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ABSTRACT 
  

Waveguides were written in fused silica using both a femtosecond fiber laser with 

a 1 MHz pulse repetition rate and a femtosecond amplified Ti:sapphire laser with a 1 kHz 

repetition rate.  Confocal Raman and fluorescence microscopy were used to study 

structural changes in the waveguides written with both systems. A broad fluorescence 

band, centered at 650 nm, associated with non-bridging oxygen hole center (NBOHC) 

defects was observed after waveguide fabrication with the MHz laser. With the kHz laser 

system these defects were only observed for pulse energies above 1 µJ.  Far fewer 

NBOHC defects were formed with the MHz laser than with kHz writing, possibly due to 

thermal annealing driven by heat accumulation effects at 1 MHz. When the kHz laser was 

used with pulse energies below 1 µJ, the predominant fluorescence was centered at 550 

nm, a band assigned to the presence of silicon clusters ( ).  We also observed an 

increase in the intensity of the 605 cm

' Eδ

-1 Raman peak relative to the total Raman intensity, 

corresponding to an increase in the concentration of 3-membered rings in the lines 

fabricated with both laser systems. 
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1.  Introduction 

 

In the mid 90s, it was discovered that femtosecond (fs) laser pulses could induce a 

localized refractive index change in glasses [1].  This phenomenon drew immediate 

interest because of its potential for fabricating optical devices inside bulk materials, with 

possible applications involving telecommunications devices, chemical / biological 

sensors, and data storage.  Various groups have since used this localized refractive index 

change to fabricate many optical devices including waveguides, splitters, couplers, and 

lasers [1-9].   

 

Despite this success, the underlying mechanisms of how femtosecond laser pulses 

induce a refractive index change are not fully understood.  This problem can be 

simplified by splitting it into two questions:  How is the energy from the fs laser pulse 

absorbed?  And, how does the energy dissipate?   

 

The energy absorption process has been fairly well characterized by fs laser 

ablation studies [10-14] and it involves multi-photon ionization followed by avalanche 

ionization to create a plasma. 

 

There is less certainty regarding the energy dissipation process.  It is believed that 

the primary mechanisms are a combination of thermal diffusion and shock wave 

generation, but it is uncertain which process is dominant and how long the processes take.  

Thermal diffusion dissipates heat through conduction within the material [1].  Shock 
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wave generation may result from the plasma expanding rapidly, creating a pressure wave 

that travels through the material [15].  Both of these processes could lead to rapid 

cooling, or quenching of the modified region.  While the exact process is uncertain, the 

end results are localized physical, chemical, and structural changes of the material 

exposed to the laser beam.  These alterations can involve densification, refractive index 

changes, and/or color center formation. 

 

Recently, several groups have reported a large dependence of the localized 

modification on the laser pulse repetition rate.  Traditionally, kilohertz repetition rate, 

amplified fs lasers have been used for fs device fabrication because high-repetition rate 

oscillators have not had high enough pulse energies.  However, the recent development of 

high power oscillators and other high repetition rate, fs sources has overcome this barrier.  

The principle differences reported when using high repetition rate lasers are an increase 

in the perceived line diameter due to thermal diffusion and heat accumulation [16-17], 

and a potentially greater refractive index modification [18].  Additionally, it has been 

observed that megahertz systems provide better quality waveguides in some transparent 

glasses, while kilohertz systems are favored by other materials.  Currently, it is unknown 

why some materials respond better with one laser or the other. 

 

In order to better understand the differences in how kilohertz and megahertz 

repetition rate laser systems modify transparent materials, we used Raman and 

fluorescence spectroscopy to compare fused silica modified by an amplified 1 kHz fs 

laser and a 1 MHz fs fiber laser.  Previous work on waveguides written in fused silica 
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using a kilohertz repetition rate laser has shown that the intensities of the Raman peaks at 

490 and 605 cm−1 relative to the total Raman intensity are much higher in the modified 

glass, indicating an enriched population of three- and four-membered ring structures [19–

20].  This enrichment is consistent with a higher density, higher fictive temperature, and 

higher refractive index of the fused silica [21-24].  There is also an increase in 

fluorescence in the modified region with a peak around 650 nm due to the formation of 

non-bridging oxygen hole centers (NBOHC).  Both features are known to increase with 

increased irradiance when using a kHz laser system. 

 

2. Experiment 

 

Waveguides were fabricated in fused silica (Corning 7940) using an amplified, 1 

kilohertz, Ti:Sapphire femtosecond laser (Millennia-Tsunami oscillator in combination 

with a Merlin-Spitfire amplifier, all from Spectra Physics, Inc.) and a 1 megahertz, 

frequency-doubled Yb-fiber laser (FPCA µJewel from IMRA America, Inc.).  The 

kilohertz laser was operated at 800 nm with 130 fs pulses, and 0 to 5 µJ pulse energies. It 

was focused into silica cubes using a 50X 0.55 NA objective, and the sample was moved 

either longitudinally or transversely to the direction of the laser beam at 20 µm/s.  These 

conditions match the conditions reported earlier in references 19 and 20, so that the 

results are directly comparable.  The megahertz laser was operated at 522 nm with ≤500fs 

pulses, using 90 and 115 nJ pulse energies.  It was focused into silica plates using a 100X 

0.85NA objective, and the sample was moved transversely at 0.05 to 5 mm/s.  These 

were the conditions with the highest cumulative dose reported earlier [18]. 
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A scanning confocal microscope was used to simultaneously collect Raman and 

fluorescence spectra of the sample.  A 50 mW, 488 nm Argon ion laser was focused into 

the sample using a 100X 0.73 NA microscope objective.  The backscattered Raman and 

back-emitted fluorescence were then collected using the same objective; and a 0.25 m 

spectrometer with a 300 groove mm-1 grating and a liquid nitrogen cooled CCD array 

detector, with a 5 minute acquisition time.  Three spectra were collected from different 

points along the center of each waveguide.  The spatial profiles of select waveguides 

were measured by scanning the sample with respect to the objective focus with a 1 µm 

step size traveling perpendicular to (across) the waveguides, and a 3 µm step size 

traveling along the waveguides.  Fluorescence photobleaching was studied by 

continuously exposing stationary spots to the Ar+ laser for 14 hours while collecting 

spectra every half hour.  

 

3.  Results 

 

White light microscope images were collected for the waveguides written with the 

MHz laser. Two examples (side view) are shown in Figure 1. For scan speeds below 2 

mm/s smooth lines were observed, whereas scan speeds above 2 mm/s yielded 

macroscopically rougher lines, with micron scale variations. These micron scale 

variations are substantially larger than the maximum pulse to pulse separation of 5 nm, 

and are similar to features observed by others with high pulse repetition rate writing [17]. 
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All of the lines written with the MHz laser in this study matched those written 

with the highest cumulative dose in reference 18, and exhibited good, low-loss, single-

mode optical guiding with a symmetric beam profile.  For lines written with the kHz 

laser, such good waveguides were only obtained for laser pulse energies below 1 µJ.  

Lines written with the kHz laser at pulse energies greater than 1 µJ showed substantial 

damage, and tended to scatter light [19-20].  

 

Raman and fluorescence spectra were collected for each line written with the 

MHz laser, and from one high power (5 µJ pulse energy) and one low power (0.5 µJ) line 

written using the kHz laser.  This provides for comparisons within the data set and 

comparisons to our earlier spectroscopic data on lines written with the kHz laser [19,20].  

A sample spectrum for a MHz waveguide, shown in Figure 2, exhibits a broad, low 

intensity fluorescence band centered around 650 nm.  The inset shows part of the Raman 

spectra of which the peaks at 605 cm-1 and 800 cm-1 are of particular interest.   

 

The areas under the fluorescence and Raman peaks were measured for each of the 

modified lines and unmodified glass.  The areas of the Raman peaks were calculated 

using a straight line baseline from 570 to 645 cm-1 for the 605 cm-1 peak, and from 750 to 

870 cm-1 for the 800 cm-1 peak.  The ratio of the 605 cm-1 / 800 cm-1 peaks was then 

calculated as a measure of the 605 cm-1 peak’s relative intensity. The relative intensity of 

the 605 cm-1 peak is a measure of the concentration of 3-membered rings in the silica 

network [21-22]. Figure 3a depicts the ratio of each line normalized to that of the 

unmodified glass. The area under the fluorescence curve from 555 to 800 nm was 
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calculated using a zero intensity baseline.  Figure 3b depicts the peak area of each line, 

divided by the peak area of the unmodified glass.  For the MHz laser system, the Raman 

peak ratios show an approximate 2-fold increase of the 605 cm-1 peak, but there is no 

definitive dependence on scan speed or pulse energy.  The fluorescence results show that 

all of the modified lines have substantially more fluorescence (~2.5x) than the 

unmodified material. The fluorescence intensities for the kHz laser system are up to 3 

orders of magnitude higher than those for the MHz laser system.  

 

Additional fluorescence and Raman scans were performed across several of the 

waveguides written with the MHz laser to provide information on the spatial extent of the 

structural changes.  The graphs presented in Figure 4 are the result of averaging 6 scans 

for each line.  The data in Figure 4 is normalized to the signal from the unmodified glass.   

Both fluorescence and Raman spatial profiles have a FWHM of about 2.0 ± 0.5 microns. 

This is in good agreement with the linewidth obtained from the white light micrographs 

in Figure 1. The kHz lines (data not shown) show similar fluorescence and Raman 

waveguide profiles except that the lines are about 6 microns in diameter. 

 

Fluorescence photobleaching studies were also conducted for waveguides formed 

by various laser writing conditions by using a low power (30 mW) Ar+ laser to probe the 

fluorescence from fs-laser induced defects.  During exposure to the low power Ar+ beam 

the fluorescence intensity continuously decreased, as previously observed for lines 

written with the kHz laser system [20]. The photobleaching results are shown in Figure 5. 

Each graph shows the spectrum of the unmodified glass, the spectrum of the waveguide 
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region and the spectrum of the same region after prolonged exposure to the low power 

Ar+ laser.  Figure 5a shows that the fluorescence decreases by about two-thirds after 14 

hours for the 115 nJ, 0.5 mm/s MHz waveguide.  This is typical for all of the lines written 

with the MHz repetition rate, and was also seen for kHz repetition rate, but only above a 

1 µJ pulse energy (Figure 5b).  However, the kHz line has a far greater initial intensity 

indicating more defects were formed.  The low pulse energy kHz line (Figure 5c) 

bleached completely within 14 hours of Ar+ laser exposure, even though the initial 

fluorescence intensity was similar to that from waveguides formed by the MHz laser.  

The fluorescence peak of the low-intensity kHz line is centered at a wavelength less than 

650 nm.  Comparing the spectra in Figure 5c to similar 0.25 and 0.53 µJ data in Figure 5 

of reference 20, the fluorescence peak is centered near 550 nm.  Finally, it is worth noting 

that photobleaching of the fluorescence defects did not have a noticeable effect on the 

guiding characteristics of the waveguides.    

 

4.  Discussion 

 

The 650 nm fluorescence band in all of the waveguides written with the 

megahertz fiber laser matches the non-bridging oxygen hole center (NBOHC) defect 

band that has been observed in higher power damage lines written with a kilohertz 

amplified laser [19,20].  However, it should be noted that the total fluorescence change in 

the MHz lines is a hundredth of that observed in the high pulse energy kHz lines.  To 

understand the different material responses associated with different writing conditions in 

general it is important to determine which writing parameter (e.g. pulse fluence, peak 
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intensity, total exposure) controls defect formation and structural changes.  In Table I 

fluorescence and Raman results for a number of representative writing conditions are 

analyzed in terms of a variety of laser parameters. The data in the Table clearly show that 

neither of the spectroscopic signals linearly scale with either pulse fluence, peak intensity 

or total dose.  As expected, increasing the peak intensity causes a greater material change 

leading to more defects and greater fluorescence.  Surprisingly, in the case of the MHz 

laser system increasing the total exposure leads to less fluorescence, indicating fewer 

defects.   

 

We believe that the slight decrease in the fluorescence with increasing exposure in 

the MHz case is the result of thermal accumulation partially annealing the modified 

region while writing.  The low thermal conduction in glasses prevents the absorbed laser 

energy from diffusing out of the focal region during the interval between pulses while 

writing with high repetition rate lasers.  Partial annealing also explains why the 

fluorescence signal is substantially higher for kHz writing than for MHz writing. Other 

groups have reported large diameter modified regions forming in other glasses as a result 

of thermal accumulation [16-17].  A similar increase in diameter was not observed in our 

sample within the range of processing conditions studied (Figure 4) [25]. 

 

It can be demonstrated that a second type of fluorescent defect is present near 550 

nm in the low pulse energy, kHz repetition rate case, shown in Figure 5c.  This 

fluorescence band bleaches approximately 25% faster than NBOHC defects, matching 

characteristics associated with the  defects from very small silicon nano-clusters that ' Eδ
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several groups have reported seeing in γ-irradiated fused silica [26-27].  The absence of 

these defects in both higher energy kHz damage lines or MHz waveguides can again be 

accounted for by photobleaching while writing.  Alternatively, for the high pulse energy 

kHz lines there is so much fluorescence from the NBOHC that it may overshadow the  

centers.  Since these defects form at lower pulse energies than the NBOHC defects, the 

 centers have a lower energy barrier for formation as well as for bleaching.  

' Eδ

' Eδ

 

The waveguides written with both laser systems appear to retain good guiding 

behavior after Ar+ laser photobleaching of the NBOHC or  defects.  This indicates that 

the fluorescent defects are not responsible for the refractive index changes that result in 

guiding behavior.  This is further supported by the observation that the waveguides 

written with the MHz system have a greater refractive index change despite having less 

fluorescence than the waveguides written with the kHz system. 

' Eδ

 

The increase in the 605 cm-1  / 800 cm-1 Raman peak ratio observed for lines 

written with the MHz laser indicates an increase in the relative concentration of 3-

membered rings.  This behavior parallels the trend observed in lines written using the 

kHz laser.  However, the absolute magnitude of the change is greater for the MHz lines 

than for the low pulse energy kHz line. The concentration of 3-membered rings observed 

in the high pulse energy kHz line is similar to the concentration observed in the MHz 

waveguides, but the kHz waveguide shows significantly more light scattering and does 

not exhibit good waveguiding.  Since a greater concentration of 3-membered rings is 

associated with an increased local refractive index [19-22] our results support the 
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contention that in fused silica, high repetition rate modification yields good quality 

waveguides with a greater refractive index increase than low repetition rate modification 

[18].  

 

5.  Conclusion 

 

Our results show that NBOHC defects are formed during waveguide fabrication 

with a 1 MHz fiber laser.  Far fewer defects were formed with the MHz laser than with 

high pulse energy kHz writing.  The fluorescent intensity in the MHz lines is similar to 

the fluorescence intensity of low pulse energy kHz lines, however, the nature of the 

defects formed are different.  We also observed an increase in the relative intensity of the 

605 cm-1 Raman peak, corresponding to an increase in the concentration of 3-membered 

rings in the lines fabricated with a MHz laser.  
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Table I. Comparison of laser modification with MHz and kHz lasers. 
Writing conditions  Spectroscopy 

Pulse 
energy 

E  
(µJ) 

Spot 
sizea)

A 
(µm2) 

Rep 
rate 

r 
(s-1) 

Scan 
speedb) 

v 
(mm/s) 

Pulse 
fluence

F 
(J/cm2) 

Peak 
intensityc)

I 
(TW/cm2) 

Total 
dosed), 

D 
(MJ/cm3) 

Fluor. 
signal 
(a.u) 

Raman 
signal 
(a.u) 

0.115 0.27 106 0.05 T 43 85 8500  5.4 2.7 
0.115 0.27 106 5 T 43 85 85 6.5 2.5 
0.3 1.51 103 0.02 T 20 150 5 4.1 1.0 
5.0 1.51 103 0.02 T 330 2500 88 1300 1.5 
0.5 1.51 103 0.02 L 33 250 16 170 1.1 
5.0 1.51 103 0.02 L 330 2500 160 1000 1.9 

 
a) The spot size A was calculated as A= πw0

2; wo (the spot radius) = M2λ/(πNA), where 
M2 = 1.5  is the beam quality factor, λ is the laser wavelength, and NA is the numerical 
aperture of the focusing objective. 
b)The T/L symbol refers to a transverse/longitudinal writing geometry. 
c) The pulse intensity was calculated as I = F/τ; for the kHz laser the pulse duration, τ, is 
130 fs.  For the MHz laser the pulse duration is less accurately known, an upper limit of 
500 fs was used in our calculations. 
d) For the case of longitudinal writing (last two rows) the total dose, D = Fr/v; for the case 
of transverse writing (first four rows) D = Fr(NA)/v. 
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Figure Captions 
 

1. White light images of lines written with the MHz system using a pulse energy of 115 nJ, and 
scanning the sample transversely at a) 0.05 mm/s and b) 5 mm/s.  The circular fringes are artifacts 
from the microscope.  Dashed lines indicate the approximate boundary of the waveguides. 

 
2. Sample spectrum of a waveguide written with the MHz laser system using a laser pulse energy of 

115nJ, and scanning the sample transversely at 0.5 mm/s. 
 
3. a) Normalized 605 cm-1 / 800 cm-1 Raman peak ratios and b) fluorescence intensities for lines 

written using a 1 MHz repetition rate laser system at different scan speeds and pulse energies. The 
data is normalized with respect to the unmodified glass.   

 
4. a) 605 cm-1 / 800 cm-1 Raman peak ratio, and b) fluorescence intensity spatial profile for 

waveguides written with a 1 MHz laser and 115nJ pulse energy.  Both plots are normalized to the 
data for unmodified glass. 

 
5. Fluorescence of fs-laser modified lines after 14 hours of exposure to 30 mW of Ar+ laser light.  

The initial fs laser modification conditions were a) 1 MHz repetition rate, 115nJ pulse energy, 0.5 
mm/s scan speed b) 1 kHz, 5 µJ, 20 µm/s c) 1 kHz, 0.5 µJ, 20 µm/s. All spectra were recorded 
with a 5 minute acquisition time. 
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Figure 2. 
 
 
 



 20

Figure 3. 
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Figure 4. 
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Figure 5. 
 
 
 


