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ABSTRACT

Controllable nanofabrication is at the very foundation of nano-science and nano-technology. Today, ultrafast laser writing has been broadly
adopted for micro-fabrication because of its ability to make precise and rapid processing of almost all types of materials in an ambient envi-
ronment. However, direct laser writing is typically unsuitable for high-quality 2D nano-patterning. In this work, we introduce a maskless
laser nano-lithographic technique that allows us to create regular 2D periodic nanopatterns on glass. Glass is a particularly challenging mate-
rial since it does not absorb light readily. Our strategy starts with a glass sample being coated with a thin layer of metal, and then irradiated
with a series of pulse bursts at progressively increasing fluence levels. This process allows us to sequentially activate a series of tailored physi-
cal processes that lead to the formation of regular 2D periodic nanopatterns on glass. The formation mechanism of this nano-patterning is
also simulated numerically and further corroborated by a series of control experiments. We also show controllability in forming various
shapes and sizes of nanopatterns through tailored fluence doses. Our technique provides a high-speed and low-cost method for glass
nanofabrication.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5080344

Currently, common techniques used for nanofabrication include
photolithography,1 e-beam lithography,2 focused ion beam,3 nanoim-
print lithography,4 and colloidal lithography.5 Recently, ultrafast laser
processing6 shows promises for nanofabrication with many advan-
tages. First, laser processing is a simple and direct writing technique
with the ability to process non-flat surfaces and almost all types of
materials. Secondly, laser processing usually does not require masks
or templates and can work under regular ambient conditions.7

However, the major drawback of laser processing is that its resolution
is usually limited by the light wavelength (on a micron scale) and
sub-wavelength nanoscale structures produced by lasers usually lack
high-quality and long-range regularity.8,9 Although these irregular
nanostructures have enabled a wide range of surface functionalities,
such as the creation of black silicon and metals, superhydrophilic,
superhydrophobic, and multifunctional surfaces,6 the inherent nano-
scale irregularities hinder the laser from being adopted as a viable tool
for controllable nanofabrication.

Advancements were made in generating more regular sub-
wavelength structures through laser processing. For example, periodic

structures can be obtained on material surfaces over a large extended
area by laser processing, which is referred to as laser induced periodic
surface structures (LIPSSs).6,10,11 A great amount of effort has been
devoted to fabricating one-dimensional LIPSSs through laser abla-
tion9,12–15 and laser-assisted thermochemical methods.16,17 Although
these methods allow generation of high-quality one-dimensional
LIPSSs, they cannot be readily used to generate two-dimensional (2D)
LIPSSs by simply superimposing a second LIPSS array because the sec-
ond step tends to smear out the first formed structures.18 On the other
hand, regular 2D surface nanostructures are far more difficult to pro-
duce but have more important applications, such as antireflection,19

producing structural colors,20 controlling light flow,21 manipulating
light polarizations,22 biochemical sensing,23 and data storage.24

Recently, high-quality 2D periodic nanostructures have been produced
on highly absorptive metals by us through time-delay laser pulses with
cross polarizations.25,26 However, ultrafast laser processing of dielec-
trics is far more challenging because of the low absorption from the
transparent materials. Previous attempts on producing 2D LIPSSs on
dielectrics have been reported by using circularly polarized lasers,27
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double laser beams,28 or template assisted methods,29 but the resultant
structures lack long-range uniformity and controllability in shape and
size.27–30 Apart from traditional nanolithography methods, template-
free direct laser processing has never found success in producing con-
trollable high-quality 2D nanopatterns in dielectric materials.
Therefore, development of such a technique is strongly desired in the
community. Especially, successful demonstration of high-quality peri-
odic nanostructures on glass (or SiO2), which is the most used dielec-
tric material in daily lives, can find use in high-performance optics,31

solar cells with enhanced efficiency,32 eternal 5D data storage,33 and
low-loss metamaterials.34

In this work, we introduce a strategy for ultrafast laser processing
in creating regular 2D periodic dielectric nanostructures on a glass sur-
face. Our strategy starts with a glass sample coated with a thin layer of
an Ag film. First, femtosecond (fs) laser pulses with relatively low flu-
ences are used to irradiate the sample and break down the Ag film into
Ag nanoparticles. Then, when irradiated with subsequent pulses with
higher fluences, these Ag nanoparticles can induce enhanced local
electric fields and assist creating glass nanostructures on the surface.
Meanwhile, all the Ag nanoparticles are ablated away. Next, under sev-
eral bursts of fs pulses, each with a specifically tailored fluence, these
randomly distributed glass nanostructures grow larger and finally turn
into hexagonal patterns through self-organization. We also demon-
strate a degree of controllability in forming various shapes and sizes of
nanopatterns with the total irradiation dose. In the past, different
laser-matter interaction mechanisms were usually studied individually,
with each mechanism playing a dominant role at a certain fluence
level. Although many irradiation parameters can be varied in materials
processing, such as laser polarization, pulse repetition rate, pulse num-
bers, and pulse temporal and spatial profiles, the fabrication of surface
structures usually relies on the laser activating a dominant physical
mechanism under a given condition. Controllable activation and
stacking of a range of interaction mechanisms, at different fluence
thresholds, has never been explored in the past for material processing.
Our strategy essentially is to activate and combine a range of interac-
tion mechanisms in a controllable sequence to produce high-quality
nanofabrication using a laser beam alone.

The fabrication process of 2D periodic surface nanostructures is
illustrated in Fig. 1. Glass coated with a 100-nm Ag film is exposed to
a sequence of circularly polarized fs laser pulses (center wavelength:
790 nm, pulse duration: 62 fs, repetition rate: 1 kHz) at fluences
increasing with time or pulse number. The laser beam was incident
normally and focused by a lens (focal length f¼ 250mm) onto the
sample surface which is located �2.5mm after the focal plane. The
laser ablation, including six fluence levels, starts at a low fluence of
F¼ 0.63 J/cm2 and sequentially increases to F¼ 1.28 J/cm2, by steps of
DF ¼ 0.13 J/cm2. At each fluence, the sample was irradiated with
N¼ 2000 laser pulses. The applied laser fluence was calculated by the
measured laser power divided by the repetition rate and the spot area
with a diameter about 170lm, and was controlled by a half-wave plate
and a linear polarizer. We analyze the surface morphology of Ag-film
coated glass after laser treatment using a scanning electron microscope
(SEM), whose images are shown in Fig. 2. Periodic nanostructure
arrays are produced on the glass surface. According to energy-
dispersive X-ray spectroscopy measurements, almost no Ag remains
within the exposed area. Therefore, the Ag film is removed by fs laser
ablation and periodic glass nanostructures are formed after exposure.

Figures 2(a)–2(d) show four typical periodic nanostructures, Structure
1 (S1), Structure 2 (S2), Structure 3 (S3), and Structure 4 (S4), formed
at different locations within the laser beam where the local laser fluen-
ces differ as FS1< FS2< FS3 < FS4. The observation of different nano-
structures S1, S2, S3, and S4 indicates that the obtained nanostructure
morphology strongly depends on the total irradiation dose. The geo-
metric parameters of these nanostructures are summarized in Table I.
At a low irradiation dose, periodic nanostructures (S1) are formed
with a size of about 630nm in Fig. 2(a). The nanostructures are hexag-
onally arranged with a period of around 670nm. The structure shape
varies slightly for different individual nanostructures, including rhom-
bus and rectangle shapes. As the irradiation dose increases, the nano-
structures (S2) become more isotropic and turn into nanodomes with
a diameter of about 530nm in Fig. 2(b). At a higher irradiation dose,
the nanodomes start to disappear and a regular array of nanoholes
(S3) are formed with a diameter of 308nm in Fig. 2(c). As shown in a
zoom-in image in Fig. 2(e), the nanodomes do not disappear
completely for S3. It should be noted that the small nanoparticles ran-
domly distributed on the surface in Fig. 2(e) are Au-Pd nanoparticles
that are deposited later for SEM observation. At even higher laser flu-
ence, the nanodomes are completely removed in S4, resulting in an
array of nanoholes with a diameter of 326nm as shown in Figs. 2(d)
and 2(f). Although the nanostructures S1–S4 differ in shape and size,
they are all arranged hexagonally with almost identical structure peri-
ods of�670nm.

In order to gain three-dimensional information on the periodic
nanostructures, the surface height distributions of S1, S2, S3, and S4
were measured with a UV laser scanning microscope. The height pro-
files are shown in Fig. 3. For S1, the height of the nanostructures is
about 100nm. Due to the small structure height, the periodic structure
is hard to identify from the height profile. As the irradiation dose
increases, the nanostructure height increases to about 200nm for S2,
and the distinct periodic nanodomes are observed in the height profile.

FIG. 1. Schematics of the fabrication process of periodic nanostructures on a glass
surface. Glass slides were first coated with silver thin films by physical vapor depo-
sition and were then processed by circularly polarized fs laser pulses. The laser flu-
ence increases by DF ¼ 0.13 J/cm2 every 2000 pulses.
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Obtained at a higher irradiation dose (S3), nanodomes are observed
within nanoholes, represented in the height profile as peaks in the cen-
ters of valleys (nanoholes). The nanoholes have a depth of 200nm and
the nanodomes have a height of 400 nm (peak-to-valley difference). In
S4, the central nanodomes are removed and only nanoholes are
observed with a depth of 200nm. The measured height profiles are
consistent with the observation in SEM images in Fig. 2.

To understand the formation mechanisms of these ordered nano-
structures, we performed a set of finite difference time domain simula-
tions to study the structural formation dynamics. The electric fields
near the nanostructures of S1, S2, and S3 were calculated under circu-
lar polarization illumination at a wavelength of 790nm in order to

find the location of the field enhancement where ablation will occur
and to predict the structural change. Detailed geometric dimensions of
S1, S2, and S3 and simulation results are given in supplementary mate-
rial, Fig. S1. The calculated near field distributions successfully predict
the structural change from S1 to S2, from S2 to S3, and from S3 to S4,
when exposed to higher laser fluence.

To further understand the dynamics of periodic ordering prior to
the ordered nanostructures seen in Fig. 2, the sample surface was studied
at different laser processing steps with laser fluences of 0.63 J/cm2,
0.63þ 0.76 J/cm2, 0.63þ 0.76þ 0.89 J/cm2, 0.63þ 0.76þ 0.89þ 1.02 J/
cm2, 0.63þ 0.76þ 0.89þ 1.02þ 1.15 J/cm2, and 0.63þ 0.76þ 0.89
þ 1.02þ 1.15þ 1.28 J/cm2. The SEM images in Figs. 4(a)–4(f) show the
structure dynamics in forming S2 following laser irradiation. After the
initial 2000 pulses at F¼ 0.63 J/cm2, Ag micro-/nano-structures without
regularity can be observed on the surface in Fig. 4(a), which are similar
to those observed in a previous study created by fs laser ablation on the
Ag film.35 Exposed to another 2000 pulses at F¼ 0.76 J/cm2, only Ag
nanostructures are left in Fig. 4(b). A zoom-in image in the inset of Fig.
4(b) shows that Ag nanoparticles and nanoholes with diameters less
than 80nm exist on the glass surface. Note that in contrast to studies
that rely on a regular pattern of particles that are first deposited by non-
laser methods followed by laser processing,36–38 our technique is a one-
step process through laser only. After the next step (2000 pulses at
F¼ 0.89 J/cm2), Ag nanoparticles start to disappear and fine glass nano-
structures with a size of about 100nm are formed in some areas as
shown in Fig. 4(c). After exposure to 2000 pulses at F¼ 1.02 J/cm2, these
nanostructures spread across the surface and grow larger as displayed in
Fig. 4(d). After illuminated by 2000 pulses at F¼ 1.15 J/cm2, the size of
most nanostructures increases to about 500–550nm. These nanostruc-
tures start to form regular hexagonal patterns as shown in Fig. 4(e). The
hexagonal pattern is a stable configuration with low energy,39,40 and
therefore the hexagonal pattern is a natural result of self-organization
(self-assembly) following our laser irradiation. Figure 4(f) shows the
nanostructures after the final step of exposure to F¼ 1.28 J/cm2 pulses,
which are hexagonal nanodomes and are identical as those in Fig. 2(b).
The particle areas in Figs. 4(c)–4(f) are analyzed with the statistical dis-
tributions shown in Figs. 4(g)–4(j), respectively. The particle area distri-
bution clearly shows the evolution process of surface nanostructures.

FIG. 2. SEM images of the glass surface nanostructures after ablation by a
sequence of fs laser pulses at increasing fluences with pulse numbers. Different
glass nanostructures (a) S1, (b) S2, (c) S3, and (d) S4 are produced for different
local laser fluences FS1 < FS2 < FS3 < FS4. (e) and (f) Zoom-in images of S3 and
S4, respectively.

TABLE I. Structural parameters of periodic nanostructures S1, S2, S3, and S4.

S1 S2 S3 S4

Period (nm) 668 6 36 651 6 30 666 6 41 681 6 43
Size (nm) 630 6 50 530 6 15 308 6 23 326 6 35

FIG. 3. Surface height profiles of the periodic nanostructures S1, S2, S3, and S4,
as measured with a UV laser scanning microscope.
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The area of nanostructures increases as more laser energy is deposited,
and finally reaches a stable distribution centered at 1.8� 105 nm2, with
a corresponding diameter of 480nm, which is close to that (530nm) by
direct measurement in SEM images. The surface structure evolution
process is summarized and shown in the schematics in Figs. 4(k)–4(p).
The initial laser ablation breaks the Ag film into nanoparticles as illus-
trated in Figs. 4(k) and 4(l), which then induce localized laser ablation
near Ag nanoparticles through the plasmonic enhanced electric near
fields,41,42 and assist creating nanostructures on glass. Ag nanoparticles
start to be ablated away with increasing laser fluence in the next steps,
and can no longer assist the laser ablation. Instead, multiphoton absorp-
tion and Coulomb explosion become the dominant ablation mecha-
nisms at higher fluences.43 The irregular nanostructures produced by
Ag nanoparticle assisted ablation interact with the incident laser causing
surface scattered waves, which interfere with the incident laser to induce
2D inhomogeneous laser energy deposition on the surface. The spatially
modulated laser energy distribution leads to nonuniform laser ablation
producing more and larger surface structures, which then further

modulate the surface energy distribution by causing further surface scat-
tered waves. Under such a feedback mechanism, the 2D surface struc-
tures develop into regular periodic nanostructures through self-
organization with a period close to the incident laser wavelength as illus-
trated in Figs. 4(e) and 4(f).

Lastly, two verifying experiments were further performed to ver-
ify the roles of the metal film coating and the increasing laser fluence
at each step. First, a soda-lime glass slide without any coatings was
processed by fs laser pulses in the same sequence of fluences as shown
in Fig. 1. The SEM images after each step show no periodic nanostruc-
ture formation (not shown here), which verify the indispensability of
the metal coating in the fabrication. The most important contribution
of the metal film to the formation of final glass structures is in creating
initial fine nanostructures shown in Fig. 4(b) through plasmonic parti-
cle assisted laser ablation, which are crucial to the following self-
organization process as discussed above. Second, Ag film coated glass
was exposed to fs laser pulses at a fixed fluence during the ablation
process. The experiments were performed at different fluences
F¼ 0.63, 0.76, 0.89, 1.02, 1.15 and 1.28 J/cm2 with pulse numbers N
adjusted accordingly, so that the total irradiation doses are the same as
the combined total dose of the sequence of increasing fluence. As a
result, randomly distributed glass nanoparticles are produced on surfa-
ces, indicating that dynamically increasing laser fluence is another key
factor in producing periodic surface nanostructures. At the beginning
of the laser processing, only the Ag film is ablated into micro-/nano-
particles, which requires a relatively low fluence due to the lower dam-
age threshold of Ag than glass. The subsequent Ag nanoparticle
assisted laser ablation producing glass nanostructures also requires rel-
atively low fluence due to the already enhanced local electric fields. If a
high laser fluence is applied at the beginning, Ag nanoparticles will be
completely removed, leading to no nanostructure formation on glass
and no subsequent self-organization. As discussed above, after Ag
nanoparticles are ablated away, the ablation mechanism is switched to
Coulomb explosion on glass. The higher damage threshold of glass
requires an increased laser fluence to induce a self-organization
process.

In conclusion, we develop a maskless laser nano-lithographic
technique that allows us to create high-quality 2D periodic nanostruc-
tures on glass. By irradiating the sample with a series of pulse bursts at
progressively increasing fluence levels, we sequentially activate a range
of physical processes, including metal ablation, plasmonic assisted
local ablation of dielectrics, and self-organization through Coulomb
explosion and atomic surface diffusion, resulting in a regular pattern
of 2D periodic nanostructures formed in a hexagonal pattern. By
controlling the overall irradiation dose, we can obtain a pattern of dif-
ferent nanostructures, including nanobumps, nanodomes, and nano-
holes. The formation mechanism of this nano-patterning process is
further explained by FDTD simulations and additional experiments
that corroborate our understanding. Although rich in physical mecha-
nisms in nature, our processing technique is extremely simple to
implement and enables the use of ultrafast lasers for nanofabrication
at a scale smaller than their wavelength.

In future work, a large area of patterns can be fabricated by a
scanning process using controlled beam profiles, in which the laser flu-
ence at each location can change dynamically through scanning. It is
also possible to improve the uniformity of the structures by using
materials with higher electron-phonon coupling coefficients, as shown

FIG. 4. SEM images of surface structures formed at different laser processing steps,
under laser fluences of (a) 0.63 J/cm2, (b) 0.63þ 0.76 J/cm2, (c) 0.63þ 0.76þ 0.89
J/cm2, (d) 0.63þ 0.76þ 0.89þ 1.02 J/cm2, (e) 0.63þ 0.76þ 0.89þ 1.02þ 1.15 J/
cm2, and (f) 0.63þ 0.76þ 0.89þ 1.02þ 1.15þ 1.28 J/cm2. At each fluence, the
surface is exposed to 2000 pulses. (g)–(j) Distribution of the particle area of surface
structures at steps (c)–(f). (k)–(p) Schematics of the surface structure evolution at
steps corresponding to (a)–(f).
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in previous works.44,45 Furthermore, controlling the critical dimension
such as the period and the size of the nanopatterns can be realized by
using different metal coatings or by using different irradiation wave-
lengths. However, these studies are beyond the scope of the current
work and require further studies in future work.

See supplementary material for the finite difference time domain
simulations of nanostructures S1, S2, and S3.

This work was supported by Bill & Melinda Gates Foundation, the
U.S. Army Research Office, DARPA, and National Science Foundation.
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