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The principles of the holographic lithography technique are reviewed, and the ability in the formation of 
structures with different periods by the holographic lithography technique in SZ2080 is demonstrated. The 
influence of laser exposure, phase shift between interfering laser beams, and the used laser wavelength on the 
structures fabricated by the four-beam interference technique has been studied. It is shown that by using the 
interfering beams with a different phase is it possible to reduce the period of the structure √

−
2  times compared 

to the four interfering beams of the same phase. Fabrication of micro-structures by the holographic lithography 
technique can be realized via multi-photon and single-photon polymerization processes. The structures created 
by these two techniques are compared. Finally, in the experiments with the five-beam interference, the double-
period effect was observed by adding the zero-order beam with a low intensity. The fabricated periodic micro-
structures have the potential to be used as a scaffold for cell growth and micro-optics.

Keywords: holographic lithography, four-beam interference, SZ2080, periodic micro-structures, 
multi-photon polymerization, double-period effect
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1. Introduction

The fabrication technique based on the optical 
holographic lithography (HL) [1–3] is among the 
most practical and elegant approaches to the fabri-
cation of extended periodic micro- and nano-struc-
tures [4]. HL is based on the multi-beam interfer-
ence phenomenon. By recording the multi-beam 
interference pattern into photoresist it is possible 
to fabricate 1D, 2D, and 3D periodic structures by 
a single laser exposure. Depending on laser wave-
length, exposure can be achieved via linear [5] or 
nonlinear absorption [6]. HL allows fabricating pe-
riodic structures over a large area relatively fast and 
that makes this technique attractive and promising 
for mass-fabrication of functional devices such as 
photonic crystals [7–10] or scaffolds [11, 12]. HL 
has certain advantages over the direct laser writing 

(DLW) technique [13] due to the rapid fabrication 
of periodic structures. The basic principles of DLW 
and HL techniques are shown in Fig. 1. In the DLW 
technique, the photo-polymerization process is in-
duced in the focal region of a tightly focused laser 
beam. By translation of the focal spot in the photo-
sensitive material, any 3D shapes can be recorded. 
The laser wavelength is selected in the transmission 
window of the polymer. Therefore, two- or even 
three-photon processes are involved. For this rea-
son, high laser intensities are required. Therefore, 
femtosecond lasers are usually used for multi-pho-
ton laser polymerization. By the DLW technique 
only one voxel (volumetric pixel) is fabricated by a 
single laser exposure in the focal area of the objec-
tive, whereas in the HL technique a periodic struc-
ture is formed in the whole area irradiated with 
the overlapping laser beams using a single laser  
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exposure. The HL technique demonstrates rapid 
fabrication of periodic structures, but not every de-
sired shape of the structure can be fabricated by HL 
as in case of DLW. The HL technique enables fab-
ricating only periodic structures which correspond 
to the beam interference pattern.

2. Principles of the holographic lithography 
technique

Interference of electro-magnetic waves appears 
when at least two coherent beams propagating at 
a certain angle to each other interact. In a general 
case, the intensity profile in the interference area 
can be expressed by the equation [14]:

 (1)

where 
→
Ei is the electrical field of the i beam, 

→
r is 

the coordinate vector, i is the index of interfering 
beams, N is the number of the beams, t is time, 
brackets denote averaging in time at least for one 
period of electro-magnetic field oscillations. The 
electrical field of the i wave can be expressed as fol-
lows:

→
Ei = 

→
E0i cos (

→
ki · 

→
r – ωt + φi), (2)

where |
→
E0i| is the electrical field amplitude of the i 

wave, |
→
ki| = 2π/λ is the wave vector of the i wave, λ 

is the wavelength of radiation, ω is the frequency of 
radiation, φi is the phase of the i wave. When fre-
quencies of all laser beams are the same, Eqs.  (1) 
and (2) can be simplified as follows [15]:

 

(3)

The periodical intensity field is formed, and the 
period depends on the incident angle between the 
beams and the wavelength of laser radiation. De-
pendences of the intensity field period on the inci-
dent angle between the beams and the wavelength 
when two, three, four, five, and six beams interfere 
are shown in Table 1. The shape of the pattern is 
affected by the number of beams and the phase dif-

Fig. 1. Principles of direct laser writing and holographic 
lithography techniques.

Table 1. Relation between the period of interference 
patterns, angle of incident for interfering beams and 
wavelength of light depending on the number of 
symmetrically arranged beams. θ is the angle between 
a beam and optical axis, and λ is the wavelength of 
interfering beams.

Number of inter-
fering beams Period of interference pattern

2  [14] (4)

3
 
[32] (5)

4 [33] (6)

5 (1 central and 
4 symmetrical 

beams)
[34] (7)

6 (8)

ference between them. The periodical intensity dis-
tribution patterns of several set-ups of symmetri-
cally arranged beams calculated by using Eq. (3) are 
given in Fig. 2.

3. Experimental set-ups of holographic 
lithography and their features

There are several methods of beam collection into 
the sample. The beams for holography arrange-
ments are split and can be collected by using the 
beamsplitters (Fig.  3(a)) [16, 17], the diffractive 
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optical element (DOE) with a confocal focusing 
system (Fig. 3(b)) [18, 19], the liquid-crystal spatial 
light modulator (LC-SLM) (Fig. 3(c)) [20], the top-
cut prism (Fig. 3(d)) [21], etc.

Experimental set-ups with LC-SLM are easily 
tunable and can dynamically reconfigure the number 
of interfering beams and their location on the liquid 
crystal but these set-ups are very sensitive to tem-
perature and for this reason only low energy pulses 
are acceptable in this set-up. The high energy pulses 
are suitable for other types of experimental set-ups 
(with a DOE, beamsplitter, or top-cut prism).

Experimental set-ups with a DOE have several 
advantages over experimental systems with beam-
splitters or the top-cut prism. The experimental 
set-up with a DOE has the ability to change the an-
gle between interfering beams by using lenses with 
different focal lengths in the image translation part 
(4F imaging). In the experimental set-up with the 
top-cut prism, the interference angle between in-
terfering beams remains stationary, and fabrication 
of the periodic structure with a fixed period is only 
possible. This period depends on the geometry of 
the prism.

The main advantage of the experimental set-up 
with a DOE over that with the beamsplitter is that a 

DOE produces mutually coherent laser beams and 
these beams arrive to the beam intersection area as 
nearly plane waves with a vanishing optical path 
difference. The coherence and zero-time delay are 
maintained across the entire cross-section of the 
tilted pulses despite their different propagation di-
rections, and the interference occurs in the entire 
spot area due to DOE ability to tilt short pulses [22, 
23]. The wavefront of the beams is not tilted after 
passing the beamsplitter. Therefore, temporal and 
spatial overlap of laser pulses occurs only in a lim-
ited region, not in the entire spot area [24].

In this paper we will consider the experimen-
tal set-up of HL with a DOE. All structures shown 
below were fabricated by using the experimental 
set-up which contains a femtosecond laser Pharos 
(1030  and 515  nm, ~290  fs, 6  W, 600  kHz, Light 
Conversion Ltd.), a diffractive optical element 
(DOE, separation angle between beams for the first 
harmonics 2.8  deg and for the second harmonics 
1.4  deg, HoloOR Ltd.), two lenses (L1 and L2), a 
diaphragm (D), and the positioning system XYZ 
(Fig. 3(b)). The laser beam in the experimental sys-
tem was controlled with the electro-optical shut-
ter. A DOE was used to split the laser beam into 
several beams. The diaphragm was used to block 

Fig. 2. Wave vectors of the interfering beams and intensity distribution for the interference field of symmetrically 
arranged laser beams calculated by using Eq. (3): (a) two, (b) three, (c) four, (d) six beams. xyz denotes a coordinate 
system, I is the intensity distribution in the interference pattern, k

→
1, k

→
2, k

→
3, k

→
4, k

→ 
5, and k6 are the wave vectors of the 

interfering beams, θ is the angle between the beam and z direction.

(a) (b)

(c) (d)
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undesirable beams that appear after splitting the 
laser beam with the DOE. The energy of the laser 
was tuned directly from the laser control board. 
The commercial hybrid organic-inorganic Zr-con-
taining negative photoresist SZ2080 (chemical for-
mula C4H12SiZrO2) [25] (FORTH, Greece) with the 
photo-initiator 4,4’-bis(dimethylamino)benzophe-
none (BIS) concentration by w. t. equal to 0.5% or 
1% (in the second harmonic experiments) and 2% 
(in fundamental harmonic experiments) was used. 
This material was chosen due to its low shrinkage, 
mechanical stability, and possibility to photosensi-
tize it optimally for the used irradiation.

4. Structures fabricated by holographic 
lithography with a diffractive optical element 
and four-beam interference

The shape of structures fabricated by HL depends 
on the intensity distribution of the interference 
field. By using HL it is possible to fabricate only 
periodic structures. The period of structures fabri-

cated by HL depends on the angle between inter-
fering beams and the wavelength of used beams 
(~λ/sinθ). The relation between the period of the 
interference pattern and the number of the inter-
fering beams is shown in Table  1. An example of 
structures fabricated by the four-beam interference 
with a different period (12 and 60 µm) in SZ2080 
material is shown in Fig. 4.

By fabricating periodical structures, besides 
their period the shape of pillars and the free space 
between the pillars (for cell growth, for example) 
are also important. This space can be controlled by 
using a different laser wavelength or managing the 
laser irradiation dose (the product of the exposure 
time and the average laser power). Structures fab-
ricated using different wavelengths (fundamental 
and second harmonics of the laser) are compared 
in Fig. 5. The structures fabricated by using the sec-
ond harmonics (515 nm, close to the maximum ab-
sorption of the used photo-initiator) have thicker 
pillars than by using the fundamental harmonics 
(1030 nm) (Fig. 5) despite that laser irradiation was 

Fig. 3. Beam collection methods by using: (a) beamsplitters, (b) DOE, (c) LC-SLM, (d) top-cut prism.
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155 times larger, pulse energy was 51 times high-
er, and concentration of the photo-initiator was 4 
times higher in experiments with the fundamental 
harmonics than in experiments with the second 
harmonics. The reason for this effect is that the 
maximum in the absorption spectrum of the used 
material (SZ2080 with BIS photoinitiator in a solid 
state) is at ~470 nm [26] close to the wavelength of 
the second harmonics of the used laser (515 nm). 
It means that by using the second harmonics, the 
single-photon polymerization took place, and 

by using the fundamental harmonics (1030  nm) 
the multi-photon polymerization took place. The 
multi-photon polymerization process required 
high laser intensities, and the sharpening of the 
structure compared with the intensity distribution 
was observed. Moreover, by using this technique 
it is possible to fabricate not only pillar arrays but 
also more complex structures such as micro-tubes 
arrays [27].

Structures fabricated by the four-beam inter-
ference with a different exposure time and the 

Fig. 5. Pillar arrays of SZ2080 fabricated by using: (a) the second harmonics (515 nm), average laser power 270 mW, 
repetition rate 100 kHz, peak pulse intensity ~4.3 GW/cm2, exposure time 5 s, and BIS concentration 0.5% by w. t., 
(b) the fundamental harmonics (1030 nm), average laser power 700 mW, repetition rate 5 kHz, peak pulse intensity 
~0.22 TW/cm2, exposure time 5 min, and BIS concentration 2% by w. t. SEM images of the structures are tilted by 
34 deg.

Fig. 4. Periodic structures fabricated by the four-beam interference in SZ2080 material with a different period: (a) 
12 µm (angle ~1.74 deg) and (b) 60 µm (angle ~0.35 deg). Laser parameters: wavelength 515 nm, exposure time 
1 min, pulse energy (a) 6 µJ and (b) 21 µJ. SEM images of the structures are tilted by 34 deg.

(a) (b)

(a) (b)
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second harmonics (515 nm) are shown in Fig. 6. 
When the exposure time is too short (0.1 s) and 
the irradiation dose (~16.5 mW·s) is close to the 
photo-polymerization threshold, the fabricated 
structures are too weak and they do not survive 
the development process and collapse (Fig. 6(a)) 
[28]. By increasing the laser irradiation dose, the 
photo-modification regions (blue area in Fig. 6) 
and the polymer chain length also increase and 
the structures become stronger and they can sur-
vive the development process (Fig. 6(b), exposure 
time 0.5 s and irradiation dose ~82.5 mW·s). The 

increased laser irradiation dose initiates the pho-
to-polymerization reactions over the larger area, 
and when photo-modified regions are close to 
each other the self-polymerization effect initiated 
by radicals diffusion [29] starts to act and in such 
a way the “comb” structure is formed (Fig. 6(c)). 
The “comb” structure was formed with/at the 
exposure time of 1  s and the irradiation dose of 
~165 mW·s.

The shape of the fabricated periodic structure 
can be managed by changing the phase or the po-
larization of interfering beams. The four-beam 

Fig. 6. Structures fabricated in SZ2080 with BIS concentration of 0.5% by 
w. t. by the four-beam interference technique with different laser exposure 
times: (a) t1 = 0.1 s, (b) t2 = 0.5 s, (c) t3 = 1 s. Blue regions are photo-modi-
fied areas, red solid line is the periodic laser intensity distribution, Th is the 
threshold of polymerization, d is the transverse spatial coordinate, PΔt  is 
the laser dose. Laser parameters of fabricated structures on the right side: 
515 nm, 165 mW, 100 kHz, ~24 GW/cm2; the period of interference pattern 
2.5 μm. SEM images of the structures are tilted by 34 deg.

(a)

(b)

(c)
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interference pattern when the phase of two oppo-
site interfering beams (k1 and k3 in Fig.  2(c)) is 
shifted by 3/8π in respect of the other two beams 
(k2 and k4 in Fig.  2(c)) is shown in Fig.  7(a). In 
Fig.  7(b) the structure fabricated by the holo-
graphic lithography technique using the two-
beam phase shift is shown. This phase difference 
results in the appearance of the additional inten-
sity maxima. The maximum surrounded by four 
initial maxima is weaker, but its intensity is still 
sufficient to initiate the polymerization process 
[30]. In addition to the weak maximum (small 
pillar), links between all pillars are polymerized, 
which makes the structure stable even when sepa-
rated from a substrate (free-standing).

More four-beam interference patterns simulated 
with different phase shifts are depicted in Fig. 8 in 
order to show flexibility of patterning by the HL 
method.

When the phase of two opposite beams is 
shifted by π/2 in respect of the other two beams, 
the period of an interference pattern is reduced 
by 2  (Fig. 8(c)) [31]. The fabricated structure 
with the reduced period is shown in Fig. 9. In 
principle, it is possible to control this intensity 
distribution not only by changing the phases 
of interfering beams but also by changing the 
polarization of interfering beams. When the 
polarization of two opposite beams (k1 and k3 

(Fig. 2(c)) is the same and the polarization vec-
tor of other two beams is rotated by 90 deg (beam 
k2 (Fig. 2(c)) and –90 deg (beam k4 (Fig. 2(c)) 
in respect of the polarization vector of beams k1 
and k3, the period of the interference pattern of 
such beams is also reduced by 2 . The polari-
zation control approach was not realized in this 
research.

Fig. 7. (a) Theoretically calculated interference pattern of four beams when the phase of two opposite beams is 
shifted by 3/8 π. (b) Fabricated periodic structure in SZ2080 with BIS concentration of 0.5% by w. t. with the phase 
shift equal to 3/8 π. The structure was fabricated by using such laser parameters: wavelength 515 nm, average power 
165 mW, repetition rate 100 kHz, peak pulse intensity ~24 GW/cm2, exposure time 1 s. SEM image of the structure 
is tilted by 34 deg.

Fig. 8. Four-beam interference pattern when the phase 
shift of two opposite beams of other two beams is: (a) 0, 
(b) π/4, (c) π/2, (d) 3/8π.

(a) (b)

(a) (b)

(d)(c)
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was lower by about 30% (Fig. 10(b)). Actually, by 
adding the fifth beam (zero-order), it is possible to 
fabricate 3D structures but only when the angle be-
tween interfering beams and the zero-order beam 
is quite large (more than 10 deg). At small angles 
(less than 10 deg) the period in z direction is very 
large and can be 10 times larger than the period 
in x and y directions. The fabricated structures in 
SZ2080 photopolymer with the five-beam interfer-
ence pattern are shown in Fig.  11. The structures 
were fabricated with the laser of the same para-
meters (average power ~400  mW, repetition rate 
5 kHz, peak pulse intensity ~0.13 TW/cm2, expo-
sure time 25 s, laser wavelength 1030 nm), and con-
centration of the photo-initiator BIS concentration 
was ~2% w. t. Only the thickness of the photopoly-
mer in this case was different: ~25 μm in Fig. 11(a) 
and ~60  μm in Fig.  11(b). As can be seen from 
Fig. 11, the 2D structures were fabricated by using 
the five-beam interference because the period in 
z direction under used experimental conditions 
(~3.45  mm) was larger than the thickness of the 
used photopolymer. Since every second maximum 
of the used five-beam interference pattern is lower, 
the diameter of every second fabricated pillar is 
also smaller. The pillars fabricated by using lower 
intensity in the thinner photopolymer were strong 
enough to survive the development process, and 
they were almost twice thinner than the pillars fab-
ricated using higher intensity. The pillars fabricated 
using lower intensity in the thicker photopolymer 
were not able to survive the development process, 

5. Structures fabricated by holographic 
lithography with a diffractive optical element 
and five-beam interference

By adding the fifth central beam (zero order) with 
a small intensity (in our case ~7 times smaller than 
the intensity in the first order beam), the double-
period effect in x and y directions (Fig. 10(a)) is ob-
served in the intensity distribution. In our case, the 
intensity of every second interference maximum 

Fig. 9. Structure fabricated by the phase-shift method in 
SZ2080 with BIS concentration of 0.5% by w. t. The pe-
riod of fabricated structures is ~1.76 μm. The structure 
was fabricated by using such laser parameters: wave-
length 515 nm, average power 230 mW, repetition rate 
100  kHz, peak pulse intensity ~33  GW/cm2, exposure 
time 1 s. SEM image of the structure is tilted by 34 deg.

Fig. 10. Five-beam interference pattern when four beams are identical and the fifth beam in the centre (zero-order) 
has intensity 7 times lower than that of other four beams: (a) intensity pattern from top, (b) intensity distribution 
in the cross-section.

(a) (b)
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and only pillars fabricated using higher intensity 
remained. In this case the period of the fabricated 
structure is doubled without any intensity decrease 
in the beam overlapping area. In the normal way 
(by changing focal lengths of lenses), the intensity 
in the beam overlapping area decreases four times 
by increasing the period twice (by doubling the pe-
riod). Therefore, the double-period effect can be 
used especially in the multi-photon polymerization 
process when high intensities are required.

6. Conclusions

The fabrication of various periodic structures by 
using holographic lithography was demonstrated. 
Several methods of the holographic lithography 
technique were reviewed and it has been shown that 
many factors of the interfering beams such as po-
larization, the number of interfering beams, phase 
shift, laser dose, the angle between interfering 
beams, the wavelength of the used laser have influ-
ence on the shape of the fabricated structure. It has 
been demonstrated that the angle between the inter-
fering beams is responsible for the period. The laser 
exposure dose and the wavelength are responsible 
for the width of the pillars. The number of interfer-
ing beams is crucial for the shape of the fabricated 
structure (Fig. 2). By changing the polarization and 
phase shift, it is possible to form a structure with the 

√2 times reduced period compared to the period of 
the four interfering beams with the same phase. This 
structure is also demonstrated in this work. Moreo-
ver, we have demonstrated that by adding the fifth 
beam (zero-order) with a small intensity (~7 times 
smaller than the intensity in/of the first order beam), 
the double-period effect in x and y directions is ob-
served. In z direction the period is large (~3.45 mm) 
and it is larger than the thickness of the photopoly-
mer, so in fact the 2D structure is formed instead 
of the 3D structure. The double effect allows us to 
double the period without any intensity decrease in 
the beam overlapping area. In the normal way by 
using a DOE and lenses, the intensity in the beam 
overlapping area decreases four times by increasing 
the period twice (by doubling the period). There-
fore, the double-period effect can be used especially 
in the multi-photon polymerization process when 
high intensities are required. The fabricated peri-
odic micro-structures have the potential to be used 
for various applications such as biomedical for the 
investigation of stem cells behaviour, micro-fluidic 
for controlling the flow of fluids on a small length 
scale, or photonics for light localization.
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Santrauka
Straipsnyje apžvelgiami holografinės litografijos 

principai ir demonstruojamos holografinės litografi-
jos galimybės suformuoti įvairaus periodo mikrodari-
nius SZ2080 fotopolimere. Taip pat aptariama įvairių 
laze rinio proceso parametrų  –  ekspozicijos trukmės, 
interferuojančių pluoštų bangos ilgio, fazės poslinkio 
tarp interferuojančių pluoštų  –  įtaka formuojamiems 
dariniams ir pademonstruotas dvigubo periodo efek-
tas. Šis efektas atsiranda, kai prie keturių identiškų pir-
mo difrakcinio maksimumo pluoštų yra pridedamas 
mažo intensyvumo centrinis pluoštas (~7 kartus 
mažesnis už pirmo difrakcinio maksimumo pluoštą), 
tuomet suformuoto periodinio mikrodarinio kas ant-

ras stulpelis yra plonesnis už šalia esantį stulpelį. For-
muojant pakankamai aukštus mikrodarinius (~60 µm) 
plonesni stulpeliai ryškinimo proceso metu sugriūna 
ir yra išplaunami, lieka tik storesni stulpeliai. Tokiu 
būdu galima padvigubinti formuojamo mikrodarinio 
periodą nemažinant intensyvumo pluoštų persi-
klojimo zonoje. Šis efektas gali būti labai naudin-
gas daugiafotoniškai formuojant didelio periodo 
struktūras.

Holografinės litografijos būdu suformuoti periodi-
niai mikrodariniai gali būti panaudoti biomedicino-
je  kaip karkasai kamieninėms ląstelėms auginti, mi-
krofluidikoje – kontroliuoti skysčių ar dujų tekėjimą.


