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Abstract
Achieving high-level integration of composite micro-nano structures with different structural
characteristics through a minimalist and universal process has long been the goal pursued by
advanced manufacturing research but is rarely explored due to the absence of instructive
mechanisms. Here, we revealed a controllable ultrafast laser-induced focal volume light field
and experimentally succeeded in highly efficient one-step composite structuring in multiple
transparent solids. A pair of spatially coupled twin periodic structures reflecting light
distribution in the focal volume are simultaneously created and independently tuned by
engineering ultrafast laser-matter interaction. We demonstrated that the generated composite
micro-nano structures are applicable to multi-dimensional information integration, nonlinear
diffractive elements, and multi-functional optical modulation. This work presents the
experimental verification of highly universal all-optical fabrication of composite micro-nano
structures with independent controllability in multiple degrees of freedom, expands the current
cognition of ultrafast laser-based material modification in transparent solids, and establishes a
new scientific aspect of strong-field optics, namely, focal volume optics for composite
structuring transparent solids.

Supplementary material for this article is available online
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1. Introduction

Micro-nano structures lay at the heart of optical components
for light manipulation in different dimensions [1–6]. In partic-
ular, composite micro-nano structures constructed in 3D have
been revealed to enable novel photonic devices with unpre-
cedented control degrees of freedom over the state of electro-
magnetic waves and have emerged as a new research frontier
in nanophotonic science and engineering [7–10]. For example,
multi-layer composite micro-nano structures allow for modu-
lating light waves that have wave vectors in 3D space, enabling
innovation in stereoscopic display, light manipulation, and
data storage [11–15]. Currently, the generation of composite
micro-nano structures largely relies on complicated multi-step
micro-nano machining processes where the integration of dif-
ferent structural characteristics remains limited. Fast construc-
tion of composite micro-nano structures with a higher level of
integration in 3D space has long been a bottleneck due to the
lack of effective fabrication approaches.

Ultrafast laser-matter interaction has become an excel-
lent platform for preparing functional elements in transparent
media [16–22]. For example, ultrafast laser-induced embed-
ded micro-nano structures have been widely studied and util-
ized in the welding of all-inorganic hard and brittle transpar-
ent materials [23, 24]. In particular, 3D material modification
capability has become one of the most important attributes
inherent in ultrafast laser direct writing (ULDW) technology
[25–29]. However, creating different types of micro-nano
structures in one step with a single-beam ultrafast laser is
traditionally very difficult and even generally not within the
scope of ULDW, which is essentially restricted by assuming
the typical light distribution as the Gaussian type in the focal
volume. Generally, achieving composite structuring with mul-
tiple degrees of freedom requires a higher-level manipulation
of micro-scale spatial light fields. Up to now, it remains a great
challenge to determine and control the microscopic optical
behaviors of highly intense light-matter interaction in the focal
volume at themicro-nano scale, owing to themultiple complex
optical responses and fast ionization process [30–33].

Here, we realize the generation, visualization, and manipu-
lation of the focal volume light fields induced during the ultra-
fast laser-matter interaction. Combined with ULDW, we pro-
posed that such light fields can be applied for highly integrated
and controllable single-step composite structuring within the
focus of a single-beam ultrafast laser. Our principles are con-
firmed to be highly universal andwidely applicable in different
types of transparent dielectrics. Finally, multiple applications
are demonstrated using the fabricated composite structures.

2. Results and discussion

2.1. Working principle of composite structuring

In ultrafast laser-matter interaction, a tightly focused ultrafast
laser can inducemulti-photon ionization in various transparent
dielectrics. This process is highly dependent on the intensity

of the laser beam and thus occurs exclusively within the focal
volume [34, 35]. During multi-photon ionization, a signific-
ant number of free electrons can be quickly excited (figure
S2 in the supplementary material), causing the ionized mater-
ial within the focal volume to exhibit a quasi-metallic state
with metal-like optoelectronic properties [36, 37]. Such an
ionized zone will disturb the subsequent incident light wave.
Here, we proposed that the ionized zone can serve as a tun-
able scatterer to the incident light and lead to the genera-
tion of a tunable scattering light field in the focal volume
(figure 1(a)). Generally, a smaller and rounder scatterer leads
to an intense forward light field, while a larger and longer scat-
ter leads to a sideward light field in the focal volume (figures
S3 and S4 in the supplementary material). The interference
between the incident light and the scattered light occurs in
the focal volume, resulting in an intense 3D volumetric light
field (figures 1(b)–(i)). Both the well-defined intensity dis-
tribution and the extremely confined interaction scope make
this volumetric light field an ideal secondary driving source
to trigger structured spatial nonlinear absorption and select-
ively modify local material, thereby producing wavelength-
scaled periodic interference patterns (PIPs) with a period of
∼1 µm (figure 1(b)–(ii)). During the generation process of
PIPs, nano-plasmas could be simultaneously excited by ultra-
fast laser irradiation and their anisotropic growth induced by
local field enhancement leads to nano-scale periodic material
modification within the volumetric light field-irradiated area,
whose orientation depends on the light polarization [38–40].
Therefore, this well-structured volumetric light field can be
adopted to further induce subwavelength-scaled nano-gratings
(NGs) with a period of ∼200 nm, which are embedded inside
the PIPs (figure 1(b)–(iii)). This process allows for two parallel
material modifications within the extremely compact space of
a laser focus and constructing two different yet coupled peri-
odic structures at the same 3D spatial location, namely, single-
step composite structuring (figure 1(b)). As a result, we estab-
lished a fundamentally new principle to achieve highly integ-
rated composite structures relying on the intrinsic light field
distribution in the focal volume based on the ultrafast laser-
matter interaction.

2.2. Manipulation of composite structuring

Although the PIPs and NGs are spatially coupled together,
forming composite structures, they can be manipulated con-
tinually and independently (figures 2(a) and (d)), as the ori-
entation of PIPs and NGs depends on the laser scanning dir-
ection and polarization, respectively, which is due to the dif-
ferent physical origins (figure S5 and equations (S2)–(S6)
in the supplementary material). We identified the formation
and orientation of NGs by birefringence intensity mapping
(figures 2(b) and (e)) and slow-axis azimuth imaging of the
birefringence area (figures 2(c) and (f)), which confirms the
optical phase-modulation ability and structural variation of
NGs. In addition, we demonstrated that the PIPs and the NGs
can be synergistically tuned by simultaneously adjusting the

2
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Figure 1. Conceptual model for the principle of composite structuring. (a) Schematic of the light field creation and evolution in the focal
volume of a gaussian ultrafast laser beam irradiating in transparent dielectrics. Radiating symbols indicate light scattering. (b) Composite
structuring with focal volume light field. Insets: theoretical volume light field in the XZ plane (i), experimentally observed periodic
interference patterns (PIPs) in the XZ plane (ii), and experimentally observed nano-gratings (NGs) inscribed inside the PIPs. (iii) k indicates
the laser propagation direction.

scanning direction and laser polarization (figures 2(g) and (i)).
Notably, the existence and variation of PIPs do not disturb the
birefringence-related optical signals created by NGs, which
indicates that both the manipulation and identification of these
two structures are completely decoupled. These findings indic-
ate that focal volume light fields enable composite structuring
(3D writing, PIPs creation, and NGs creation) with independ-
ent controllability in multiple degrees of freedom (3D spatial
coordinates, scanning direction, and polarization direction).
In contrast to conventional micro-nano machining principles
that rely on special materials and multi-step processes to real-
ize the fabrication of different types of micro-nano structures,
the composite structuring capacity proposed here is inherent
to ultrafast laser processing.

According to our interferencemodel (equations (S2)–(S5)),
the spatial distribution of the constructive interference field in
the focal volume is theoretically a series of hyperboloids, each
of which corresponds to the interference field under a specific
interference order. As the focal volume light field is essentially
the 3D constructive interference established at the focus, the
created PIPs inherit the structural characteristics of the volume
light field, which can be verified by their intersecting patterns
in the XZ, YZ, and XY planes (figures S6(a)–(c) in the supple-
mentary material). Based on this, the experimentally observed
PIPs can be quantitatively described by the projection of these
hyperboloids in observation planes, denoted as constructive
interference stripes (CISs). For instance, the CISs in the XY
plane are a series of circular arcs and the CISs in the YZ plane
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Figure 2. Composite structuring control and corresponding optical characterization in the XY plane. (a), (d), and (g) scanning electron
microscopy (SEM) images of the composite structures in fused silica. Inset: partially enlarged image. Red dotted arrows indicate the
scanning path. White dotted arrows indicate the orientation of the PIPs. Gray dotted arrows indicate the orientation of the NGs. Yellow
dotted curves help to visualize the PIPs. E indicates laser polarization. (b), (e), and (h) birefringence imaging, and (c), (f), and (i) imaged
azimuth angles of the slow axis of the birefringence area. Color bars illustrate the birefringence intensity. Pseudocolor indicates the
orientation of the slow axis. (a), (b), and (c) the scanning direction is continuously changed and the laser polarization is fixed. (d), (e), and
(f) the laser polarization is continuously changed and the scanning direction is fixed. (g), (h), and (i) both the laser polarization and the
scanning direction are continuously changed.

are a series of symmetrical hyperbolic curves. Notably, the
existence of the inclination factor θ (caused by the conver-
gence angle of laser focusing) breaks the symmetry of the CISs
in the XZ plane (equation (s6)), dividing the CISs into three
main categories, namely, positive, negative, and zero-order
CISs (figures S6(d)–(f) in the supplementary material). Under
the restriction of interference orders, the creation of PIPs must
follow specific patterns, which lays the foundation for achiev-
ing more complex manipulation of composite structuring.

Here, we propose that this structural manipulation essen-
tially manifests as the shift of CISs that work in compos-
ite structuring, which can be demonstrated by examining
the PIPs formed in different media. Theoretically, owing

to the difference in nonlinear optical response proper-
ties between different media, the creation of PIPs should
be induced by different types of CISs. Here, we present
three representative experimental results of PIPs induced
in different media, including positive CISs-induced PIPs
in La2O3–Nb2O5 glass that tilt in the direction oppos-
ite to the scanning direction (figure 3(a), left), negat-
ive CISs-induced PIPs in La2O3–Al2O3 glass that tilt
along the scanning direction (figure 3(b), left), and zero-
order CISs-induced PIPs in fused silica (figure 3(c), left).
These experimentally induced PIPs are in good agree-
ment with the simulated CISs in the red-marked regions
(figures 3(a)–(c), right).
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Figure 3. Interference-based composite structuring manipulation. (a) PIPs created in the La2O3–Nb2O5 glass (left) and simulated positive
CISs (right). (b) PIPs created in the La2O3–Al2O3 glass (left) and simulated negative CISs (right). (c) PIPs created in the fused silica (left)
and simulated zero-order constructive interference field (right). The regions marked in red indicate effective CISs that dominate the PIPs
formation. Color bars: light intensity. Scale bars in simulation: 1 µm. (d) Parameter-driven structural manipulation of PIPs in fused silica
realized by varying laser scanning speed and writing depth. Red arrows: laser scanning direction. Yellow curves help visualize the gradual
transition from positive CISs (bottom left) to negative CISs (top right).

Even in the same medium, the CISs that work in the
composite structuring can also be effectively controlled by
tuning the processing parameters. These parameters generally
enable the scatterer deformation by controlling the incident
pulse number per unit length or inducing a self-focusing effect,
leading to the shift of CISs. From this, more diverse and fine-
grained structural manipulation of the composite structures
can be realized. For example, by tuning the scanning speed
(pulse density), writing depth, and laser power, the inclination
direction of PIPs in fused silica can be gradually shifted from
opposite to along the laser scanning direction (figures 3(d) and
S7 in the supplementary material), indicating the transition
from positive CISs to negative CISs. The PIPs can also be
manipulated by adjusting the laser polarization state and the
numeric aperture of the objective lens (figure S8 in the sup-
plementary material), implying the highly flexible processing
capability of composite structuring.

Generally, the processing parameters (high irradiance, large
writing depth, pulse number/density, and focal depth) that con-
tribute to the elongation of the focus tend to activate positive
CISs-dominated structuring, while the processing parameters
(low irradiance, small writing depth, pulse number/density,
and focal depth) that restrain the distortion of the focus tend
to activate negative CISs-dominated structuring, which agrees
with the model we established (section S2) in the supplement-
ary material.

2.3. Universality of composite structuring

We confirmed that composite structuring can serve as a highly
universal composite structuring method that enables the cre-
ation of composite structures in multiple transparent dielec-
trics, including but not limited to sapphire, quartz, lithium
niobate, lithium tantalite, and silicon carbide (figure S9 in
the supplementary material). Notably, the composite struc-
tures exhibit designated structural features by utilizing the
phase transition properties of target media, resulting in various
advanced functional heterostructures that are not achievable
with traditional techniques. Generally, the created composite
structures can be categorized into four types by characterizing
the inner structures and interfaces (figure 4). The first type of
PIPs is characterized by alternately arranged glass arrays with
and without defects (type I, figures 4(a) and (e)). The type I
PIPs are mainly formed in the media that have low crystalliz-
ation tendency, such as fused silica. An increase in the crys-
tallization tendency of the media leads to the selective crystal-
lization of the original amorphous matrix, thereby producing
periodically arranged crystalline structures. The crystallites
can be dispersed (type II, figure 4(b)), for example in La2O3–
ZrO2–Nb2O5 glass, or fully connected (type III, figures 4(c)
and (f)), for example in La2O3–Ta2O5–Nb2O5 glass, depend-
ing on the crystallization tendency of different glass matrices.
Furthermore, similar phase separations can also be induced

5
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Figure 4. The universality of composite structuring. (a)–(d) SEM images showing the PIPs made of glass-defects (a), glass-crystallites (b),
glass-polycrystal (c), and glass-single crystal (d). (e) Mapping of the distribution of O element in the PIPs. The inserted curve indicates O
content along the yellow arrow determined by energy dispersive spectroscopy (EDS). (f) High-resolution transmission electron microscopy
(HRTEM) image of the heterointerface between glass matrix and polycrystal. (g) HRTEM image of the heterointerface between glass matrix
and single crystal. Insets represent the fast Fourier transform (FFT) images of the dotted areas. (h) Cross-section view (right), side view
(middle), and top view (left) of the composite structures written with different polarizations. P1, P2, and P3 indicate the periods of PIPs and
NGs in different views. E indicates laser polarization direction.

in single crystals (such as quartz and lithium niobate) to pro-
duce single crystal-glass PIPs (type IV, figures 4(d) and (g)).
Importantly, the structural coupling of PIPs and NGs is also
verified to be widely valid in multiple transparent dielectrics,
ranging from important glasses to crystals (figure S10 in the

supplementary material), and makes the composite structure
exhibit multiple periods in 3D space (figure 4(h)), which not
only substantiates the universal effectiveness of our principle
but also provides a unified mechanism for a series of obscure
multi-periodicity phenomena reported before [41–44].

6
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2.4. Potential applications of composite structuring

We presented the potential of the composite structures within
multiple aspects of photonics. As the manipulation of PIPs
and NGs is completely decoupled, the optical properties of
PIPs and NGs can be combined to achieve multi-dimensional
information multiplexing. Figures 5(a)–(c) shows that multi-
dimensional information integration can be achieved by mul-
tiplexing the five dimensions provided by NGs (three spa-
tial dimensions, the azimuth of NGs, and optical retardance)
[45, 46], and the sixth dimension, namely the directionality
of PIPs, which grants the composite structure with the poten-
tial in multi-dimensional information anti-counterfeiting and
encryption (figure S11 in the supplementary material). The
high universality of composite structuring makes it possible
to directly write artificial photonic structures in matrix mater-
ials and thus fully utilize the excellent performances of vari-
ous optical media (figures 5(d) and S12 in the supplement-
ary material), which opens up an avenue to novel optical ele-
ments. For example, we demonstrated the fabrication of a
planar nonlinear axicon lens with a diameter of about 6 mm
in bulk lithium niobate crystal (figure 5(e)). The integration
of the nonlinear crystal and the regularly arranged compos-
ite structures with sub-wavelength periodicity offers a bin-
ary optical manipulation capacity, which allows the element
to simultaneously achieve frequency conversion and beam
shaping (figure 5(f)). For micro-scale optical modulation, as
the period of NGs is sub-wavelength-scaled while that of
PIPs is wavelength-scaled, the optical responses of NGs and
PIPs can be combined to form a multi-functionally integrated
optical modulator that simultaneously possesses polarization
and wavelength selectivity (figures 5(g) and (h)).

Compared with the photonic elements that are fabricated by
conventional lithography approaches, the created all-inorganic
photonic elements embedded in transparent dielectrics gener-
ally possess high stability, ultralong service life, and the capa-
city to work in various extreme environments [47–49]. These
photonic elements can potentially be used for the modulation
of high-power lasers and effectively work under high tem-
perature, corrosion, and radiation conditions. Predictably, the
methodology of focal volume light field-empowered material
modification offers an excellent platform for multiple frontier
applications, such as optical measurement, information pro-
cessing, on-chip photonic integration, and space exploration.

3. Discussion and conclusions

For a long time, an ultrafast laser has been applied as a point-
typed energy source to trigger various material modifications
[50–52], and the profile of light intensity is mainly considered
a Gaussian type. Therefore, the actual morphology and evolu-
tion of the light field in the focal volume have been overlooked.
Our work indicates that the 3D spatial distribution of the light
field at the focus can possess finer structures and is tunable,
which offers a novel strategy for highly controllable micro-
nano fabrication with more degrees of freedom beyond con-
ventional point-by-point optical modification. Furthermore,

revealing the actual light field in the focal volume helps under-
stand the ultrafast light-matter interaction physics and may
provide the principles for more potential advanced manufac-
turing technologies.

The proposed models and experimental results may change
the traditional cognition of spot-driven laser processing. On
the one hand, the focal volume light field can serve as a ver-
satile tool to create various advanced functional composite
structures that are not achievable with traditional techniques.
On the other hand, the focal volume light field may also
become a potentially unfavorable factor in achieving continu-
ous and homogeneous material modification. Therefore, re-
examining the current ultrafast laser-based micro-nano man-
ufacturing principle in transparent media would be necessary,
and some conventional concepts about behaviors of light in the
focal volume need to be improved. This will arouse a series of
brand-new research topics about how to activate, manipulate,
or eliminate the focal volume light field according to specific
application scenarios, which may trigger plenty of research
work in the future.

In summary, we proposed and experimentally demon-
strated composite material modification in a single step, where
the light field in the focal volume can serve as an optical
mold for imprinting composite structures and enabling the
visualization of the actual energy distribution. The ultrafast
laser-excited focal volume light field in transparent dielectrics
is revealed to possess a fine distribution rather than being a
Gaussian type. The fabricated composite structures are shown
to hold great potential for multiple applications, such as multi-
dimensional anti-counterfeit, information encryption, nonlin-
ear planar lenses, and multi-functionally integrated photonic
crystals. It would be exciting to combine our approach with
spatial light modulation technologies, novel photoelectric
materials, and intelligent path planning methods to develop
a highly generalized strategy to achieve functional photonic
elements at the on-demand position in various transparent
dielectrics, empowering the construction of next-generation
all-inorganic integrated optical systems.

4. Material and methods

4.1. Material preparing

In this study, the unconventional glasses, including La2O3–
Nb2O5 glass, La2O3–Al2O3 glass, La2O3–Ta2O5–Nb2O5

glass, and La2O3–ZrO2–Nb2O5 are prepared using a contain-
erless process where two CO2 lasers were used to melt the
mixture of raw materials levitated by the O2 airflow. The silica
glass and all of the crystals used in this study are commercially
available materials.

4.2. Ultrafast laser processing

A ULDW system is used to achieve composite structuring
(figure S1 in the supplementary material), where a mode-
locked regeneratively amplified Yb: KGW-based ultrafast
laser system (PHAROS, Light Conversion Ltd) operating at
a wavelength of 1 030 nm was employed as the light source.
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Figure 5. Potential applications of composite structuring. (a) Schematic diagram of multi-dimensional information integration. (b) Optical
retardance (left) and azimuth angle (right) of the NGs in fused silica. The color bar illustrates the retardance value (0–250 nm). Pseudocolor
indicates the direction of the slow axis. (c) Directional features of the PIPs in fused silica. White arrows indicate the scanning direction. (d)
Schematic diagram of the nonlinear diffractive element made of the composite structure. (e) Optical image of a nonlinear planar axicon lens
with a diameter of about 6 mm inscribed in lithium niobate crystal. (f) A second harmonic Bessel beam (testing light wavelength: 1 030 nm)
was generated by the nonlinear planar axicon lens. (g) Schematic diagram of the polarization selectivity of NGs (left) and corresponding
experimental certification (right). E represents the polarization direction. k indicates the wave vector. Probe light wavelength: 980 nm. (h)
The wavelength selectivity of PIPs. Insets are schematic diagrams of the selective transmission (upper) and SEM images of PIPs in
La2O3–Ta2O5–Nb2O5 glass (lower). Red arrows indicate the incidence of the probe light. Scale bar: 1 µm.
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Generally, the laser was focused 10–500 µm below the sur-
face of the sample via a 50 × objective lens (NA = 0.8). For
fused silica, the pulse energy is 0.3–2 µJ, the pulse duration is
0.2–4 ps, the repetition rate is 25–200 kHz, and the scanning
speed is 10–2000 µm s−1. For unconventional glasses, the
pulse energy is 0.5–1.5 µJ, the pulse duration is 0.8–3 ps, the
repetition rate is 100–200 kHz, and the scanning speed is 100–
2 000 µm s−1 (La2O3–Nb2O5 glass, La2O3–ZrO2–Nb2O5

glass, and La2O3–Ta2O5–Nb2O5 glass) and 50–150 µm s−1

(La2O3–Al2O3 glass). For crystals, the pulse energy is 0.5–
1 µJ, the pulse duration is 0.5–1 ps, the repetition rate is 50–
200 kHz, and the scanning speed is 20–1 600 µm s−1.

4.3. Structural characterization of composite structures

The optical observation of PIPs was performed using a
polarizing microscope (BX53 Olympus Ltd). The structural
properties of the PIPs and NGs were examined by scan-
ning electron microscopy (SEM), using backscattering mode.
For the SEM observation, samples were polished so as to
expose the composite structures to air, and the polished sur-
face was etched with hydrofluoric acid to improve the con-
trast of SEM images. Further phase transition characteriz-
ation of the crystal-glass heterogeneous interface was per-
formed by focused ion beam slice and transmission electron
microscopy.

4.4. Theoretical modelling and simulation

Numerical simulation of the focal light field was performed
using a finite-element method mode-solver tool. In the mod-
elling, fused silica is set as the target transparent medium for
demonstrating the establishment of the focal-volume interfer-
ence, and a focused Gaussian beam is set as the original light
source. The distance between the light radiation source and
the focal plane is determined by the refractive index of the
target medium and the numerical aperture of the objective
lens.

Data and materials availability

All data needed to evaluate the conclusions in the paper are
available in the main text or the supplementary materials.
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