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Femtosecond Laser Nano-Fabrication
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Abstract— Superior performances, such as high processing
speed and resolution, make galvano-mirror-based fabricating
strategy widely applied, particularly for micro/nano-scale femtosecond laser direct writing (FsLDW). However, the optically
limited processing area restricts its applications. Here, we report
a simple, low-cost, and universal pre-compensation method that
corrected the off-axis optical aberrations to considerably expand
the processing area of galvano-mirror-based nano-FsLDW with
3D nano-resolution maintained. A high-quality continuoussurface Fresnel lens was one-step fabricated with a 550-µm diameter, which surpassed the effective range (∼150-µm) of the
high-numerical aperture objective lens used for high resolution.
It provides a significant approach for novel high-speed/efficiency
micro/nano-FsLDW of diverse micro/nano-elements/systems.
Index Terms— Galvano-mirror-based femtosecond laser direct
writing, pre-compensation technique, processing area expansion,
micro/nano-optics.

I. I NTRODUCTION

F

EMTOSECOND laser direct writing (FsLDW) is an
excellent 3D micro/nano fabricating technology, which
has shown huge application potential in the construction
of micro-optics [1], [2], micromechanics [3], microelectronics [4], [5], and microfluidics [6], [7], owing to its merits
in wide material applicability, high-precision and programmable designability in 3D [1]–[11]. The FsLDW systems are
mainly enabled with two scanning methods via galvanometers
and/or motion stages. Besides lower cost and complexity,
galvanometer-based FsLDW can be endowed with sub-nm
3D positioning accuracy, higher scanning/fabricating speed,
and fast laser focus jumps (<200 μs), so the systems are
widely used for the high-speed, high-efficiency machining of

Manuscript received October 31, 2018; accepted November 28, 2018. Date
of publication December 3, 2018; date of current version January 16, 2019.
This work was supported in part by the National Key R&D Program of
China under Grant 2017YFB1104600 and in part by the National Natural Science Foundation of China (NSFC) under Grant 61590930, Grant
61605055, Grant 61435005, and Grant 21473076. (Corresponding authors:
Hong-Bo Sun; Yun-Lu Sun.)
Z.-Y. Hu, Y.-L. Sun, J.-G. Hua, Y.-H. Yu, and Q.-D. Chen are with the
State Key Laboratory of Integrated Optoelectronics, College of Electronic
Science and Engineering, Jilin University, Changchun 130012, China (e-mail:
sunyunlu@jlu.edu.cn).
H.-B. Sun is with the State Key Laboratory of Integrated Optoelectronics, College of Electronic Science and Engineering, Jilin University,
Changchun 130012, China, and also with the State Key Laboratory of
Precision Measurement Technology and Instruments, Department of Precision
Instrument, Tsinghua University, Beijing 100084, China (e-mail: hbsun@
tsinghua.edu.cn).
Color versions of one or more of the figures in this letter are available
online at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/LPT.2018.2884568

complex 3D structures [12], [13]. In many application cases,
not only the nano-scale spatial resolution, but also a larger
processing range, is highly needed [6], [7], [10]. However, due
to the off-axis optical aberrations of the galvano-mirror scanning system combined with 4F imaging system and a high-NA
objective lens, the processing area is optically limited. It brings
challenges to realize superior processing flexibility, efficiency
and quality, especially for structures with relatively large-area
and nano-resolution. The field-distortion-induced errors in
conventional laser galvano-mirror-based scanning systems are
mainly caused by optical laser beam drift, mechanical misalignment, thermal effects, and/or installation offset [14], [15].
The hardware-based correction of one or several aspects of
these systematic errors increases the cost and complexity, or
even impacts other performances.
The pre-compensation modeling scheme is a facile but
effective solution to the distortion of laser galvano-mirror
scanning systems [14], [15]. At present, the re-calibration
is mainly to correct the nonlinearity scanning distortion of
the galvanometer system for 2D large-scale laser-based imaging and processing (e.g., laser marking [14], drilling [15]).
Whereas, a FsLDW system usually has field distortion errors
exacerbated by the off-axis optical aberrations of the 4F
image system and high-NA objective lens used for tightly
focusing and high resolution. The sub-micro-/nano-FsLDW
also requires higher accuracy. This pre-compensation method
is rarely reported in 3D micro/nano- FsLDW as far as
we know. Herein, we novelly applied the pre-compensation
in FsLDW structure modeling to facilely and considerably
expand the processing area, and simultaneously well maintain
its 3D quality and accuracy. The versatile corrections of
FsLDW with different objective lenses were implemented
by using similar elliptic parabola function. For 500-nm-thick
2D patterns, the effective processing range can be remarkably
expanded. For 20×, 40×, 60×, and 100× objective lenses,
the fabrication area was enlarged approximately by 1400%,
700%, 400%, and 100%, respectively. As a demonstration,
we fabricated a continuous-surface Fresnel microlens with
good 3D structural quality and optical performances. Its diameter is 550-μm, ∼267% larger than the originally ∼150-μm
processing range of FsLDW equipped with a ∼1.35-NA
objective lens. In this work, the novel FsLDW with modeling
compensation is proved of potential for customizing largearea 3D devices with high speed/efficiency/quality, and further facilitating its wide applications (e.g., integrated optics,
microfluidics).
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Fig. 1. (a) Femtosecond laser galvano-mirror-based 4f micro/nano processing
system (Inset diagram is the schematic diagram of the scanning galvano mirror
set). (b) Schematic diagram for the off-axis optical aberration of the system.
(c) Schematic diagram of the simulated light path. (d) Morphologies and
energy distribution of focuses at different off-axis angles. (i) is parallel and
(ii) is vertical to the direction of beam propagation. Light travels along the
Z axis.

II. D ISTORTION A NALYSIS AND
M ODELING P RE -C OMPENSATION
Figure 1(a) shows the FsLDW micro/nano processing system (80-MHz repetition frequency, 780-nm center wavelength
and 100-fs pulse width), with a schematic inset of the galvano
mirror set enabling X-Y scanning of the laser beam. In the
galvano-mirror-based femtosecond laser processing system,
we used a 4F imaging system with a high NA objective
lens instead of the traditional F-θ lens to achieve the subwavelength processing accuracy [16], [17]. At the entrance
pupil of the objective lens, the laser beam was deflected
only angularly without obvious position shift. So that the
laser spot scanning was better controlled in 2D especially
for relatively large-area fabrication. Combined with nano-level
Z-axis sample movements via a piezo stage, 3D processing
could be well implemented.
To evaluate the impact to large-area fabrication and purposely correction, the off-axis aberrations induced by the
4F system and high-NA objective lens are numerically simulated here with the light-field simulation software Virtual
Lab Fusion (LightTrans, Germany) (Figure 1(c) and (d)).
A simplified lens assembly of the commercial objective [18] is
used for simulation, agreeing basically with the experimental
results. In Figure 1(c) and (d), as the incident light angle
deviated, the position of the focused spot gradually deviated
from the ideal focal plane, but the spot shape remained largely
unchanged at the off-axis angle within 3 degrees. The off-axis
error of the entire optical system was mainly represented as
image field curvature, as shown in Figure 1(b).

Fig. 2.
(a) Scanning electron microscope (SEM) images of different
cross-cylinder model structures fabricated by different objective lenses (i. 20×,
ii. 40×, iii. 60×, iv. 100×). (b) Dependence of maximum and effective processing range on objective magnification. (c-f) Experimental height
deviation and curve fitting dependence on the position (c. 20×, d. 40×,
e. 60×, f. 100×). The insert images are the 3D morphologies of structures
in (a) obtained via using laser scanning confocal microscope (LSCM).

We used the resin composed of 1wt% photoinitiator (Benzil,
Aladdin) and 99wt% photoresist (NOA63, Norland Products) with a lower polymerization threshold. In Figure 2(a),
the 25μm-spaced single cylinders were designed with
15-μm diameter. By fabricating these dot arrays with enough
height (the heights of 20×, 40×, 60×, and 100× objectives were 45um, 25um, 20um, and 15um, respectively),
we modeled the distortion function of this galvano-mirrorbased FsLDW system (Figure 2(c)-(f)). The insert images in
Figure 2(c)-(f) show the 3D geometry of fabricated structures via using laser scanning confocal microscope (LSCM).
The distortion increased quickly along with the increase of
fabrication size. For 20×, 40×, 60×, and 100× objective
lenses (Olympus UPSAPO (40×, UPFLN); NA, 0.85, 1.30,
1.35, and 1.40, respectively), the maximum scanning span
without considering the height error could reach approximately
1500%, 800%, 500%, and 200% of the effective fabrication
range with an acceptable fabricating distortion (the height error
is lower than 500 nm here), respectively (Figure 2(b)). These
results show the huge potential of performance enhancement
via this pre-compensation method.
The distortion of the optical field could be quantified according to the deviation between the actual height and the design
value of the structure fabricated. The height deviations measured by LSCM were curve-fitted using the elliptical parabola
function to obtain the pre-compensation correction curves for
different objective lenses. With the coefficient of determination R 2 over 0.99, the cross-section profile of the distortion
matched well with the parabolic equation (Figure 2(c)-(f)):
y = ax 2 + bx + c

(1)

Accordingly, the 3D fabrication could be remodeling with
machining data pre-compensation, so the optically induced
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Fig. 4. Single line width at various scanning speeds, processing positions
and single pulse energy conditions. (a) SEM images of the lines processed at
different scanning speeds at the center of the view field. The illustration is the
minimum line width of 216 nm. (b) The curve of processing line width with
scanning speed under different pulse energy. (c) SEM images of the lines
processed at different machining position and single pulse energy. (d) The
curve of processing line width with machining position under different single
pulse energy.

Fig. 3. Comparison of corrected and uncorrected meter-shaped cylinder
array’s processing results. (a) A pattern fabricated without correction by
using the 60×/1.35NA objective lens. (b) The pattern in (a) fabricated with
correction by using the 60×/1.35NA objective lens. (c) A pattern fabricated
without correction by using the 20×/0.85NA objective lens. (d) The pattern
in (c) fabricated with correction by using the 20×/0.85NA objective lens.
(a)-i, (b)-i, (c)-i, (d)-i are the SEM images and (a)-ii, (b)-ii, (c)-ii, (d)-ii are
the LSCM images of the structure. Enlarged-view SEM images are marked
for single cylinders in different positions of the patterns.

distortion of fabrication could be corrected remarkably and
facilely. The Figure 3 shows the corrected and uncorrected
processing results for the 60× and 20× objective lenses. In the
picture, (i) is the SEM photograph and (ii) is the LSCM image
of the structure. Illustrations with different color borders are
enlarged SEM pictures of single cylinder in different positions.
The contrast results indicated that the processing range was
limited and the structure height gradually decreases from the
middle to the edge without data correction. After correction,
the machining range effectively expanded and the height and
morphologies of the center and the edge keep consistent. The
scanning speed and single pulse energy both before and after
correction were 1 mm/s and 0.35nJ. These results fully proved
the effectiveness of our pre-compensation technique.
III. FABRICATION Q UALITY A FTER C ORRECTION
The SEM image in Figure 4(a) shows lines fabricated with
different scanning speeds (1.5-60 μm/s) by using the 60× lens.
The minimum line width of 216 nm could be achieved,
much smaller than the laser wavelength applied (780 nm).
Figure 4(b) gives the relation of FsLDW resolution (i.e., line
width) in the center of the fabricating view with scanning speed and pulse energy. Increasing scanning speed or
decreasing single pulse energy causes smaller line width.
Figure 4(c) and (d) show the fabricating resolutions under

different single pulse energy at processing positions from the
center to the edge. The processing resolution slowly increased
in the range of less than 5% variation within the threshold
span, beyond which it increased dramatically, which is in
good agreement with the optical simulation (Figure 1(d). ii).
High 3D quality and accuracy can be well maintained within
this scanning span (∼250μm radius for the 60× lens) with
pre-compensation in FsLDW.
IV. O NE -S TEP FABRICATION OF O PTICAL E LEMENTS
To prove the processing capability of the rectified processing
system, we designed and fabricated a large-size continuoussurface Fresnel lens. The Fresnel lens configuration was
obtained by quantizing the phase of a spherical lens. It had
the advantages like relatively small size and weight, and easy
integration [19], [20]. The relationship between the optical
path difference and the phase difference was:
ϕ = nh ·

2π
λ

(2)

The refractive index n of the polymer material was 1.56 and
the designed device had a test wavelength of 633 nm. Taking into account the processing morphology of the device,
we let ϕ equals to 6π for quantification, so the height
of the sawtooth could be obtained as 3.39μm. According to
the high-precision processing range threshold obtained in the
previous experiments, we designed the device with a diameter
of 550μm. Considering the aesthetics and rationalization of
the device, the spherical lens was quantified into 18 layers of
sawtooth. According to the thin lens equation:
f = f =

1
(n L − 1)( r11 −

1
r2 )

(3)

The focal length of the spherical lens was calculated to
be 1161μm. The experimental result (∼1150μm) was approximately consistent with the theoretical design.
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facile and versatile method for micro/nano-FsLDW improved
with high speed, efficiency and quality (also applicable for
other direct-writing techniques), facilitating the construction
of diverse micro/nano-scale elements and systems for wider
applications (e.g., lab on a chip, integrated optics and/or
photonics).
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of selected area in (a). (i) is the SEM photograph, (ii) is the 3D LSCM
image and (iii) is the height contour extraction of the structure. (c) Focus
test. (i) is the focused spot shape and (ii) is light intensity spatial distribution
curve at green dotted line. (d) Different pattern optical imaging test.
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