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Glass is an ideal material for optical applications, even though only a few micromachining technologies for material
ablation are available. These microstructuring methods are limited regarding precision and freedom of design.
A micromachining process for glass is laser induced deep etching (LIDE). Without generating micro-cracks,
introducing stress, or other damages, it can precisely machine many types of glass. This work uses LIDE to sub-
tractive manufacture structures in glass carrier substrates. Due to its transmission characteristics and refractive
index, the glass substrate serves as optical cladding for polymer waveguides. In this paper, the described fabrica-
tion process can be divided into two sub-steps. The doctor blade technique and subsequent additive process step
is used in manufacturing cavities with U-shaped cross-sections in glass in order to fill the trenches with liquid
optical polymers, which are globally UV-cured. Based on the higher refractive index of the polymer, it enables
optical waveguiding in the visible to near-infrared wavelength range. This novel, to the best of our knoowledge,
manufacturing method is called LDB (LIDE-doctor-blade); it can be the missing link between long-distance trans-
missions and on-chip solutions on the packaging level. For validation, optical waveguides are examined regarding
their geometrical dimensions, surface roughness, and waveguiding ability, such as intensity distribution and
length-dependent attenuation.
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1. INTRODUCTION

Increasing data volumes in industrial and private sectors require
reliable and fast transmission solutions. Unlike optical com-
munication, traditional signal transmission using copper cables
is susceptible to electromagnetic interference. In addition, a
much larger amount of data can be transmitted with light than
conventional methods, either over long distances, even between
continents using fibers, or via short on-chip solutions. On-chip
devices are usually produced using silicon-based lithographic
manufacturing processes called photonic integrated circuits
(PIC). However, it is expensive due to costly mask manufactur-
ing and complex production processes, and even minor changes
are associated with high effort. In addition, many production
facilities for the required processes are severely limited in their
work space and thus do not allow large-scale production.

Glass has excellent advantages for many applications, as it can
be used industrially in high volumes and is flexible in its utiliza-
tion. In particular, optical transparency, electrical insulation,
mechanical strength, and the adjustable coefficient of thermal

expansion play a significant role. Controlled encapsulation of
optically active materials allows the fabrication of advanced
functional glasses, making it a very interesting and versatile
material for optoelectronic applications [1,2]. Furthermore,
glass is cheaper than silicon and can be produced and processed
in large formats.

Chen et al. and Tunon et al. have outlined a technique to
increase the refractive index through femtosecond laser modi-
fication locally. This innovative approach enables the direct
utilization of the written path as the core of an optical waveguide
[3–6]. Typically, amorphous glass serves as a carrier substrate, as
well as cladding material, in this process. Achieving structural
resolutions on the order of single-digit micrometers allow the
production of circular single-mode-capable optical waveguides
[7]. This method provides significant versatility, facilitating
the creation of three-dimensional networks within a substrate.
Optical attenuations of waveguides range from 0.062 up to
5.3 dB/cm [4,5,6]. However, achieving these results necessi-
tates highly precise axis systems in three spatial directions and
extensive parameter investigations concerning pulse energy,
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repetition rate, and writing speed, as these parameters sub-
stantially influence the cross-sectional shape of the waveguide.
Righini and Chiappini have reported that such structures
may not exhibit long-term durability and can be vulnerable to
environmental effects [8].

An alternative approach to fabricating integrated optical
waveguides in glass involves ion exchange at the substrate sur-
face [9]. Schröder et al. have already fabricated integrated optical
waveguides in glass as a coupling element. In lithographic
manufacturing, an ion-exchange process is used in which silver
ions replace sodium ions and thus provide an increase in the
refractive index. This enables total reflection waveguiding in
glass. This manufacturing process entails several photolitho-
graphic steps to establish a near-surface optical waveguide core
buried within the substrate, employing two successive ion
exchange processes. Thin glass substrates can be processed,
measuring up to 440 mm× 350 mm with a thickness ranging
from 300 to 550 µm, achieving a patterning resolution of less
than 20 µm [10]. However, it’s important to note that due to a
low refractive index difference, as indicated by Brunsberg et al.,
curvatures with a radius of less than 30 mm result in signifi-
cant optical losses with this method and processes employing
laser direct writing [3,11]. Nevertheless, achieving masked
production requires more substantial effort and high costs [12].

In addition, a method for micromachining glass can also
close the gap between extremely short and long transmission
distances. Near-surface optical waveguides can be manufactured
by targeted material removal and subsequent filling with opti-
cal core material. Our manufacturing method is called LDB
(LIDE-doctor-blade); it combines the subtractive material
ablation with the LIDE process and the filling technique with
liquid polymer by using doctor blading. Complex shapes and
geometries can be produced cost effectively, which can variably

function as an interconnect on the PCB level to be part of the
package between extremely short and long transmission paths.
This allows the component to be considered an electro-optical
printed circuit board (EOCB). This is a circuit board that
integrates electronic and optical components to enable signal
processing and transmission within a single device. This con-
cept combines the advantages of electronic signal processing
with optical data transmission [10,13–16]. Due to the flexibly
designable geometries, optical splitters, combiners, or other
structures can be manufactured to form an optical network.
Figure 1 shows possible visionary application scenarios for the
glass platform. Individual fibers can be coupled to the plat-
form via V-grooves or directly in a fiber array. Additionally, the
manufacturing process can produce pockets to align discrete
components passively. Furthermore, conductor trays or vertical
interconnects access (VIA) for electrical connections can be
realized directly on the substrate. Thus, by suitable arrangement
of the integrated optical waveguides, evanescent couplers [17],
Mach–Zender interferometers [18,19], ring resonators [20,21],
or similar functional elements can be implemented. However,
a single-mode data transmission is required to realize most of
these elements, which can be achieved through continuous
process improvement in the future. A PIC is shown in the center
of the glass, connected optically via photonic wire bonds or
direct coupling and electrically via conventional wire bonds.
Though different applications can be covered with this tech-
nique, the connection to micro-electro-mechanical systems
(MEMS) or to the field of fiber optics is possible as well. The
optical fiber broadband network structure for providing all or
part of the local loop used for the last mile of telecommunica-
tions is called fiber-to-the X (FTTX). This requires a complex,
bulky setup to split the signal. This element can be substituted
with an integrated EOCB. These visionary concepts are the

Fig. 1. Possible visionary application scenarios for the glass platform, which combines discrete electrical components such as ball grid arrays (BGA)
or laser diodes, as well as passive and active optical structures. It represents an interface technology between long transmission options in the form
of optical fibers and compact photonic integrated circuits (PIC). An external coupling for optical fibers in U-shaped cavities is shown, which con-
nects the central PIC through network structures in the glass. Furthermore, possible future structural elements, such as (a) evanescent couplers [17],
(b) interferometers [18,19], and (c) ring resonators [20,21] can be seen.
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Fig. 2. LIDE process steps for manufacturing microstructures in glass substrates.

primary goal of this field of research. However, it must first
be characterized in detail to ensure that the manufacturing
process for integrated LDB optical waveguides in glass trenches
is feasible.

2. PROCEDURE

This section presents a process for microstructuring thin glass
surfaces to implement cavities. These microstructures are filled
with a transparent photopolymer that serves as a core material
for waveguiding due to the suitable refractive indices. The glass
carrier substrate also functions as an optical cladding for the
embedded integrated optical waveguide. Our process chain,
combining a subtractive followed by an additive manufacturing
process to manufacture optical waveguides, is called the LDB
method.

A. Microstructuring of Glass

Traditionally, structures in glass are either ablated directly, using
a laser, or removed by mask-based etching. However, these
methods have some disadvantages regarding surface rough-
ness, aspect ratio, and process-induced shape defects such as
undercuts [22,23]. A combination of laser modification and
subsequent global etching is a gentler glass process. Selective
laser-induced etching (SLE) is a two-step process for creating
three-dimensional structures in or on various types of glass.
Ultrashort pulsed laser radiation is focused into the transparent
volume of the workpiece in the first step. In a multiphoton
process, the pulse energy is only absorbed in the focused volume.
As a result, the material is modified without cracking, thus
changing its chemical properties. This allows the structured
section to be chemically etched selectively later. Connected areas
can be modified by shifting the focus in the workpiece using a
microscanner system. Solid structures can then be removed by
wet chemical etching in a second process step. Microchannels,
molded holes, structural elements, and complex mechanical
composites can be produced. Root-mean-square roughness
(Rq ) values in the modified areas from about 1 µm to as low as
200 nm are achievable [24–26].

Another much faster process for high-precision microma-
chining of thin glass is the laser-induced deep etching (LIDE)
process from LPKF Laser & Electronics AG. It is protected by
patents [27,28], and the laser parameters are confidential. It
has been developed for high-precision micromachining of thin
glass. This technology also aims to manufacture through holes,
micro-cuts, or cavities. In contrast to the SLE process, which

requires a focused spot with energy densities below the ablation
threshold, individual defocused laser pulses are used to modify
the glass across its entire thickness, as shown in Fig. 2. During
maskless wet etching, the glass is removed, which occurs isotrop-
ically across its whole surface, leading to a thickness reduction.
At the same time, laser-modified regions etch at much higher
rates. This avoids mechanical and thermal stress in glass that
occurs with direct laser ablation [29–31]. Silicate-based glass
types can be processed, with substrate thicknesses ranging from
50 µm up to 1000 µm. LPKF’s laser modification systems can
process substrates up to 510 mm in edge length [32].

With this process, structure sizes smaller than 5 µm can be
achieved. A significant advantage over other approaches is the
achievable high aspect ratio of 10:1 or even 50:1 under certain
conditions. Compared to that in traditional masked wet chemi-
cal etching, only aspect ratios smaller than 1:1 can be achieved
due to the amorphous crystal structure of glass. Glass structured
by LIDE exhibits the same mechanical strength as the starting
material since defects such as micro cracks or chipping are not
generated in the first place. Furthermore, LIDE offers a high
throughput of several thousand holes per second, as only a single
laser pulse is required for individual microstructures. Typically,
the process is used to fabricate interposers or other compo-
nents in optical and electronic packages [33]. Near-surface
microstructures are manufactured into glass for waveguide
production by modifying a 2D path on its surface with single
laser pulses. Due to the glass’s material properties, the grooves
have a U-shaped cross section [34].

B. Optical Waveguide Manufacturing

Figure 3 shows a principal sketch of an integrated optical wave-
guide in a U-shaped cavity. Various fluids, which can be cured,
are considered for cavity filling. Due to the low shrinkage after
curing, its high viscosity, and thus good handling, OrmoCore

Fig. 3. Integrated waveguide structure in a U-shaped glass cavity.
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Fig. 4. Three manufacturing methods for filling glass cavities with liquid material to fabricate integrated optical waveguides: dispensing [35,36],
spin coating [37], and doctor blading [38].

by micro resist technology is chosen. It also has good optical
properties, such as a higher refractive index than glass and high
transmission characteristics. Its refractive index in the solid state
is n2 = 1.555, while the two examined glasses have the following
indices: n1,MemPax = 1.47 and n1,AF32 = 1.51.

For filling the cavities with core polymer, manufacturing
processes, such as spin coating, doctor blading, and direct
application with the help of a microdispenser, are considered.
These three manufacturing variants are outlined in Fig. 4.
In a dispensing process, fluid material is squeezed through a
nozzle and applied locally onto or into a substrate. To do so,
either the substrate or the dispenser is directly actuated. Process
parameters are translation speed and volume flow rate, which
can be adjusted by the dispensing pressure depending on the
fluid. In addition, a few process characteristics also rely on the
dispenser needle. When filling structures in the range of several
hundred micrometers, high accuracies are required for the axis’
movement and the nozzle quality [35,36,39]. With optimally
selected parameters, the substrate has little fluid residue because
only as much fluid as necessary is applied. The demands on
path planning increase with the complexity of the design of
the cavities. This manufacturing technique can realize simple
geometries, such as straight or slightly curved paths. Branched
complex network structures are complicated to produce with
this process. Furthermore, the processing speed is low because
each path has to be processed sequentially [40]. As a result of the
high accuracy and associated effort, this process is unsuitable for
the application described.

The polymer application using spin coating is independent of
the optical waveguide path. In this process, the carrier substrate
is mounted on a rotating chuck with fluid applied to the sample.
A resulting coating film is influenced by acceleration, rotational
speed, and the process duration [37,41]. Spin coating is widely
represented in lithographic processes with mask-based curing,
where layer thicknesses of less than 5 µm are required [42–45].
By spreading the fluid entirely over the substrate, sufficient
quality to guarantee cavity flooding is ensured.

Like spin-coating processes, the microstructure’s complexity
does not influence polymer application using doctor blading.
A surplus amount of fluid is moved over the substrate by a
metallic doctor blade with a chamfer on its contact edge. This
process can be used to fill any planar structure. Depending on
the contact pressure and feed rate, no fluid residue remains
as the excess material is completely wiped off the sample. A

chamfer or tilting of the entire doctor blade is necessary, as this
enormously reduces the occurrence of the stick-slip effect [46].
Structures with a resolution of down to 10µm can be filled using
this method; for smaller structure sizes, the high fluid viscosity
(2.9± 0.4 Pa · s) does not ensure a filled groove [47,48]. In
this work, for filling the integrated cavities in the x -direction,
the COATMASTER 510 from ERICHSEN is used for the
semi-automated doctor-blading process of the planar samples.
Regardless of the manufacturing strategy used to fill the cavities,
it is necessary to cure the fluid globally. For exposure, the materi-
als are cured in the wavelength range from 300 to 400 nm with a
power of 6 W/cm2 for 2 s. Since a slightly longer exposure time
has no adverse effect on the fluid, the duration specified by the
polymer supplier is exceeded to guarantee complete curing.

For measuring the optical properties of the waveguides,
it is necessary to prepare end facets of the cavities to couple
light in. Generally, grooves up to the edge of the glass substrate
are technically possible. However, the grooves would have an
uneven cross section since, during the etching process, the
pre-structured paths are ablated additionally from the side.
Therefore, grooves would reach deeper at these locations, which
results in liquid flow out from the edges. Thus, the degree of
filling at the end facets would be significantly reduced. Critical
edge pieces are removed from the substrate to ensure that the
cavities are filled evenly along their length. Similar to glass
fiber cleaving, controlled removal creates a surface with optical
quality. Therefore, a predetermined breaking line is created on
the substrate backside using a thin glass cutting tool. This glass
cutter uses a rotating diamond blade, which provides approxi-
mately 10µm rectangular cavities in the glass at a 1.5µm depth
and a 5µm width. At this predetermined breaking line, the glass
is fixated on a support with a sharp edge for optimum breakage,
and the overhanging glass is bent in the backside direction.

3. RESULTS

In this chapter, unfilled microstructures and filled cavities are
investigated geometrically and then characterized optically in
terms of intensity distribution and their attenuation based on
their geometry.

A. Geometrical Characterization

The choice for the geometric target size of the structured
paths in the glass is based on commercial multimodal glass
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Fig. 5. Topography measurement of the apex’ contour, below Cross section (A-A) along the measured area, glass type: MemPAX.

fibers with a core diameter of 50 µm. Therefore, a width of
the U-shaped structures of 50 µm is targeted. The cavities’
depth results from etching time and glass type. In principle,
all commercially available silicate-based glass types can be
processed with the LIDE method. For this, two types are com-
pared. The MemPAX is a borosilicate glass with a density of
2.22 g/cm3, an electric volume resistivity of 1.18 · 108 �·cm
(at 250◦C) and a spectral transmittance of 92,8 % in the vis-
ible to near-infrared wave range. AF 32 ECO is an alkali-free
borosilicate glass with a density of 2.43 g/cm3, an electric
volume resistivity of 7.9 · 1011 �·cm (at 250◦C) and a spec-
tral transmittance of 92,1 % in the same wavelength range.
The two types of glass from SCHOTT have similar mate-
rial properties but show differences when processed with
LIDE. The manufactured structures have a mean width at
the surface of bMemPAX = 49.873± 0.329 µm (n = 72). The
average depth of the cavities is tMemPAX = 43.429± 4.190 µm.
Surface roughness has a strong influence on the optical com-
patibility of the system. The higher the roughness, the higher
the optical loss since light is reflected unevenly and uncon-
trollably at the interfaces [49,50]. Figure 5 below shows
surface roughness distribution Ra at the U-shaped cavity’s
apex. The center roughness Ra for the MEMpax glass is
Ra ,MemPAX = 58.642± 11.897 nm, with both visible and
near-infrared light, Ra < λ/10.

Compared to the MemPAX glass, the AF 32 ECO glass
shows similar values in width, bAF32 = 49.95± 0.518 µm.
The groove’s depth shows a difference between both glass
types; structures in the AF 32 ECO glass have a mean depth of
tAF32 = 50.754 µm with a standard deviation of σ = 4.702 µm
(n = 36). Higher depth values indicate a higher etch rate of the
pre-patterned surfaces of the AF 32 ECO glass than those of the
MemPAX glass since process steps to obtain the microstructures
are the same. These material properties are nearly insignificant
for subsequent optical use, but the surface roughness values of
the contour are not. AF 32 ECO has significantly higher rough-
ness values, Ra ,AF32 = 456.015± 384.469 nm. A topographic
measurement of the contour at the apex is visualized in Fig. 5.
The cross section shows the individual laser pulses, each creating

a half ellipsoid in the glass after the etching process. Such an
overlap of the pulses creates a continuous trench. The surface
roughness causes scattering of the transmitted light when it
hits the interface. Since the cavities of the MemPAX glass have
significantly lower roughness values, this glass is used for filling
from now on.

Figure 6 shows two frontal views of filled U-shaped cavities.
On the left, the cavity has been filled by spin coating, while the
right-hand view shows the front face of a doctor-bladed optical
waveguide. With both processes, the cavities are filled, but with
spin coating, an additional layer forms over the surface. The
samples are coated for 40 s at a maximum speed of 5000 RPM.
Even at maximum speed, a layer forms with an average height
of 15.37± 2.72 µm (n = 15). Increasing the rotational speed
reduces the height of the film, but it cannot be avoided entirely
and causes massive optical losses when light is coupled into the
waveguide. Light is scattered uncontrollably over the entire
surface; only minimal amounts are transmitted in the wave-
guide. For this reason, spin coating without post-processing is
also unsuitable for this application; in addition, this process can
cause the cured polymer to come loose from the trench.

In the following section, surface roughness of the end facets
is analyzed. Therefore, only end facets are accounted for,
which have not entailed any obvious defects from the break-
ing process. The arithmetic mean surface roughness value is
Sa ,u = 102.876 nm, with a standard deviation of 57.98 nm
(n = 34). For comparison, mechanically cleaved glass fibers
have a mean surface roughness of Sa ,fiber = 48.44± 24.96 nm
(n = 31). However, it cannot be clearly stated whether this is
exclusively due to breaking since small crack-like structures
can also be caused due to the curing process. Furthermore, the
shrinkage due to curing can be seen, especially on the right side
of the figure. The transformation from the liquid to the solid
state reduces the volume by 2 %–5 %.

B. Intensity Distribution and Optical Properties

For measuring the optical attenuation, light that is coupled into
the waveguide is detected at the output end to determine both
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Fig. 6. End facet views of filled U-shaped cavities. Spin coating (microscope image, left). Doctor blading (SEM image, right).

Fig. 7. Optical measurement setup for waveguide characterization.

Fig. 8. Camera view of coupling with a spot diameter of 18 µm into a U-shaped light waveguide (left). Relative intensity distribution of a doctor-
bladed optical waveguide in a U-shaped cavity (right).

intrinsic and extrinsic losses of the transmission path. For this
purpose, a laser with a central wavelength of 638 nm is used
for this specially developed measurement setup [50,51]. The
measuring setup can be seen in Fig. 7; the sample is fixed on
a moveable stage to ensure optimal coupling efficiency. The
projected spot has a diameter of 18µm; this procedure is shown
in Fig. 8 on the left. Light is coupled into the waveguide with a
small numerical aperture of NA= 0.1 and an average optical
power of Pin = 613± 113 nW. The transmitted power Pout is
measured with a collecting lens on a photodetector.

By calculating the logarithmic ratio between the input power
Pin and the output power Pout, the total attenuation a in dB of
the waveguide can be determined as follows:

A= 10 · log10

(
Pin

Pout

)
. (1)

Since each optical waveguide varies from another, the losses
are distributed unevenly. Therefore, the total attenuation

specification is unsuitable for a sufficient analysis. As men-
tioned, quality of the carrier material, the production technique,
and the surface quality of the optical waveguides significantly
influence low-loss transmission. In addition, extrinsic influences
also have a negative effect on this. The so-called cut-back
method distinguishes between attenuation in the waveguide
and coupling losses [52,53]. With this method, optical atten-
uation of a sample is determined, and afterward, the sample is
shortened and measured again. By a successive length reduction
of the transmission path, length-dependent attenuation can be
defined as follows:

a
l
=

a1−a2

l1−l2
. (2)

The value li indicates the length in cm, and ai indicates the
optical attenuation in dB of sample i . So, the constant part,
independent of the specimen’s length, is due to the coupling site,
the front surface quality, or the measuring site [52].



Research Article Vol. 63, No. 4 / 1 February 2024 / Applied Optics 901

1. Length-Dependent Attenuation of LinearOptical
Waveguides

First, optical waveguides without junctions or bends are
examined. To characterize the integrated U-shaped optical
waveguides, 15 samples from the same production batch
are measured three times each to minimize stochastic error
influences. A sample length of 65 mm is targeted. Since the
marking and subsequent breaking are performed manually, it
can lead to minor length changes between each other. In Fig. 8,
the intensity distribution of such a waveguide on the output is
shown on the right side; local maxima are formed, and the power
is evenly distributed, which is typical for a multimode optical
waveguide. However, it should be noted that the local intensity
decreases slightly towards the upper break edge, which can
also be seen in the vertical intensity profile on the left (u − v).
This may be caused by the resulting compressive force during
breakage.

Determined attenuation values range from 7.49 dB to
16.8 dB. From the experiments, an average optical attenua-
tion of au = 11.61 dB with a standard deviation of 2.57 dB is
obtained. To distinguish between the intrinsic attenuation in
the optical waveguide and the extrinsic coupling losses, five glass
substrates are shortened four times by about 2 mm each. It is
ensured that only one side is cut back, and the outcoupling side
remains unchanged. Each breaking process modifies the surface
quality of the waveguide’s end facet, so the optical attenuation
might appear higher for a shorter sample than for the longer one
since the end facet’s quality has worsened. Using formula (2),
a negative length-dependent attenuation results, which would
correspond to an energy increase through the optical waveguide,
which is not possible through the given experimental setup.
Therefore, such measured values (quantity < 10 %) are not
considered further. Average length-dependent attenuation
is au/l = 0.258± 0.204 dB/cm. Material-specific values of
approximately 0.1 dB/cm (λ= 633 nm) is possible with opti-
mal use, according to the manufacturer of OrmoCore. With
an original specimen length of 65 mm, the intrinsic loss corre-
sponds to 1.677± 1.326 dB. This means the facets cause most
attenuation losses at 9.93± 1.244 dB. Such coupling losses
can occur from back reflections or formation of stray light due
to an inhomogeneous surface because of the breaking process.
Compared to other waveguides without using complex lithog-
raphy process steps, the length-dependent attenuation of LDB
waveguides show reasonable characteristics, as shown in Table 1.

2. CurvedWaveguides

In integrated waveguide network structures, different shapes
and geometries are combined. The properties of linear struc-
tures have already been presented geometrically and optically,
so the influence of the radius of curvature of the cavity is inves-
tigated next. Therefore, a design for characterization is created,
which allows an investigation of different radii of curvature.
The influence of radii in the 10–50 mm range is considered. A
path consists of two straight sections (s g ), two curved sections
(s r ), and, if necessary, an oblique section (s l ). The substrate has
a width of 90 mm. Starting from the 5th path with a radius of
curvature of 50 mm, the arc length is determined since this path
does not require an oblique intermediate section to ensure a
uniform and comparable length among all paths. The specimen
design for the different radii of curvature is shown in Fig. 9.

From previous measurement results, the length-dependent
attenuation in the curved sections of the geometries is
determined approximately. The average attenuation of
a/l = 0.26 dB/cm for the straight-line segments is assumed.
The resulting value of the straight-line segments is subtracted
from the determined attenuation values. Furthermore, a cou-
pling attenuation of 9.92 dB is also considered. The remaining
values in the curve segments are related to the respective arc
lengths of the curves, resulting in the right-hand diagram of
Fig. 9. It shows the individual attenuation as a function of
the radius of curvature. Four different samples are shown; it
is noticeable that the curves of samples 1 + 2 and 3 + 4 are
very similar. However, the characteristic of sample pair 3 + 4
is higher, which indicates unclean end facets or contamina-
tion in the waveguide. Nevertheless, qualitative behavior is
evident between all four samples; with a larger radius of cur-
vature, the attenuation decreases tremendously. Since the
angle of incidence at the interfaces increases with smaller radii,
more power is coupled out of the waveguide and is no longer
transmitted [11,54,60–63]. The difference from the smallest
radius of 10 mm to the radius of 20 mm results in an average
reduction in attenuation of 52 %, regardless of which speci-
men is used. For an infinitely large radius, so no curvature,
the value tends toward the length-dependent attenuation
a/l = 0.258± 0.204 dB/cm of straight sections.

Compared to Wolfer’s printed optical waveguides with a
similar scale, the waveguides in the U-shaped cavities have sig-
nificantly lower attenuation values (a15 mm_wolfer = 8.35 dB/cm
versus a10 mm−reitz = 3.5−5 dB/cm depending on the sample)
[54]. Even more significant is the difference to femtosec-
ond laser written waveguides. In this regard, Tan et al. have

Table 1. Comparison of Various Integrated Optical Waveguides

Process Method Source Length-Dependent Attenuation in dB/cm Dimensions Shape

Doctor-blading copper cavities [38] 1.1–4.4 60 µm× 60 µm u-shaped
Flexographic printing [51,54,55] 0.95–2.59 500 µm× 60 µm circle segment
fs-writing in Glass [3–5,7] 0.062–5.3 5–60µm round
Hot embossing [56,57] 0.09–0.74 60 µm× 60 µm square
Ion exchange [10,11] 0.059–0.6 6–12µm elliptical
LDB 0.258± 0.204 50 µm× 44 µm u-shaped
Mosquito [58] 0.44 3.8–8.3µm round
OPTAVER [36,59] 0.55± 0.243 300 µm× 45 µm circle segment
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Fig. 9. Sample design to determine optical attenuation in terms of different radii of curvature (left), length-dependent attenuation of four different
samples about the radius of curvature (right).

published that depending on the laser power during the
writing process, the optical attenuation of the waveguides
is a15 mm−tan = 6−55 dB/cm and at a larger radius up to
a30 mm−tan = 22 dB/cm [62]. Tong et al. report similarly high
losses of a10 mm−tong = 20 dB/cm and optical attenuation of
a20 mm−tong = 8 dB/cm [63].

4. OUTLOOK AND SUMMARY

This paper presents a novel method for optical waveguide
manufacturing called LDB. Here, continuous grooves are pro-
duced on thin glass surfaces using the LIDE method. Three
strategies are discussed for filling these grooves with an optical
polymer; the doctor-blade technique is demonstrated to be most
suitable for this purpose. Regarding their geometrical properties
and optical characteristics, multimodal optical waveguide struc-
tures are investigated and evaluated. A length-dependent optical
attenuation of 0.258 dB/cm is achieved. Furthermore, the influ-
ence of the radii of curvature 10–50 mm along the waveguide is
also analyzed. High optical losses occur at small radii and during
coupling. In the future, based on this investigation, smaller
and only single-mode capable structures can be fabricated with
automated process chains. Especially moving the production
site to a clean-room environment to fill the cavities and using
automated end facet machining to be suitable for many more
applications, as shown in the visionary approach of Fig. 1.
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