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Abstract: Arbitrary micro-scale three-dimensional (3D) structures fabrication is a dream to achieve many exciting 
goals that have been pursued for a long time. Among all these applications, the direct 3D printing to fabricate human 
organs and integrated photonic circuits are extraordinary attractive as they can promote the current technology to a 
new level. Among all the 3D printing methods available, two-photon polymerization (2PP) is very competitive as it is 
the unique method to achieve sub-micron resolution to make any desired tiny structures. For the conventional 2PP, 
the building block is the photoresist. However, the requirement for the building block is different for different purposes. 
It is very necessary to investigate and improve the photoresist properties according to different requirements. In this 
paper, we presented one hybrid method to modify the mechanical strength and light trapping efficiency of the pho-
toresist, which transfers the photoresist into the micro-concretes. The micro-concrete structure can achieve ±22% 
strength modification via a silica nano-particles doping. The structures doped with gold nano-particles show tunable 
plasmonic absorption. Dye doped hybrid structure shows great potential to fabricate 3D micro-chip laser. 
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1 Introduction  
Two-photon polymerization (2PP) is a 3D fabrication 
technique that has long fascinated the researchers: its 
resolution is not limited by diffraction limit and it is able 
to realize true 3D structure in micro-scale. These unique 
features cannot be matched by other 3D printing meth-
ods [1-3]. The most impressive feature of the 2PP is its ca-
pability to fabricate sub-micron scales 3D structure of 
arbitrary shapes. To achieve it, 2PP relies on the direct 
laser writing to transfer the pattern into the photoresist 
material by the two photon absorption to initialize the 
in-situ polymerization. Based on this principle, 2PP offers 
resolution down to 100 nm and is free of high tempera-

ture annealing or laser fusion processes. 
Even though 2PP has many superior properties, it is 

often considered as a supporting role to make the initial 
polymer structural molds or backbones for further pro-
cessing steps [4-6]. The reason is that the photoresist used 
in 2PP lacks the proper material properties to act as the 
functional material in different applications. It remains 
an important question whether we can further improve 
the photoresist and realize the required functionalities to 
truly improve the feasibility of 2PP technique. It is very 
promising if 2PP can directly construct the human organs, 
photonic circuits and other important applications [7-11]. 
To realize it, it is a key to study how to make the pho-
to-resist controllable according to different demands.  

In this paper, we proposed one hybrid method to di-
rectly make arbitrary micro-structures with desired func-
tionalities. We have also demonstrated that this new hy-
brid method can maintain the existing good features of 
the 2PP method while upgrades its functionality to a 
higher level by making a large scale pattern with fine  
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features. Compared with other lithographic technologies, 
our approach is more favorable since the fabrication is 
fast hence it is more suitable for scalable production. Spe-
cifically, the 2PP process is adapted to directly process 
three hybrid composites with different functionalities: 1) 
Mechanical functional materials: micro-concrete with 
tunable mechanical strength for bio-structure construc-
tion; Photonic functional materials: 2) plasmonic ab-
sorbers to be used in light trapping sensors and 3) pho-
tonic light sources with highly customized designs. These 
three specific works serve as good examples to demon-
strate that the hybrid 2PP method can be introduced as a 
unique and powerful 3D nano-printing technique for 
massive scale effective fabrication to make the key func-
tional components for various applications. 

2 Fabrication principles 

To improve the material property of the photoresist, our 
approach is to hybrid the functional components with the 
photoresist. After the hybridization, the next step is a 
typical coating and exposure process for 2PP as shown in 
Fig. 1. Then, the sample is sent to be developed to remove 
the unexposed photoresist. Finally, isopropanol (IPA) and 
deionized (DI) water are used to clean the sample from 

the remaining chemicals. In this process, two most im-
portant processing parameters are laser power and scan-
ning speed in the exposure process, which greatly affects 
the geometry of the 3D structures. Laser power is adjust-
ed by a variable attenuator while the scanning speed is 
controlled by the nano-stage movement. For each type of 
functional material, different parameters have been tested 
for the photo-exposure. The smallest size of the 2PP 
structure achieved is ~120 nm as shown in our experi-
ment, which cannot be achieved with other conventional 
3D printing techniques [12, 13]. In this work, three ap-
proaches are tested: a) biocompatible materials with tun-
able mechanical properties (Fig. 2), b) hybrid optical ma-
terial for integrated photonics (Fig. 3), and c) micro pho-
tonic light source (Fig. 4). The details for the material 
preparation are summarized in the method section. Fig. 
4(a) shows that the 2PP technique can be used for the 
fabrication of a woodpile hybrid structure. The lines are 
continuous and smooth. The line width of such structure 
is around 500 nm to prevent the collapse when the pat-
tern is repeated over a large area. Clearly, the doping of 
nano-particles does not affect the fabrication of mul-
ti-layer structures. Hence, doping nanoparticles in pho-
toresist does not affect the photochemical property of 

(a) (b) (c)

(d) (e) (f)

Substrate 

Fig. 1  Process flow of two-photon polymerization. (a) Photoresist preparation. (b) Photoresist coating. (c) Laser exposure. 

(d) Pre-develop treatment. (e) Photoresist develop. (f) Post-develop treatment. 
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photoresist.  

3 Biocompatible materials with 

tunable mechanical properties 

3D customized biological structures printing has great 
impact on the fabrication of artificial human prosthesis 
and reliable testing ground for medical researches. The 
current 3D printing techniques can only achieve the res-
olution more than 10 μm, while the capillaries in the hu-
man body have the diameter less than 8 μm [14]. These 
fine structures are extremely important for the function-
alities of the human organs. 2PP fabrication can meet all 
these requirements with its highly customized 3D fabri-
cation scheme, sub-micron resolution, bio-compatible 
building materials, simple procedure and reasonably fast 

speed. The bio-systems consist of soft materials as well as 
hard materials [15]. For instance, the common structural 
proteins and elastins in the human blood vessels have the 
Young’s modulus of more than 50% with the maximum of 
1 MPa [16]. This complexity requires the 2PP functional 
materials to have tunable mechanical properties in order 
to satisfy various purposes.   

To achieve this aim, the porous silica nano-particles 
are mixed with the photoresist at different concentrations 
(Type A: no dopants; Type B, C, D, E are doped with silica 
nano-particles at a concentration of 0.6×1013 cm-3, 
1.2×1013 cm-3, 1.8×1013 cm-3 and 2.4×1013 cm-3, respec-
tively). Details for the fabrication are summarized in the 
method section. The Young’s modulus is measured by an 
atomic force microscope (AFM, NanoWizard 2, JPK In-
struments) via the contact mode. The deformation vs. 

(a) (c)

(b) (d)

Fig. 2  (a) AFM contact mode results for the mechanical property measurement. (b) Young’s modulus values measured from 2PP

microstructures fabricated from non-doped and doped photoresists. Type A: no dopants; Type B, C, D, E are doped with silica

nano-particles at a concentration of 0.6×1013 cm-3, 1.2×1013 cm-3, 1.8×1013 cm-3 and 2.4×1013 cm-3, respectively. Mechanical behav-

iors of the micro-concretes when doped with (c) low and (d) high concentrations of silica nano-particles. 
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force curves are measured by a quadratic pyramidal tip. 
Two typical curves for Type B and Type E are shown in 
Fig. 2(a). Spherical Hertz model is used to fit the data and 
the Young’s modulus can be calculated with the following 
equation [17]: 

2
2/1 1

tan

2

1 
v

E


F ，            (1) 

where F is the total force (vertical deflection), E the 
Young’s modulus, δ the indentation depth, ν Poisson’s 
ratio, and θ nominal semi-included angle of pyramidal 
tip.  

The results are presented in Fig. 2(b).  It is obvious 
that the Young’s modulus is dependent on the density of 
the silica nano-particles. At the moderate level of silica 
doping density (0.6 × 1013 cm-3), the Young’s modulus 
increases by 70% compared to the reference without any 
dopants. However, when the doping concentration is 
further increased to 2.4 × 1013 cm-3, it is interesting to 
observe that the Young’s modulus of the sample decreases 
monotonously. 

It should be noted that the doping concentration is 
quite small (3.2% by weight for Type E). Even at this low 
doping concentration, a notable variation of more than 
±22% can be achieved. After the laser exposure, these 
silica nano-particles serve dual purposes in the hybrid 
systems, which are illustrated in Figs. 2(c) and 2(d). The 
Young’s modulus of silica is more than 70 GPa (3 orders 
higher than the 2PP photoresist) [18]. For the first case, 
such silica nano-particles are like the “hard stones” in the 
concrete. When the doping concentration is small, these 
“hard stones” inside the photoresist demonstrate the sim-
ilar functionality as the reinforcements inside the con-
cretes. Introduction of such nanoparticles consequently 
increases the overall Young’s modulus of the mi-
cro-concrete. In the second case, these external compo-
nents are also defects in the polymer matrix. An excess 
doping of such nano-particles affects the binding of the 
polymer chains and weakens the structure [19]. In addition, 
nanoparticles tend to agglomerate at a higher concentra-
tion. Particles’ agglomeration flaws the material’s surface, 
which restrains stress movement and hence reduces the 
mechanical strength[20]. As a result, the Young’s modulus 
of the hybrid material decreases. 

4 Hybrid optical material for inte-

grated photonics 

The hybrid fs-laser 2PP fabrication method also has great 
potentials in the photonic applications [21-29]. How to trap 
the light efficiently is the general issue for most types of 
the light sensors which are the most fundamental ele-
ments in the modern optics. For instance, the surface 
enhanced Raman spectroscopy utilizes the surface plas-
mon resonance effect to enhance the collection of the 
Raman signals. It is important for the sensitivity of the 
light sensors, the performance of charge-coupled devices, 

and the functionality of spectroscopy techniques.  
Nanostructures with the gold nanoparticles are fabri-

cated by 2PP as shown in Fig. 3(a). To characterize the 
tunability of the light trapping properties, the transmit-
tance of the hybrid fs-laser 2PP samples (doped with gold 
nano-particles of 10 nm for sample A and 30 nm for sam-
ple B) are measured from 400 nm to 900 nm, which cor-
responds to the absorption peaks of different gold 
nano-particles in photoresist. As the results are shown in 
Fig. 3(b), the samples doped with the gold nano-particles 
demonstrate absorption peaks at different wavelengths 
(616 nm for the 10 nm gold nanoparticles and 651 nm for 
the 30 nm gold nanoparticles), which shows the capabil-
ity that its absorption features can be tuned via doping 
plasmonic nano-particles with different sizes. It is worth 
to mention that the sample is very thin (less than 5 μm). 
The light trapping can be further improved with a thicker 
sample. These two transmittance drops corresponding to 
the surface plasmon resonances of the gold 
nano-particles. Such surface plasmon resonance is due to 
the oscillation of the electrons at the surface of the gold 
nano-particles. Hence, the resonance mode is dependent 
on the area of the surface and the change of the particle 
size affects the resonance peak intensity greatly. 

Photonic components based on the surface plasmon 
have many unique features that are widely used in the 
functional devices. To better trap the light, these struc-
tures mostly favor high spatial configurations and highly 
customized designs for different signal types. 2PP process 
is more suitable than other fabrication methods to make 
these plasmonic structures due to its fast speed and ex-
cellent flexibility for the 3D structures’ fabrication. The 
micro-concrete doped with the gold nano-particles en-
hances the conventional fs-laser 2PP method into a new 
fabrication technique that can make optical sensors based 
on functional plasmonic materials.  

5 Micro-photonic light source 

The 2PP technique has been proven to be capable of 
writing optical waveguides with a mechanically flexible 
polymer structure [30]. Direct laser writing in the 2PP 
process allows the fabrication of arbitrary and complex 
3D structures. Meanwhile, our study shows that the dop-
ing of Rhodamine 6G (R6G) has no significant effect on 
the 2PP process. Therefore, 2PP is a suitable method for 
fabricating 3D hybrid light emission sources in integrated 
photonic circuits.  

To investigate the optical properties of the hybrid 
structures, we fabricated the R6G doped hybrid struc-
tures of a fishnet pattern with an area of 0.5 mm×0.5 mm 

(Fig. 4(a)). To improve its performance, the fabricated 
lines need to be continuous and uniform. Furthermore, 
the surface needs to be smooth and defect free to mini-
mize optical loss. Hence, we optimized the scanning 
speed (1 mm/s) and scanning step (3 μm) to improve the 
uniformity of the line and the smoothness of the surface. 
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Another waveguide is also fabricated on the hybrid sam-
ple to offer a direct view of this light emission effect. 
Then, the 532 nm laser light from the laser diode is cou-
pled into one side of the R6G doped hybrid waveguide 
with the output power of 40 mW. As can be seen from the 
optical image in Fig. 4(b), the light source emits strong 
orange light which is the combination of the green excita-
tion light and the yellow fluorescent light. The light is 
uniformly distributed throughout the light source, indi-

cating a low optical loss. Since the waveguide has low 
optical loss and strong fluorescent emission, it can be 
used as the light source for a micro-fiber laser. This mi-
cro-fiber laser needs a resonator which consists of Bragg 
gratings at the two ends of the fiber. This potential appli-
cation will be investigated in our future study to make 
micro/nano-laser sources. Fig. 4(c) shows the fluores-
cence spectrum of the hybrid structure. During the 
propagation of the 532 nm laser light along the core of 

(a) 

Fig. 3  (a) Schematic diagram of light trapping structure doped with gold nano-particles. (b) Transmittance spectra of the samples 

doped with gold nano-particles at various sizes. 

Substrate  

Light signal 

Scattered 
light 

2PP hybrid 
structure 

1.00

T
ra

n
sm

itt
an

ce
 

0.90

0.95

616 nm 

651 nm 

Sample A 

Sample B 

400

Wavelength/nm 

500 600 700 800 900

(b)

(a) 

Fig. 4  (a) Optical image of fishnet structure. (b) Optical image of the light emission material pumped with a 532 nm laser.  

(c) Emission spectrum of the light emission source doped with R6G. 
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the hybrid light source, a strong fluorescent emission 
peaked at 560 nm is detected. This value is in good 
agreement with the ones reported in the literature for 
R6G [31]. It indicates that the R6G dyes are not damaged 
or degraded during the 2PP fabrication process.  

6 Conclusions 
In summary, a new hybrid 2PP fabrication method is 
demonstrated in this work. Via doping different 
nano-particles, the fs-laser 2PP photoresist is transferred 
into the micro-concretes that possess different novel 
functionalities. Photoresist doped with the porous silica 
nano-particles demonstrates tunable mechanical strength 
of ±22%, which makes it feasible to nano-engineer tiny 
and crucial biological structures. Furthermore, doping 
the gold nano-particles into the photoresist also shows 
tunable light trapping features. By varying the sizes of the 
gold nano-particles, the absorption features can be tuned, 
which is flexible to meet the requirements of different 
photonic sensors. These results reveal the potentials of 
the 2PP method as the functional materials for various 
applications. It should be noted that there are wide 
choices of the materials available that can be further ex-
plored as the potential dopant choices for mi-
cro-concretes, such as carbon nano-tubes and other me-
tallic particles. There is plenty of space to further improve 
the functionality of such micro-concretes. 

7 Methods 

7.1 Materials preparation 
Two types of the functional materials are hybridized into 
the 2PP photoresist (IP-Dip, Nanoscribe) to investigate 
their effects in transforming the 2PP photoresist into the 
functional micro-concretes. The methods are summa-
rized as follows: 
7.1.1 Bio-compatible micro-concrete with 

mesoporous bioactive silica nano-particles 
Silica nano-particles are first added into IPA at a concen-
tration of 15 mg/ml and then sonicated for 20 minutes to 
form a uniform nanoparticle colloid. A mixture of silica 
nano-particles and 2PP photoresist is prepared by direct 
mixing of these two materials at a volume ratio of 1:1 and 
stirring for 10 minutes. 

Transparent cover glass is used as the substrate. The 
glass is sonicated in each liquid for 10 minutes: deionized 
(DI) water, acetone, and DI water. The silica 
nano-particle/2PP photoresist mixture is drop-coated on 
the silica substrate. The mixture is then baked at 60℃ 
for 20 minutes in order to evaporate the IPA solvent. 
7.1.2 Plasmonic light trapper with gold nano-particles 
The hybrid procedure for gold nano-particles (Nanocs, 
0.1% in aqueous solution) is different from the method to 
mix the silica porous nano-particles. It is because of the 
insolubility between the water and the photoresist. 20 l 
gold nano-particles colloid is drop-coated on the glass 

substrate and then baked at 60 ℃ until the colloid is 
concentrated. Then 20 l photoresist is added into the 
gold nano-particles. The gold nano-particles have the 
diameters of 10 nm and 30 nm. The mixture is stirred for 
20 minutes to ensure uniform distribution of the gold 
nano-particles in the photoresist. 
7.1.3 Hybrid light emission source 
R6G (Sigma-Aldrich) is first dissolved in IPA at a con-
centration of 15 mg/ml. A mixture of R6G and 2PP pho-
toresist is prepared by the direct mixing of these two ma-
terials at a volume ratio of 1:1 and stirring for 20 minutes. 
After cleaning the glass substrate, the mixture is drop 
coated on the substrate via the same methods mentioned 
previously. 

7.2 2PP processing 
In this work, a near-infrared Ti:sapphire femtosecond 
laser beam (50 fs-pulse width, 80 MHz repetition rate, 
800 nm central wavelength, Coherent) is used to fabricate 
3D hybrid structures. The process flow is shown in Fig. 1. 
A high numerical aperture (NA) objective lens is used to 
focus the fs-laser beam into the hybrid photoresist on the 
glass substrate. The sample is placed on a 6-axis motor-
ized nano-stage (XY-Tripod-Theta 6 Axis System, Alio 
Industries). The laser system and nano-stage are con-
trolled by customized software (CyberLase, IDI laser). 
The pattern designs, such as fishnet and woodpile struc-
tures, are drawn by this software. The exposure dose is 
controlled by the laser power and the moving speed of 
the nano-stage. To obtain the smallest feature size, it is 
found that the optimized average laser power and scan-
ning speed are 8.4 mW and 30 μm/s, respectively by an 
oil immersion objective lens (NA = 1.4, 100×). In order to 
increase the aspect ratio for the fabrication of large-size 
pattern, another objective lens operating in air (NA = 0.9, 
100×) is also used to fabricate the 3D hybrid structures at 
the laser power of 270 mW and scanning speed of 5 
mm/s. After the laser exposure is completed, the sample 
is first immersed in propylene glycol monomethyl ether 
acetate (PGMEA) for 30 minutes followed by immersion 
in an IPA solution for 10 minutes to remove 
unpolymerized photoresist. Thus, only the polymerized 
photoresist is left on the substrate. Then the sample is 
analyzed under an optical microscope and scanning elec-
tron microscope (SEM) and used for further characteri-
zations.  
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