-1 of γ (C=O) of (C-COO) mode [47]. Excitations at 380, 
and 400 nm nearly match with Raman mode of 3454 cm-1 which is 2γ2 overtone of 1730 cm-1. 
Emission peak at 543 nm matched with another Raman peak of combination band involving 
γ (C = C) and γ (C-COO) of PMMA. The spectra therefore contain the peaks due to 
transition from the excited state to the vibrational states. The shift in the emission peaks 
with excitation wavelength is shown in figure 10 (b). This shift in the peak of the emission 
with excitation could be due to the excitation of different localized states created during 
laser irradiation. Table 3 shows excitation, emission peaks and the calculated energy 
difference between the excitation and the emission peaks. 

 
Figure 9. (a) REE in investigated polymers (b) Energy level diagram. 

Different research groups have worked on electron spin resonance (ESR) of polymers [48-50]. 
However, reports on ESR analysis of fs laser irradiated polymers are sparse as the field has 
gained momentum recently and many theoretical and experimental results need to be explored 
further. In our endeavor towards understanding ESR of fs irradiated polymers, we fabricated 
two dimensional grids to increase effective area of irradiation for ESR analysis. We observed 
peroxide type free radicals when these polymers were treated with fs laser. Pure polymers such 
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as PMMA are not paramagnetic substances and hence do not contain any paramagnetic centers. 
So, there were no peaks observed in ESR spectrum. When polymers PMMA, PDMS, and PS are 
treated with fs laser, they showed ESR signal which is an indication of existence of peroxide 
type free radicals. Figure 11 shows ESR signal in PS. In case of PS, the radicals are alkoxy 
radicals as reported in literature [51].  Further, confocal micro-Raman studies were carried out 
for fabricated structures in the channels. Formation of defects such as optical centers and free 
radicals led to broadening of Raman peaks and reduction in Raman intensity due to high 
intense shock waves formed at the center of the Gaussian pulse. In order to study the local 
effect, a microstructure was fabricated on a PVA thin film at two different energies (635 nJ and 
10 µJ) with speed of 1 mm/s.  Figure 12 shows the Raman spectra collected in the middle and 
end regions of the structures fabricated. Raman spectra recorded for higher energies showed the 
broadening of Raman modes along with decrease in Raman intensity compared with structures 
fabricated at low energies and pristine regions of the polymer from which we could conclude 
the formation of defects. We observed similar effects even in other polymers also. 

 
Figure 10. Plot of emission spectra of (a) PMMA at excitation wavelengths from 250-400 nm (b) PMMA 
at excitation wavelengths from 400-560 nm 

 
Figure 11. ESR signal observed in irradiated PS. 
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S. No. λext (nm) λem (nm) ΔE/hc (cm-1) = λext-1- λem-1 

1 250 309 7638
313 8051

2 270 317 5491
3 300 326 2658

4 320 
381 5003
398 6214
461 9558

5 340 398 4286
464 7860

6 360 427 4359
465 6272

7 380 437 3432
467 4903

8 400 464 3448
9 420 484 3148

10 440 483 2023
511 3158

11 458 499 1794
529 2930

12 460 507 2015
535 3048

13 470 518 1972
551 3128

14 488 534 1765
568 2886

15 514 561 1630
16 530 584 1745
17 543 598 1694
18 560 621 1754

Table 3. Excitation, emission, and Raman shift observed in fs laser irradiated PMMA. 

 
Figure 12. Confocal Raman spectra for structures fabricated on PVA thin film. 
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3. Conclusions 

We presented our results on the physical and spectroscopic investigations of fs laser 
irradiated polymers. The unusual behavior of emission observed in case of these polymers is 
attributed to the red edge effect. The transitions involved with in the functional groups such 
as n→π*, and π→π* are responsible for the emission observed. The role of coincidence of 
Raman signals with emission observed is illustrated. The presence of paramagnetic centers 
is confirmed through ESR studies. Both the defects which are responsible for emission and 
ESR signal are further confirmed through confocal micro Raman studies by observing the 
broadening of Raman modes.  
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