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Abstract
A novel assembly approach for the integration of metal structures into polymeric microfluidic
systems is described. The presented production process is completely based on a single
solid-state laser source, which is used to incorporate metal foils into a polymeric multi-layer
stack by laser bonding and ablation processes. Chemical reagents or glues are not required.
The polymer stack contains a flexible membrane which can be used for realizing microfluidic
valves and pumps. The metal-to-polymer bond was investigated for different metal foils and
plasma treatments, yielding a maximum peel strength of Rps = 1.33 N mm−1. A minimum
structure size of 10 μm was determined by 3D microscopy of the laser cut line. As an example
application, two different metal foils were used in combination to micromachine a
standardized type-T thermocouple on a polymer substrate. An additional laser process was
developed which allows metal-to-metal welding in close vicinity to the polymer substrate.
With this process step, the reliability of the electrical contact could be increased to survive at
least 400 PCR temperature cycles at very low contact resistances.

(Some figures may appear in colour only in the online journal)

1. Introduction

In recent years, an enormous amount of work has been done
to expand the technological basis of microfluidic systems.
Several different microfluidic platforms were developed,
e.g., pressure-driven or centrifugal systems. A microfluidic
platform is preferably based on a single fabrication technology
and provides a wide range of microfluidic unit functions such
as valving, pumping or mixing of fluids [1]. The idea behind the
concept of microfluidic platforms is that these unit functions
can be easily combined to more complex fluidic procedures,
e.g., diagnostic assays in a lab on chip (LoC) [2, 3].

Many microfluidic platforms are polymer-based since
from these materials, layers with microfluidic structures can
be produced in high volumes at low costs by mass-production
technologies such as injection molding or hot embossing
[4–6]. Starting from a single structured layer, microfluidic
systems can, e.g., be realized by covering the microfluidic
structures with an adhesive tape. Alternatively, combined with
a suitable joining technique, platforms based on polymer

multi-layer stacks provide a higher degree of design freedom
as fluids can be routed in a third dimension. In particular,
the incorporation of a flexible membrane as an intermediate
layer adds unique functions like passive [7] or pneumatically
actuated valving and pumping [8–10].

On purely polymer-based platforms, physical effects
which can be exploited are limited to the mechanical and
rheological properties of polymers and the respective fluids.
Many microfluidic effects which designers would like to add
to their toolboxes, however, go beyond this and require the
integration of electrically conducting materials. Among others,
microfluidic applications utilizing the properties of conductors
comprise heating and temperature control [11, 12], electrical
and electrochemical sensing [13–16], electroosmotic pumping
[17, 18] and particle manipulation by electrical forces [19–21].

In the past, different metallization techniques were applied
to microfluidic systems, for example, standard microsystems
technologies such as sputtering, evaporation or electroplating
[13, 14, 21, 15, 18, 22]. These techniques, however, require
clean room and vacuum conditions and often contain process
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steps with organic solvents, limiting their applicability to
silicon- or glass-based microfluidics. Screen and inkjet
printing of conductor tracks on polymers have the advantage
of being additive techniques; however, the conductivity is
normally based on electrical contact between metal particles
after the evaporation of a liquid phase, which leads to higher
resistances than for pure metals [23, 24]. Other techniques are
based on injecting conductive liquid materials such as eutectic
gallium–indium or mercury into microfluidic channels to form
electrode structures [25, 26] or the incorporation of conducting
polymer composites [27, 28].

Here, a novel assembly approach for polymer LoCs with
integrated metal structures based on laser micromachining
is presented. The approach incorporates metal foils into a
polymer stack consisting of transparent polymer substrate
layers, which may contain microfluidic structures, and a
flexible absorbing polymer membrane. In contrast to existing
technologies, all assembly processes required for the complete
system, i.e. bonding and structuring of the metal foil,
joining of the multi-layer polymer stack as well as metal-to-
metal welding, are performed with a single base technology,
requiring only one standard laser scanning source. Hence,
without the need for a set of different machines, vacuum
or clean room environment, consumable components or
tooling, our approach has the advantage of low investment
and maintenance costs combined with a high degree of
design freedom. Additionally, no chemical substances such as
etchants, developers or glues are required for the production
process. The process is therefore compatible with various
polymers and no residues are left behind which might disturb in
biochemical assays performed subsequently in the fabricated
structures.

In the first part of this work, the basic process flow
is presented. Then, the metallization approach is evaluated
regarding the process technology, i.e. the influence of
laser parameters, surface roughness and plasma treatment
on the peel strength of the polymer–metal bond between
polycarbonate and copper. Furthermore, minimum structure
sizes are estimated based on the geometry of the laser cut line.
In the second part, an on-chip temperature sensor is presented,
which is to our knowledge the first standardized (type-T)
thermocouple completely micromachined on a polymer
substrate featuring direct thermal contact to the target medium.
Accuracy against a reference and reliability of micromachined
thermocouples are evaluated.

2. Basic process flow

All samples for characterization experiments as well as the
demonstrators were manufactured following a basic process
flow consisting of several laser-based steps. The starting point
for this generalized process flow is a stack consisting of a
polymer substrate transparent for the laser wavelength, an
absorbing flexible polymer membrane and a metal foil. While
maintaining contact, the flexible membrane is heated and
liquefied in selected areas by laser radiation (figure 1(a)).
At the interface between polymer membrane and polymer
substrate, this results in the interdiffusion of the adjacent

(a)

(b)

(c)

(d 1)

(d 2)

Figure 1. Basic process flow (not to scale). (a) Bonding of
transparent polymer substrate, absorbing polymer membrane and
metal foil by laser radiation. (b) Structuring of metal foil. (c)
Removal of excess metal foil. (d 1) Laser welding of cover lid.
Metal structures outside of microfluidic channels are pushed inside
the elastic polymer membrane. (d 2) Alternatively, metal structures
can be covered with another layer of polymer membrane.

materials and a stable bond after the solidification, as known
from polymer laser welding processes [29]. During the same
process step, the adhesion between polymer membrane and
metal foil is achieved. Hence, the three-layer stack can be
bonded within a single process step, while the scanning laser
system allows to limit melting of the polymer membrane
to areas selected for metallization. Moreover, since an
unstructured metal sheet is used, no alignment against fluidic
structures is necessary in this step.

In the next step (figure 1(b)), the metal layer is structured
around the desired metal tracks via laser ablation after flipping
of the assembled stack. The residual metal foil is not bonded to
the polymer membrane and can be easily removed (figure 1(c)).

In a subsequent step, another substrate containing, e.g.,
microfluidic channels and cavities is attached by laser welding
(figure 1(d 1)). In microfluidics, it is a well-known problem
that tight sealing of conductor tracks against microfluidic
structures is difficult to achieve due to the topography of the
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(a) (b) (c)

Figure 2. Scanning electron microscope (SEM) images to evaluate the surface roughness of different Cu foils. (a) Uncoated foil with a
smooth surface. (b) Foils with electroplated dendrites. (c) Foil with black oxide treatment. The treated metal foils clearly show enhanced
surface roughness.

metal layer [23]. In our approach, during laser welding in
step (d 1), the metal foil outside of microfluidic channels is
pushed into the polymer membrane. Moreover, every point
of the conductor track edge close to the microfluidic cavity
receives laser power during this step. As a result, the polymer
membrane is molten in this region and closes any capillaries
along the conductor track edge to provide tightness. Hence,
tight sealing is achieved without any dispensing steps for glues
or underfiller. Furthermore, the flexible polymer membrane
can be used for realizing other microfluidic functions, e.g.,
valving or pumping, on the same substrate [8–10]. To further
increase tightness, an additional layer of polymer membrane
can be employed as depicted in figure 1(d 2). Depending on
the application, the second layer can be kept close to shield the
metal or open inside the microfluidic cavity by laser ablation
to allow direct contact between metal and fluid.

3. Methods and materials

3.1. Sample fabrication

Channels and cavities on polymer substrates were milled
from 1.5 mm thick injection molded polycarbonate slides
(Makrolon 2605, Bayer Material Science). The flexible
polymer membrane was based on a thermoplastic polyurethane
with a thickness of 25 μm (Platilon U 4281 night black, Epurex
Films GmbH). Four different metal foils were employed:
uncoated copper (Cu) and copper–nickel (CuNi) foil (Cu-SE
walzhart 10 μm, CuNi44 walzhart 12 μm, 55% Cu, 45%
Ni, Carl Schlenk AG), black-oxide-treated Cu foil (Cu hot
embossing foil 12 μm, Bolta Werke GmbH) and a Cu foil with
an electroplated surface (JTCHTE 25 μm, Gould Electronics
GmbH). Samples were cleaned with isopropanol and dried
with nitrogen prior to laser bonding processes. A Nd:YAG laser
system (LS9000, LS Laser Systems GmbH) with a wavelength
of 1064 nm and a galvo mirror head was used to locally heat
up the polymer membrane. During laser bonding, a force was
maintained by pressing the stack between a glass and a metal
base plate. For the attachment of metal foils, laser spot size
and line distance were fixed to 100 μm with a laser pulse
frequency of 4 kHz. Different energy inputs per unit length
Em were employed by keeping the laser spot velocity on the
sample fixed to 34 mm s−1 and changing the laser power from
400 to 900 mW. To cover channels running on the backside,

an adhesive tape (Polyolefin sealing foil, HJ Bioanalytik)
was applied. For fluidic interfacing with silicone tubes, brass
tubular rivets were glued (Endfest 300, UHU GmbH & Co.
KG) onto the microfluidic chips. Oxygen plasma treatment of
the polymer membrane was performed on a plasma system
(Nano, Diener Electronic GmbH) with a power of 300 W for
300 s and an oxygen flow of 100 sccm.

3.2. Peel strength tests

Peel strength measurements were performed according to DIN
EN 60249 with samples containing four metal tracks with a
width of 4 mm and a length of 50 mm each. Samples were
stored for three days at room temperature prior to testing. The
force F was measured using a tensile testing machine (Zwicki
1120, Z2.5, Zwick GmbH) during peeling of the metal tracks
with an angle of 90 ± 4◦ and a speed of 50 mm min−1. The
peel strength was defined as

Rps = 〈F〉
b

,

where 〈F〉 denotes the mean force F over a peel length of
45 mm and b denotes the width of the metal tracks.

3.3. 3D microscopy

Laser cut lines for different spot velocities v were structured
on metallized polymer samples with a fixed pulse frequency
of 4 kHz and a laser power of 3400 mW. An analysis of laser
cut lines was conducted using a 3D microscope (Zeta 200,
Zeta Instruments) with a field of view of 143 × 190 μm2.
Height raw data were analyzed using an automated Matlab
routine to determine the edges of the cut line 5 μm below the
surface and the mean width W for different laser parameters
(cf figure 4(b)). The mean cross-sectional profile of the cut line
was evaluated from 1024 single cross sections perpendicular
to the cut line, yielding the depth D and bulge height Bh and
width Bw.

3.4. Burst tests

To determine the burst pressure Pmax of a typical microfluidic
geometry, a circular cavity with a diameter of 4 mm was placed
above a deposited conductor track of 500 μm in width and
laser-welded against the polymer layers at a circular area
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(45 mm2) around the cavity. Samples were prepared with
and without an additional polymer membrane as shown in
figures 1(d 1) and (d 2). The burst pressure Pmax was determined
by placing the samples in a water bath and ramping the
pneumatic pressure (3 kPa s−1) until bubbles at the sample
edges were formed.

3.5. Thermocouple reference measurements

For the reference measurement, a manufactured thermocouple
was placed in a water bath together with a commercially
welded type-T thermocouple (RS Components GmbH) as
a reference. Thermocouples were carefully aligned to close
vicinity without touching each other. During heating of the
water bath with a hot plate, temperature signals were measured
using a digital acquisition system (NI-cDAQ 9171 and NI-
9211, National Instruments). Compensating wire of type-T
(RS Components GmbH) was clamped to interfacing pads at
the end of micromachined conductor tracks to connect the
fabricated thermocouples to the acquisition system.

3.6. Resistivity and reliability tests

Samples for resistivity tests were electrically contacted by
a frame containing contact spring probes. Four lanes, each
consisting of 12 thermocouples, were connected in series and
a constant current of 10 mA was applied. The voltage drop
over the lanes was measured (NI-9215, National Instruments)
and used to calculate the contact resistance RTC of a
single thermocouple. A thermocycler (Mastercycler Gradient,
Eppendorf AG) was used to apply PCR temperature cycles for
reliability tests (95◦C; 60◦C; 72◦C; each for 30 s in one cycle).

4. Results and discussion

4.1. Characterization of the basic process

In this section, results of the laser bonding, ablation and burst
pressure experiments are presented and discussed.

4.1.1. Peel strength. The adhesion between metal and
polymer mainly depends on the surface energies of the
materials involved. In general, the high difference in surface
energy between metals and polymers leads to poor adhesion
[30]. However, the surface properties of polymers can be
modified to promote adhesion to metals, e.g., by plasma
treatment [31–33] or ion bombardment [34, 35], which
leads to new reactive binding sites or changes in polymer
morphology. Another important parameter is given by the
surface topography of the interfacing materials, which can
promote surface adhesion due to an increase in surface area
and mechanical interlocking. In this context, it is important
to note that, for the metallization approach presented here, the
polymer membrane in contact with the metal foil is completely
molten, thereby adapting itself to the surface topography of
the metal. Hence, in contrast to techniques such as sputtering
or electroplating where it is the metal that adapts itself to
the topography of the polymer, the adhesion in our case

Figure 3. Peel strength Rps over energy input Em for different metal
foils and polymer surface treatments. While the uncoated metal foil
without polymer surface treatment (filled triangles) did not reach the
DIN requirement for printed circuit boards, the peel strength was
significantly increased by the surface treatment of the electroplated
(closed squares) and black oxide foil (circles). Oxygen plasma
treatment of the uncoated metal foil led to an increased peel strength
comparable to the roughened metal foils (open triangles), while the
enhancement effect for the electroplated foil was not significant
(open squares).

only depends on the topography of the metal and not on the
roughness of the polymer surface.

To study the effect of roughness, foils with three types
of roughness were included into the bonding experiments.
Figure 2 clearly shows differences in the roughness between an
uncoated Cu foil (figure 2(a)) and two metal foils for which the
degree of surface roughness was increased by electroplating
(figure 2(b)) and black oxide processing (figure 2(c)). While,
under a scanning electron microscope (SEM), the uncoated
metal foil hardly showed any anchor points for mechanical
adhesion, the SEM images of the treated foils suggested that
there may even be undercuts. It was expected that the peel
strength Rps would increase with surface roughness and also,
as another parameter of interest, with the laser energy input
Em, as higher temperature should lead to a lower viscosity of
the molten polymer and therefore to a better conformation to
the metal topography.

Figure 3 shows the results for peel strength measurements,
which were performed up to an energy input of Em = 31 J m−1.
For higher energy inputs, laser radiation coupled into the
interface between the polymer substrate and the glass plate
from the sample holder and destroyed the sample surface. As
expected, the peel strength Rps increased for all metal foils
with the higher energy input Em. However, the slope was
small for the untreated metal foil (closed triangles), which
did not reach the requirement of Rps = 0.6 N mm−1 defined
in DIN EN 60249 for printed circuit boards. Significantly
higher peel strengths could be achieved with the electroplated
(filled squares) and black oxide foil (circles), where this limit
was reached at Em ≈ 19 J m−1. At the maximum energy
input, the electroplated foil yielded a peel strength of Rps =
1.33 N mm−1, which was more than twice the requirement
from the DIN standard.

The effect of polymer surface modification was evaluated
by oxygen plasma treatment of the polymer membrane prior to
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(a) (b)

Figure 4. Typical laser cut line appearance and geometry. (a) Top view micrograph showing the ablated central track, the bulge formed from
expelled material and the determined cut line edges (green line). (b) Exemplary single cross sections (thin lines) and cross section averaged
over a complete sample (thick line) used to calculate depth D, width W , bulge height Bh and bulge width Bw.

laser bonding. As can be seen from figure 3, plasma treatment
led to a significant increase in the peel strength Rps in the case
of the uncoated Cu foil (open triangles). For the electroplated
foil, plasma treatment had a minor effect (open squares), which
suggests that for this foil, mechanical adhesion dominated.
Apart from that, for values below Rps = 1 N mm−1, all tested
samples showed an adhesive failure between metal foil and
polymer membrane, while above Rps = 1 N mm−1, mostly
cohesive failure of the polymer membrane occurred. This
indicates that such high peel strengths cannot be increased
further by surface treatments, as the bulk properties of the
polymer membrane limit the bond strength.

All experiments described in the following were
performed with the blank Cu foil, using an energy input of
Em = 24 J m−1 for the laser bonding process.

4.1.2. Cut line geometry. The minimum feature size of the
deposited metal structures is mainly limited by the properties
of the cut line, which is formed by laser ablation of the
metal layer. During ablation, the energy of a laser pulse is
partly reflected and partly absorbed by the metal, leading to a
temperature increase above the boiling point and vaporization.
In the vicinity of the illuminated area, thermal diffusion leads
to the so-called heat affected zone, where the metal undergoes
melting without vaporization [36, 37]. The dimensions of the
heat affected zone can be estimated by the thermal diffusion
length l = 2

√
κτ , where κ = 111 mm2 s−1 denotes the thermal

diffusivity of Cu [38] and τ denotes the pulse duration. With a
pulse duration of τ = 230 ns of the employed IR laser, the size
of the heat affected zone can be estimated to be in the order of
10 μm.

To reduce heat transfer and realize smaller structures,
pico- or femtosecond UV laser sources are commonly
employed for metal ablation [39–41]. However, most polymers
are not transparent for UV radiation, which is a requirement
for the metal foil attachment step. Hence, to show feasibility
of the complete process with a single laser source, ablation
experiments were performed on the same machine as a metal
foil attachment.

Figure 4(a) shows exemplarily a top view image of a
typical laser cut line for an uncoated metal foil attached
to a polymer stack. It can clearly be seen that besides the
vaporization of metal in the center of the cut line, a significant
amount of material at the cut line edges was molten and
expelled sideways, forming a bulge along the cutting track.
To gain more insight into the geometry, 3D height data
(figure 4(b)) were analyzed to find the edges of the cut line
(green line) and the corresponding edge roughness Rc. Apart
from that, the mean cross section perpendicular to the cut line
(blue line in figure 4(b)) was determined from 1024 single
cross sections, some of them exemplarily shown as gray lines.
The mean cross section was used to calculate the bulge height
Bh, bulge width Bw, depth D and width W .

Figure 5 shows the cut line analysis results for different
spot velocities v. For the depth D, a maximum velocity
of v = 80 mm s−1 could be determined where the 10 μm
thick metal foil was still completely cut through. Since a
complete cutting of the metal foil is crucial for this process
step, higher velocities with metal residues in the cut line
were not further considered. With decreasing velocity v,
more energy was deposited, leading to an increasing depth of
the cut line up to D = 49 μm. At this velocity, the polymer
membrane was removed completely, as well as 25 μm of the
polymer substrate. However, for very low velocities below
v = 20 mm s−1, the high amount of absorbed energy led to a
melting of the surrounding polymer and refilling the cut line
track, which reduced the depth D. The results for the depth D
show that, at higher velocities above v ≈ 60 mm s−1, it was
possible to remove the metal foil with marginal damage to the
underlying polymer substrate. Hence, the ablation process can
be carried out without damage to structural features within the
polymer substrate.

As shown in figure 5(b), the width W of the cut line
decreased with higher velocities v. In general, it is expected
that the width W mainly depends on the laser spot diameter
which was constant during the experiments. Furthermore, as
soon as the metal is removed, excess energy of the overlapping
laser pulses was deposited in the polymer membrane and not
in the metal foil, thereby preventing further ablation of metal.
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(a) (b)

Figure 5. Dependence of the cut line geometry values for different laser spot velocities v. (a) The depth D decreased for increasing
velocities v, reaching a value with minimum damage to the polymer membrane at v = 80 mm s−1. For very low velocities v, the depth D
decreased again due to refilling of the gap by a molten polymer. (b) The width W was reduced with increasing velocity v. Inset: part of
conductor track with a width of 50 μm.

The decrease in width from W = 38 μm down to 19 μm
with higher spot velocities can be attributed to the fact that
in the outer regions of the Gaussian beam profile, the energy
deposited in the material was not high enough for ablation
at higher velocities. For the presented process, the minimum
width W = 19 μm is an important parameter, as it defines the
minimum isolation distance between metal structures.

While the bulge height decreased for higher spot velocities
v from Bh = 4 μm down to about 2 μm (not shown), no
significant variation of the bulge width Bw = 22.3 ± 3.3 μm
could be observed over all samples. This implies that the bulge
width Bw is linked to the dimensions of the heat affected zone,
which are independent of the varied laser parameters.

Minimum structure sizes of the presented metallization
approach depend on the requirements of the application. If
only a conductive track is needed, e.g., to transport electrical
signals or energy, the deformation of the metal foil surface due
to the bulge is irrelevant. Hence, the minimum structure size
is limited by the roughness Rc of the cut line edges, which was
determined as Rc = 5.0 ± 2.9 μm for all samples without any
trend regarding laser parameters. This suggests that a minimum
structure size of 10 μm can in principle be produced by this
laser source, while conductor tracks down to 50 μm in width
were realized in this study (inset in figure 5(b)).

If an undamaged surface area is required, e.g., for bonding
with other conductors, the bulge height Bh and the width Bw

have to be considered. In this case, a distance of at least
25 μm has to be added to every edge of the metal structure.

Although smaller structures could in principle be realized
with a different laser source, the achieved accuracy is high
enough for many polymer-based microfluidic applications,
where structure sizes above 100 μm are usually sufficient for
realizing, e.g., conductor tracks or electrodes.

4.1.3. Tightness of laser-welded polymer layers. To prove the
fluidic tightness of the structures shown in figure 1, samples
including a circular cavity above a metal track were fabricated
according to section 3.4.

For the burst pressure of the samples without the
additional polymer layer (figure 1(d 1)), a value of Pmax =

289 ± 24 kPa was determined, which is significantly higher
than typical pressures applied in microfluidic systems [1].
The samples with the additional polymer layer (figure 1(d 2))
withstood the maximum pressure available in our lab, resulting
in a burst pressure of Pmax > 780 kPa.

This shows that for both geometries proposed in
figures 1(d 1) and (d 2), the pressure resistance is suitable
for microfluidic applications.

4.2. On-chip thermocouple

In the following section, the investigated basic process flow is
used and extended to fabricate a thermocouple based on two
different metal foils.

Many biochemical reactions required for LoC
applications depend on precise temperature control,
e.g., DNA hybridization [42] or PCR reactions [43], where
temperature cycling is performed. Temperature monitoring is
usually performed off-chip, e.g., by commercial temperature
sensors thermally coupled against an outer surface of the
system [44–46] or contactless measurement using IR radiation
[47, 48]. For both techniques, temperature gradients within
the LoC have to be accounted for when deducing the actual
temperature of the fluid from the measured temperature. As
this is associated with uncertainties and additionally requires
new simulations and calibration experiments for any change
in materials or geometries, live temperature monitoring at the
point of interest, i.e. within a microfluidic channel or cavity, is
highly desired. For such on-chip temperature measurements,
thin-film techniques to apply Pt-based RTDs [11, 49, 12] or
thermocouples [50–52] were presented; however, all these
approaches use silicon or glass substrates and non-standard
thermocouple materials. For polymer-based microfluidics, the
integration of a commercial thermistor was presented [53].
Other approaches take an advantage of temperature-dependent
properties of certain measurement fluids, e.g., measured by
color change [54] or fluorescence [56].

4.2.1. Process flow. The fabrication of the on-chip
thermocouple was based on two subsequent metallization
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(a) (b)

(c) (d )

Figure 6. Laser micromachined thermocouple fabrication steps and sample images. (a) Process flow: (i) deposition of CuNi foil, (ii)
deposition of overlapping Cu foil and (iii) metal welding by laser ablation. (b) Schematic cross section of the ablation cut line through both
metal foils in detail. At the edges, the molten metal led to a welded joint between the metal foils. (c) SEM image showing a tilted view on
the cut line. The metal foil edges were covered with the molten metal. (d) Top view micrograph on a fabricated thermocouple showing the
Cu layer, CuNi layer (dashed line) and ablation pattern.

steps as described in section 2 and an additional ablation step
(figure 6(a)). First, a CuNi conductor track was deposited (i),
followed by a Cu layer overlapping the first CuNi layer (ii).
The overlapping was needed to provide enough area for the
bond between the Cu layer and the polymer. During laser
welding, the Cu foil adapted to the underlying topography,
thereby enclosing the CuNi conductor track. This ensured a
tight contact between the two metal layers; however, it could
be expected that an electrical contact based on two metal foils
simply lying on top of each other is poor, especially due to
oxide layers on the Cu foil.

During the production of commercial thermocouples, the
wires are normally welded together, forming a mechanically
stable and temperature-sensitive tip. Conventional welding
of metals, however, cannot be employed in contact with the
polymer substrate as the melting temperatures of Cu and CuNi
(∼1200 ◦C) vastly exceed the pyrolysis temperatures of the
involved polymers (∼200 ◦C). Here, a process was developed,
where laser ablation through both metal foils was used to
provide metal welding. During ablation, the major part of the
absorbed energy is used to transfer the metal to the gas phase,
resulting in a fairly low temperature budget for the polymer.
However, as described in section 4.1.2, the high pulse length
of the employed laser source leads to a heat affected zone.
By ablating through the metal layers, both Cu and CuNi layers
melted at the cut line edges, resulting in a weld line as indicated
in figure 6(b). To prove this effect, the metal foils of a sample

on one side of the cut line were removed, followed by the SEM
inspection of the opposing sidewall at a tilted angle. As can
be seen from figure 6(c), the cut line was completely covered
with the molten metal. Hence, the effect of a heat affected
zone, which is usually regarded as a disadvantage for high-
resolution laser structuring, enabled the welding of metal foils
in the first place.

Figure 6(d) shows a top view of a completely processed
thermocouple. The Cu layer is visible, while the contours of
the underlying CuNi layer are indicated by the dashed line.
For the metal welding step, an ablation pattern consisting of
several single lines was chosen.

Since especially PCR reactions are known to be inhibited
by metal ions [55], another polymer membrane as described in
figure 1(d 2) and section 4.1.3 can be employed as a shielding
layer between metal and fluid. With a thickness of only 25 μm,
the effect of this barrier layer on the temperature measurement
is expected to be negligible.

4.2.2. Reference measurement. For the thermocouples in
this study, care was taken in material choice to match
the materials defined for type-T thermocouples, namely Cu
and CuNi. To verify that the micromachined thermocouples
matched the standard type-T relation between thermoelectric
voltage and temperature, measurements in a heated water bath
with a commercial thermocouple type-T as a reference were
conducted. During the operation of microfluidic systems, the
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(a) (b)

Figure 7. Reference measurements in a heated water bath. (a) Heating curve for micromachined (line) and commercial thermocouples
(dots). (b) Temperature deviation �T between both thermocouples. With an overall standard deviation of σ�T = 0.31 K, a very good
consistency could be achieved.

highest temperatures typically employed are defined by PCR
denaturation steps, which may require temperatures up to
T = 98 ◦C [43]. Figure 7 shows a heating curve (a) from
room temperature to T = 98 ◦C for a micromachined (line) and
reference thermocouple (dots) as well as temperature deviation
�T between the thermocouples (b). As can be seen, the
temperatures measured by the micromachined thermocouple
were in very good agreement with the reference. The peak
deviations up to �T = 1.3 K can most likely be attributed
to thermal convection during heating since the onset of
fluctuations correlated with the beginning of the heating phase
at t ≈ 70 s. For the measured temperatures, an overall standard
deviation of σ�T = 0.31 K could be determined, which lies
within the tolerances of �T = 0.5 K defined for class-1 type-T
thermocouples in the standard IEC 60584-2.

4.2.3. Reliability tests. Although microfluidic systems are
usually regarded as single-use devices, high demands can
occur during the operation, e.g., due to temperature changes.
In particular in heterogeneous systems like the presented
polymer–metal stack, this can lead to high mechanical stress
and reliability issues since the coefficient of thermal expansion
(CTE) of polycarbonate is four times higher than the CTE of
Cu αCu = 16.5 × 10−6 K−1 [57]. For the thermocouples used
in this study, the expansion of the polymer leads to a force
between the metal layers, acting laterally on the contact area.
Furthermore, higher temperatures promote the formation of
oxides on the metal surfaces. As a result, during repeated
temperature cycling, this could lead to a degradation of the
electrical contact and failure of the thermocouple.

To investigate the reliability of the thermocouples,
samples with 12 thermocouples connected in series were
prepared and the electrical resistance RTC per thermocouple
was used as a parameter to describe the quality of
the electrical contact between the metal layers, while
typical PCR temperature cycles were performed between
the measurements. To investigate the influence of the laser-
based metal welding step, samples with and without the
respective processing step were analyzed. As depicted in
figure 8, already from the initial measurements, the resistances

Figure 8. Thermocouple resistance RTC after PCR cycle steps for
samples with (shaded bars) and without metal welding steps (filled
bars). Samples with metal welding showed a resistance 22 times
smaller than the untreated samples. Untreated samples started to fail
after 16 PCR cycles, while the welded samples were still functional
after 400 cycles, with just a slight increase in resistance RTC.

between thermocouples with (shaded bars) and without
metal-to-metal welding (filled bars) differed by a factor of
22. During temperature cycling, the resistance RTC and its
variation clearly increased for the thermocouples without
the welded interconnection, reaching a maximum value of
RTC = 4500 m� after 26 cycles, while the electrical contact
was lost on first samples after 16 cycles. After 26 cycles,
none of the non-welded thermocouple lanes was functional.
In contrast, all of the thermocouples which received the laser-
based metal welding were still functional after 400 cycles,
while the resistance increased only slightly to RTC = 64 m�

with a low and nearly constant variation. Hence, the laser-
based metal welding step had a decisive effect both on
the absolute value of the thermocouple resistance RTC and
its variation. Moreover, it was an inevitable step to ensure
reliability, as PCR cycles are typically repeated 30–40 times.
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5. Conclusion

In this work, a novel fully laser-based approach for the
metallization of polymer stacks for microfluidic applications
was presented. For the metal-to-polymer bonding step, the peel
strength could be significantly increased by plasma treatment
of the polymer membrane and by using Cu foils with a
roughened surface. With a peel strength clearly lying above
the DIN requirement for printed circuit boards, this provides
a sound basis for applications, e.g., requiring bonding steps
to other conductors. The obtained minimum structure size of
10 μm was mainly limited by the size of the heat affected zone.

In the second part of this study, a standardized type-T
thermocouple was micromachined on a polymer substrate.
The process flow was extended by an additional laser-based
step, where metal-to-metal welding was achieved by ablating
through both metal foils. The electrical contact between the
metal layers was stable for at least 400 typical PCR cycles
which was ten times higher than the number of PCR cycles
anticipated for a disposable microfluidic chip. Moreover, very
good consistency of a micromachined thermocouple compared
to a commercial reference with a standard deviation of
σ�T = 0.31 K was observed.

The presented results show that all relevant process steps
for applications requiring structure sizes down to 10 μm,
high freedom of design and reliable interconnections could be
carried out using a single solid-state laser source. In principle,
all kinds of metals available as a foil can be integrated and
interconnected to each other to form conductor tracks or
electrodes, which could even be routed on different layers
isolated by the polymer membrane. Furthermore, especially
within lab-on-a-chip systems, the investigated thermoelectric
contacts could also be used as Peltier elements for direct
cooling and heating.
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