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Abstract: Thermosonic wire bonding is a well-established process. However, when working on
advanced substrate materials and the associated required metallization processes to realize inno-
vative applications, multiple factors impede the straightforward utilization of the known process.
Most prominently, the surface roughness was investigated regarding bond quality in the past. The
practical application of wire bonding on difficult-to-bond substrates showed inhomogeneous results
regarding this quality characteristic. This study describes investigations on the correlation among
the surface roughness, profile peak density and bonding quality of Au wire bonds on thermoplas-
tic and thermoset-based substrates used for high-frequency (HF) applications and other high-end
applications. FR4 PCB (printed circuit board flame resitant class 4) were used as references and
compared to HF-PCBs based on thermoset substrates with glass fabric and ceramic filler as well as
technical thermoplastic materials qualified for laser direct structuring (LDS), namely LCP (liquid
crystal polymer), PEEK (polyether ether ketone) and PTFE (polytetrafluoroethylene). These LDS
materials for HF applications were metallized using autocatalytic metal deposition to enable three-
dimensional structuring, eventually. For that purpose, bond parameters were investigated on the
mentioned test substrates and compared with state-of-the-art wire bonding on FR4 substrates as used
for HF applications. Due to the challenges of the limited thermal conductivity and softening of such
materials under thermal load, the surface temperatures were matched up by thermography and the
adaptation of thermal input. Pull tests were carried out to determine the bond quality with regard to
surface roughness. Furthermore, strategies to increase reliability by the stitch-on-ball method were
successfully applied.

Keywords: polymers; thermosonic wire bonding; ball-wedge bonding; surface roughness; pull test;
PCB-technology; LDS; high frequency

1. Introduction

Wire bonding is a key technology for making electrical connections. The technology
is established and widely researched on printed circuit boards such as FR4 [1,2]. Printed
circuit boards can be manufactured with different surfaces and can be ordered for bonding
commercially. With many new innovative materials and metallization techniques, on the
other hand, the suitability of wire bonding is unexplored for a wide selection of materials
and manufacturing parameters, so far. To optimize those properties of the substrates for
HF, relatively soft thermoplastic materials (e.g., PTFE) [3] as well as ceramics or modified
thermoset formulations are often employed, which differ significantly from the typical FR4
in terms of surface quality, roughness and hardness of the metallization layers and the
underlying substrate properties [4].

Additionally, the need for further miniaturization leads to the exploitation of the
third dimension at substrate level. One of the technologies utilizing 3D space are molded
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interconnect devices (MID), which mostly require a pure autocatalytic copper metallization
that differs to the standard metallization used in PCB technology in terms of metallization
thickness, grain morphology, roughness or adhesion to the substrate [5]. In HF applications,
this utilization of the third dimension opens up new possibilities, e.g., for the development
of antennas with improved transmission characteristics and miniaturized geometries,
especially for mm wave application [6,7]. To exploit this potential and to avoid the losses
of interconnection paths through an IC (integrated circuit) package, the direct attachment
of monolithic microwave integrated circuits (MMIC) on substrates is often demanded.
Due to that, wire bonding on 3D-capable substrates has come into focus for many new
applications.

The first results on Al wire bonding in combination with 3D-capable substrates (MID)
made of liquid crystal polymer (LCP) and laser direct structured (LDS) autocatalytic
metallization made of CuNiAu were successful in the past [8–10], but Au wire bonding
offers advantages in many ways [11]. Compared to Al wire bonding, the bonding speed
of Au wires is faster, thus leading to cheaper processes and even relativizing the material
costs. Kologe presented a Au wire bonding process on LDS-MID substrates [12]. While the
ball bonding process was possible without major problems, the wedge bonding presented
a significant weakness, which they bypassed by utilizing a stich on the ball process that
enabled reliable bonding even on thin autocatalytic copper plating with ENIG.

Working with even rougher substrates it was observed that the peak values of the
surface geometrically impede the proper processing of the wedge bond. The wedge bonds
on FR4 can be seen in Figure 1 on the left side. In the right figure, a wedge bond on LCP
can be seen with marks from the tool on the bond pad. These marks are caused by single
peaks of high surface roughness rubbed off by the tip of the bond capillary, which is in
contrast to state-of-the-art results, as the surface roughness is known as one of the most
significant key parameters for bonding on the substrate side [13–15]. Furthermore, even
though the surface’s material, its roughness and base material are equal, bond strength may
differ depending on the underlying metallization layers. This paper provides experimental
data for a specific selection of materials and describes the adverse effects to the correlation
of surface roughness and bond quality compared to the state of the art.

Figure 1. Wedge bond on FR4 Galv. NiAu (a) and LCP2 (b) peaks of roughness impede the wedge
process by geometrically blocking the capillary.

2. Materials and Methods

In order to investigate the correlation of surface and bond quality of innovative 3D-
capable LDS-MID materials used for high-frequency applications and made of LCP (liquid
crystal polymer) and PEEK (polyetheretherketon) substrates were chosen and compared
to state-of-the-art FR4 (reference) and HF substrates. On all substrates, ball bonds were
feasible with good connections. Wedge bonds were feasible on all substrates as well, but in
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some cases non-sticks occurred. Consequently, the investigations focused on the wedge
by pull testing. The tests were carried out based on the analysis method of the Technical
Bulletin DVS2811 [16]. Pull tests were used as an indicator to characterize the bond quality.
The recommended bonding length of 1.5 to 2.5 mm from the standard was reduced to a
shorter length in order to achieve a high number of wire bonds and a high variation of
the positions. This way, bond packages with 30 wire bonds for each variation could be
implemented. All other criteria of the pull testing were applied as recommended in the
standard. Bond balls’ diameters and heights were measured by optical microscopic analysis.

2.1. Substrate and Surface Materials

The investigation was performed on substrates with different metallization to assess
the effect of surface roughness and material variations on bondability. The following
substrate and material combinations were used for the studies (Table 1).

Table 1. Bonding substrate and material combinations.

Identification Substrate Material Metallization Suitability (3D/HF)

FR4-Galv. NiAu FR4 NiAu -
FR4-NiAu FR4 NiAu -
FR4-PdAu FR4 PdAu -

Thermoset-NiAu Rogers RO4350b NiAu HF
Thermoset-PdAu Rogers RO4350b PdAu HF

PTFE-NiAu TSM-DS3 NiAu HF
PTFE-PdAu TSM-DS3 PdAu HF
LCP1-NiAu Tecacomp LCP LDS black 4107 Autocatalytic NiAu 3D/HF
LCP2-NiAu Vectra E840i LDS Autocatalytic NiAu 3D/HF
PEEK-NiAu Tecacomp PEEK LDS black 1047045 Autocatalytic NiAu 3D/HF

The FR4 (galv. NiAu) was used as reference. Test specimens with large-area metalliza-
tion for the experiments were prepared. The thermoset and the PTFE substrate materials
are specific high-frequency optimized PCB substrates. Both materials consist of a polymer
matrix combined with glass fabric and ceramic fillers to adjust the dielectric, thermal and
mechanical properties. The LCP and the PEEK materials, which are processable by injection
molding, consist of the polymer matrix, a flaky mineral filler and a special copper-chrome
spinel pigment that enables the subsequent electroless copper deposition after laser direct
structuring. The known disadvantage of the LDS-processed materials are their high rough-
ness, which is inherent to the method and also required to some extent to enhance adhesion
between metallization and the substrate. All test specimens made of 3D-capable materials
were prepared in plane shape (2D) to maintain the testability and comparability on the test
benches used for the characterization. Cross sections of LCP1-NiAu and PEEK-NiAu are
shown in Figure 2 indicating their high roughness.

2.2. Wire Bond Process

The thermosonic (TS) wire bonding process was performed on an F&K Delvotec
G5 Wire Bonding System with a transducer bond frequency of 67 kHz. The system was
equipped with the F&K Delvotec G5 62000 Gold Ball bond head. As bonding tool the
capillary tube SI 35110 515E ZB76 for 25 µm gold wire from Small Precision Tools (SPT)
and the 25 µm gold wire with a tensile strength of >9 cN from Heraeus were used.

The test specimens were mounted on a vacuum bracket and an electronic hot plate of
the wire bonding system to control the temperatures. This setup was chosen to realize a
higher contact pressure between bracket and substrate to eliminate movements during the
bonding process. The hot plate was controlled to maintain similar thermal conditions for
the bonding surfaces of all test specimens. For all substrates the surface temperature was
adjusted to 140 ◦C. This temperature was selected to absorb thermal oscillation to prevent
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the assembly of a thermal downturn below 120 ◦C. The 120 ◦C bonding temperature is the
suggested minimum value in the industry for a stable TS wire bonding [17].

Figure 2. Cross section of LCP1-NiAu (a) and PEEK-NiAu (b).

With the reference substrate (FR4-Galv. NiAu) and according to the results of the pull
tests to fulfil the DVS standard, the wire bonding processes with the parameters shown in
Table 2 were developed.

Table 2. Bonding parameters developed with reference substrate.

Bonding Parameter Ball Wedge

Ultrasonic Time—UT 80 ms 80 ms
Ultrasonic Power—UP 120 digits 120 digits

Bond Force—BF 25 cN 15 cN
Temperature of Bond surface 140 ◦C 140 ◦C

The free-air ball was melted by arc flash for 25 ms with a current of 27 mA. With these
parameters, the wire bonding process was performed on all test specimens. In addition
to the standard wire bonding, a variation of stitch on ball was implemented on selected
substrates with a high-roughness surface to improve bondability in terms of pull strength.
Parameters such as the ball size and bonding force were changed in order to achieve the
pull test limits of the DVS standard, as described later.

2.3. Thermal Observation of the Bond Surface

To control the thermal conditions of the test specimens, an infrared camera (InfraTec
VarioCam HR Head, InfraTec, Dresden, Germany) in combination with the software “IRBIS
3.1 plus” was employed. A calibrated measurement range of 100 ◦C to 300 ◦C was selected.
Before each measurement, the camera was calibrated at room temperature with closed
objective to provide a basic measurement state of a black radiator. The camera was placed
20 cm above the test specimen in the workspace of the wire bonding system. A PTFE
thermocouple (Datapaq) probe was used for calibration and finding emissivity values (ε)
to measure the temperature by using its thermal radiation with the infrared camera. This
way the bond surface temperatures for the different test specimens were equal to 140 ◦C
independent of the thermal conductivity of the material to assure that the temperature of
the bonding surface was above 120◦ according to the recommendation [17]. Measuring
fields (Figure 3: R1 to R6) were defined to allocate the bond areas. Contact of the surface on
the heated vacuum adapter was ensured. The camera was removed from the bonding area
prior to executing the wire bonding process.
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Figure 3. Infrared camera shot of FR4-PdAu at approximately 140 ◦C.

2.4. Bond Pad Surface Characterization

The roughness was measured by a 3D laserpoint autofocus scanner (Mitaka MLP-3);
thus not only profile parameters but also surface parameters such as Sa, Sz and Sq were
recorded. Those parameters, as an extension of Ra, Rq and Rz, were used to evaluate
the surface roughness as they provide a deeper understanding of the surface structure
than simple line scans. With the 3D laserpoint autofocus scanner the topographies of
the test specimen surfaces were plotted (Figure 4). In the Mitaka control software the
position of 12 measurement areas were defined on the bonding surfaces with a size of
500 µm × 500 µm. The measurements were performed with a resolution of 1 µm in the
horizontal x–y directions and 10 nm in the z direction. Limiters at the left edge and top edge
of the Mitaka bracket ensured that the test specimens were placed repeatedly at the same
position. The 12 areas were measured automatically by a software macro. The analysis
of the topographies was performed with the software Mitaka Map (Rev. 1.04). According
to the DIN standards 25178 for surfaces and 4287 for profiles the following parameters
were analysed:

• Sa—Arithmetical mean height of the surface;
• Sz—Maximum height of the surface;
• Sq—Root mean square height of the surface;
• Ra—Arithmetical mean deviation of the assessed profile;
• Rq—Root mean squared;
• Rz—Average Rz value over assessment length.

2.5. Characterization of Bond Strength in Means of Pull Tests

Wire bond characterization of ball–wedge bonding is typically performed by eval-
uating the shear force of the ball bond as well as a pull test to characterize the overall
strength statistically. On rough surfaces, a shear test according to the standards cannot be
performed reliably since the shear height differs, thus not allowing a consistent evaluation.
Furthermore, mechanical blocking causes lateral forces to be recorded, which are not caused
by the bond surface itself. However, due to the effects described in Section 1, the major
quality issue when bonding on rough surfaces can be observed at the wedge bond, while no
ball lift offs could be observed throughout the study. The wire pull test method according
to standard DVS 2811 was utilized to examine the adhesion strength of the wire bonds.
The pull tests consisted of 12 packages of 30 wire bonds with a 100 µm pitch in series
on the bonding surfaces of the test specimens each at a different position. Every single
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wire bond was designed with a distance from ball to wedge of 800 µm and a loop height
of 200 µm. The pull tests were performed on the Dage 4000 plus system with the pull
test cartridge WP100 and a 70 µm diameter hook tool from Nordsen (Figure 5). With the
software “Paragon” from Nordsen, the pull tests resultant forces and pull heights were
recorded and the damage codes investigated. With these results, the tensile strength of
each bond was calculated.

Figure 4. Topographic measurements by Mitaka MLP-3.

Figure 5. Test setup for pull tests by Nordsen DAGE 4000 plus.
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3. Results
3.1. Surface Roughness of Bond Pad Surface Characterization

The mean surface roughness values of Sa, Sq, Sz, Ra, Rq and Rz were calculated with
the Mitaka Map Analyse Software by the topographic measurements (with 12 bonding
areas of each probe) as described in Section 2, “Bond Pad Surface Characterization”. The
mean values and the associated standard deviations for the different substrate groups are
shown in Table 3. This is also illustrated by the standard deviations in Figure 6.

Table 3. Surface roughness in µm values of bond areas.

Substrate SA
in µm

SQ
in µm

SZ
in µm

RA
in µm

RQ
in µm

RZ
in µm

FR4-Galv. NiAu 0.48 ± 0.1 0.58 ± 0.11 6.74 ± 2.64 0.27 ± 0.04 0.34 ± 0.04 1.82 ± 0.32
FR4-NiAu 0.44 ± 0.05 0.55 ± 0.06 6.89 ± 1.8 0.30 ± 0.06 0.39 ± 0.13 2.22 ± 1.07
FR4-PdAu 0.41 ± 0.04 0.52 ± 0.04 6.79 ± 3.15 0.25 ± 0.03 0.32 ± 0.03 1.65 ± 0.16

Thermoset-NiAu 0.31 ± 0.02 0.42 ± 0.02 8.23 ± 4.76 0.25 ± 0.04 0.31 ± 0.05 1.68 ± 0.20
Thermoset-PdAu 0.34 ± 0.02 0.45 ± 0.03 7.70 ± 3.17 0.28 ± 0.06 0.35 ± 0.08 1.93 ± 0.43

PTFE-NiAu 0.60 ± 0.06 0.76 ± 0.08 9.37 ± 2.97 0.46 ± 0.07 0.59 ± 0.09 3.37 ± 0.75
PTFE-PdAu 0.69 ± 0.05 0.87 ± 0.06 10.36 ± 2.22 0.53 ± 0.06 0.70 ± 0.17 4.10 ± 1.81
LCP1-NiAu 2.38 ± 0.15 3.35 ± 0.19 70.15 ± 21.97 1.94 ± 0.54 2.50 ± 0.63 12.90 ± 2.30
LCP2-NiAu 4.27 ± 0.21 5.63 ± 0.27 60.42 ± 6.30 3.96 ± 0.71 5.10 ± 0.93 25.03 ± 4.78
PEEK-NiAu 1.38 ± 0.34 2.23 ± 1.27 47.15 ± 19.10 1.12 ± 0.23 1.51 ± 0.35 8.31 ± 2.11

Figure 6. Boxplot arithmetic mean height Sa/µm of all probes.

Significant differences were noted between the substrates. All substrates used for 3D
applications (LCP and PEEK) showed very high roughness. Furthermore, large variations
in roughness with LCP and PEEK prevailed, while low roughness variations on FR4 as
a reference and most of the other materials were observed. It is noticeable that for LCP
1 the Sa value was lower than for LCP 2, while with Sz was higher. Especially on LCP1
(NiAu), shown in Figure 7a, a larger number of surface peaks of sufficient height was
observed compared to FR4 PdAu (Figure 7b). The values obtained with this measurement
are evaluated in correlation to the bond strength later on.
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Figure 7. Image of bond pad surface on LCP 2 NiAu (a) and on standard FR4 PdAu (b) measured by
Mitaka MLP-3.
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3.2. Controlling of the Thermal Factor and Epsilon Determination

In order to adapt the surface temperature of each substrate to the recommended value,
the set hot plate temperature requires adaptations. Therefore, the thermal camera was
calibrated. The mean values and standard deviations of the epsilon measurement areas are
shown in Table 4 for each substrate. The adapted settings for compensating the convection
of the surface temperatures are also included in the table. The values are constantly above
120 ◦C.

Table 4. Empirical values of epsilon determination and adapted surface temperatures.

Substrate FR4 Galv.
NiAu

FR4
NiAu1

FR4
PdAu

Thermoset
NiAu

Thermoset
PdAu

PTFE
NiAu

PTFE
PdAu

LCP 1
NiAu

LCP 2
NiAu

PEEK
NiAu

Emissivity ε 0.069 0.103 0.100 0.106 0.104 0.095 0.095 0.056 0.060 0.062
ε-St.Dev.-R6 0.013 0.009 0.008 0.010 0.008 0.007 0.004 0.001 0.002 0.003

Calibration T of
Heating Plate

Temperature/◦C
145 145 145 145 145 145 145 145 145 145

Adapted bonding T
of HP 180 ◦C 178 171 170 170 158 162 161 160 158

3.3. Characterization by Pull Tests

Mean pull bond strength values for the different substrates were calculated with their
standard deviation. The values are illustrated in a boxplot (Figure 8). The DVS standard
was fulfilled by FR4 Galv. NiAu, Thermoset PdAu and Fr4 PdAu. LCP 2 and PTFE PdAu
showed tendencies of high mean pull strengths but also many outliers with low pull
strengths and faulty bond connections. On Peek, LCP 1 and Fr4 NiAu the pull strength was
very low and high numbers of lift-offs, and non-sticks occurred. Thermoset NiAu had a
lower mean strength but at the same time outliers with very high pull strengths (>90 mN).

Figure 8. Pull test boxplot of all probes.

3.4. Substrate-Dependent Measurement of Roughness and Pull Force on LCP-MID

In order to relate the surface roughness to the pull force, the surface roughness was
measured on two positions of the measurement fields R1 to R6 of the substrate with the
maximum roughness (LCP 2, see also Figure 6 for average values and standard deviation).
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A total of 30 bonds were placed on each position. No correlation could be found. The
coefficient of correlation was calculated as 0.0827.

Figure 9 shows the variations of the surface roughness on an LCP 2 substrate in-
cluding the correlated pull strength of the bonds. The mean pull forces measured were
55.8 ± 5.4 mN on the different bond areas.

Figure 9. Variations of surface roughness with the according average pull strength of the bonds on
LCP 2 substrate.

3.5. Improving Bondability by Means of Stitch-on-Ball Method

The lift-offs all took place in the wedge bond, whereas the ball had a good strength.
Therefore, the so-called stitch-on-ball method was investigated. The method is a combina-
tion of the bonding process of stud bumps (safety balls) and standard ball–wedge (stitch)
bonding. In the first process step, a stud bump is placed on the wedge (stitch) position
of the standard bond process. In the second step, a standard bond process is performed,
whereas the wedge (stitch) is bonded on the stud bump. Parameters such as ball size,
US-Power, -Time and -Force were adapted in order to achieve good results.

The improvement adaptation steps of the bonding parameters on LCP 2 (Vectra E840i)
are shown in Figure 10. The percentage of the numbers of the pull test of the average pull
strength were considered with a pull strength above/below 27 mN and the percentage
standard deviation above/below 15%. The first column “Standard” shows the initial
situation using the standard ball bonding parameter; from step 1 to step 7 the bonding
parameters were changed to improve the pull test results.

At the initial step, a strong adaption of the major bonding parameter US-Time (80 ms
to 300 ms), US-Power (120 digits to 110 digits) and Bond Force (25 cF to 40 cF) of the bond
balls and the safety balls. Because there were no non-sticks or lift-offs of the bond and safety
balls these parameters for the ball bondings were retained during further improvement
steps. At the second adaptation, the wedge parameters were changed. US-Time (30 ms
to 60 ms), US-Power (200 digits to 110 digits) and Bond Force (15 cF to 40 cF). The third
and fourth reduced the ball bond size from 25 ms flame-off time to 18 ms. In step five the
wedge parameters were maintained to observe if there is a significant change in the pull
test quality by an alternative bonding position. In step six the wedge parameters US-Time
(60 ms to 80 ms), US-Power (110 digits to 120 digits) and Bond Force (40 cF to 15 cF) were
further adapted. Finally, only the US-Time (80 ms to 100 ms) was changed, proving the
adaption of the bonding parameters successful.

The method showed significant improvement of bondability, thus fulfilling the DVS
pull test standard. Figure 11 shows a stitch-on-ball connection after the pull test. The
connection was broken at the wire heel, whereas the ball and wedge were still intact.
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Figure 10. Stitch-on-bump improvement evolution by adaption of the bonding parameters.

Figure 11. Bond connection with stitch-on-ball method after pull testing.

4. Discussion

The general statement that lower surface roughness leads to higher bond strength
could not be confirmed within this study. No significant correlation was found between
surface roughness and bond strength by pull testing. However, surface defects such as
spikes of sufficient height markedly impacted the performance of single bonds. Conse-
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quently, the lower pull strength obtained by bonds on rougher substrates, such as LCP,
confirms the reduction in bond formation due to high spikes when compared to the other
tested substrates. The pull tests and the failure of individual bonds also suggest that the
density of spikes has a crucial impact on bondability.

Comparing the surface roughness and pull strengths of the two different LCP probes
in Table 5 supports this thesis. While LCP1, with lower Sa values, shows lower mean and
standard variation of pull strengths, it also has many more lift-offs. LCP2, with a higher Sa,
shows a lower density of spikes and a higher bond quality, although the standard deviation
is higher.

Table 5. Comparison of surface roughness (in µm) and pull strengths (in mN) of bonds on different
LCP substrates.

Substrate Sa
in µm

Sz
in µm

Ra
in µm

Rq
in µm

Rz
in µm

Pull Mean
in mN Lift-Offs

LCP1 2.38 ± 0.15 70.15 ± 21.97 1.94 ± 0.54 2.50 ± 0.63 12.90 ± 2.3 41.7 ± 9.8 321
LCP2 4.27 ± 0.21 60.42 ± 6.3 3.96 ± 0.71 5.10 ± 0.93 25.03 ± 4.78 59.8 ± 16.2 148

The reason for such effects can be found in the methods of how surface roughness
values were obtained in contrast to the shear force, which is transferred to the wedge during
bonding. Ra presents an average value and is insensitive to profile spikes and valleys. Rz
also presents an arithmetic median of the absolute values of the heights of the five highest
profile peaks along a defined length. Sz defines the sum of the largest peak height and the
largest pit value within a defined area, thus only giving a single spike value. Neither Sa nor
Rq provide any information about the density of spikes. Once the density is high enough,
the plateau of spikes allows energy transfer for bonding without geometric obstruction
due to higher spikes in the circumference of the bond capillary. Conclusively, defining
the spike density may be a better parameter for quality reasons regarding the limits of
bondability on rough surfaces. However, such a plateau surface for bondability depend
on many factors such as hardness of the pad material, energy level and thus softness of
the wedge material, elastic behavior of the underlying substrate, in particular when higher
thermal energy needs to be applied to achieve a sufficient temperature on the pad surface
due to low thermal conductivity.

Another observation was that, when comparing mean surface roughness and tensile
forces, different substrate materials with similar roughness showed significant differences in
bondability., e.g., PTFE bondability is lower than PCB bondability although the roughness
is similar. This confirms the assumption, that the mechanical properties of the overall
composites are a major factor. Moreover, when comparing the two PTFE probes. the rather
soft substrate material shows better properties regarding bondability with the NiAu-finish
than with the PdAu, since Nickel counteracts as a brittle/hard material, thus improving
energy transfer and thus bondability.

The issue of varying surface parameters across the substrates leads to another chal-
lenge: improvement of the surfaces may improve the bond quality but is very difficult
to control in terms of process stability. This is due to material variations, mold flow and
thus the orientation of fibers, fillers and molecules, laser parameters and reactivity of the
autocatalytic electrolytes, and many more factors. Consequently, optimizing the bonding
strategies including raising efforts to achieve sufficient results may be a valid option.

Tuning the bonding parameters showed that the influence of surface roughness is
tolerable within a certain range. To overcome this issue, a stitch-on-ball strategy was used.
As was observed, the method could enable bondability on those substrates, for which
bonding parameters cannot be adapted sufficiently. While not investigated in detail within
this study, it can be assumed that this is due to mechanical interlocking or bond welding
due to the higher bond forces of the ball bonding during the process.



J. Manuf. Mater. Process. 2022, 6, 9 13 of 14

In order to combine the advantages of HF materials and 3D structuring, the surface
properties of the 3D materials should be specifically adapted if wire bonding is a required
step within the process chain. Options include optimizing the metallization composition
and thickness of specific layers for the density of spikes. Furthermore, adjusting transducer
frequencies to material composites can enhance the energy uptake from ultrasound power
and facilitate the transfer of bond force to improve the reliability of the bonds [18]. However,
when optimizing the composite system towards reduced surface roughness and varying
the LDS process, care needs to be taken to not lower the reliability of the substrate/metal
adhesion. In addition, other effects such as crack development in conductive tracks,
corrosion tracks or parts by unsuitable matching of metals during the assembly or diffusion
and thus the development of instable intermetallic phases need to be considered.

5. Summary

In this paper, the topographies of different metallization and substrate materials for
HF applications, such as LCP, PEEK and PTFE polymers and thermosets, were investigated
regarding their bondability. For that purpose, the surface temperatures were matched up,
surface roughness measured and bond parameters found and compared with the state of the
art. No correlation was found regarding surface roughness and pull strength. Furthermore,
the systematic analysis allows the first insight that the main factor decreasing the bond
quality is based on the density of spikes and the plateau being formed to provide stable
wedge bonding. Exceeding a specific, yet not quantified, height on rougher substrates leads
to more failures and hence deteriorates bondability. Due to the complexity of multiple
factors, further experiments are required to provide quantitative results for the indicated
effects. The results suggest that the tuning of bonding parameters allows for a far larger
process window for substrate manufacturing and metallization regarding the required
surface roughness. The bonding strategy with the stitch-on-ball method still allows the
employment of such substrates within the required specification for reliable use under
certain circumstances.
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