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Abstract: To improve the fabrication efficiency of the two-photon polymerization (TPP) laser direct
writing, the TPP exposure process was set to complete by a single-line scan, which was named 2D TPP.
The voxel of the 2D TPP should be large enough to cross the photoresist and the underlayer. To explore
the resolution limit of the 2D TPP considering the thickness of the photoresist, a new method named
the 45° scanning method was proposed. Meanwhile, a two-photon micro-nano fabrication platform
was developed. A group of experiments based on the orthogonal decomposition method was carried
out to analyze the width and length of the voxel on the S1805 photoresist under different laser power
and processing speed. To confirm whether the resolution of the micro-nano structures fabricated by
2D TPP is consistent with the width of the voxel, aluminum wire grids were fabricated through the
2D TPP and the metal lift-off process. A second-order regression equation of the machining resolution
and input parameters of the 2D TPP is deduced. The correlation coefficient between the width of the
voxel and the aluminum wire grids is 0.961, which means a significant positive correlation between
them. Finally, the second-order regression model derived from the fabrication resolution of the 2D
TPP was validated by experiments. Full 2D grids were fabricated using 2D TPP and mental lift-off
process. This paper provides a convenient, low-cost, and high-efficiency method for calibrating the
fabrication resolution of 2D TPP on various photoresists.

Keywords: 2D two-photon polymerization; laser direct writing; resolution calibration; high aspect
ratio voxel; 45° scanning method

1. Introduction

Femtosecond laser direct writing has the capability of super-resolution processing.
Its maskless and efficient features make it the first choice for the fabrication of micro- and
nanostructures. However, the resolution of the femtosecond laser direct writing process is
limited by the diffraction limit, which is positively correlated with the wavelength of the
laser and negatively correlated with the numerical aperture (NA) of the objective lens. To
improve the resolution of the femtosecond laser direct writing process, the optimization
methods generally used are to reduce the laser wavelength or to increase the NA of the
objective lens. In laser direct writing, near-infrared light at 800 nm is usually experimented
with to initiate polymerization [1,2]. Reducing the laser wavelength is very costly. Mean-
while, the price of the objective lens exponentially increases with increasing NA. Both of
these optimization methods are too costly. A more economical approach is to introduce
the two-photon polymerization (TPP) process, which is an effective means of improving
resolution [3,4]. TPP can break the diffraction limit to obtain sub-micron structures [5].

A typical process of TPP laser direct writing technology to fabricate micro-nano
devices is as follows: (1) spin-coating the underlayer and the photoresist on the substrate,
(2) exposing the photoresist by TPP laser direct writing technology, (3) developing the
exposed photoresist, (4) metal deposition, and (5) lift-off process to remove the substrate [6].
To improve the manufacturing efficiency of the TPP laser direct writing process, the TPP
exposure process was completed by a single line scan, which was named 2D TPP. The
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exposure rate in the depth direction determines the success or failure of laser direct writing.
The spin-coated photoresist is generally hundreds of nanometers. In practice, we found a
risk of insufficient exposure when the scanning speed is too fast under specific laser power.
If the exposure dose of the photoresist is inadequate, the voxels cannot cover the vertical
section of the photoresist and the underlayer. In the cationic curing system, exposure at low
doses only generates a latent image of photoacids in the exposed regions (Figure 1a). The
aluminum wire grids were removed along with the photoresist and the underlayer, and
nothing was left (Figure 1b). To avoid failure, the laser power should increase. However,
the machining width increases with the laser power. To determine the highest resolution of
the 2D TPP on a specific photoresist, the present paper proposes a method to calibrate the

TPP processing resolution under a single scan.
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Figure 1. (a) Photoresist gratings after development, (b) aluminum gratings after mental lift-off
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process.

The voxel is the unit of TPP and determines the resolution of the TPP machining [7].
A theoretical equation can be used to analyze the voxel when the exposure dose of the
TPP just exceeds the threshold. However, the equation does not work when the light
intensity of TPP exceeds the diffraction limit [8]. The minimum spin coating thickness of
commercial photoresist plus the underlayer is not less than 600nm. To achieve a single-line
scan processing, the length of the voxel must be greater than 600 nm. Meanwhile, the light
intensity of the TPP must be well above the threshold to ensure sufficient exposure. Empiri-
cal equations are not applicable above the threshold because of the complex photochemical
reactions in overexposure situations. To analyze the machining resolution of 2D TPP, it is
crucial to study the large aspect ratio voxel in overexposure situations.

Liao et al. [9] used large aspect ratio voxels under overexposure conditions for rapid
fabrication. This method was used by the author to process structures with aspect ratios
as high as 17. However, he did not study the relationship between processing speed and
voxel. Two scans are simultaneously performed to ensure the processing success rate, so
processing stability cannot be guaranteed. Devoe et al. [10] found a strong correlation
between the aspect ratio of voxel and the exposure dose. The voxel aspect ratio is about
one around the threshold and increases to 8-10 at high exposures. This finding is consistent
with Hong-Bo Sun’s [11] results. The observation of isolated voxels is difficult. Researchers
have tried a variety of methods, from single points or rods [11-14] to dangling rods [15] or
lines [16]. However, a calibration method was not derived for the size of large aspect ratio
voxels. In this paper, a fast calibration method for the resolution of 2D TPP was proposed
to deal with situations where the Gaussian model is not applicable.

In our work, the fabrication resolution of the 2D TPP was calibrated using a new
method called the 45° scanning method, and the calibration results were validated by
a group of experiments. First, the principle of 2D TPP with femtosecond lasers is pre-
sented. Then, a two-photon micro-nano fabrication platform was developed to calibrate
the fabrication resolution of 2D TPP by the 45° scanning method. A group of experiments
was carried out based on the orthogonal decomposition method to analyze the width of
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the voxel on the 51805 photoresist under different laser power and processing speed. A
second-order regression equation of the machining resolution and input parameters of
the 2D TPP is deduced. To confirm whether the resolution of the micro-nano structures
fabricated by 2D TPP is consistent with the width of the voxel, aluminum wire grids were
fabricated through the combination of 2D TPP and the metal lift-off process. The correlation
coefficients between the width of the voxel and the aluminum wire grids were evaluated.
Finally, the derived second-order regression model of the fabrication resolution of the 2D
TPP was validated by a series of experiments.

2.2D TPP
2.1. Principles of 2D TPP

The principle of the TPP of the femtosecond laser is that the spot generated by the
femtosecond laser is focused on the inside of the material to be processed, and the two-
photon absorption effect occurs in this area [17]. Two-photon absorption is a third-order
nonlinear optical process. The energy absorption rate of the TPP is proportional to the
square of the incident light intensity, which can be expressed as:

dw 872w

ar = e PIm(®) M

where dW/dt is the energy absorption rate, n is the refractive index, w is the frequency of
incident light, c is the propagation speed of light in a vacuum, [ is the intensity of incident
light, and Im(x®) is the imaginary part of the third order coefficient. TPP occurs only in the
laser focus and a tiny area near it [18]. Therefore, the 3D microstructure processed by TPP
has the advantages of high resolution and free model design. To improve the processing
efficiency of the TPP laser direct writing process, the TPP exposure process was completed
by a single line scan, which was named 2D TPP.

2.2. Problems Caused by the 2D TPP

In the present study, the resolution represents the feature size of the micro-nano
structures manufactured by 2D TPP. Working in the line scanning mode, the resolution of
2D TPP refers to the width of lines [7]. In TPP direct laser writing, the size and shape of
the voxels determine the resolution [19]. The width of the exposed line on the photoresist
is determined by the diameter (width) of the voxel. In the fabrication of the micro-nano
structure (such as semiconductor devices), photoresist films with specific thicknesses are
required. The spin-coated photoresist is generally hundreds of nanometers. The 2D TPP
exposure process can be achieved by adjusting the aspect ratio of the voxels. To obtain
voxels with lengths of hundreds of nanometers, the exposure dose of TPP must be higher
than the threshold light intensity. The exposure rate in the depth direction determines
the success or failure of laser direct writing photolithography. If the exposure dose of the
photoresist is insufficient, the vertical length of the voxel is smaller than the sum of the
thickness of the photoresist and the underlayer. In the cationic curing system, exposure
at low doses only generates a latent image of photoacids in exposed regions [16]. The
aluminum wire grids were removed along with the photoresist and the underlayer, and
nothing was left. The voxels cannot cover the vertical section of the photoresist and the
underlayer with decreased laser power. To avoid failure, the laser power should increase.
However, the exposure width increases with increasing laser power. To obtain the thinnest
gratings, the laser power and micromachining speed should be adjusted. It is essential to
study the formation mechanism of voxels. The scaling law between voxel size and laser
power as well as machining speed should be analyzed.

The essential parameters to characterize the structure’s writing resolution, line width,
and feature size are laser power, exposure dose, and concentration of active species in
the voxel after absorption [14]. Appropriate optimization of these parameters results in
superior resolution. The voxel volume directly varies with the cube of the wavelength of the
light source. This implies that the smaller the wavelength, the smaller the voxel dimensions.
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The developed line width and resolution were much superior for TPP fabrication compared
with those of one photon exposure [16]. However, the concentration of active species
around the voxel increased with exposure due to the presence of residual dynamic species.
This effect produces undesirable polymerization surrounding the voxel, resulting in thick
lines and adversely affecting the spatial resolution. The scanning speed also plays a
vital role in defining the resolution of fabricated structures. At specific laser powers, the
resolution increases with the increasing scanning speed, i.e., higher scanning speeds result
in enhanced resolution. The reduction of exposure doses leads to a reduction in line width.
However, high scan speeds can hinder the polymerization process and result in weaker
and easily collapsible structures [20]. Therefore, the optimal selection of input laser power
and scanning speed is vital for 2D TPP.

2.3. TPP Fabrication Platform

Based on the femtosecond laser TPP micro-nano processing principle, a femtosecond
laser TPP micro-nano fabrication platform was established. The fabrication platform
mainly consists of an optical system and a three-dimensional processing platform (as
shown in Figure 2). The entire fabrication platform was built in a clean room with constant
temperature, humidity, and ventilation. The Vitara Ti: sapphire femtosecond laser generator
(Coherent, CA, USA) was introduced as the seed light source. The repetition frequency
of the oscillator is 80 MHZ. The pulse width of the femtosecond laser is 15 fs, with an
output power of 1000 mW and a center wavelength of 800 nm. Emitting from the seed light
exit port of the laser generator, the femtosecond laser is reflected by a reflector and passes
through a safety shutter. Then, the femtosecond laser enters the laser energy automatic
adjustment system composed of a rotating stage with a half-wave plate, a Glan prism, a
beam splitter, and a power meter. The processing detection software can control the rotation
angle of the rotary stage to precisely adjust the processing power, and the power meter
can measure the current processing power in real time. Then, the laser passes through the
quarter-wave plate and enters the processing shutter. The platform uses a 650 nm short-
wave pass dichroic mirror to realize the total reflection of the laser and the transmission of
natural light. Finally, the laser beam is closely focused with an objective lens (magnification
of 50, NA of 0.95) on photoresists.

Femtosecond laser

Reflector / CCD camera
\ A — N
I Power meter Coaxial light
/ Telecentric source
Lenses
N Rotating stage Machining \ I | /
ens
shutter
7N\ 7‘/ \,
- fl f l J N\ «— Dichroic mirror
NV - i
/ v i / / ]
Reflector / Beam splitter uarter
Iris / Glan laser Q Objective lens

slides 9 |

prisms Z-axis

Safety shutter motion

Industrial controls

diaphragms

r\\z «— Reflector

XY-axis motion stage

Figure 2. Schematic diagram of the femtosecond laser TPP micro-nano fabrication platform.

The three-dimensional processing platform consists of a horizontal X-Y stage and a
vertical Z stage. A microporous ceramic vacuum adsorption platform is fixed on the X-Y
stage, and the workpiece is placed on the workpiece adsorption platform during processing.
The vacuum suction force generated by the adsorption platform acts to fix the workpiece
on it. A lens holder is fixed on the Z-axis stage. Upon being fixed on the lens holder, the
objective lens can be replaced according to different processing requirements. The relative
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position of the laser focus and the photoresist is adjusted by controlling the X-Y stage
and the objective lens. The workpiece is processed with the opening and closing of the
machining shutter.

3. Results and Discussion
3.1. 45° Scanning Method to Study Large Aspect Ratio Voxels

The following experiments were performed to study the size and shape of voxels. Ac-
cording to Zhou's study [7], the laser power, the micro-machining speed, and the properties
of the photoresist material are three critical parameters that influence the width ( Dx,)
and length (I;,x1) of the voxel. To calibrate the resolution of 2D TPP, a series of experiments
based on the orthogonal decomposition method was designed. The variation area of the
laser power and the machining speed is shown in Table 1, where the machining speed V
is the combined speed of the X and Z axes speed. During the experiments, the X and Z
axes of the 3D processing platform were controlled to move at the same speed (vx = v;). As
the TPP platform scans the photoresist at 45°, the calibration method was named the 45°
scanning method. First, the laser focus was moved to the top of the photoresist. With the
movement of the X and Z axes, voxels are formed on the photoresist until the laser focus
leaves the photoresist (as shown in Figure 3). During this process, voxels are formed at the
maximum light intensity of the laser focus, and the exposed area of the photoresist reacts.
The thickness of the photoresist (Ijnotoresist) is 500 nm. After the development of the pho-
toresist, the reaction area was observed through the microscope, which is the longitudinal
section of the voxel. The length of the reaction area Iy = lyoyer + Ipnotoresist- The width of the
reaction area D; = Dy,

Table 1. Variation area of the laser power and the micromachining speed.

Num 1 2 3 4 5 6
laser power P (mW) 60 80 100 120 140 160
Processing speed V (um/s) 100 200 300 400 500

longitudinal section of the voxel

objective lens
s : .::::::::::::}4 (a) Top view

Photoresists

/

|
|
. | ‘ (b) Front view
Volume ! g
Pixel i A ‘
|
]

Figure 3. Schematic diagram of the movement of the voxel relative to the photoresist.

Thirty sets of experiments were carried out on the basis of the orthogonal decomposi-
tion method. The longitudinal cross-section of S1805 voxels under different laser powers
and machining speeds is shown in Figure 4. The size of the voxel increases with increasing
laser power and decreases with increased processing speed.
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Figure 4. The longitudinal section of the S1805 voxel under different laser powers and processing
speeds (50 x).

The width and length of the voxels in the S1805 photoresist are shown in Table 2.
Figure 5a is the 3D plot of the voxel length with respect to the laser power and the ma-

chining speed. The voxel length is directly proportional to the laser power and inversely
proportional to the processing speed. Figure 5b shows the 3D plot of the voxel width with
respect to the laser power and machining speed. The voxel width is directly proportional
to the laser power and inversely proportional to the machining speed.

Table 2. The width (D) and length (I,5y;) of the voxels in the S1805 photoresist (in um).

P (mW) 60 80 100 120 140 160
174 (p,m_/s) Looxel Dyoxel Lyoxel Dyoxet Looxel Dyoxel Looxel Dyoxet Looxel Dyoxel Looxel Dyoxet
100 9.00 1.96 11.56 2.11 12.35 213 14.37 2.17 15.88 2.16 17.39 22
200 5.68 1.69 7.97 1.91 9.08 1.88 10.51 1.93 11.99 2.04 13.39 2.08
300 3.94 1.53 6.16 1.83 747 1.8 9.14 1.92 10.31 1.96 11.44 2.08
400 3.32 142 521 1.67 6.12 1.68 7.84 1.89 9.28 1.88 10.27 2.04
500 247 1.56 4.22 1.56 5.35 1.76 7.12 1.85 8.4 1.92 9.44 1.96
= Hum)
Lum) L(um) Wm) s 1.700
iy 17.90 174070
18- i 16 | 1.6022
: ! 5 L6 1.544
16 1 1491 -l
1.465
= ! 13.42 154 el
! 11.92 ol :
2 ‘ - 1043 | :::‘:
10 | -se30 2 o
! 7.435 12 1A
‘ 5.940 114 il
4445 J 0.996
1.0

2.950

0918

80 - P(my)

Vium/s) 600 60

(a)

Figure 5. 3D plots of (a) the length and (b) the width of voxels on the S1805 photoresist with respect
to the laser power and the machining speed.

(b)

Based on Table 2, a regression analysis was performed to explore the scaling laws of
Dyoxer and I,y With respect to the laser power and the machining speed. A second-order
regression model was introduced to study their relationship. The second-order regression
model for Dy, can be expressed as follows:

Dyoxel = 1.893 4 0.006724P — 0.003333V — 2.214 x 107°P? +2.774 x 107 °V? + 7.3 x 107 °PV 2)

The adequacy and fitness of the model were checked by the coefficient of determination
(R?). The R? gives the proportion of the total variation in the response predicted by the
model, indicating the ratio of the sum of squares due to regression to the total sum of
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squares [21]. The determination coefficient R? = 0.9326, which indicates that 93.26% of the
experimental data were in accordance with the values predicted by the model.
The second-order regression model for /,,,,; can be expressed as follows:

Looxel = 7.058 4+ 0.1147P — 0.04111V — 0.0001489P? + 4.467 x 10 5PV — 2.7 x 10°V? (3)

The determination coefficient R? = 0.9918, which indicates that 99.18% of the experi-
mental data were in accordance with the values predicted by the model.

Then, another critical parameter of the voxel, the aspect ratio—which is the ratio of
the voxel’s length and width—was studied. For the 2D TPP, the voxel length should be
as large as possible, and the voxel width should be as small as possible. Therefore, the
aspect ratio of the voxel should be large enough to ensure processing accuracy and avoid
insufficient exposure or exposure failure. A reasonable combination of processing speed
and laser power can meet the requirements. The scatter diagram of the aspect ratio of the
voxel with respect to laser power and machining speed is shown in Figure 6. The aspect
ratio can reach 8.13 with a power of 160mw and a machining velocity of 100 um/s.

Aspect Ratio
11

500

60

80 400

100
n 120
P(mW) 140

300
200 V(pm/s)

160 100

Figure 6. Aspect ratio of the voxel on the S1805 photoresist with respect to velocity and laser power.

3.2. Validation Experiments

To confirm whether the resolution of the micro-nano-structures fabricated by 2D TPP
is consistent with the width of the voxel, a group of micro-nano-structures was fabricated.
A typical process of the TPP laser direct writing process to fabricate micro-nano structures
is as follows (Figure 7): (1) the substrate (soda-lime glass) is cleaned using an ultrasonic
machine with acetone, ethyl alcohol, and deionized water for 6 min each. (2) A underlayer
(LOR 10B) with a thickness of 1 um is spin-coated on the surface of the substrate. Then,
the underlayer film is baked for 3 min at 150 °C (Figure 7 step 1). The underlayer is non-
photosensitive but can dissolve in the ZX-238 solvent. (3) A photoresist film (51805) with a
thickness of 500 nm is spin-coated on the LOR 10B film. Then, the 51805 film is baked for
1 min at 115 °C (Figure 7 step 2). (4) 2D TPP is performed on the photoresist film, which
is photopolymerizable (Figure 7 step 3). (5) The exposed photoresist film is developed
by the ZX-238 solvent, and then a photoresist mask plate is obtained (Figure 7 step 4).
(6) Metal lift-off technology [6] is performed. The substrate is aluminized and stripped
to obtain aluminum wire grids (Figure 7 steps 5 and 6). The metal lift-off technology is a
process of applying adhesive, exposing, and developing a mask with a specific shape on
the substrate. After exposure and development, the substrate is aluminized and stripped
to obtain aluminum wire grids. This section investigates the width of metal wire grids after
aluminizing and stripping.
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Step1 | |
Spin-coating underlayer

e ——

Step 2 | I
Spin-coating photoresists

Step3 | |

Exposure photoresists
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Step4 | |

Development photoresists and underlayer

77\
Step 5 ~
Deposition Al film - - -

Step 6 \
Metal lift-off T N

Figure 7. The fabrication process of micro-nano structures through 2D TPP and metal lift-off
technology.

The S1805 photoresist is exposed by the femtosecond laser TPP micro-nano fabrication
platform built in Section 2. The most significant factor that influences the width of the
exposed line is the degree of exposure [22]. Meanwhile, the laser power and the processing
speed are critical parameters that affect the degree of exposure. The 51805 photoresist
was exposed to different laser powers and different processing speeds. The width of the
aluminum wire grid (D 41) was measured under the microscope. As shown in Table 3, the
width of the aluminum wire grid increases with increasing laser power and decreases with
increased processing speed. Aluminum wire grids under a processing speed of 100 um/s
and laser power from 60 to 160 mW are shown in Figure 8. Aluminum wire grids are
straight and smooth, which can meet the requirements of micro-nano structures. Full 2D
grids have been fabricated using 2D TPP and the metal lift-off process. Figure 9 shows the
top view of optical microscope images of the aluminum wire grids exposed with a laser
power of 43 mW and a scan speed of 200 pm/s.

Table 3. The theoretical value and the experimental value of the width of the aluminum wire grids

(in um).
P (mW)V 60 80 100 120 140 160
174 (p,m_/s) D/ voxel DAL D/ voxel DAL D/ voxel DAL D/ voxel DAL D/ voxel DAL D/ voxel DAL
100 1.95 1.95 2.04 227 211 2.42 2.16 2.38 2.20 2.53 221 2.60
300 1.60 1.73 171 1.82 1.81 191 1.89 2.02 1.96 213 2.00 2.26
==ov e Dl 90 pm P=120mw D;=2.38 im

i T P=140 mw D,;=2.53 pm

P=100 mw D,;=2.42 pm P=160 mw D,;=2.60 pm

Figure 8. Optical microscope images of aluminum wire grids (machining speed V = 100 um/s).
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Figure 9. An optical microscope image of the fabricated full 2D grids (10x).

Based on Equation (2), the theoretical value of the width of the voxel (Dlvoxel) was
obtained (Table 3). The width of the voxel is compared with the width of the aluminum
wire grids. As shown in Table 3, there is little difference between D,wxel and Dyy. Then, the
covariance and the correlation coefficient of D',y and D4y were introduced to evaluate
their correlation.

The covariance of D’ voxel aNd D41 is defined as follows:

Cov(Dlvoxell DAL) = E[D/voxelDAL] - E[Dlvoxel]E[DAL] (4)
The correlation coefficient of D' voxel and Dyp is defined as:

COU(D/voxel/ DAL)

r(Dr rD =
(Dryoxet, DaL) \/Var[Dl o] Var[Dap ]

Q)

where E[D,voxel] is the expected value of D,voxel, Cov(D’wxel, Dyp) is the covariance of
D' oxe and Dap, Var[D'yoxei] is the variance of D'y, and Var[Dy;] is the variance of
Dyp. According to Eq. (4) and Eq. (5), Cov(D/wxel, Dyar) and r(D’wxel, Dyy) are equal
to 0.048 and 0.961, respectively. For r(D’wxel, D4r) > 0.8, it can be derived that there is a
significant positive correlation between D' voxel and D 41 . The theoretical results calculated by
Equation (2) are consistent with the experimental results. It is confirmed that the resolution
of the micro-nano structures fabricated by 2D TPP is determined by the width of the voxel.
The derived second-order regression model (Equation (2)) is correct.

To achieve a single-line scan processing, the length of the voxel must be greater than
the thickness of the photoresist. According to the length of the voxel, the minimum width
of the voxel can be calculated on the basis of Equations (2) and (3). Finally, the resolution of
the 2D TPP (under a specific thickness of the photoresist) was calibrated. Our calibration
method for 2D TPP works well and can be extended to other photoresists. In this section,
micro-nano metal wire grids were fabricated by the combination of 2D TPP and metal
lift-off technology. As for 2D TPP, other manufacturing methods (such as etching) can also
be combined to fabricate micro-nano structures. The present calibration method can be
extended to these processes.

4. Conclusions

To improve the fabrication efficiency of the TPP laser direct writing, the present paper
proposed a fabrication method of completing the TPP exposure process by a single scan,
which was named 2D TPP. A new calibration method, named the 45° scanning method,
was designed to explore the resolution limit of the 2D TPP, considering the thickness of the
photoresist. As the voxel is the unit of the TPP and determines the machining resolution
of the TPP, the width and length of the voxel were investigated by a self-developed TPP
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micro-nano fabrication platform. The second-order regression equation of the machining
resolution and input parameters of the 2D TPP was expressed as Dy, = 1.893 + 0.006724P
—0.003332V — 2.214 x 107°P? +2.774 x 107°V? + 7.3 x 10~ °PV. Combined with the metal
lift-off process, 2D TPP provides a highly efficient way for the fabrication of micro-nano
structures. To validate the calibration results, aluminum wire grids were fabricated through
the 2D TPP and the metal lift-off process. The covariance and correlation coefficient between
the width of the voxel and the aluminum wire grids are 0.048 and 0.961, respectively, which
means a significant positive correlation between them. Finally, the derived second-order
regression model of the fabrication resolution of the 2D TPP was validated by experiments.
This paper provides a convenient, low-cost, and high-efficiency method to calibrate the
manufacturing resolution of the 2D TPP. The present 45° scanning method was suitable for
fast calibration of the resolution of 2D TPP on various photoresists.

Author Contributions: Conceptualization, Y.X. and ].C.; methodology, Y.X., H.X., and J.C.; validation,
H.X. and Y.C.; formal analysis, Y.C. and H.X.; investigation, H.X.; resources, Y.X. and J.C.; data
curation, Y.X. and J.C.; writing—original draft preparation, Y.X. and Y.C.; writing—review and
editing, Y.X. and Y.C,; visualization, H.X.; supervision, J.C.; funding acquisition, Y.X. and J.C. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Natural Science Foundation of Fujian Province [grant
numbers 2019J01633 and 2022J01544]; the Young and Middle-aged Teacher Educational Research
Program of the Education Department of Fujian province [grant number JAT170089].

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bougdid, Y.; Maouli, I.; Rahmouni, A.; Mochizuki, K.; Halim, M.; Sekkat, Z. Laser nanofabrication in photoresists by two-photon
absorption. Mol. Mach. 2018, 8, 107400G.

2. Castro-Fernandez, S.; Cruz, C.M.; Mariz, LEA.; Marquez, LR; Jimenez, V.G.; Palomino-Ruiz, L.; Cuerva, ].M.; Macoas, E.;
Campana, A.G. Two-photon absorption enhancement by the inclusion of a tropone ring in distorted nanographene ribbons.
Angew. Chem. 2020, 59, 7139-7145. [CrossRef] [PubMed]

3.  Rodriguez, S. Redefining microfabrication of high-precision optics: How two-photon grayscale lithography improves quality and
throughput of printing microparts. PhotonicsViews 2020, 17, 36-39. [CrossRef]

4.  Carlotti, M,; Tricinci, O.; Mattoli, V. Novel, high-feature size, subtractive photoresist formulations for 3D direct laser writing
based on cyclic ketene acetals. Adv. Mater. Technol. 2022, 7, 2101590. [CrossRef]

5. Zuev, D.M,; Nguyen, A.; Putlyaev, V.I; Roger, ].N. 3D printing and bioprinting using multiphoton lithography. Bioprinting 2020,
20, €00090. [CrossRef]

6. Northfield, H.; Krupin, O.; Tait, R.N.; Pierre, B. Tri-layer contact photolithography process for high-resolution lift-off. Microelectron.
Eng. 2021, 241, 111545. [CrossRef]

7. Zhou, X,; Hou, Y,; Lin, J. A review on the processing accuracy of two-photon polymerization. AIP Adv. 2015, 5, 030701. [CrossRef]

8.  DeVoe, R.]J.; Kalweit, HW.; Leatherdale, C.; Williams, T.R. Voxel shapes in two-photon microfabrication. Proc. SPIE 2003, 4797,
310-316.

9. Liao, C,; Kao, C.; Chen, P. Major-Axis planning method for fabrication of high aspect ratio structure based on two-photon
photopolymerization technology. In Proceedings of the ASME 2018 International Design Engineering Technical Conferences and
Computers and Information in Engineering Conference, Quebec, QC, Canada, 2629 August 2018; The American Society of Mechanical
Engineers: New York, NY, USA, 2018; Volume 4, pp. 1-9.

10. DeVoe, RJ.; Lee, T.C.; Gates, B.J. Negative Contrast Curves for Two-photon Free Radical Polymerization Systems and Their
Potential Applications in Sub-diffraction Limited Two-photon Photolithography. MRS Online Proc. Libr. 2013, 1499, 66-71.
[CrossRef]

11.  Sun, H.; Takada, K.; Kim, M.; Lee, K.; Kawata, S. Scaling laws of voxels in two-photon photopolymerization nanofabrication.
Appl. Phys. Lett. 2003, 83, 1104-1106. [CrossRef]

12.  Lin, ]; Jing, X.; Zhou, X.; Zheng, X.; Gao, R.; Wang, Y. Scaling laws of nanorods in two-photon polymerization nanofabrication
using a continuous scanning method. AIP Adv. 2016, 6, 105014.

13. Juodkazis, S.; Miwa, V.; Seet, K.K.; Miwa, M.; Misawa, H. Two-photon lithography of nanorods in SU-8 photoresist. Nanotechnology
2005, 16, 846-849. [CrossRef]

14. Bougdid, Y.; Sekkat, Z. Voxels Optimization in 3D Laser Nanoprinting. Sci. Rep. 2020, 10, 10409. [CrossRef] [PubMed]


http://doi.org/10.1002/anie.202000105
http://www.ncbi.nlm.nih.gov/pubmed/32159924
http://doi.org/10.1002/phvs.202000003
http://doi.org/10.1002/admt.202101590
http://doi.org/10.1016/j.bprint.2020.e00090
http://doi.org/10.1016/j.mee.2021.111545
http://doi.org/10.1063/1.4916886
http://doi.org/10.1557/opl.2013.510
http://doi.org/10.1063/1.1599968
http://doi.org/10.1088/0957-4484/16/6/039
http://doi.org/10.1038/s41598-020-67184-2
http://www.ncbi.nlm.nih.gov/pubmed/32591611

Micromachines 2023, 14, 212 11 of 11

15.

16.

17.

18.

19.

20.

21.

22.

Ercolano, G.; van Nisselroy, C.; Merle, T.; Voros, J.; Momotenko, D.; Koelmans, W.W.; Zambelli, T. Additive Manufacturing of
Sub-Micron to Sub-mm Metal Structures with Hollow AFM Cantilevers. Micromachines 2020, 11, 6. [CrossRef] [PubMed]
Purtov, J.; Rogin, P; Verch, A.; Johansen, V.E.; Hensel, R. Nanopillar Diffraction Gratings by Two-Photon Lithography. J. Nanomater.
2019, 9, 1495. [CrossRef] [PubMed]

Li, M.T. Research on Polymer Integrated Photonic Devices Based on Femtosecond Laser Direct Writing. Ph.D. Thesis, Jilin
University, Jilin, China, December 2021.

Paz, V.E; Emons, M.; Obata, K.; Ovsianikov, A.; Peterhdnsel, S.; Frenner, K.; Reinhardt, C.; Chichkov, B.; Morgner, U.; Osten,
W. Development of functional sub-100 nm structures with 3D two-photon polymerisation technique and optical methods for
characterization. . Laser Appl. 2012, 24, 042004. [CrossRef]

Bougdid, Y.; Maouli, I.; Rahmouni, A.; Mochizuki, K.; Bennani, I.; Halim, M.; Sekkat, Z. Systematic A/21 resolution achieved in
nanofabrication by two-photon-absorption induced polymerization. J. Micromech. Microeng. 2019, 29, 035018. [CrossRef]
Harinarayana, V.; Shin, Y.C. Two-photon lithography for three-dimensional fabrication in micro/nanoscale regime: A comprehen-
sive review. Opt. Laser Technol. 2021, 142, 107180. [CrossRef]

Xie, Y.; Chen, J.; Zhao, H.; Huang, F. Prediction of the fiber diameter of melt electrospinning writing by kriging model. . Appl.
Polym. Sci. 2022, 139, 52212. [CrossRef]

Wang, H.; Zhu, ]J. The discuss of exposure technology in lithography process. Mod. Manuf. Eng. 2008, 12, 131-135.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3390/mi11010006
http://www.ncbi.nlm.nih.gov/pubmed/31861400
http://doi.org/10.3390/nano9101495
http://www.ncbi.nlm.nih.gov/pubmed/31635119
http://doi.org/10.2351/1.4712151
http://doi.org/10.1088/1361-6439/aafda0
http://doi.org/10.1016/j.optlastec.2021.107180
http://doi.org/10.1002/app.52212

	Introduction 
	2D TPP 
	Principles of 2D TPP 
	Problems Caused by the 2D TPP 
	TPP Fabrication Platform 

	Results and Discussion 
	45 Scanning Method to Study Large Aspect Ratio Voxels 
	Validation Experiments 

	Conclusions 
	References

