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In the femtosecond two-photon polymerization (2PP) experimental system, optical aberrations degrade the fabrication quality. To solve this 

issue, a multichannel interferometric wave-front sensing technique is adopted in the adaptive laser processing system with a single phase-

only spatial light modulator. 2PP fabrications using corrected high-order Bessel beams with the above solution have been conducted and 

high-quality microstructure arrays of micro-tubes with 20 microns diameter are rapidly manufactured. The effectiveness of the proposed 

scheme is demonstrated by comparing the beam intensity distributions and 2PP results before and after aberration corrections. 
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1. Introduction 

Femtosecond two-photon polymerization [1-5] (2PP) is widely used 

in the fabrication of three-dimensional complex architectures with 

a sub-micrometer resolution. Recent applications are templates 

for quantum dots [6], scanning-probe microscopes [7], microchips 

[8], and biomimetic 4D printing [9]. The conventional 2PP 

procedures utilize the tightly-focused femtosecond laser beam to 

trigger polymerization inside the photoresist. In recent years, 

femtosecond 2PP based on adaptive optics [10-13] has attracted 

considerable interest due to the enhanced fabrication efficiency 

with different structured light beams, such as Bessel beams [14], 

optical vortex beams [15-17], abruptly autofocusing beams [18] 

and axilens beams with long focal depths [19]. Within these 

procedures, the spatial light modulators (SLM) are introduced to 

generate arbitrary optical patterns through computer generated 

hologram (CGH) algorithm [20] so that various structures could be 

fabricated via one-step exposure. In fact, many factors in the 2PP 

setup combining the ultrafast laser and the adaptive optics can 

introduce undesired aberrations, such as the walk-off effect in the 

nonlinear crystal, the internal stress and the nonlinear response 

of the adaptive devices, and the manufacturing defects or 

assembly errors of the optical element. 

On the other side, Bessel beams are notable for the diffraction-

resistance and self-healing behaviors. Besides these properties, 

high-order Bessel beams also show potentials to synthesize more 

complex structured lights [21, 22]. Based on the above 

characteristics, high-order Bessel beams have been widely used in 

micro-nano manufacturing [23], biological imaging [24], optical 

tweezers [25], optical communication [26, 27] and other fields. 

However, the aberrations in the setup significantly affect the 

application of high-order Bessel beams since their patterns are 

extremely sensitive to aberrations [28].  

Numerous methods can assist in shaping beams and/or 

removing aberrations in the optical system [29-34], and the SLMs 

are the critical devices in these adaptive methods. Crucially, these 

solutions all require relatively advanced mathematical tools, such 

as the Zernike polynomial, the Gerchberg-Saxton or more complex 

algorithms. In the application of waveguide writing, the SLM has 

shown great power in correcting the spherical aberration inside 

bulky glass [34] and controlling the nonlinear propagation [34, 35]. 

Despite of the negligible nonlinear propagating effect in the 

application of 2PP, the SLMs are also playing critical roles by 

building fabricating systems based on adaptive optics. In such 

systems, a relay optics system is installed after the SLM to 

generate micron-scaled structured beams. Further filterings are 

usually introduced to eliminate the undesired diffracting sub-

beams resulting from the superimposed grating phases. Therefore, 

considering the increased complexity of these systems caused by 

the pixelated SLM, the above aberration correction approaches 

will no longer be applicable.  

In this paper, we demonstrate the power of aberration 

correction in our 2PP experimental system based on the multi-

channel interferometric wave-front sensing technique. This 

method was originally developed to restore the intensity 

distribution of the structured beams in situ [36] requiring no 

complex mathematical tools. A single phase-only SLM is sufficient 

to implement this method into optimizing the 2PP system, sparing 

the heavy work of alignments in installing the system. We verify 

the effectiveness of this method by comparing the intensity profiles 

of the high-order Bessel beam before and after the correction. The 

experimental results of our aberration-free structured beam 

present excellent agreement with the simulations in the ideal case. 

With the help of this method, we finally realize the rapid 

fabrication of high-quality micro-tube structures by directly 

exposing the high-order Bessel beams into the negative 

photoresist. 

 

2. Principle of the Aberration Correction 

Any given optical field propagating through an optical system can 

be expressed as a composition of modes in any orthogonal 

representation [36]. The optimal focusing is achieved if and only if 

all the modes present the identical phase, which means the 

strength of constructive interference would be highest between 

these modes. Therefore, the optimal focusing generally requires 

accurately compensating the phase of each mode for any beam in 

the physical setup with imperfect optics. As an adaptive 

programmable device, the liquid crystal-based SLM can perform 

versatile tasks, including structured lights generation and optical 

field detection and/or correction. In our setup, we divide the two-

dimensional pixel array on the SLM into M*N channels with 

equal size. Each channel is filled with blazed grating phase with 



independent on-off switch, as shown in Fig. 1(a) and (b). With the 

blazed grating phase, the modulating information in each channel 

is coded in the first-order diffracting light and spatially separated 

from the undesired zero-order light. In the procedure of the wave-

front sensing, we firstly select a channel as the phase reference 

and keep this channel on. Then, all the other test channels are 

successively switched on along the direction shown in Fig. 1(b). 

The intensity signal in the focal plane of the lens are collected 

while increasing the phase of the tested channel from 0 to 2π. For 

the convenience, the amplitude and phase of the i-th test channel 

and reference channel are respectively denoted by |Ui|, φi and 

|Ur|, φr. The interference intensity I of the first order of diffraction 

would follow the relation: 
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Therefore, the phase of the test channel φi will be identical with 

the reference φr when the signal tends to reach the maximum. 

Note that the phase terms in Eq.(1) represent the phase profiles in 

each channel, which is assumed as nearly homogeneous across the 

corresponding sub-regional wavefront. After probing all the test 

channels, the full wave-front would be plotted and a 

complementary phase map would be readily loaded on the SLM 

[Fig.1(c)] to achieve aberration compensation. A specific example 

of correction is shown in Fig.1(c)-(e), with details explained in the 

following section. 

 
Fig. 1. Schematics of the wave-front sensing. (a) two channels on 

the SLM, CT: test channel, CR: reference channel; insets in (a) show 

the simulated interference patterns with various phase differences 

between the test and the reference channels: 0, π/2, π and 3π/2. (b) 

SLM area division and scanning path of the test channel; (c) the 

aberration correction mask loaded on the SLM; Fourier spectral 

profiles of the high-order Bessel beams (d) before and (e) after the 

correction.  

 

3. Experiments and Result 

3.1. Setup 

The above aberration detection scheme could be readily integrated 

in our setup for 2PP as shown in Fig. 2. The laser source is a home-

made femtosecond fiber laser amplifying system with standard 

double-cladding fibers similar to that in [37], enabling 90-fs 

transform-limited laser pulses centered at 1038 nm output at 1-

MHz repetition rate. A BBO crystal is inserted to generate the 

second harmonic (SH) wave for the 2PP fabricating process. 

Considering the damage threshold of the coating on the crystal 

surface, the fabrication does not require the femtosecond laser to 

work at full load. After expansion, the SH wave of a diameter ∼ 8 

mm illuminates the phase-only SLM (Holoeye PLUTO, 

1920x1080 pixels) with the exposed power adjusted by the neutral 

density (ND) filter. The telescope composed by the lens (f=1m) and 

the microscope objective (Olympus 20×, NA=0.4) shrinks the 

modulated waves into the micro-scaled patterns. A mechanical 

shutter is used to control the exposure time in the sample. The 

CCD camera is located at the focal plane of the lens to perform the 

wave-front detection.   

 
Fig. 2.  Schematic of the setup: BE, beam expander; HWP, half-

wave plate; SLM, spatial light modulator; LB, laser block; ND 

filter, neutral density filter; BS, beam splitter; Shutter, 

mechanical shutter; MO, microscope objective; CCD, CCD camera. 

Inset close to the SLM presents the phase pattern to generate the 

Bessel vortex beams; the corresponding 3D light fields at the focus 

area in the slide are presented in the inset close to MO. 

 

In order to achieve more accurate wave-front detection, the 

number of divided areas on the SLM is in principle the more the 

better. However, a single channel with very few pixels would be 

too problematic to implement, resulting in too weak intensity of 

the interference patterns to be detected. Since the optical 

aberration in a typical device is a smooth function with low spatial 

frequencies, dividing the pixel panel into no less than 10×10 

channels can provide sufficient sampling. To ensure the fineness 

of the detected wave-front, we divided the SLM panel into 20×20 

channels in our tests together with π/10 phase increment. After 

probing the whole panel with the scheme in the previous section, 

we obtain the compensating phase as shown in Fig. 1(c). We note 

here that no great effort is made in aligning the beam path, 

leading to a significant aberration introduced in terms of mis-

alignment. It is noteworthy that more than 4π phase fluctuation 

across the beam are detected, and thus a highly distorted field 

from the desired pattern would be expected. We remark that a 

high-quality objective from Olympus is adopted in the current 

setup to suppress the aberrations after the long focal lens in the 

telescope. But it is also possible to correct the aberration of the 

whole optical system with our scheme by inserting another lens 

after the objective and monitoring the signal in its focal plane. This 

is not realized in the current setup due to the rather limit space. 

Further engineering the setup is also part of our future work.  

 

3.2. Aberration correction 

As in [38], we apply the phase below on the input beam to generate 

high-order Bessel beams: 

 ( , ) sin( )r k r m   = − +  (2) 

where k is the wave vector in vacuum, γ is the cone angle between 

the refracted conical wave and the optical axis and m is the vortex 

order. In this paper, we take m=6 and γ=4°. Note that a blazed 

grating phase was also added to the SLM to separate the desired 

beam from the unmodulated zero-order light [39]. The Fourier 

spectra of the Bessel beams are further recorded, showing the 

distorted profile without correction in Fig.1(d). After 

superimposing the compensating mask, the Fourier spectra is well 



corrected in terms of both circularity and intensity uniformity 

[Fig.1(e)]. Besides, a slightly shrunk radius also occurs after the 

correction, which can be explained by the overall converging 

property of the compensating phase map. 

Fig. 3 presents the longitudinal and transverse intensity profiles 

of our high-order Bessel beams in direct space after the objective 

MO in Fig.2. Numeric results of the Bessel beams generated from 

an ideal Gaussian beam are presented in the first row of Fig. 3 for 

comparison. The simulations are performed based on angular 

spectrum method as in our previous studies [38, 40]. The second 

and third rows show the corresponding intensity profiles in 

experiments before and after the correction, respectively. After the 

transitionally expanding region along propagation [38, 40], the 

main lobe converges to a constant diameter (~20μm) in the non-

diffracting regime as shown in Fig.3(g). However, the uncorrected 

main lobe cannot maintain its non-diffracting feature as shown in 

Fig.3(b). Meanwhile, the annular intensity profile has also been 

seriously distorted with less annular rings. As expected, the 

correction operation has significantly reduced the detrimental 

aberrations, as shown in Fig. 3(c) and (f). The shape of the central 

intensity tube returns to the ideal trajectory and the intensity 

profile also restore its original pattern. Overall, the high-order 

Bessel beams after aberration correction are highly consistent 

with the ideal beam in the simulation. 

 
Fig. 3. Correction of the high-order Bessel beams with vortex 

charge m = 6: the longitudinal intensity profiles along propagation 

in (a) simulation and in experiments (b) before and (c) after the 

correction; corresponding transverse intensity profiles at z = 

250μm in (d)-(f); (g) the evolution of the main lobe size along the 

propagation. 

 

3.3. Results and analyses 

Encouraged by the high consistency between the restored and the 

ideal beam profile, we perform the two-photon polymerization as 

a further test. In the 2PP fabrication, the negative photoresist 

(MicroChem SU-8 2075, diluted with cyclopentanone, with the 

ratio of SU-8 : cyclopentanone = 5 : 1) is uniformly spin-coated on 

the glass slide substrate at 1500rpm. Soft baking was performed 

on a hot plate for 5 min at 65 °C and then for 10 min at 95 °C. Up 

to 1.5 mW average power of the ultrafast SH wave is exposed in 

the prepared sample at 1-MHz repetition rate, corresponding to 

1.5nJ single pulse energy. The relatively low repetition rate can 

well avoid the occurrence of thermal issue in the manufacturing 

process. Considering the transitionally expanding ring lobe along 

propagation may occur more significantly for Bessel beams of 

certain parameters as shown in Fig.3 and discussed in our 

previous work [38, 40], non-diffracting region should be carefully 

positioned to cross the whole photoresist layer to guarantee the 

fabrication of well-shaped micro-tubes as shown in the inset of 

Fig.2. Once the axial position of the beam is well selected, 

transversal movement in the horizontal plane together with 

exposure at proper power level would allow the rapid fabrication 

of the micro-tube array. The average time to fabricate each single 

micro-tube, including the movement and the exposure, is no more 

than 0.8sec without optimization. After the hard baking following 

the exposure, the photoresist is developed to produce the micro-

patterns as high as 30μm as shown in Fig.4. 

  
Fig. 4. SEM photos of micro-tube structures fabricated with high-

order Bessel beams (a)-(b) before and (c)-(d) after aberration 

correction; the scaling bars without notation represent 20μm.  

 

The SEM images of the micro-tubes are obtained with ZEISS 

Gemini 300 electronic microscope as shown in Fig. 4. For 

comparison, we firstly perform the fabrication of micro-tubes with 

the uncorrected high-order Bessel beams of vortex charge m=6. It 

can be seen in Fig.4 (a)-(c) that the micro-tubes are seriously 

deformed due to the uncorrected Bessel beams in the non-

diffraction region as shown in Fig.3. Fig.4 (d)-(f) present the micro-

tube arrays with the single units fabricated by aberration-free 

high-order Bessel beams. It is apparent that the uniformity of the 

fabricated units is very satisfying. The measured outer ring 

diameters and wall thickness of the microstructures are ~ 20.8 μm 

and ~ 4.3 μm respectively. 

The white dashed lines with arrows in Fig. 4(c) and (f) outline 

the outer walls of the micro-tubes before and after the aberration 

correction. It is noteworthy that the aberration also leads to the 

tapered wall in Fig. 4(c), i.e. a transitional polymerization region 

between the glass substrate and the micro-tube bottom. Most 

importantly, the non-uniform intensity of the uncorrected main 

lobe would introduce a much higher fluctuation of the local 

intensity during the 2PP process, which further degrades the 

inconsistency of the micro-tube wall thickness. Besides, we also 

found that the micro-tubes with non-uniform shaped walls have 

higher rates to fall down on the glass substrate. We attribute this 

to the structural shrinkage induced by the nonuniform light 

energy deposition along the distorted Bessel beams as shown in 

Fig.3 [41]. After the phase correction, the above issues are well 

addressed. Once the high-order Bessel beams are well positioned 



across the interface between the substrate and the photoresist, no 

falling-down of the micro-tube structures are observed. 

 
Fig. 5. Circularity measurement results of the micro-tube 

structures: (a) the outer rings and (b) the inner rings. 

 

In order to quantify the improvement in fabrication quality after 

the aberration removal, we extract the contours of the inner and 

outer rings of the microstructures in the SEM photos and measure 

their circularity. The ring contours are extracted by a combination 

of conventional operations in digital image processing, such as 

binarization, smoothing, filling and edge detection. The definition 

of circularity adopted here is: C=4π×A/P2, where A and P 

represent the area and perimeter of the selected contour, 

respectively. Obviously, the C value closer to unity indicates that 

the geometrical shape of the corresponding contour is closer to an 

ideal circle. Fig.5 presents the circularity characterizations of the 

micro-tubes with identifying numbers in Fig. 4 (a) and (d). The 

average circularities of the outer rings before and after the 

correction are 0.919 and 0.893, accompanying with those of the 

corresponding inner rings, 0.956 and 0.939, respectively. It is 

worth noting that compared with the inner rings, the outer rings 

are more sensitive to the aberration in our setup. 

 
Fig. 6. SEM photo of micro-tubes fabricated with high-order Bessel 

beams of different vortex charges. 

 

It is widely known that the vortex charge m can also affect the 

size of the main intensity lobe. To demonstrate the validity of this 

approach, we also fabricate micro-tubes with Bessel beams of 

different vortex charges. In the fabrication, the laser power and 

the exposure time are adapted accordingly due to the change of the 

lobe size. Fig.6 presents the SEM images of micro-tubes fabricated 

by high-order Bessel beams with vortex charges of 4, 6, and 8, and 

the measured outer rings diameters are 17.6 μm, 20.6 μm and 

26.06 μm, respectively. All of the micro-tube structures present 

high-quality roundness and robust attachment to the substrate. 

 

4. Conclusion 

In this paper, we have demonstrated the powerful feasibility of the 

multi-channel interference wave-front sensing in adaptive-optics-

based two-photon polymerization. To demonstrate this, significant 

aberrations are intentionally introduced in the installation of our 

homebuilt system for ultrafast laser processing without great 

efforts. Without additional wave-front sensor, more than 4π wave-

front fluctuation across the input beam can be well flattened with 

the integration of the above wave-front sensing scheme. This 

results in significant improvement of fabrication quality with 

corrected high-order Bessel beams. Since the integration of this 

wave-front sensing technique requires no knowledge on the 

advanced mathematical skills for workers, such as Zernike-

polynomial-based decomposition, Gerchberg-Saxton iteration 

and/or more complex algorithms, this straightforward solution 

would be highly attractive to implement in the laser processing 

system based on adaptive optics. Besides, our work also shows a 

promising perspective on significantly lowering the cost of the 

fabricating system by sparing the ultrafast lasers with super high-

quality beams and exhausting alignments. We envision that our 

work will be very attractive in a broader scope of laser processing, 

where a well-defined wave-front is desired, such as the 

femtosecond laser-induced periodic surface structures [42]. For 

present, the wave-front correction is performed just before the 

fabrication without any real-time feedback during the printing 

process. But we also notice that a novel monitoring method would 

allow real-time monitoring the printing [43]. We remark that this 

method together with our technique would be a good solution to 

correcting not only the aberration from the optical system but also 

the distortions from other factors in the fabricating process. 

Future works may also be contributed to the fine feature 

correction with the complex amplitude modulation. 
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