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In this study, we report on the integration of microfluidic channels and optical components by focus-
ing femtosecond laser radiation inside transparent cyclic olefin copolymer (COC) bulk material. An 
internal localized material modification is triggered based on nonlinear absorption of the laser radia-
tion's high intensities inside the focal volume. The size and shape of the three-dimensional internal 
modification are controlled by using an adaptive beam shaping setup. The irradiated areas show a 
positive refractive index shift and can be used as Type I internal optical waveguides. Furthermore, 
precise control of the spatial pulse-to-pulse distance in combination with a suitable beam profile en-
ables the integration of functional photonic elements, e.g., Bragg gratings, into the waveguide. Thus, 
it also enables the generation of integrated photonic sensors. In addition, internal fs laser-induced 
modifications are characterized by a lower thermal stability as compared to the pristine polymer ma-
terial. By performing a post-annealing process step, internal hollow microstructures are created by 
gaseous degradation of the exposed areas. Circular microchannels can be generated in a deliberately 
chosen layout by employing motorized 3D stages. In comparison to etching-based fabrication meth-
ods the proposed technology facilitates unlimited channel lengths, as it omits restrictions arising from 
an etching selectivity and duration. Altogether, this contribution paves the way towards the fabrication 
of internal three-dimensional optofluidic devices, equipped with a photonic sensor. In contrast, mi-
crofluidic and photonic structures are both created by femtosecond laser direct writing inside of trans-
parent polymers. 
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1. Introduction
Lab-on-a-chip (LOC) systems are based on components
whose purpose is to transport, mix, separate, and analyze
small volumes of various fluids [1; 2]. Several technologies
have been proposed for fluid analyzation in LOCs, including
electrochemical, mechanical, and optical methods [3]. Be-
cause of its high sensitivity, combined with a fast response,
optical sensing principles are one of the most discussed and
studied concepts for on-chip sensing [4]. Commonly, these
optofluidic sensors are detecting for absorbance [5], fluores-
cence [6], or chemiluminescence [7] of the fluid. Further-
more, refractive index sensing can be achieved on the chip
via integrated interferometers [8; 9].

The continuous integration of these exceedingly com-
plex functions into a single and compact chip demands  mul-
tilayer systems. Since the classical production approaches 
originate from microsystem technology, using stacking and 
joining of single processed layers, the production techniques 
are elaborate and limited concerning multilayer structures. 
An uprising trend to fabricate those devices is the internal, 
three-dimensional processing of transparent substrates by 
using femtosecond laser pulses and novel direct writing 
techniques [10]. 
Based on the rapid development of femtosecond lasers in re-
cent years, several attempts of combined internal structuring 

and direct writing of photonic elements have been demon-
strated [11]. Standard technologies for internal structuring of 
glass include selective laser etching [12] and liquid sup-
ported backside ablation [13]. Integrated optical elements 
can be created either by a positive refractive index shift in-
side a laser-induced modification [14], by the creation of op-
tical stress in-between modified tracks [15] or by generating 
a depressed cladding [16].  

Furthermore, fluorescence excitation within the junction 
of a microfluidic channel and a waveguide has been demon-
strated [17; 18]. In addition to this, monolithic optofluidic 
refractive index sensors in glass have already been devel-
oped including Fabry-Pérot interferometers [19], Mach-
Zehnder interferometers [20] and Bragg gratings [21; 22]. 
Transparent polymer materials are an uprising LOC sub-
strate material class. They gain respectable interest because 
of low material costs (approximately 1-10% as compared to 
glass) adjustable physical properties and biocompatibility 
[23]. Especially cyclic olefin copolymers (COCs), offering 
a low water absorption of less than 0.01%, a high glass tran-
sition temperature, and a high resistance against common 
solvents are highly suitable for a wide range of sensor appli-
cations [24–26]. However, the monolithic integration of pol-
ymer optofluidic devices using an ultrashort pulsed laser is 
still under research [27]. Internal microfluidic channels can 

DOI: 10.2961/jlmn.2021.01.2009 

 

47



JLMN-Journal of Laser Micro/Nanoengineering Vol. 16, No. 1, 2021 

be created by thermal decomposition of material previously 
modified with femtosecond laser in PMMA [28; 29] and 
COC [30]. Femtosecond laser direct writing of different 
types of waveguides has also been demonstrated in both ma-
terials [31–35]. A combined generation of both structures 
has not been reported so far. In this study, we report on the 
implementation of combined manufacturing of internal mi-
crofluidic channels and integrated optical elements in COC 
by employing only one laser processing setup.  

2. Experimental
All structures are fabricated by employing an ultrashort

pulsed laser (Light Conversion, Pharos-10-600) with a fun-
damental wavelength of 1028 nm, featuring adjustable pulse 
duration from 220 fs to 15 ps and variable repetition rates up 
to 610 kHz. By using a second harmonic generation module, 
a laser wavelength of 514 nm can be emitted. The linear po-
larized laser beam is shaped using a spatial light modulator 
(SLM; Holoeye, Pluto VIS 21) with a resolution of 
1920x1080 pixels and a pixel size of 8 µm. A 4f setup 
(f=300 mm) is used to image the SLM patterns at the focus-
ing objective. To block the zeroth order of a blazed grating 
additionally displayed on the SLM, a pinhole is inserted at 
the focal plane of the telescope, as depicted in Fig. 1. The 
first diffracted order passes the pinhole unaffected and is fo-
cused by an air objective with an NA of 0.5 (Zeiss, EC Epi-
plan-Neofluar) into the material. The phase function dis-
played on the SLM is calculated to correct the spherical ab-
erration lens effect caused by the refractive index mismatch 
between air and processed transparent polymer [36]. Beam 
measurements on the resulting volume inside the focus 
(voxel) are performed using a coaxial CCD camera (Imag-
ingsource, DMK 27AUJ003). During processing, samples 
are positioned using linear translation stages with a spatial 
resolution of 1 nm (Aerotech, ANT130-XY-Plus). The focal 
position is controlled by a nanopositioning vertical stage 
with a spatial resolution of 1 nm (Aerotech, ANT95-50-L-
Plus). An overview of the process parameters used for the 
generation of microchannels, waveguides and Bragg grat-
ings is given in Table 1.  

Before processing, injection molded bulk COC material 
(TOPAS 6017, TOPAS Advanced Polymers) samples were 
cut to a size of 44x22 mm using an ultrashort pulse laser in 
combination with a precision cutting head (FineCutter, Pre-
citec). By employing a laser output power of 8.5 W at a pulse 
repetition rate of 250 kHz and a laser wavelength of 
1028 nm a cutting speed of 1 mm/s is achieved. The cutting 
process is supported by a coaxial nitrogen stream with a 
pressure of 6 bar, which enables burr-free surfaces. The bulk 
material is characterized by a glass transition temperature of 
170 °C and a tensile strength of 58 MPa. The plates had a 
thickness of 1.5 mm and a surface roughness Ra of 25 nm. 
The refractive index n of the material at the laser wavelength 
of 514 nm is 1.536 at room temperature calculated by Sell-
meier equation. 

The laser generation of microchannels consists of two 
process steps. Firstly, COC samples are irradiated by fo-
cused femtosecond laser pulses (514nm), triggering a non-
linear absorption inside the focal volume. Arbitrary 3D ge-
ometries can be created by translating the focal spot in three 
dimensions inside the bulk polymer. Secondly, COC speci-
mens are annealed between two glass substrates in a convec-
tor oven at 220 °C for 20 min.  

Table 1 Overview of the applied laser processing parameters. 

Parameter 
Micro-

channel 
Waveguide 

Bragg 

grating 

Wavelength 514 nm 514 nm 514 nm 

Pulse duration 450 fs 450 fs 450 fs 

Repetition rate 500 kHz 25 kHz 0.5 kHz 

Pulse energy 70 nJ 330 nJ 355 nJ 

Pulse separation 200 nm 600 nm 1040 nm 

Beam profile Circular Elliptical Elliptical 

In order to characterize microchannel cross-sections, the 
treated specimens are ground down to the created structures 

Fig. 1  Schematic illustration of the experimental setup for the generation of internal structures inside COC substrate using 
femtosecond laser radiation. Beam shaping is performed with the usage of a spatial light modulator (SLM) and a 4f telescope 
with an additional pinhole in front of the focusing objective to block the zeroth diffraction order. 
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and polished. Afterwards, an ultrasonic bath is used to re-
move debris from this process step. Channel geometries are 
measured by using reflection and transmission light micro-
scopes (Nikon, 70 Eclipse LVDIA-N; Leica, DVM6). 

 Output profiles of the internal area of the waveguides 
are analyzed by using a 5x microscope objective with an NA 
of 0.25 in combination with a CCD camera (IDS, UI-
1490SE-M-GL) at a wavelength of 633 nm. Fabricated 
Bragg gratings are characterized by recording the reflected 
spectra using a source and detector interrogation system 
(Micron Optics, si155 HYPERION), which operates in a 
wavelength range from 1460 to 1620 nm. Thereby, the spec-
tral position of the reflected Bragg wavelength, the full-
width at half-maximum bandwidth (FWHM), and the re-
flected power are examined. For temperature measurements, 
an internal waveguide Bragg grating is butt-coupled to a sin-
gle-mode-fiber using UV curable glue (AddisionClear Wave 
Coatings Inc., NOA 76) and placed onto a hotplate. An ad-
ditional fiber temperature sensor (OpSens) with an accuracy 
of ±0.1°C was applied to the surface of the COC sample to 
guarantee accurate temperature readings. 

 

3. Results and Discussion
3.1 Generation of internal microfluidic channels

The generation of microchannels in COC is performed 
by using a laser pulse repetition rate of 500 kHz, in combi-
nation with a pulse to pulse distance of 0.2 µm, resulting in 
a processing speed of 100 mm/s. This parameter combina-
tion induces a well controllable heat accumulation, which is 
necessary to generate suitable internal modifications in COC 
for the creation of microchannels. Processing the samples 
without heat accumulation, i.e., by employing a reduced la-
ser pulse repetition rate of 5 kHz, results in not decomposa-
ble, strong scattering dark lines. As these modifications are 
induced by heat accumulation during processing, the result-
ing channel cross-section is not determined by the shape of 
the laser focal voxel, but defined by the resulting heat distri-
bution during processing. This is in contrast to previous 
studies in PMMA, with the channel cross-section being con-
trollable by the intensity distribution inside the focal voxel 
[28; 37]. In Fig. 2, typical circular microchannel cross-sec-
tions are exemplified. Their size can be controlled either by 
the writing speed or by the laser pulse energy, as both pa-
rameters affect heat accumulation during processing [30]. 
Inside the process window to generate internal microchan-
nels in COC, only a slight influence on the microchannel's 

aspect ratio of approximately one is determined by both pro-
cess parameters. The profile surface roughness along a line 
in the orientation of an internal microchannel is determined 
to be below Ra 500 nm. 

 The results to pre-compensate the spherical aberration 
lens effect, performed with the SLM, are demonstrated in 
Fig. 3. At a writing speed of 100 mm/s and a laser pulse en-
ergy of 70 nJ, microchannels are generated in different 
depths of the polymer substrate. The SLM based pre-com-
pensation phase function corresponds to a writing depth of 
950 µm. Due to the positive and negative spherical aberra-
tion lens effects above and below the compensation depth, 
the intensity of the laser radiation inside the voxel is reduced, 
resulting in significantly smaller channel sizes. The aspect 
ratio of the microchannels is constant around one due to the 
heat-induced origin of the modification. In contrast to this, 
spherical aberration effects result in an elongation of the 
channel height at the generation of internal structures in 
PMMA [28]. 

In addition, at writing depths which are not correspond-
ing to the predefined compensation, second and third modi-
fications below the initial focal zone are created. Those un-
desired structures disturb the circular channel cross-sec-
tional shape and need to be prevented by employing a suita-
ble spherical aberration correction. 

3.2 Generation of integrated optical elements 
The creation of integrated optical elements in transparent 
polymers is based on single-shot induced refractive index 

Fig. 2 Transmission microscope image of circular cross-sections of 
internal microchannels in COC substrate generated in a depth of 
500 µm using a writing speed of 100 mm/s. 

Fig. 4 Result of the measured normalized beam profile of the el-
liptical focal voxel in x-y cross-section (left) at the focal position 
and y-z cross-section (right) using an ellipticity of 15 and an ef-
fective NA of 0.24 on the major axis. 

Fig. 3 Size distribution of internal microchannels written in differ-
ent depths using an aberration correction for a depth of 950 µm. 
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modifications. Compared to the generation of internal mi-
crofluidic structures, this process is not based on heat accu-
mulation but on a single shot photo-induced modification 
and is performed at a laser pulse repetition rate of 25 kHz. 
The size and shape of the internal modifications are deter-
mined by the intensity distribution of the focal voxel shown 
in Fig. 4, but are also depending on laser process parameters 
such as laser power or pulses per point. The generation of an 
upright standing thin disk energy distribution is performed 
by an additional virtual slit mask which is inserted on the 
phase function correcting for spherical aberration displayed 
on the SLM [37; 38]. The resulting shape of the focal voxel 
is characterized by a horizontal size of 1.5 µm in x-direction, 
25 µm in y-direction (both measured at 1/e²), and a focal 
height of 7.5 µm (FWHM). The pulse-to-pulse distance is 
set to 600 nm, which corresponds to a writing speed of 
15 mm/s. 
The generated structures exhibit a maximum positive refrac-
tive index shift of 4·10-4 RIU [35] measured at a wavelength 
of 633 nm and are consequently appropriate to be used as 
Type I waveguides [39; 40]. Vertical and horizontal cross 
sections of a refractive index modification inscribed using a 
laser pulse energy of 336 nJ are given in Fig. 5. The refrac-
tive index is measured by using a Mach-Zehnder interferom-
eter [41]. The output profiles of waveguides at a wavelength 
of 633 nm inscribed with different laser pulse energies, are 
given in Fig. 6. By using a laser pulse energy of 330 nJ, the 
size and shape of the output profile of the integrated wave-
guide correspond well with the intensity distribution of the 
focal voxel depicted in Fig. 4. At a higher laser pulse energy 
of 375 nJ, internal damage is induced along with the modi-
fication, which disturbs the optical waveguide. At a lower 

laser pulse energy of 260 nJ, the positive refractive index 
shift is insufficient to perform as a well-defined Type I wave-
guide. The propagation loss of fs laser written waveguides 
in COC using comparable processing parameters has been 
previously reported by the authors to be 3.2 dB/cm in a 
wavelength range from 1545 to 1555 nm [35].  

In addition to that, femtosecond laser direct writing ena-
bles the generation of functional sensor elements, such as 
Bragg gratings, inside of the transparent polymer substrate. 
A mask-less point-by-point writing approach, is applied to 
inscribe a periodic refractive index modulation. A single la-
ser pulse induces each period of the Bragg grating. The voxel 
defines the lateral grating width. Due to the elliptical profile 
of the focal voxel (cf. Fig. 4), the period of the grating can 
be selected to be significant smaller as its width. The optical 
connection between a waveguide and Bragg grating is de-
picted in Fig. 7 (left). Both structures are written as inde-
pendent lines. Thus, the transition between both endpoints is 
a critical factor for the device performance. On the one hand, 
a gap between both components results in an unguided re-
gion with increased optical loss. On the other hand, an over-
lap of grating and waveguide results in damage along the 
double irradiated zone. At optimized layout conditions, we 
estimate a coupling loss of about 3% based on simulations 
(Synopsys, RSoft), which include the profile of the refrac-
tive index modification shown in Fig 5. and the effective re-
fractive index of the Bragg Grating given in Fig. 7 (middle). 
In this study, waveguide-coupled Bragg gratings are in-
scribed with a period of 1040 nm at a laser pulse repetition 
rate of 500 Hz using a laser pulse energy of 355 nJ in a depth 
of 500 µm below the surface. The fabricated gratings show 
a characteristic Bragg wavelength λB of 1581.8 nm, which 
corresponds well with its spatial period Λ in accordance with 
Eq. (1): 

𝑚𝑚 ∙ 𝜆𝜆𝐵𝐵 = 2 ∙ 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 ∙ Λ (1) 

with m being the order of the reflection and neff  repre-
senting the effective refractive index. The reflection spec-
trum of an internal waveguide coupled Bragg grating with a 
length of 15 mm is depicted in Fig. 7 (middle). It exhibits a 
Bragg reflection at 1581.8 nm and an FWHM of 152 pm.  
The spectral position of an internal waveguide coupled 
Bragg grating is sensitive to changes of the effective refrac-
tive index and the spatial period of the grating. For any sens-
ing application, e.g., temperature or strain, the reduction of 

Fig. 6 Result of the measured normalized intensity distribution at the output of an internal waveguide at a wavelength of 633 nm. 
The photonic structures are fabricated using laser pulse energies of 375 nJ (left), 330 nJ (middle), and 260 nJ (right), respectively. 

Fig. 5 Horizontal and vertical cross-section of a positive refractive 
index modification inscribed using a laser pulse energy of 336 nJ 
and measured at a wavelength of 633 nm. 
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potential cross sensitivities is of most importance. In this re-
spect, the low water absorption is a major advantage of 
COCs compared to other polymer materials like PMMA. It 
also enables a direct application as an integrated temperature 
sensor. A temperature increase of the COC-based Bragg 
grating leads to a negative refractive index change [42] and 
a simultaneous increase in the grating period. The overall 
temperature sensitivity of the generated waveguide-coupled 
Bragg grating is determined as -4.3 pm/K, as depicted in Fig. 
7 (right). According to the authors' preliminary studies, this 
value is comparable to diffused Bragg gratings generated 
within COCs employing an adapted phase mask proce-
dure [25]. 

4. Conclusion
In this contribution, the femtosecond laser generation of in-
ternal microfluidic and optical structures in transparent COC
substrates are studied. Microfluidic channels are created in a
two-step process consisting of an internal laser-induced
modification based on heat accumulation during exposure
and subsequent annealing. The circular cross-sectional
shape of the internal microchannels is defined by the heat-
affected zone. By using an adaptive beam shaping device,
microchannels can be created inside of the transparent ma-
terial, whereas their aspect ratio is independent of the writing
depth. Integrated microoptical components, i.e., waveguides
or waveguide coupled Bragg gratings, can be inscribed into
the COC substrate with the shape of the modified refractive
index being defined by the intensity distribution of the voxel.
In addition, the shape of the voxel can be precisely con-
trolled. The applied point-by-point inscription technology
enables the creation of Bragg gratings of almost any desired
period by controlling the distance between the modifications.
Furthermore, the application of a waveguide coupled Bragg
grating as an internal temperature sensor is demonstrated. In
summary, the demonstrated femtosecond laser-based fabri-
cation methods, performed on a single laser processing setup,
enable the straightforward and flexible generation of micro-
fluidic and photonic sensing structures within a bulk poly-
mer. Thus, the proposed technology constitutes a foundation
for the advanced fabrication of polymer LOC devices.
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