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Microfabrication by using structured laser beams provides a rapid and facile way for creating some

specific microstructures. As an important member in the structured beam category, optical vortices

can be easily generated by a helical phase and focused into a geometry-tunable pattern by an objec-

tive. In this work, optical vortices with diverse intensity distributions, e.g., different sizes, geometries,

and deflection angles, are generated by controlling the phase factors imprinted on optical vortices,

including topological charge, fold number, and modulation depth, respectively. The focusing proper-

ties of the measured optical vortices in a high numerical aperture laser microfabrication system agree

with the theoretical calculation by the Debye vectorial diffraction theory. Three dimensional complex

microtubes are rapidly realized by simply scanning the optical vortices along a designed route in a

photoresist. With this method, microtubes with controlled diameters, polygonal geometry, winding

edges, and even 3D spiral microtubes are facilely achieved. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4984744]

Femtosecond two-photon polymerization (TPP) based

on a structured laser beam by using a spatial light modulator

(SLM) has become a hot topic because it can significantly

decrease the fabrication time and enhance the efficiency of

conventional point-to-pint scanning.1 Until now, some very

specific distributions, including multiple beam spot arrays,2–5

Bessel beams,6 spatially shifted vortex beams,7 double-helix

beams,8 and ring laser beams,9 have been explored for paral-

lelization of the direct laser writing or even single-shot

microfabrication.

Optical vortices are a kind of specific beams with azi-

muthal phase variation patterns, which have been widely

used in optical tweezers, stimulated emission depletion

(STED) lithography, surface structuring, micromachining,

and photopolymerization. In contrast to Bessel beams,

shifted vortex beams, and double-helix beams in previous

works, optical vortices have more controllable parameters,

including topological charge l, fold number m, and modula-

tion depth a, which means that the laser pattern can be more

flexibly structured. In the optical tweezer technique, orbital

angular momentum of optical vortices exerts torques on

objects for effective trapping,10 which has widespread appli-

cations in micromechanics11 and biotechnology.12 In STED

lithography, optical vortices have been used to achieve spa-

tial resolution beyond optical diffraction limits by depleting

the fluorophores around a desired area.13 Femtosecond vor-

tex beams can also lead to interesting ridges, wrinkles, and

pores on the material surface,14,15 which are not achievable

by the standard beams with a Gaussian intensity profile.

Laser machining by optical vortices showed the ability to

create unique material structures, like microneedles on the

metal surface,16 microcavities on soda-lime glass,17 and cir-

cular polymer microstructures.18–20 Although optical vorti-

ces present broad and significant applications in the above

areas, the potential of using optical vortices in femtosecond

laser TPP is far from fully exploited. No quantitative study

has been done on how the modulation and focusing proper-

ties of optical vortices affect the microstructure fabrication.

Systematic research on manipulating optical vortices for

rapid fabrication of controllable micro/nano-structures

remains to be conducted.

In this paper, optical vortices are generated by imprint-

ing a helical phase on an incident femtosecond laser beam

using a liquid crystal phase only SLM. The focusing proper-

ties of optical vortices are investigated with the Debye vecto-

rial diffraction theory. How the phase factors imprinted on

the optical vortex, including topological charge l, fold num-

ber m, and modulation depth a, affects its intensity distribu-

tion is theoretically and experimentally studied. Microtubes

are fabricated by simply scanning the optical vortices along

a designed route in the photoresist. Furthermore, the relation-

ship between phase factors and microtube parameters is

quantitatively studied. The diameters, polygonal geometry,

and deflection angle of edges of fabricated microtubes are

well controlled by modulating the phase factors of the optical

vortex. On this basis, microtubes with controllable geometry

parameters and even 3D spiral microtubes are easily

achieved.

The experimental setup is schematically illustrated in

Fig. 1(a). A femtosecond laser source with a wavelength of

780 nm (Chameleon Ultra, Coherent GmbH; repetition rate:

80 MHz; pulse width:<140 fs) was used for the TPP process.

After expansion, the laser beam illuminates an SLM (Pluto

NIRII, Holoeye, 1920� 1080 pixels, 256 grey levels, and

pixel pitch of 8 lm), on which phase mask is encoded [inset

of Fig. 1(a)]. The modified beam is relayed to the input pupil

of a high numerical aperture (NA) objective lens (60�,

NA¼ 1.35, Olympus). The optical vortex is focused and

diverged along the propagation direction [Fig. 1(b)]. A vor-

tex pattern is prototyped by TPP with a single exposure ofa)Author to whom correspondence should be addressed: dongwu@ustc.edu.cn
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photoresist (SZ2080) sample anchored to a 3D piezo stage

(E545, Physik Instrument). Microtubes are fabricated by

simply scanning the focused optical vortex along a prede-

signed 3D route, which is realized by controlling the move-

ment of the 3D piezo stage with a computer. SZ2080 is a

solid material in TPP microfabrication, which is prebaked at

100 �C for 1 h. The absorption band is located in the spectral

range of 300–400 nm with the absorption peak at 380 nm.

The refractive index of the material is �1.523 at 632.8 nm.21

The optical vortex with the helical mode is formed by

imprinting a phase factor, exp(ilu), onto a Gaussian beam,

where u is the azimuthal angle around the optical axis and

l is the topological charge, an integer characterizing an l-fold

helix. The beam intensity is distributed into a ring with

radius Rl at the focal point. When Rl varies with u, a more

complex Lissajous intensity pattern can be obtained in the

focal plane. This is realized by the imprint phase factor

/ðl;uÞ ¼ exp fil½uþ a sin ðmuþ bÞ�g onto the incident

Gaussian beam.10 In the experiment, a blazed grating pattern

is directly added with the hologram for optical vortex gener-

ation to separate the optical vortex from zero diffraction

order, which is filtered before entering the objective. The

characteristic of the Lissajous pattern is controlled by four

factors. In particular, l determines the local radius of maxi-

mum intensity at angle u, a controls the depth of modula-

tion, m produces an m-fold symmetric pattern, and b
determines the orientation of the pattern.

For direct laser writing of microstructures, the optical

vortex needs to be tightly focused with a high NA objective.

Hence, it is crucial to investigate the focusing properties of

the optical vortex. Different from the scalar diffraction the-

ory, the vectorial diffraction behavior of light passing

through a high NA objective is accounted with the Debye

vectorial diffraction theory for better calculation of the inten-

sity distribution in the focal region.22 Since the paraxial

approximation does not consider the vectorial nature, in this

study, we use the Debye vectorial diffraction theory,23 which

describes the depolarization effect of a high-NA objective by

calculating the three orthogonal field components Ex, Ey,

and Ez. By the Debye vectorial diffraction theory, the optical

intensities near the focal spot are derived as24

E x2; y2; z2ð Þ ¼ �
iC

k

ða

0

ð2p

0

sin hEobj h;uð Þ
ffiffiffiffiffiffiffiffiffiffiffi
cos h
p

P h;uð Þ

� exp ikn z2 cos hþ x2 sin h cos uð½
þy2 sin h sin uÞ�dhdu; (1)

where C is a constant, Eobjðh;uÞ is the electric field at the

entrance pupil of the objective, k ¼ 2p=k is the wave number

of incident light, n is the refractive index of the immersion

medium, h represents the focusing angel of the objective

lens, and u is the azimuthal angle of the object plane. a is

the maximum focusing angle of the objective lens and can

be calculated according to the formula: a ¼ arcsinðNA=nÞ,
where NA is the numerical aperture of objective lens. Pðh;uÞ
represents the polarization state of the EM field in the focal

region, which can be rewritten as

Pðh;uÞ ¼ 1þ ðcos h� 1Þ cos2u
� �

i

þ ðcos h� 1Þ cos u sin u½ �j � ðsin h cos uÞk (2)

for incidence with linear polarization in the X direction.

To show the effects of phase factors on the microstruc-

ture fabrication, theoretical simulations and experiments are

conducted. We started by controlling the topological charge

l (Fig. 2), while fixing m ¼ 1, a ¼ 0:04, and b ¼ 0, without

the loss of generality. The phase factors m, a, and b can also

be changed to other values. Optical vortices show circular

intensity distribution at the focal plane [Fig. 2(b)] and diverge

quickly along the propagation direction [Fig. 2(c)]. The diam-

eter of the intensity pattern at the focal plane increases as the

topological charge is changed from l ¼ 2 to l ¼ 20 [Fig.

2(a)]. In the experiment, the optical vortex is projected into a

photoresist sample, and complex 2D patterns can be fabri-

cated by a single exposure without need of point to point

scanning. All the microstructures are fabricated with a single

exposure of 50 ms, with a laser power of 80 mW measured in

front of the objective [Fig. 2(d)]. The increase in the diameter

FIG. 1. Creation of the femtosecond vortex beam for direct laser writing of

microtubes. (a) Schematic diagram of the experimental setup. (b) Simulated

intensity distribution in the propagation direction in the focus region of an

objective with a numerical aperture of 1.35.

FIG. 2. TPP by femtosecond optical vortices with topological charge from

l ¼ 2 to l ¼ 20. (a) Phase masks for optical vortices with different topologi-

cal charges. (b) Measured and (c) calculated intensity distribution at the

focus plane. (d) Calculated intensity distribution along the beam propagation

direction. (e) All the circular structures are two-photon polymerized with a

single exposure of 50 ms by 80 mW laser power. All the scale bars are 5 lm.
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matches well with the theoretical calculation. The quantita-

tive study of the diameter control will be discussed in detail

[Fig. 4]. We can find that the microstructures are not perfectly

homogeneously polymerized. This is attributed to two rea-

sons. First, both the pixelization of holograms and the non-

ideality of the optical system in the experiment may bring

aberrations to the optical vortex. Second, the optical vortex

exhibits an inhomogeneous intensity distribution around the

inner circle after high NA focusing for linear polarization

incidence, as the case in our experiment. For better resolution

and uniformity of fabricated microstructures, the aberration

of high NA fabrication systems can be compensated by con-

trolling the point-spread-function of the focal pattern with

optimized hologram generating algorithms.25–27

Fold number m and modulation depth a affect the num-

ber and deflection angle of edges of the polymerized micro-

structure. By modulating m and a, more complex 2D

microstructures (Fig. 3) can be fabricated with single expo-

sure. When changing m, polygonal optical vortices are gener-

ated, as calculated [Fig. 3(a)] and measured using a CCD

camera [Fig. 3(b)]. Correspondingly, the fabricated structures

with m¼ 2, 3, 4, 5, 6, and 10 exhibit elliptical, triangular,

square, pentagonal, hexagonal, and decagonal geometries

[Fig. 3(c)]. It is found by both the calculation and the experi-

ment that the intensity distribution is not homogeneous along

the edges of the polygonal pattern and is stronger at the junc-

tion of edges. This inhomogeneous intensity distribution

directly leads to the nonuniform wall thickness of the poly-

merized polygonal pattern. In the experiment, the phase fac-

tors l, a, and b are fixed to be l ¼ 10, a ¼ 0:04, and b ¼ 0,

without the loss of generality. Similarly, by controlling the a
from 0.02 to 0.20, while keeping phase factors to be l ¼ 10,

m ¼ 6, and b ¼ 0 [Fig. 3(d)] without the loss of generality,

hexagonal optical vortices with different deflection angles are

realized [Fig. 3(e)]. The optical vortex and the polymerized

microstructure [Fig. 3(f)] evolve from standard hexagon to a

pattern with six sidelobes, and the sidelobes’ deflection angle

increases with a, which agrees well with the theoretical calcu-

lation. All the microstructures in Figs. 3(c) and 3(f) are fabri-

cated with an exposure time of 500 ms and a laser power of

80 mW.

For the precise control of the size and geometry of

microstructures, a quantitative study (Fig. 4) on the depen-

dence of microstructure geometry on the topological charge

l and modulation depth a is conducted (fold number m only

controls the edge number of microstructure). When topologi-

cal charge l varies from 2 to 20, the outside diameter varies

from 2.4 lm to 5.4 lm and the inner diameter varies from

0.9 lm to 4.3 lm [Fig. 4(a)]. Other phase factors are fixed to

be m ¼ 1, a ¼ 0:04, and b ¼ 0. The diameter can be con-

trolled approximately linearly by changing l. When topologi-

cal charge l is further decreased to 1, the inner diameter can

reach down to a minimum value of �600 nm. The inset of

Fig. 4(a) shows the intensity distribution of a focused optical

vortex and the white curve is the intensity cross section along

the X direction. The outer and inner diameters of the optical

vortex are calculated according to the half height full width

of the intensity distribution. The deflection angle h of side-

lobes is defined as shown in the inset of Fig. 4(b) and

increases approximately linearly with phase factor a, when

fixing l ¼ 10, m ¼ 6, and b ¼ 0. When a < 0:1, the change

in the deflection angle h is smaller than 150 and the polymer-

ized microstructure keeps a hexagonal geometry. However,

when a > 0:1, the deflection angle becomes obvious and the

polymerized microstructure shows a wind wheel geometry

[the rightmost image of Fig. 3(f)]. The scale bars are from

the variance of measurements. The deviation between mea-

sured and calculated values comes from two aspects. First,

one significant reason for the discrepancy between the mea-

sured and calculated values is the shrinkage of photoresist in

the development process. The shrinkage of the polymerized

microstructure leads to smaller measured inner and outer

diameters than the theoretical simulation [Fig. 4(a)], espe-

cially when the laser exposure dosage is close to the photore-

sist polymerization threshold. The shrinkage also results in

the deformation of the microstructure, which explains the

deviation between measured and calculated unfolding angles

of sidelobes [Fig. 4(b)]. Second, the calculation is conducted

on a series of assumptions including standard Gaussian inci-

dence, ideal optical system, and ignorable refractive index

mismatch behind the objective. In fact, the pixelization of

holograms, the non-ideality of the optical system, the high

NA objective system, and the mismatch of the refractive

index will all bring aberration to the focused optical vortex

pattern and lead to the deviation of calculation from the

actual situation.

Based on the preceding systematic study on TPP with

the optical vortex, an approach for rapid fabrication of 3D

microtubes is proposed. Microtubes can be fabricated flexibly

by simply scanning femtosecond optical vortices along a

designed route (Fig. 5). Different from the conventional TPP

process where microtubes are fabricated by the overlapping

of single voxels, microtubes are achieved by rapid scanning

FIG. 3. TPP with femtosecond optical vortices by controlling fold number m
and modulation depth a. (a) and (d) Calculated intensity distribution at the

focus plane of objective with m varies from 2 to 10 and a varies from 0.02 to

0.20. (b) and (e) Measured optical vortices at the focal plane of the objec-

tive. (c) and (f) SEM images of polymerized polygonal microstructures by

single exposure of femtosecond optical vortices. The scale bars are 5 lm.
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of optical vortices. Thus, fabrication time can be significantly

reduced by two orders of magnitude. Additionally, the size

and geometry of microtubes can be controlled flexibly by

changing topological charge l, fold number m, and modula-

tion depth a. Figure 5(a) shows the SEM images of circular

microtubes with gradient diameter by changing topological

charge l from 20 to 10, 8, and 6. The scanning speed for all

circular microtubes fabrication is 50 lm/s, while the used

laser power is 80 mW, 50 mW, 40 mW, and 30 mW, respec-

tively. The microtubes are 30 lm high and the fabrication

time is 0.6 s, while it increases to 270 s for conventional sin-

gle spot direct laser writing with a piezo stage. Figures 5(b)

and 5(c) show elliptical, triangular, square, and hexagonal

microtubes by controlling fold number m. In theory, polygo-

nal microtubes with an arbitrary number of edges can be fab-

ricated, but as the edge number increases, the polygonal

microtube is more close to a circular microtube. Similarly, by

controlling modulation depth a, microtubes with winding

edges are realized [Figs. 5(d) and 5(e)]. The hexagonal micro-

tubes are fabricated by fixing l¼ 16 and m¼ 6 and changing

a from 0.04 to 0.06, 0.08, and 0.10. The scanning speed for

all polygonal microtubes’ fabrication is 50 lm/s and the used

laser power is 75 mW. Inhomogeneous polymerization can

be found in Figs. 5(b)–5(e), which is attributed to the aberra-

tion of the focused optical vortex caused by the optical sys-

tem. The aberration needs to be effectively compensated if

more homogeneous polymerization is expected. Specially, an

“Archimedes spiral” microtube array with increasing heights

from 5 lm to 150 lm is designed and fabricated with a laser

power of 50 mW and a scanning speed of 40 lm/s, by the

optical vortex with l ¼ 10, m ¼ 1, and a ¼ 0:02 [Fig. 5(f)].

This is difficult for previous microtube fabrication techni-

ques, such as 2D UV photolithography,28 template based

microtube fabrication,29 and self-rolling technique.30 Besides

straight microtubes, complex 3D microtubes can be easily

realized by scanning optical vortices along a designed 3D

route. Figure 5(h) shows the SEM image of a 3D spiral

microtube scanned with a strategy illustrated in Fig. 5(g). The

spiral diameters in x and y directions rx and ry are 2 lm and

the period in the z direction Pz is 20 lm. The optical vortex

with l ¼ 20, m ¼ 1, and a ¼ 0:02 is adopted for the fabrica-

tion of spiral microtubes, and a laser power of 50 mW and a

scanning speed of 40 lm/s are used. Such microtubes are of

great interest for the construction of micro-optics,31 biomedi-

cal devices,30 micro-fluidics,32 micro-pumps,29 micro-sen-

sors,32 and lab on a tube devices.30

In conclusion, we have theoretically investigated the

focusing properties of optical vortices generated by phase

modulation with the Debye vectorial diffraction theory. Direct

laser writing of 3D microtubes is realized using the focused

optical vortices. In contrast to the commonly used single spot

scanning technique, microtubes are facilely and rapidly fabri-

cated by scanning the optical vortices along a designed route.

Furthermore, the size (from 0.6 lm to 4.3 lm), geometry (e.g.,

elliptical, triangular, square, and hexagonal), and deflection

angle of edges of fabricated microtubes can be precisely con-

trolled by modulating the topological charge l, fold number m,

and modulation depth a of optical vortices. This research takes

advantage of the flexibility of phase modulation and the high

precision of direct laser writing, leading to a method for rapid

FIG. 5. Complex microtubes fabricated by direct laser writing using femto-

second vortex beams. (a) Microtubes with controllable diameter by changing

topological charge l. (b) and (c) Microtubes with elliptical, triangular, square,

and hexagonal geometries by controlling fold number m. (d) and (e)

Hexagonal microtubes fabricated by changing modulation a from 0.04 to

0.06, 0.08, and 0.10 (from left to right). (f) 3D “Archimedes spiral” microtube

array with height increasing linearly. (h) Spiral microtubes with precisely

designed size and period fabricated according to the scanning route in (g),

which is difficult for previous microtube fabrication techniques. The scale

bars are 5 lm in (a), (b), (d), and (h), 2 lm in (c) and (e), and 20 lm in (f).

FIG. 4. (a) Dependence of the diameter of the polymerized circular micro-

structure on topological charge l. The inset shows that the inner and outer

diameters of optical vortices are calculated according to the half height full

width of the intensity distribution. (b) Relationship between the change of

deflection angle Dh and modulation depth a. The inset shows the definition

of deflection angle h.
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fabrication of varied micro/nano-tubes. It may inspire new

thoughts of high-efficient fabrication of functional devices.
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