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Abstract: We have investigated the thermal stability of femtosecond laser 
modification inside fused silica. Raman and FL spectroscopy show that fs-
laser induced non-bridging oxygen hole center (NBOHC) defects 
completely disappear at 300 °C, whereas changes in Si-O ring structures 
only anneal out after heat treatment at 800-900 °C. After annealing at  
900 °C optical waveguides written inside the glass had completely 
disappeared whereas more significant damage induced in the glass 
remained. The results are related to different types of bond rearrangements 
in the glass network. 
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1. Introduction 

The use of femtosecond lasers to modify the bulk of transparent materials has proven to be an 
important method for the fabrication and integration of optical components, such as 
waveguides, splitters, Bragg gratings, and amplifiers [1–10]. Significant work has been done 
on the creation and characterization of waveguides inside glass as well as microscopic 
characterization of fs-laser modification. In fused silica, fs-laser written waveguides are 
accompanied by structural changes in the glass, which include non-bridging oxygen hole 
center (NBOHC) fluorescence defects and changes in the glass network structure (three-
membered Si-O ring concentration) [11–15]. 

The long-term stability of fs-laser modification is extremely important for any practical 
use of fs-laser written devices. For example, any optical circuit created via fs-laser waveguide 
writing will need to have stable operation over the lifetime of the device at standard operating 
temperatures. Previous work has shown that the fluorescence signal from non-bridging 
oxygen hole center (NBOHC) defects, which are created in the fs-laser modification process, 
decreases under low power 488 nm continuous laser exposure [12]. This illustrates the 
relatively low stability of the NBOHC defects. Even when the NBOHC defects were removed, 
the waveguide structures remained. A few groups have reported the effects of thermal 
annealing on the refractive index and loss of fs-laser written structures in fused silica [16,17] 
and observed complete erasure of the structures around 1100 °C, but these studies did not 
investigate how such changes in optical properties were correlated with structural changes at 
the atomic-scale level. Studying the thermal annealing behavior, both microscopically and 
macroscopically, is important to gain a greater understanding of the stability of fs-laser 
written structures. 

In this paper we systematically study the effects of thermal annealing on fs-laser 
modification in fused silica. The effects of varying annealing temperatures as well as 
annealing times are investigated with respect to visible characteristics, guiding behavior and 
microscopic changes in glass structure as measured using fluorescence and Raman 
spectroscopy. “Rough” modification that results in poor quality waveguides remain visibly 
unchanged at annealing temperatures of up to 900 °C even after localized defects and glass-
network structure are returned to unmodified levels due to the annealing. “Good” quality 
waveguides that exhibit guiding at 660 nm can be completely annealed out at 900 °C, a 
temperature that is well below the glass transition temperature of fused silica (~1300 °C). The 
results of our study point to a significant difference between fs-laser written structures that 
result in good quality (smooth) waveguides and those resulting in poor quality (rough) 
waveguides. 

2. Experimental setup and procedures 

For fs-laser writing two different amplified Ti-sapphire laser systems with slightly different 
specifications and writing procedures, as summarized in Table 1, were used. Both laser 
systems, Spitfire and Hurricane (both from Spectra Physics), were operated at 800 nm with a 
repetition rate of 1 KHz. For the experiments with the Spitfire laser a transverse writing 
geometry was used, whereas in the case of the Hurricane laser a longitudinal writing geometry 
was employed. 
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Standard grade fused silica samples (Corning 7980) were used in all experiments. For the 
experiments with the Spitfire laser 4 samples (each 19.5 x 19.5 x 5 mm3) were used. In each 
sample an identical set of lines of varying pulse energy (see Table 1) was written. With the 
Hurricane laser 3 samples were prepared (each 19.5 x 19.5 x 1.7 mm3), each also with an 
identical set of lines of varying pulse energies (see Table 1). Throughout this paper fs-laser 
written lines will be identified by the set label (A and B in Table 1) and the pulse fluence, i.e. 
line B-40 is a line written with the Spitfire laser system at a pulse fluence of 40 J/cm2. 

Table 1. Fs-laser Writing Conditions 

 
Set A 

Hurricane laser system
Set B 

Spitfire laser system 
pulse energy 0.9, 1.3, 1.7, 2.6 μJ 0.5, 0.7, 3.4, 13.4 μJ 

pulse duration 150 fs* 140 fs* 

focusing objective 10x / 0.25NA 50x / 0.55NA 

pulse fluence 11, 16, 21, 32 J/cm2 28, 40, 200, 800 J/cm2 

sample scan speed 50 μm/s 40 μm/s 

writing geometry longitudinal transverse 

annealing temperatures 300, 600, 800, 900 °C 100, 300, 600, 900 °C 

annealing times 5, 10, 60, 600 mins 5, 10, 60, 600 mins 
 *pulse duration measured with a single-shot autocorrelator 

After the fs-laser writing experiments the lines were analyzed by white light microscopy 
as well as confocal Raman and fluorescence (FL) microscopy. Each sample was subsequently 
placed in a furnace for a prescribed time and temperature and then removed. A different 
sample was used for each annealing temperature chosen. After cooling back to room 
temperature the sample was again analyzed. This process was repeated over multiple 
annealing times. To avoid the affects of photobleaching [12] during the Raman and FL 
experiments, spectra were collected at a different position within the fs-laser written line after 
each annealing treatment. No two fluorescence spectra were collected from the same point in 
the modified (or unmodified) sample. In total 5 annealing temperatures and 4 annealing times 
were investigated for each of the different waveguide writing energies (cf. Table 1). The 
annealing time refers to the total time at temperature of the sample. For example, in the 100 
°C sample the furnace is first brought up to 100 °C until the temperature stabilizes at which 
point the sample is placed in the furnace. After 5 minutes it is removed and allowed to cool to 
room temperature and then white light microscopy and Raman/FL measurements are 
performed on this “5 min annealed” sample. After these measurements the sample is placed 
back into the 100 °C furnace for an additional 5 minutes at which time it is removed, cooled to 
room temp and again investigated, now as the “10 min annealed” sample. 

White light images of the modified areas were collected using a 50x (0.55 NA) objective 
and a CMOS camera. A 10x (0.25 NA) objective was used to focus 660 nm laser light into the 
input waveguide facet, and a 20x (0.40 NA) objective was focused at the output facet in order 
to characterize the guiding properties. Mode profiles of the transmitted 660 nm laser light 
were obtained by imaging the near-field intensity at the output facet of the waveguide using a 
Canon Rebel T1i CMOS camera. 

Confocal Raman and FL microscopy was performed on the fs-laser induced modifications 
using an adjustable power 473 nm cw laser. The 473 nm excitation beam was directed through 
a high NA focusing objective using a 50/50 broadband dichroic beam splitter and focused into 
the glass sample. Backscatter signals produced by the 473 nm laser excitation were collected 
by the same objective and directed through the 50/50 beam splitter. A pinhole with a 50 μm 
diameter was used to ensure Raman signals were only collected from the focal volume of the 
objective. A spectrometer (Oriel MS257) in conjunction with a CCD camera (TEC-CCD 
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Princeton Instruments) was used to collect spectral signals that passed through the pinhole 
setup. The spectrometer was used with a 1200 grooves/mm grating centered at 500 nm to 
collect Raman signals, and a 600 grooves/mm grating centered at 620 nm to collect 
fluorescence signals. 

3. Results and discussion 

3.1 Optical microscopy 

Figure 1 shows white light microscopy images of fs-laser written lines, sets A and B, in fused 
silica before any annealing of the sample. Of all the lines that were fabricated only lines from 
set A written with fluences of 11, 16 and 21 J/cm2 exhibited good guiding. In the remainder of 
this paper we will refer to these lines as ‘waveguides’; all other lines will be referred to as 
‘damage lines’. 

 

Fig. 1. White light microscopy images of lines written in fused silica before annealing. Lines 
written in samples A11, A16 and A21 exhibited guiding of 660 nm light as illustrated by the 
near-field output profile shown in the inset. The labels refer to the fs laser writing conditions. 
The letter refers to the fs-laser used and the number to the laser pulse fluence (see also  
Table 1). 

After annealing experiments at 300 °C for 10 hours none of the lines showed any visible 
change in white light microscopy. Figure 2 shows the annealing behavior at 600 and 900 °C 
for several of the lines. At these temperatures the damage lines still remain unchanged, but the 
waveguides become fainter at 600 °C and 800 °C and have disappeared completely at 900 °C. 
This observation is further supported by the fact that at 800 °C the lines no longer guide when 
trying to couple light from a He-Ne laser. 

3.2 Confocal fluorescence and Raman microscopy 

In order to obtain further insight into the annealing behavior of the fs laser written waveguide 
and damage lines, we have performed confocal fluorescence and Raman microscopy 
experiments. Figure 3 shows the FL spectra of waveguides (Fig. 3a) and damage lines (Fig. 
3b) before any annealing takes place. These spectra are in agreement with what we have 
observed in earlier studies on fs-laser modification in fused silica: when using writing 
conditions that result in good waveguides the modified material exhibits a ~540 nm 
fluorescence, assigned to self trapped exciton (Eδ

’) defects from very small silicon nano-
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clusters [18]. The rough modification, produced when using higher laser intensities, is 
characterized by a red fluorescence peak centered at 650 nm, due to NBOHC defects. 

 

Fig. 2. White light microscopy images of lines written in fused silica before annealing (left 
column), and after annealing for 10 hours at 600, 800 and 900 °C (column 2, 3 and 4). Line 
labels are explained in the text. The inset on the right of each image shows the cross-sectional 
view for white light microscopy. The inset on the left in the top row shows the near-field 
profile for 660 nm laser light. 

 

Fig. 3. Fluorescence spectra of modified (solid curves) and unmodified (dashed curves) fused 
silica; the glass was modified with a pulse fluence of a) 21 J/cm2 and b) 32 J/cm2. 

Figures 4 and 5 summarize the annealing behavior of the NBOHC defects as monitored 
through the fluorescence at 650 nm. Figure 4 displays the results for lines modified with 
different fs-laser pulse fluences after annealing for 10 hrs at different temperatures, whereas 
Fig. 5 shows the time dependence of the annealing behavior for two of the lines. Qualitatively 
similar results are observed for the other lines. 
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As expected, the initial defect concentration before annealing (data points at 20 °C) 
increases with increasing fs-laser pulse fluence. No NBOHC fluorescence is seen in the 
unmodified sample because the defects are not significantly present before fs-laser 
modification. 

 

Fig. 4. Area under 650 nm NBOHC FL peak for fs-laser written lines annealed for 10 hours as 
a function of annealing temperature. Data are shown for lines written with different pulse 
fluences:  – 800 J/cm2; ▲– 200 J/cm2; – 40 J/cm2;  – 28 J/cm2 and – unmodified 
sample. 

The results in Fig. 4 show that for a 10 hour annealing time the defects completely anneal 
out at a temperature as low as 300 °C. Note that at this temperature there is no change in 
morphology in any of the lines when viewed with white light microscopy. The graphs in Fig. 
5 show that the NBOHC defects disappear faster with increasing annealing temperature. At 
100 °C there are still some defects presents after 10 hours of annealing, but at 300 °C and 
above the defects are completely gone after 10 hours or less. When annealing at 600 °C the 
NBOHC defects from the damage lines completely disappear after only 5 min annealing time. 
The 530 nm fluorescence that accompanies fs-written waveguides (Fig. 3a) also completely 
anneals out after 10 hours or less at 300 °C. 

 

Fig. 5. Area under 650 nm NBOHC peak for lines written with a fs laser pulse fluence of a) 40 
J/cm2 and b) 800 J/cm2 as a function of annealing time at different annealing temperatures:  – 
100 °C; – 300 °C; – 600 °C. 

Overall the FL data do not correlate with the annealing behavior that is seen with white 
light microscopy. The FL signals anneal out at much lower temperatures than the features 
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seen under the microscope, indicating that localized defects such as NBOHC are not the main 
cause of the structural changes associated with waveguides or damage lines. 

In previous studies [11,12] we have shown that fs-laser modification is accompanied by 
changes in the Raman spectrum of the glass, in particular in the relative intensity of the peak 
at 605 cm−1, which is due to 3-membered Si-O rings. Figure 6 shows the Raman spectra of the 
unmodified fused silica sample and of two of the fs-laser written lines, one written with the 
Spitfire and one with the Hurricane laser system. The line written at a fluence of 32 J/cm2 
using the longitudinal writing geometry results in a larger 605 cm−1 peak than the line written 
at 40 J/cm2 in the transverse geometry. This is probably due to the fact that in the longitudinal 
writing geometry the total exposure (number of pulses per unit volume) is larger. 

 

Fig. 6. Raman spectra of fs-laser written lines in fused silica; line A-32 (large-dashed curve), 
B-40 (small-dashed curve) and the unmodified sample (solid curve). 

Figure 7 shows the 605 cm−1/800 cm−1 Raman ratio (relative concentration of 3-membered 
Si-O rings) for lines written with different pulse fluences after annealing for 10 hours at 
different temperatures. First of all, the results show that within a certain set (A or B) the initial 
increase in Raman ratio (data at 20 °C) is larger for lines written with higher pulse fluences, 
similar to what we observed in earlier studies [11–13]. 

The increase in relative 3-membered Si-O ring concentration in the fs-laser written lines is 
significantly more resistant to thermal annealing than the NBOHC defects. Within the 
experimental error the relative concentration of 3-membered rings does not show any 
significant changes below 600 °C. An accurate determination of the Raman ratio at T < 600 
°C is somewhat hampered by the changing intensity in the (tail of the) FL spectral signal 
which changes in this temperature range. The data also show that most of the Raman changes 
are annealed out above 600 °C. In order to find out what happens above 600 °C we have 
performed a more detailed Raman analysis on samples annealed at 800 and 900 °C, 
temperatures where the white light microscopy results show the most significant changes. The 
results in Fig. 7 show that after annealing for 10 hours at 800 or 900 °C the Raman ratio 
returns, within experimental error, to the value of the unmodified glass. This occurs for the 
smooth as well as the rough lines. In the case of the smooth lines (Fig. 2, top row and Fig. 7, 
bottom left) the Raman results are in agreement with the fact that the modification has 
completely disappeared after annealing at 900 °C. However, in the case of the rough lines 
(Fig. 2, bottom two rows and Fig. 7, bottom row) the damage lines are still clearly visible after 
the 900 °C anneal while the Raman data are representative of the structure of the unmodified 
glass. We think that this is related to the fact that in the case of damage lines the structural 
changes are accompanied by void formation. Upon annealing at 900 °C the glass structure in 
the damage regions relaxes back to that of the unmodified glass in terms of ring statistics but 
without closing the voids. The structural changes that are necessary to eliminate the voids 
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probably would require heating to temperatures close to the glass transition temperature of 
fused silica (Tg ≈1100 °C). 

 

Fig. 7. 605 cm−1/800 cm−1 Raman intensity ratio for fs-laser written lines. Raman intensity after 
annealing at different temperatures for 10 hours (top left). Raman intensity as a function of 
annealing time at 600 °C (top right), 800 °C (bottom left), and 900 °C (bottom right). Data are 
shown for different lines:  B–800; ▲ B–200;  A–32;  B–28;  A–21 and  – 
unmodified sample. 

The large differences in annealing temperature for NBOHC defects and Si-O ring 
structures are related to the fact that different types of structural rearrangements are involved. 
NBOHC defects can be produced by breaking a single bond in the 3D silica network via the 
following reaction: 

 ≡ Si - O - Si ≡  fs laser⎯ → ⎯ ⎯   ≡ Si - O •  
NBOHC

+  • Si ≡  

It is expected that the activation energy for repairing such a single broken bond, and thus 
removing the defect, is relatively low, in agreement with the fact that NBOHC defects 
disappear at a low annealing temperature of 300 °C or when the sample is exposed to cw 
visible laser light [12]. The structural rearrangements that are needed to change the ring 
statistics in the silica network require more complex bond changes involving multiple atoms 
and changes in the medium range order of the glass network. Such changes require much 
higher temperatures of 800-900 °C, although even these temperatures are well below Tg. 
These results are in agreement with earlier investigations on sub-Tg relaxations in fused silica 
samples with high fictive temperature, which also showed changes in ring statistics below Tg 
[19]. Structural relaxation and changes in medium range order at temperatures as low as 800-
900 °C have also been observed in x-ray and neutron scattering experiments [20]. 
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In conclusion, we have investigated the effects of thermal annealing on femtosecond laser 
modification inside fused silica. Raman and FL spectroscopy show that fs-laser induced 
NBOHC defects completely anneal out at 300 °C, whereas changes in Si-O ring structure only 
anneal out after heat treatment at 800-900 °C. At 900 °C optical waveguides written inside the 
glass were completely annealed but more significant damage induced in the glass remained 
after annealing at that temperature. 
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