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Abstract: Holograms hidden inside transparent materials
are important for information encryption storage because
of their advantages of secrecy, and could completely
avoid information loss caused by surface wear. Inside
the transparent material, the modified filaments array
was need for hologram fabrication to change the optical
phase or amplitude of incident laser, which is sensitive
to the change of refractive index. Then the uniformity of
modified filaments inside transparent materials is highly
required. In this study, by tuning the interval time of
the double-pulse processing, holograms with improved
imaging qualitywere fabricated bydouble-pulse femtosec-
ond laser and the effect and mechanism of self-trapped
excitons (STEs) on the ablation have been systematically
studied. The imaging quality of the hologram fabricated
with double-pulse laser was superior to that of the one fab-
ricatedwith the single-pulse laser and350 fswasverified to
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be the best time interval for double-pulse processing. The
evolution of the electrons dynamics was investigated by
using the pump-probe technology. With the double-pulse
time interval increasing, the residual electrons, excitons,
STEs, and defects caused by the first sub-pulse would
becomedominated sequentially. The results demonstrated
thecontrollability of STEsandquality improvementoffinal
structures by double-pulse femtosecond laser processing.

Keywords: double-pulse processing; femtosecond laser;
hologram; self-trapped excitons; ultrafast dynamics.

1 Introduction
In recent years, holographic technology has received a
considerable interest because of its important application
and demand in information storage [1], steganography
[2], optical imaging [3], medical imaging [4], and so
on. The processing of holograms adopts the method of
metasurface fabrication generally via surface plasmon
resonance lithography [5], electron/ion beam exposure
[6] and femtosecond laser processing [7]. However, lot of
holograms fabrications are limited to surface processing,
which restrict their wide application. For information
storage, especially for information encryption storage,
holograms hidden inside materials have great advantages
of secrecy, and can completely avoid information loss
caused by surface wear. Hologram fabrication usually
needs a series of points for the change of the optical
phase or amplitude [8–10]. In surface fabrication, array or
unit of micro/nano structures such as crater, groove, and
hole are required [7, 11]. Inside the transparent material,
we need to process the internal structural unit with
different refractive index from the raw material, such as
modification of filaments, in order to realize the phase
delaymodulation of the incident laser [10, 12–15]. Because
the phase delay of incident laser is sensitive to the change
of refractive index, the uniformity of ablated or modified
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structures is highly required. Femtosecond laser direct
writing and Bessel-shaped processing have been used to
process and modify transparent materials for hologram
fabrication [12, 13]. However, femtosecond laser direct
writing processing needs to move the sample table up
and down,which requires high precision of the translation
table. And Bessel-shaped processing is easy to damage the
surface, which is not conducive to the confidentiality of
processing information. In fused silica, the propagation
of femtosecond laser is associated with self-focusing and
plasma defocusing effect, and the plasma filaments could
be formed caused by the balance of the two effects
[16, 17]. Then, themodified filaments can bemanufactured
in fused silica to realize holograms fabrication. This
method is convenient and avoids surface damage without
moving the sample table up and down. However, it also
has disadvantages. As the self-focusing effect is stronger
than the plasma defocusing effect at the early stage of the
laser propagation, bifurcation is easy to form in the tail of
the modified filament, which affects the uniformity of the
filament. Thus, it is necessary to find a convenient method
to process the modified filaments with great uniformity.

The self-trapped process that electrons, holes or exci-
tons would be trapped in its own lattice deformationwhen
the lattice was not stable on creation of the electron-hole
pairs could affect the recombination of the photon gener-
ated carriers and the formation of final structure [18–27].
As theproduct of this process, self-trappedexcitons (STEs),
were supposed to be the key state during defect formation.

STEs could lead directly to the formation of the E′ center
and defects, which would contribute to the ablation and
modificationofmaterials suchasvoid structures formation
and changing the refractive index of optical fiber [20, 21,
28], which played an important role in material modifica-
tion, ablation, and energy relaxation [29–32]. In order to
achieve holograms fabrication with great imaging quality,
femtosecond laser double-pulse processing was applied to
control the STEs and electron ionization, thus improve the
uniformity of the modified filaments.

In this study, modified filament arrays were fabri-
cated with single and double-pulse femtosecond laser
for holograms application, and 350 fs was verified to
be the best time interval for double-pulse processing.
The imaging quality of the hologram fabricated with the
350-fs double-pulse laser was superior to that of the one
fabricated with the single-pulse laser and the evolution of
electron dynamics during the double-pulse femtosecond
laser processing of fused silica was analyzed by using
pump-probe technology to elucidate the effect of STEs.
By adjusting the time interval of the double pulses, the
free electron density and exciton state upon the arrival
of the second pulse could be controlled; thereby the
control of material modification results could be applied.
With 350-fs double pulse processing, the laser energy was
utilized uniformly, which was attributed to the effects of
the STEs and the defect states induced by the first pulse.
That is, the presence of the STEs weakened the electron
excitation in the early stage of laser propagation and was

Figure 1: Schematic of experimental setup.
(A) The experimental setup schematic of fem-
tosecond laser processing holograms inner
fused silica and pump-probe technology. BS:
beam splitter coated for 700–1100 nm at 45◦
incidence, and M: ultrafast mirror. (B) Holo-
grams performance characterization under
633 nm laser illumination. (C) Time-resolved
shadowgraphs of the plasma propagation
inner fused silica.
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conducive to the release of pulse energy in the later stage
of laser propagation, which indicated the controllability
and stability of double-pulse femtosecond laser holograms
processing.

2 Experimental section
The schematics of the experimental setupand results characterization
for holograms fabrication and pump-probe technology are shown in
Figure 1.Figure 1Adepicts theexperimental setup for the femtosecond
laser holograms processing and pump-probe technology inside fused
silica. A femtosecond laser with a pulse duration of 35 fs at 800 nm
was divided into two beams that were used as the pump and
probe pulses; this was done by using a beam splitter coated for
the wavelengths of 700–1100 nm at 45◦ incidence. The pump beam
was divided again by the double-pulse generator (DPG) based on
Michelson interferometer to generate double pulses and was finally
focused at 300 μm below the sample surface by using a 5 × 0.15
numerical aperture (NA) objective lens (Olympus, Inc.). In order to
obtain a spot with high quality, the spot size was limited to 5 mm
before focusing. And the spot size after focusing was about 7.6 μm.
By controlling the delay line II of the DPG, the time interval of the two
pulses was adjusted. On the probe path, the frequency of the probe
beam was doubled to 400 nm by using a beta barium borate crystal
(BBO), and the beam was placed perpendicular to the pump beam

to probe the plasma evolution in the sample. An optical delay line I
was used to generate the time delay. Subsequently, the probe beam
was passed through the sample, and the time-resolved transmissivity
signals were collected using a charge-coupled device (CCD) equipped
with a 20 × 0.45 NA objective lens (Olympus, Inc.). The sample was
a piece of four-surface polished fused silica measuring 10 × 10 ×
1 mm3. Figure 1B illustrates the schematic of holograms performance
characterizationunder633 nmlaser illumination.Figure 1Cshows the
time-resolved shadowgraphsof theplasmapropagationandelectrons
dynamics inner fused silica collected by CCD. To determine the
transmissivity change, images were recorded both with and without
laser irradiation. In this case, the evolution of the laser-induced
plasma and electrons inside the fused silica could be determined
in terms of the temporal and spatial resolutions for different double-
pulse time intervals.

3 Results and discussion
Holograms were fabricated by processing the modified
filament arrays in fused silica with femtosecond laser
single- and double-pulses. Figure 2A and B present the
target reconstruction image and the corresponding cal-
culated binary hologram, which is the pattern of the
femtosecond laser processing path. The optical diffrac-
tion images reconstructed from the holograms fabricated

Figure 2: Holograms performance characterization with different double-pulse time intervals. (A) Target reconstruction image, (B)
corresponding calculated binary hologram, optical diffraction images reconstructed from the holograms fabricated by single-pulse (C),
150 fs (D), 350 fs (E), and 700 fs (F) double-pulse time intervals, respectively.
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using single- and double-pulse lasers are presented in
Figure 2C–F. For single-pulse processing the fluence of
pump pulse was 10.6 J/cm2, and for double-pulse pro-
cessing the fluence of each pump pulse was 5.3 J/cm2.
During femtosecond laser processing, the laser repetition
frequency was 1000 Hz, and the irradiation time was
5 s. According to the characteristic time mentioned in
previous studies, the electrons-hole recombination time
was approximately 150 fs in fused silica, and the sum
of the electrons lifetime and free-excitons lifetime was
approximately 350 fs [33–37]. Thus, the time interval
between the two pulses of the optical diffraction images
in Figure 2D–F was selected as 150 fs, 350 fs, and 700 fs,
respectively. As shown in the yellow circle of Figure 2C–F,
the resolution and signal to noise ratio of ‘F’ in Figure 2E
were the best, which indicated the imaging quality of
the hologram fabricated with the double-pulse laser was
obviously superior to that of the hologram fabricated

with the single-pulse laser, and the best imaging quality
was found in the hologram fabricated with 350 fs time
interval.

To explain the holograms imaging improvement with
double-pulse femtosecond laser processing, the temporal
and spatial evolution of electron density was recorded
at the double-pulse time intervals of 150, 200, 250, 300,
350, 400, 500, 600, and 700 fs. 150, 350, and 700 fs
were selected as the characteristic double-pulse time
intervals in the main text to investigate the temporal
and spatial evolution of electron density. The experi-
ments data of the other cases were showed in Figures
S1–S4 in Supporting Information. As a typical condition,
the time-resolved transmissivities of femtosecond-laser-
induced plasma with the double-pulse time intervals of
350 fs are shown in Figure 3. Figure 3A and B show the
experimental results with the probe delay times of 100 fs
and 450 fs, respectively. To make a clear distinction about

Figure 3: Time-resolved transmissivities of femtosecond laser-induced plasma in fused silica with 350-fs double-pulse time interval (𝜏2) and
pump-probe delay times (𝜏1) of 100 fs (A) and 450 fs (B) relative to the second pulse. The top panel shows the graph with only the first pulse,
the middle panel shows the graph with only the second pulse, and the bottom panel shows the graph with both pulses. (C, D) Evolution of
electron density corresponding to (A, B). The fluence of each pump pulse was 5.3 J/cm2.
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the time intervals mentioned above, 𝜏1 and 𝜏2 were used
to present the pump-probe delay time relative to the
second pump pulse and the double-pulse time interval
respectively in Figure 3. Figure 3C and D present plots of
the spatial distribution of electron density obtained along
the center axis of the laser-induced plasma filament. In
order to compare the situation of two sub-pulses irradiated
simultaneously and separately in a double pulse, the
top and middle rows of each figure represent cases of
irradiation with only the first and only the second pump
pulses, respectively. The bottom row represents the case
of irradiation with both pulses, and the black dotted line
represents the superimpositionof the electrondensitydata
in the top and the middle rows. The delay time relative
to the second and first sub-pulse was 100 fs, 450 fs, and
450 fs, 800 fs because of the 350-fs interval of double
pulses in Figure 3AandCandFigure 3BandD. Themethod
used to extract the electron density ne was that used
in previous studies [17, 38–40]. Briefly, based on Drude
model, the dielectric function 𝜀 could be described as
𝜀 = 𝜀0 − nee2/[me𝜀0(𝜔2 + i𝜔/𝜏e)], where 𝜀0 and 𝜔 are
the permittivity of the vacuum and laser frequency; me
and e are the mass of the electron and electric quantity;
and 𝜏e is electron scattering time which is chosen as 0.2 fs
[40].Meanwhile,𝜀was related to the absorption coefficient
𝛼 with 𝛼 = 4𝜋Im(𝜀1/2)/𝜆, and transmissivity T can be
described as T = It/I0 = e−𝛼z. Therefore, ne was associated
with the optical parameter T [40, 41]. It can be seen from
Figure 3C and D that the second sub-pulse of the double
pulses played a significant role on the spatial distribution
of free electron density. In the early stage of femtosecond
laser propagation, such as the 100 fs probe time delay,
the second sub-pulse showed a positive effect on electron
ionization. However, with the delay time increasing, such
as the 450 fs probe time delay, the electron density for the
double-pulse irradiation case was lower than that of the
data superposition with single pulse irradiation.

In the cases of the other two double-pulse intervals,
the spatial distributions of electron density for different
probedelay timesof 100and450 fswere shown inFigure 4.
Specifically, Figure 4AandB show the caseswith the 150-fs
double-pulse time interval, and Figure 4C and D show the
cases with the 700-fs double-pulse time interval. Similar
to the phenomenon depicted in Figure 3, the electron
density after excitation with the double pulses was higher
than that after excitation with only a single pulse in the
early stage of laser propagation (100 fs probe time delay),
and then decreased as the delay time increased (450 fs
probe time delay). Generally, the first sub-pulse would
excite the electrons from valence band to conduction band

and then electron recombination occurred and excitons
and STEs began to form. For the double-pulse excitation
in the early stage (100 fs probe delay time), the second
sub-pulse propagated in the sample and the electron
excitationwouldoccurmore easily becauseof thepresence
of the residual electrons excited by the first sub-pulse,
excitons and STEs [42]. Thus, the electron density was
higher than that excited without the first pulse irradiation.
However, with the longer propagation time (450 fs probe
delay time), the generation of more residual electrons by
the first sub-pulse could cause the electron screening, so
that the energy absorption of the second sub-pulse would
be blocked [43, 44]. Thus, it was harder for the pulse
to propagated inward, which showed that the electron
density excited by the second pulse decreased compared
with that after excitation by only a single pulse.

As shown in Figures 3 and 4, the electrons excited by
the above double pulses with three different time intervals
exhibited similar evolutionary trends at 100 fs and 450 fs
probe time. Inorder to investigate thedetails of theelectron
evolution, the electron density peak ratio with the probe
delay time from 100 fs to 600 fs were extracted and shown
in Figure 5A. The electron density peak ratio was the
ratio of ne-max of data with double-pulse irradiation and
ne-max of superimposed data with single-pulse irradiation.
For clarity, Figure 5 showed the cases with the double
pulse time intervals of 150, 350, and 700 fs, and the other
cases were shown in Figure S5. With all time intervals
double-pulse irradiation, the electron density peak ratio
was greater than 1 at the beginning and then turned to less
than 1. In the case of double-pulse irradiationwith the time
interval of 350 fs, the electron density ratio was relatively
lower in the early stage of propagation of the second pump
pulseand then increased toahigher value than those in the
other cases with laser propagating, which meant that the
trend of the electron density peak ratio was relativelymore
stable with 350-fs double-pulse irradiation. To explain
the detailed mechanisms during the electrons dynamics
evolution, Figure 5B schematically illustrates the energy
levels of exciton, STEs and defects in fused silica. After
irradiation with the first sub-pulse, the electrons were
excited from the valence band to the conduction band,
and they started to recombine and diffuse [45–48]. The
lifetime of these free electrons was approximately 150 fs.
However, not all of the free electrons recombined with the
holes in the valence band of fused silica. An electron and
a hole can bind together to form an electrically neutral
exciton through Coulomb attraction [49]. These excitons
are unstable and can relax through localized channels
in wide bandgap dielectrics, as indicated by the dotted
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Figure 4: Electron density evolution with pump-probe delay times (𝜏1) of 100 (A, C) and 450 (B, D) fs relative to second pulse. The top panel
depicts the graph obtained for irradiation with only the first pulse, the middle panel depicts the graph obtained for irradiation with only the
second pulse, and the bottom panel depicts the graph obtained for irradiation with both pulses. (A, B) and (C, D) depict the cases with the
double-pulse time intervals (𝜏2) of 150 and 700 fs, respectively.

arrow in Figure 5B. Then self-trapping can occur because
of the small atomic displacement, and free excitons can be
trapped to formSTEs through their interactionswith lattice
distortions [36]. Corresponding to energy levels of different
states in Figure 5B, Figure 5C–F show the lattice structures
in different stages after femtosecond laser irradiation. The
lattice structurebeforedisplacement is shown inFigure 5C,
where the arrows indicate the directions of the atomic
relaxations. The free-excitons relaxation process lasted
approximately 250 fs, as measured in previous studies
[34, 50]. Subsequently, the oxygen vacancy trapped a hole
and left an unpaired electron in the adjacent silicon atom
to form the E′ center (Si∙) and the nonbridging oxygen hole
centers (NBOHC, Si–O∙), as illustrated in Figure 5D. The
displaced oxygen atom occupied an interstitial site and
could possibly end up in a peroxy linkage [Si–O–O–Si]

or radical [Si–O–O∙], as depicted in Figure 5E and F
[36, 51].

In our experiment, when the double-pulse time inter-
valwas 150 fs, the electrons excited by the first pumppulse
were mostly transformed into excitons and recombined
with the holes in the valence band in small amount. The
energy level of the excitons was close to the conduction
band, meaning that the excitons were easily excited by
the second pulse to form a large number of free electrons.
When the double-pulse time interval increased to 350 fs,
the excitons induced by the first pulsewere self-trapped by
thedeformed lattice. That is, the free-excitonswere relaxed
to form the E′ center and the NBOHC, and their energy
levels were lower than that of the excitons. Thus, it was
more difficult to excite the free electrons to the conduction
band than it was in the case with the double-pulse time
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Figure 5: The effect of self-trapped exciton on free electron density. (A) Evolution of electron density peak ratio (ne-max with double-pulse
irradiation and ne-max superimposed with single-pulse irradiation data) with pump-probe delay time for double-pulse irradiation with time
intervals of 150, 350, and 700 fs. (B) Schematic of exciton and defect energy levels in fused silica. (C) Fragment of the lattice structure before
displacement, with the arrows showing the directions of the atomic relaxations. (D) Equilibrium configuration of STEs. (E) Nearest-neighbor
defect pair (peroxy linkage [Si–O–O–Si]). (F) Separated defect (peroxy radical [Si–O–O∙]).

interval of 150 fs. The electrondensity peak ratiowas lower
in this case. When the double-pulse time interval was
700 fs, theperoxy linkageandradicalswere formed in large
numbers. In this case, the number of unpaired electrons
on the dangling bond of Si was higher than that of STEs, as
illustrated inFigure5D–F. Itwaseasier for thesecondpulse
to excite the electrons in the peroxy linkage and radicals.
As the probe delay time increased, the electron density
excited in the cases of 150 and 700 fs was lower than that
in the case of 350 fs, which was ascribed to obstruction
of energy absorption caused by the electron screening in
the early stage. Thus, when the double-pulse time interval
was 350 fs, the energy of the second pulse was used more
evenly in the process of laser propagation.

The peak electron density was indicated to be equally
important because it was associated with the ablation
state. It iswidely acknowledged thatwhen the free electron
density reaches the critical electron density, ablation
commences [52–55]. Because of the relevance between the
electron density peak and the ablation state, the evolution
of the electron density peak with time delay is shown in
Figure 6. Figure 6A andBdepict the electron density peaks

picked at pump-probe delay times of 200–750 fs with
different double-pulse time intervals. Figure 6A shows the
cases with 350 fs, 500 fs, 700 fs, 3 ps, 35 ps, and 200 ps
double-pulse time intervals and Figure 6B shows the cases
with 0 fs, 150 fs, and 350 fs double-pulse time intervals,
where the points denote the experimental data and the
lines are marked for clarity. Throughout the laser propa-
gation process, the electron density peak corresponding
to the double-pulse time interval of 350 fs remained
stable at approximately 1.1 × 1020 cm−3. Although the
electron density peaks corresponding to the other time
intervals were higher than that corresponding to 350 fs,
their fluctuations were higher, which was not conducive to
achieving the uniformity of processing. In order to prove
the conjecture about the relationship between electrons
density evolution and processing uniformity, Figure 6C–H
illustrate the modified filaments inside the fused silica
induced by the single- and double-pulse femtosecond
lasers. The best processing quality was achieved with
350-fs double-pulse irradiation, as indicated in Figure 6E.
Especially as shown from the tail of the filaments (the red
square in Figure 6C–H), bifurcation could be obviously
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Figure 6: Electron density peak and modified filaments inner fused silica with different double-pulse time intervals. (A, B) Electron density
peak for pump-probe delay times of 200–750 fs with double-pulse time intervals ranging from 0 to 200 ps. (C–H) The modified filaments
inner fused silica induced by the single-pulse and double-pulse femtosecond laser with time intervals from 0 fs to 200 ps. The laser
repetition frequency is 1000 Hz, and the pulse duration is 5 s.

observed from the filaments fabricated with 0, 150, and
700 fs, and 35, 200 ps. For 350-fs double-pulse irradia-
tion, the refractive index of this filament was relatively
uniform, and bifurcation was absent at the tail, which was
attributed to the stable evolution of the electron density
peak. In this case, STEs decelerated the excitation of elec-
trons in the initial stage of laser propagation and aided the
release of laser energy during the later stage of laser propa-
gation. This effect improved the uniformity of laser energy
utilization during pulse propagation and thus improved
the processing quality of the modified filament. Thus, the
main reason for higher imaging quality of holograms in
Figure 2 was attributed to the uniform refractive index
of filaments induced by ionization controlling based on
the self-trapped excitons with double-pulse femtosecond-
laser. This result highlights the electrons dynamics control
of in double-pulse hologram processing and thus con-
firms the effects of STEs on material modification and
ablation.

In conclusion, holograms with improved imaging
quality were fabricated by processing modified filament
arrays in fused silica with femtosecond laser double-
pulse fabrication, and the electron dynamics evolution

and the effect of STEs on the femtosecond laser double-
pulse processing of fused silica were investigated in a
pump-probe experiment. The time interval of the double
pulses was adjusted to control the free electron density
and exciton state upon the arrival of the second pulse,
which aided the control of the electrons dynamics and
material modification results following processing with
the second pulse. The time interval of 350 fs between the
two pulses, which corresponded to the total time of free
electron decay and exciton trapping, was verified to be
the best time interval for double-pulse processing and
holograms imagingquality. These results indicated the key
effects of the STEs on material modification and ablation,
and demonstrated the controllability and superiority of
double-pulse femtosecond laser processing based on elec-
trons dynamics control.

Author contributions: L. Jiang and J.Y. Sun proposed the
idea. F.F. Wang performed the experiment design, data
analysis and holograms performance test. L. Jiang, J.Y.
Sun, C.J. Pan and Z.P. Wang provided experiment and sim-
ulation guidance. All authors have discussed the results
and given approval to the final version of the manuscript.



F. Wang et al.: Hologram imaging quality improvement by ionization control based on STEs | 4735

Research funding: This work was supported by National
Natural Science Foundation of China (Grant No. 51975054
and Grant No. 11704028).
Conflict of interest statement: The authors declare no
competing financial interest.

References
[1] H. Rajabalipanah, K. Rouhi, A. Abdolali, et al., ‘‘Real-time

terahertz meta-cryptography using polarization-multiplexed
graphene-based computer-generated holograms,’’
Nanophotonics, vol. 9, pp. 2861−2877, 2020..

[2] X. Luo, Y. Hu, X. Li, et al., ‘‘Integrated Metasurfaces with
microprints and helicity-multiplexed holograms for real-time
optical encryption,’’ Adv. Opt. Mater., vol. 8, pp. 1−9, 2020..

[3] D. Hu, Y. Lu, Y. Cao, et al., ‘‘Laser-splashed three-dimensional
plasmonic nanovolcanoes for steganography in angular
anisotropy,’’ ACS Nano, vol. 12, pp. 9233−9239, 2018..

[4] M. Khaleghi, C. Furlong, M. Ravicz, et al., ‘‘Three-dimensional
vibrometry of the human eardrum with stroboscopic lensless
digital holography,’’ J. Biomed. Opt., vol. 20, p. 051028,
2015..

[5] L. Liu, X. Zhang, Z. Zhao, et al., ‘‘Batch fabrication of
metasurface holograms enabled by plasmonic cavity
lithography,’’ Adv. Opt. Mater., vol. 5, p. 1700429,
2017..

[6] V. C. Su, C. H. Chu, G. Sun, et al., ‘‘Advances in optical
metasurfaces: fabrication and applications,’’ Opt. Express,
vol. 26, p. 13148, 2018..

[7] Z. Wang, X. Li, L. Jiang, et al., ‘‘High-quality micropattern
printing by interlacing-pattern holographic femtosecond
pulses,’’ Nanophotonics, vol. 9, pp. 2895−2904, 2020..

[8] Z. Wang, L. Jiang, X. Li, et al., ‘‘Thermally reconfigurable
hologram fabricated by spatially modulated femtosecond
pulses on a heat-shrinkable shape memory polymer for
holographic multiplexing,’’ ACS Appl. Mater. Interfaces,
vol. 13, pp. 51736−51745, 2021..

[9] G. Yoon, D. Lee, K. T. Nam, et al., ‘‘Pragmatic metasurface
hologram at visible wavelength: the balance between
diffraction efficiency and fabrication compatibility,’’ ACS
Photonics, vol. 5, pp. 1643−1647, 2018..

[10] M. Yamaji, H. Kawashima, J. Suzuki, et al., ‘‘Three dimensional
microfabrication by single pulse femtosecond laser through
binary phase hologram,’’ in Nonlinear Optics: Materials,
Fundamentals and Applications, vol. NFB8, Honolulu, Hawaii
United States, Optica Publishing Group, 2009.

[11] E. Bruckheimer, C. Rotschild, T. Dagan, et al.,
‘‘Computer-generated real-time digital holography: first time
use in clinical medical imaging,’’ Eur. Heart J. Cardiovasc.
Imaging, vol. 17, pp. 845−849, 2016..

[12] Z. Yao, X. Li, Z. Wang, et al., ‘‘High-efficiency fabrication of
computer-generated holograms in silica glass using a
femtosecond Bessel beam,’’ Opt. Laser Technol., vol. 135,
p. 106729, 2021..

[13] R. Berlich, D. Richter, M. Richardson, et al., ‘‘Fabrication of
computer-generated holograms using femtosecond laser
direct writing,’’ Opt. Lett., vol. 41, p. 1752, 2016..

[14] Z. Li, R. Zgadzaj, X. Wang, et al., ‘‘Single-shot tomographic
movies of evolving light-velocity objects,’’ Nat. Commun.,
vol. 5, pp. 1−12, 2014..

[15] H. Hu, X. Wang, and H. Zhai, ‘‘High-fluence femtosecond laser
ablation of silica glass: effects of laser-induced pressure,’’
J. Phys. D: Appl. Phys., vol. 44, p. 135202, 2011..

[16] T. Winkler, C. Sarpe, N. Jelzow, et al., ‘‘Probing spatial
properties of electronic excitation in water after interaction
with temporally shaped femtosecond laser pulses:
experiments and simulations,’’ Appl. Surf. Sci., vol. 374,
pp. 235−242, 2016..

[17] F. Wang, C. Pan, J. Sun, et al., ‘‘Direct observation of
structure-assisted filament splitting during ultrafast
multiple-pulse laser ablation,’’ Opt. Express, vol. 27, p. 10050,
2019..

[18] P. Balling and J. Schou, ‘‘Femtosecond-laser ablation
dynamics of dielectrics: basics and applications for thin
films,’’ Rep. Prog. Phys., vol. 76, p. 036502, 2013..

[19] I. Aharonovich, D. Englund, and M. Toth, ‘‘Solid-state
single-photon emitters,’’ Nat. Photonics, vol. 10,
pp. 631−641, 2016..

[20] P. K. Velpula, M. K. Bhuyan, F. Courvoisier, et al.,
‘‘Spatio-temporal dynamics in nondiffractive Bessel ultrafast
laser nanoscale volume structuring,’’ Laser Photon. Rev.,
vol. 10, pp. 230−244, 2016..

[21] B. Poumellec, M. Lancry, R. Desmarchelier, et al., ‘‘Parity
violation in chiral structure creation under femtosecond laser
irradiation in silica glass?’’ Light Sci. Appl., vol. 5, p. e16178,
2016..

[22] S. Mitra, A. Aravindh, G. Das, et al., ‘‘High-performance
solar-blind flexible deep-UV photodetectors based on
quantum dots synthesized by femtosecond-laser ablation,’’
Nano Energy, vol. 48, pp. 551−559, 2018..

[23] S. Ismail-Beigi and S. G. Louie, ‘‘Self-trapped excitons in
silicon dioxide: mechanism and properties,’’ Phys. Rev. Lett.,
vol. 95, pp. 5−8, 2005..

[24] S. Krishnamurthy, R. Naphade, W. J. Mir, et al., ‘‘Molecular
and self-trapped excitonic contributions to the broadband
luminescence in diamine-based low-dimensional hybrid
perovskite systems,’’ Adv. Opt. Mater., vol. 6, p. 1800751,
2018..

[25] D. Davydova, A. De La Cadena, D. Akimov, et al., ‘‘Transient
absorption microscopy: advances in chemical imaging of
photoinduced dynamics,’’ Laser Photon. Rev., vol. 10,
pp. 62−81, 2016..

[26] Z. Guo, X. Wu, T. Zhu, et al., ‘‘Electron-phonon scattering in
atomically thin 2D perovskites,’’ ACS Nano, vol. 10,
pp. 9992−9998, 2016..

[27] R. Stoian, A. Rosenfeld, D. Ashkenasi, et al., ‘‘Surface
charging and impulsive ion ejection during ultrashort pulsed
laser ablation,’’ Phys. Rev. Lett., vol. 88, pp. 976031−976034,
2002..

[28] D. Tan, K. N. Sharafudeen, Y. Yue, et al., ‘‘Femtosecond laser
induced phenomena in transparent solid materials:
fundamentals and applications,’’ Prog. Mater. Sci., vol. 76,
pp. 154−228, 2016..

[29] A. V. Gert and I. N. Yassievich, ‘‘Role of surface self-trapped
excitons in the energy relaxation of photoexcited silicon
nanocrystals,’’ Semiconductors, vol. 49, pp. 492−497, 2015..



4736 | F. Wang et al.: Hologram imaging quality improvement by ionization control based on STEs

[30] V. Khuat, Y. Ma, J. Si, et al., ‘‘Fabrication of through holes in
silicon carbide using femtosecond laser irradiation and
acid etching,’’ Appl. Surf. Sci., vol. 289, pp. 529−532,
2014..

[31] S. Richter, F. Jia, M. Heinrich, et al., ‘‘The role of self-trapped
excitons and defects in the formation of nanogratings in fused
silica,’’ Opt. Lett., vol. 37, p. 482, 2012..

[32] L. Jiang, A. D. Wang, B. Li, et al., ‘‘Electrons dynamics control
by shaping femtosecond laser pulses in
micro/nanofabrication: modeling, method, measurement and
application,’’ Light Sci. Appl., vol. 7, p. 17134, 2018..

[33] P. Jürgens, M. J. Vrakking, A. Husakou, et al., ‘‘Plasma
formation and relaxation dynamics in fused silica driven by
femtosecond short-wavelength infrared laser pulses,’’ Appl.
Phys. Lett., vol. 115, p. 191903, 2019..

[34] P. N. Saeta and B. I. Greene, ‘‘Primary relaxation processes at
the band edge of SiO2,’’ Phys. Rev. Lett., vol. 70,
pp. 3588−3591, 1993..

[35] A. Lietard, G. Piani, M. Briant, et al., ‘‘Self-trapping relaxation
decay investigated by time-resolved photoelectron
spectroscopy,’’ Phys. Chem. Chem. Phys., vol. 20,
pp. 11206−11214, 2018..

[36] S. S. Mao, F. Quéré, S. Guizard, et al., ‘‘Dynamics of
femtosecond laser interactions with dielectrics,’’ Appl. Phys.
A: Mater. Sci. Process., vol. 79, pp. 1695−1709, 2004..

[37] P. Martin, S. Guizard, P. Daguzan, et al., ‘‘Subpicosecond
study of carrier trapping dynamics in wide-band-gap
crystals,’’ Phys. Rev. B Condens. Matter Mater. Phys., vol. 55,
pp. 5799−5810, 1997..

[38] C. Pan, L. Jiang, Q. Wang, et al., ‘‘Temporal-spatial
measurement of electron relaxation time in femtosecond
laser induced plasma using two-color pump-probe imaging
technique,’’ Appl. Phys. Lett., vol. 112, p. 191101, 2018..

[39] C. Pan, L. Jiang, J. Sun, et al., ‘‘The temporal-spatial evolution
of electron dynamics induced by femtosecond double
pulses,’’ Jpn. J. Appl. Phys., vol. 58, p. 030901, 2019..

[40] X. Mao, S. S. Mao, and R. E. Russo, ‘‘Imaging femtosecond
laser-induced electronic excitation in glass,’’ Appl. Phys. Lett.,
vol. 82, pp. 697−699, 2003..

[41] A. Mouskeftaras, A. V. Rode, R. Clady, et al., ‘‘Self-limited
underdense microplasmas in bulk silicon induced by
ultrashort laser pulses,’’ Appl. Phys. Lett., vol. 105, p. 195002,
2014..

[42] K. Zhang, L. Jiang, X. Li, et al., ‘‘Femtosecond laser pulse-train
induced breakdown in fused silica: the role of seed
electrons,’’ J. Phys. D: Appl. Phys., vol. 47, p. 435105, 2014..

[43] I. H. Chowdhury, X. Xu, and A. M. Weiner, ‘‘Ultrafast
double-pulse ablation of fused silica,’’ Appl. Phys. Lett.,
vol. 86, p. 151110, 2005..

[44] J. Hernandez-Rueda, D. Puerto, J. Siegel, et al., ‘‘Plasma
dynamics and structural modifications induced by
femtosecond laser pulses in quartz,’’ Appl. Surf. Sci., vol. 258,
pp. 9389−9393, 2012..

[45] M. Scheller, N. Born, W. Cheng, et al., ‘‘Channeling the
electrical breakdown of air by optically heated plasma
filaments,’’ Optica, vol. 1, p. 125, 2014..

[46] A. Couairon, L. Sudrie, M. Franco, et al., ‘‘Filamentation and
damage in fused silica induced by tightly focused
femtosecond laser pulses,’’ Phys. Rev. B Condens. Matter
Mater. Phys., vol. 71, pp. 1−11, 2005..

[47] H. Shi, R. Yan, S. Bertolazzi, et al., ‘‘Exciton dynamics in
suspended monolayer and few-layer MoS2 2D crystals,’’ ACS
Nano, vol. 7, pp. 1072−1080, 2013..

[48] Y. Lian, L. Jiang, J. Sun, et al., ‘‘Asymmetric response
optoelectronic device based on femtosecond-laser-irradiated
perovskite,’’ ACS Appl. Mater. Interfaces, vol. 12,
pp. 17070−17076, 2020..

[49] M. Ueta, H. Kanzaki, K. Kobayashi, et al., Excitonic Processes
in Solids, Berlin, German, Springer-Verlag, 2012.

[50] D. Grojo, M. Gertsvolf, S. Lei, et al., ‘‘Exciton-seeded
multiphoton ionization in bulk SiO2,’’ Phys. Rev. B Condens.
Matter Mater. Phys., vol. 81, p. 212301, 2010..

[51] K. S. Song and R. T. Williams, Self-trapped Excitons, Berlin,
German, Springer-Verlag, 1993.

[52] L. Jiang and H. L. Tsai, ‘‘Improved two-temperature model and
its application in ultrashort laser heating of metal films,’’
J. Heat Transfer, vol. 127, pp. 1167−1173, 2005..

[53] L. Jiang and H. L. Tsai, ‘‘Energy transport and nanostructuring
of dielectrics by femtosecond laser pulse trains,’’ J. Heat
Transfer, vol. 128, pp. 926−933, 2006..

[54] L. Jiang and H. L. Tsai, ‘‘Energy transport and material removal
in wide bandgap materials by a femtosecond laser pulse,’’ Int.
J. Heat Mass Tran., vol. 48, pp. 487−499, 2005..

[55] V. P. Lipp, B. Rethfeld, M. E. Garcia, et al.,
‘‘Atomistic-continuum modeling of short laser pulse melting
of Si targets,’’ Phys. Rev. B Condens. Matter Mater. Phys.,
vol. 90, p. 245306, 2014..

SupplementaryMaterial: Theonline versionof this article offers sup-
plementary material (https://doi.org/10.1515/nanoph-2022-0379).

https://doi.org/10.1515/nanoph-2022-0379

	1 Introduction
	2 Experimental section
	3 Results and discussion


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


