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Distribution of NBOHC color centers in birefringent microtracks induced

by laser radiation in the bulk of fused silica
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This study presents the first investigation of the distribution of non-bridging oxygen hole centers (NBOHCs)
within birefringent microtracks in fused silica and correlates it with their spatial structure. A photoluminescence

band peaking at 650 nm, associated with NBOHC formation, was identified, and the dependence of its integrated

intensity on the longitudinal coordinate along the microtrack was determined. Micron-scale structure in the

microtrack cross-section was detected via photoluminescence signals from these centers. The dependence of

microtrack birefringence magnitude (1n ∼ 10−3) on laser pulse energy density was established. Mechanisms of

fused silica modification were determined using Raman spectroscopy.
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Introduction

Currently, the technology of laser writing microtracks

inside transparent solid dielectrics using ultrashort pulses is

actively being studied and developed. The distinctive feature

of such microtracks is the birefringence effect. Birefringent

microtracks represent stable changes in the material that

form along the radiation propagation axis [1]. This effect is

due to the presence of an ordered submicron substructure

with a period smaller than the wavelength of the inducing

laser radiation [2–5]. The substructure consists of regions of

material densification and rarefaction, accompanied by the

formation of color centers [6,7].

The method of laser writing birefringent microstructures

underlies the development of optical memory [8–10], the

creation of optical elements such as polarization com-

ponents [11], wave phase plates [12], microfilters [13],

and photonic components and devices [14–17]. However,

when forming birefringent microstructures in fused silica,

a problem arises — the appearance of color centers, which

reduces the transparency of the resulting structure [18]. This

significantly limits the possibilities for practical application

of these technologies.

In this work, a study was conducted on the distribution

of non-bridging oxygen hole centers (NBOHCs) along

birefringent microtracks depending on the energy density

of the inducing laser radiation. The obtained results

were compared with the subwavelength substructure of

microtracks visualized using scanning electron microscopy.

Photoluminescence of NBOHC centers revealed the pres-

ence of a micron-scale structure along the wave vector of

the inducing radiation.

Experiment

The experimental setup (Fig. 1), used for recording

birefringent structures, is based on the Satsuma laser system.

Its core is a fiber ytterbium laser with a wavelength of

1030 nm. In the experiment, laser radiation was focused

using a microscope objective with a numerical aperture

NA= 0.45 into a focal spot with an energy level radius

of 1/e2 approximately w0 ∼ 2µm and a Rayleigh length

ZR ≈ 12µm.

The radiation was focused inside a fused silica sample

at a depth of 100 µm. The sample had the shape of

a parallelepiped with dimensions 20× 10× 2mm3 and

was mounted on a three-axis motorized platform. The

experiment was conducted with the following parameters:

pulse repetition rate — 100 kHz, sample translation speed

300 µm/s. Pulse durations were 0.3 and 0.6 ps, with energy

ranging from 0.1 to 3µJ.

Analysis of birefringence characteristics in the recorded

regions was performed using a Thorlabs polarimetry system

1030 nm
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Figure 1. Diagram of the experimental setup.
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Figure 2. (a) Photoluminescence and Raman scattering spectra of birefringent microtracks in fused silica (3 = 1030 nm, 100 kHz,

τ = 0.3 ps). (b) Dependence of the integral of the 600−750 nm photoluminescence spectrum band on the coordinate along the microtrack.

operating at a wavelength of 633 nm [19]. To compare the

birefringence parameters with the formed substructure of

microtracks, structural studies were conducted.

A sample with recorded regions of birefringent mi-

crotracks was cut across to visualize the microtracks in

cross-section. For this purpose, a diamond dicing saw

DAD 3220 (DISCO) was used, followed by polishing on

a PM5 machine (Logitech) using corundum abrasives of

size 3−10µm and silicon oxide nanoparticles of size 25 nm.

Visualization of microtracks was performed using a

Tescan Vega 3 scanning electron microscope. A confocal

laser scanning microscope with a 532 nm laser source was

used to study photoluminescence and Raman scattering.

Results

Photoluminescence spectra were recorded in the region

of birefringent microtrack formation, written with pulses

of duration 0.3 and 0.6 ps and energies 0.7 and 0.9µJ

respectively, under excitation by a laser at a wavelength

of 532 nm (Fig. 2, a). The inset shows an enlarged fragment

of the spectrum with characteristic Raman scattering peaks

for fused silica D1 (495 cm−1, 546 nm), D2 (606 cm−1,

549 nm) and D3 (805 cm−1, 556 nm), corresponding to

bridging Si-O-Si bonds. Relative intensities of the RS peaks

reflect densification or rarefaction of fused silica [20]. As

seen from the photoluminescence graphs in the modified

and unmodified regions, in the region of birefringent mi-

crotrack formation, the photoluminescence signal intensity

at a wavelength of 650 nm increases, and the intensity for

longer pulses is almost twice as high despite nearly identical

energy (Fig. 2, a). This may be related to the formation

of non-bridging oxygen hole centers (=Si-O′, NBOHC) —
laser-induced color centers [6,7].

To correlate the spatial substructure of the birefringent

microtrack with the induced refractive index difference, the

dependence of the integral of the 600−750 nm photolumi-

nescence band on the coordinate along the microtrack was

obtained (Fig. 2, a). The selection of this spectral range was

determined by the diffraction grating used in the spectrom-

eter. From the graphs of luminescence signal integral versus

coordinate, it can be estimated how structural modification

(formation of NBOHC color centers) occurs along the

birefringent microtrack, which, in turn, is responsible for

inducing the anisotropic effect, i.e., birefringence. Thus,

with increasing pulse energy of the inducing radiation, the

redistribution of color center photoluminescence intensity

along the microtrack occurs, with NBOHC color centers

distributed non-uniformly along the microtrack.

Visualization of microtrack cross-sections was performed

using scanning electron microscopy (SEM) and confocal

laser scanning microscopy. Images obtained by SEM

demonstrate the presence of a submicron substructure of

birefringent microtracks with periods along the wave vector

3k and along the electric field vector 3E of the inducing

laser radiation. Confocal microscopy allows identification of

color center distribution in microtracks. For microtracks, the

signal maximum corresponds to the pre-focal region, and as

the distance from the focal plane increases, the intensity of

color center photoluminescence decreases, which is related

to the formation of a complex longitudinal-transverse spatial

subwavelength substructure along the microtrack (Fig. 3, a).

Within the study, the relationship between photolumines-

cence intensity S =
∫ L
0

I pl(l)dl and birefringence magnitude

1n = Ŵ/L, was investigated, where Ŵ — is the optical path

difference recalculated from the phase shift. An estimate of

microtrack length L depending on laser pulse energy density

was performed using the photoluminescence signal at half

maximum from the coordinate (Fig. 2, b). It was found that
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Figure 3. (a) Maps of microtrack cross-sections reflecting the distribution of NBOHC center photoluminescence under 532 nm laser

excitation, and SEM images of microtrack cross-sections. (b) Dependence of photoluminescence intensity and birefringence magnitude on

the threshold pulse energy density.
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Figure 4. (a) SEM image of the microtrack substructure along the wave vector. (b) Dependence of the microtrack period magnitude 3k

on the period number for different pulse energies.

exceeding the threshold energy density of 15 µJ/cm2 leads to

a decrease in photoluminescence intensity (Fig. 3, b). This

indicates that increasing energy density beyond a certain

threshold reduces NBOHC color center photoluminescence

intensity. Additionally, it was established that birefringence

magnitude smoothly increases with rising threshold energy

density of the pulse inducing birefringent structures. This

result suggests that increasing energy density leads to more

pronounced birefringent structures.

Periods of microtrack substructure along the wave

vector3k (Fig. 4) and along the electric field vector 3E

(Fig. 5) were analyzed depending on pulse energy [21].

During the study, it was revealed that the period of

birefringent microtracks oriented along the wave vector is

not constant. This observation may be associated with non-

uniform plasma density distribution in the material, which

contributes negatively to the permittivity [22,23]. Notably,

the periods discovered practically do not depend on pulse

energy and fall within the submicron range. This indicates

that microtrack formation and properties are determined not

only by laser pulse energy but also by other factors such as

plasma density distribution and material properties.

Pseudocolor maps of NBOHC color center photolumi-

nescence integral in the 600−750 nm band were obtained,
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Figure 5. (a) SEM image of the microtrack substructure along the electric field vector. (b) Dependence of the microtrack period

magnitude 3E on pulse energy.
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Figure 6. (a) Photoluminescent microtrack profile: graphical representation where each point is the integral of the photoluminescence

band in the 600−750 nm range. (b) Dependence of photoluminescence periods on pulse energy.

where micron-scale periods are observed along the wave

vector (Fig. 6). When visualized using scanning electron

microscopy, the period of structures is less than a micron

and falls into the submicron range. Visualization of birefrin-

gent microtracks in cross-section via confocal microscopy

yields a structure with micron-scale periods along the wave

vector direction.

This effect cannot be associated with self-focusing and

defocusing along laser radiation propagation in fused silica,

previously interpreted by the moving foci model [24,25],

when exceeding critical self-focusing power (P > Pcr ) [26].

For fused silica under our conditions, its value calcu-

lated from expression Pcr = 3.77× λ2/(8πn0n2) [24,25]

is 2.8MW. The periodic structure forms along radiation

propagation at power below critical self-focusing powers;

the minimum power value was 0.83MW, though it should

be noted that self-focusing theories for tightly focused pulses

have not yet been developed, and the equation for critical

self-focusing power does not account for numerical aperture

influence [27]. In lithium niobate, supercritical electron-

hole plasma in filaments was observed earlier. It causes

excitation of plasmon-polaritons at the boundary with

unexcited dielectric, leading to nanoplasmonic modulation

of plasma density. Corresponding material Bragg gratings

were imprinted in crystalline lithium niobate [28].

Conclusion

Within the study, the distribution of NBOHC color

centers inside microtracks was investigated for the first
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time. In the region of birefringent microtrack formation,

a photoluminescence band with a peak at 650 nm was

identified, associated with non-bridging oxygen hole centers

(=Si-O′, NBOHC). The spatial structure of birefringent

microtracks recorded inside fused silica under tight focusing

with ultrashort laser pulses of wavelength 1030 nm and

durations 0.3 and 0.6 ps at variable pulse energies was

compared. As a result, the dependence of the photo-

luminescence spectrum integral on the coordinate along

the microtrack was obtained, reflecting structural changes

along it. Additionally, a micron-scale structure along the

wave vector was discovered when visualizing NBOHC

color centers in microtrack cross-sections, formed below

critical self-focusing power. The dependence of microtrack

birefringence magnitude on pulse energy density, on the

order of 1n ∼ 10−3 was determined. Physical mechanisms

of fused silica modification in the region of birefringent

microtrack formation and their subwavelength substructure

were established from Raman scattering spectra, revealing

transformations of peaks D1 (495 cm−1, 546 nm), D2

(606 cm−1, 549 nm) and D3 (805 cm−1, 556 nm) corre-

sponding to bridging bonds. Si-O-Si.
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